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ABSTRACT
Hydrostatic resistance is an important property for outdoor fabrics as a shelter to the human body against
the unfavourable outdoor environment. Rain, strong wind, snow attack human health and comfort
feeling. Hydrostatic resistance can be described by the unit of the water column and measured by the
standard ČSN EN ISO 811 [1]. Paper compare the behaviour of the two and three laminates in one study
and two instruments in the second study. It was realised that measurement with the three laminate is
balanced more if we apply pressure from the upper surface and inner surface. Two laminates membrane
is not supported by the fabric if we apply water pressure from the upper surface. Hydrostatic resistance
is significantly lower. Two instruments measurement is impossible to confuse in porous materials and
lower fabric densities of water repellent fabrics. Durable fabrics and laminated fabrics need to be studied
in the following study.
KEYWORDS
Hydrostatic resistance, fabric destruction, water column, membrane, microporous and laminate
materials.
INTRODUCTION
The quality of water-resistant clothing fabric is evaluated by the hydrostatic resistance, while
permeability keeps the human body sweating without wet skin discomfort. To call fabric as water
repellent is minimal limit 1 300 mm H2O (so-called mm of the water column), water-resistant it is
5 000 mm H2O. Clothing used for sports activities desired to have even higher resistance to the water
penetration, at least 10 000 mm H2O but better waterproof 20 000 mm H2O or 30 000 mm H2O, although
this high value is not always simple to confirm by standardised measurement. The resistance limits are
defined by standards for working clothes or experience and are described closely in sources [2–5].
The standard origin ISO 811:2018 [6] and its Czech equivalent ČSN EN ISO 811 (80 0818) Textiles.
Determination of resistance to water penetration - Hydrostatic pressure tests are based on the national
standard revision and subsequent amendments. This standard gives the exact information of the testing
equipment, size of the sample, and pressure gradient. Measurement of the fabrics was based on the
fabrics with the structure given by knitting or weaving with internal porosity in the structure where the
test is finished at the moment three drops are evidently penetrating the tested surface from the observed
side.
Drops visualise the destruction of the fabric and maximal resistance of the surface to the pressured water.
Laminated materials and membrane materials give the challenge to use the standard when penetration
is not by the drops but total destruction by rupture or another kind of behaviour. Kinds of behaviour are
described in the article. We wanted to test two hypotheses. Hypothesis one is that membrane materials
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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are durable the same no matter the surface we apply the load – the pressure of the water enters the
surface of the upper fabric or lining/membrane side and conclusions are done on the background of the
bachelor work of co-author Al-Azawi [7]. Hypothesis two is that it mater the instrument we use for
testing because the pressure is initiated differently and this hypothesis is done on the background of the
bachelor thesis of co-author Volek [8].
MATERIALS AND METHODS
The experiment was run on the two instruments suitable to measure the defined standards - HydroPro
M018 SDL Atlas (HRSDL) and an instrument constructed by the Czech prototyping company Řezáč
(HRCZ). HRSDL principle is the water pressure done by the pressed air from the external air
compressor. The actual pressure sensor is placed in the mixture container inside the instrument box and
measures pressed air pushing water to the tested fabric. HRSDL is suitable to test with the two
standardised pressure gradient, which is 100 mm H2O/min ± 5 mm H2O/min and 600 mm H2O/min
± 30 mm H2O/min. HRCZ pressed water with the piston when the water pressure sensor connected to
the tube between the piston and the tested area. This instrument constantly fills water in the water
pressure gradient of 100 mm H2O/min ± 5 mm H2O/min. The pressure gradient is regulated by the
voltage of the motor, not the current water pressure. The speed of the water level increase is not the
same for the two instruments. This is why the height of the hydrostatic resistance is studied to verify the
data comparable for the next evaluation.
Materials for testing were chosen in two types. One material set is chosen to describe types of destruction
during testing. Two and three laminates were chosen, all with standard DWR and microporous
membranes. It was various upper fabric and lining in case. Durable laminated fabrics were tested with
the standard dynamic test with a constant pressure gradient of 100 mm H 2O/min. The second set of
woven fabrics was chosen with the DWR but no membrane. The porosity of the woven fabric allows
stopping the test with the standardised three drops.
Table 1. Fabrics main description.
TYPE OF FABRICS
STRUCTURE
TWO LAMINATES
THREE LAMINATES
SINGLE FABRICS

MEMBRANE

Woven upper fabric with or Microporous
without extension yarns
Woven upper fabric, knitted Microporous
lining
Woven fabric, plain PA raw
No
material

DWR

NUMBER

Yes

7 commercial
materials
9 commercial
materials
5 fabrics in
graduated fabric
density

Yes
Yes

RESULTS AND DISCUSSION
The fabric behaviour under the water loading according to the standard ISO 811 is discussed in the
following paragraphs. Fabrics were tested to the three drops or destruction.
-

Testing when the upper surface is in the water contact seems more accurate of the testing against
the protection of the environment. Woven materials without flexible yarns do not allow the fabric
to change shape significantly. This upper material carries the major tension, and membranes with
lining are relatively without changes only in the first stage of the test when upper fabrics are not at
the limit of their tensile strength.

-

Pressure applied to the upper surface of the laminated structures is carried in the first stage by the
DWR final treatment and structure of the covering fabric. But when water goes through the upper
material, pressure is applied to the membrane of the two laminates and the membrane and lining of
2
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the three laminates. The membrane can carry only limited tension, and two main behaviours were
observed according to the laminated system in general. The membrane was destructed in the
laminate points where the binding polymer is. This behaviour was observed mostly in the three
laminated fabrics where the lining was able to protect the membrane and took some tension during
the testing process, Figure 1 right image. When the destruction of the lamination was first, the
membrane extended rapidly independently to the upper fabric; water filled some space between the
upper fabric and membrane. Destruction was final when the membrane was cracked completely,
Figure 1 left image.

Figure 1. The destruction of the lamination in the two possible ways. On the left – the membrane extended
with the water since the layer furthest from the water; on the right – the membrane destructed in the
lamination points [7].

-

Test can be done on the other surface. Standard allows putting inside surface to the water when
membrane lays inside. Two laminates test shows significantly higher durability because the upper
fabric holds membrane and support. Destruction is mostly done by rupturing the upper fabric,
including membrane laminated within, Figure 2 left image. On the other hand, fabrics with flexible
yarns elongate a lot which can cause the opening of the pores in the membrane of the laminated
system, and drops can penetrate when the membrane is destructed in the small dimensions of the
open pores of the surrounding fabrics. In the three laminates, loading is also held by the lining.
Such materials are deformed significantly when testing progress, Figure 2 right image. Woven
fabrics are expanding lower than knitted fabrics or fabrics with extensible yarns.

Figure 2. The destruction of the laminates when the inside surface of the fabric was exposed to the water –
On the left two laminated fabric; on the right – three laminated fabric [7].

-

Instrument HRSDL sufficiently tested in the two standardised pressure gradients with the fabrics
from the single-layer set. Only porous woven materials were tested to remain in the droplet
penetration of the standardised process. Testing with the 100 mm H2O/min gradient gives lower
hydrostatic resistance than 600 mm H2O/min of the same fabrics. Where lower fabric density
difference was even 26%, but the fabrics with higher fabric density difference was only 2%. It is
reasonable to expect that bigger open fabric pores are not resistant to water penetration in the faster
pressure gradient. Fabric is not possible to adapt as fast as with the smaller pores.

3
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Instrument HRCZ measured with the lower pressure gradient but with higher speed than the
HRSDL. Results of the hydrostatic resistance were higher between 20-60% than the HRSDL results
in the same 100 mm H2O/min gradient. It is obvious that used instrument matter, and it is not
possible to confuse results from a different system of the instrument for the lower resistant fabrics.
This has to be also approved for the resistance fabrics in the next research because the difference
trend showed significant convergence of the results. The hypothesis needs to be proved. It is
possible that the point of the minimal resistance where both instruments will show similar results
for fabrics with higher hydrostatic resistance.

CONCLUSION
It was tested the hydrostatic resistance of the fabrics suitable for sports clothing. It was realised that
measurement with the three laminate is balanced more if we apply pressure from the upper surface and
inner surface. We can obtain relevant hydrostatic resistance of the fabrics we put them to the water no
matter which surfaces because standards mention membrane surface is suitable too.
Two laminates membrane is not supported by the fabric if we apply water pressure from the upper
surface. Hydrostatic resistance is significantly lower. We can test only hydrostatic resistance of the
membrane or of the lamination in case we put the upper surface to the water. If we put membrane to the
water and test, we sometimes have twice as high hydrostatic resistance. The discussion of the real values
is necessary.
It was compared measurement on the two instruments HydroPro M018 SDL Atlas (HRSDL) and an
instrument constructed by the Czech prototyping company Řezáč (HRCZ). Two instruments
measurement is impossible to confuse in porous materials and lower fabric densities of water repellent
fabrics. Durable fabrics and laminated fabrics need to be studied in the following study.
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ABSTRACT
Recently, new bleaching methods are developed and presented as an eco-friendly alternative for the
traditional bleaching processes. Traditional bleaching chemicals such as sodium hypochlorite,
potassium persulfate, potassium permanganate, hydrogen peroxide, sodium perborate, sodium
percarbonate, and benzoyl peroxide is harmful to human health and the environment. In this study, new
eco-friendly and sustainable denim bleaching processes are developed. Textile washing and giving
effect process is provided by using only ozone with different techniques without using any harmful
chemicals. In terms of both technical and visual aspects, successful results have been obtained in
comparison with the traditional method in ozone technology. With this new method, the processing time
has been shortened and the water consumption has been reduced by about 53%.
KEYWORDS
Denim Bleaching, Ozone, Giving Effect.
INTRODUCTION
Denim fabric is a kind of woven fabric, which is mainly made of cotton fiber, and it is also produced
from fibers such as polyester, elastane, linen, viscose. Denim, which has a wide variety of patterns that
can be woven with various construction in recent years, is a type of fabric whose warp is usually dyed
indigo dyestuff [1–2]. Formerly denim products were only desizing and sold with no washing process.
Denim products had a stiff hand feeling. The effects and coloration on garment occurred by the wear of
indigo dyestuffs, in which the warp yarn was dyed, over time during the use of the denim product. That
is why denim products have acquired a special appearance after a long period of using and washing.
Over time the demand for used appearance denim products has increased. Garment denim products
began to undergo bleaching processes at washing plants. Denim washing processes are aimed at giving
the products effects and color. Processes are made on washing plants for making the garment denim
products more comfortable. The bleaching process is applied to achieve lighter color on garment denim
product. This process is applied to achieve lighter color that cannot be achieved using pumice stones or
enzymes. At this step, by various methods and chemicals, the indigo fabric acquires the requested color.
In addition to the traditional methods; ozone bleaching, which is a sustainable method, is very important
for denim garment products. Ozone as for that, is a compound consisting of three oxygen atoms and has
a higher energy than atmospheric oxygen. Ozone is an oxidative substance and its redox potential is
higher than that of hydrogen peroxide [3]. Thanks to this oxidation property of ozone gas indigo
molecules of denim fabric are degraded quickly. Achieved effects in traditional denim bleaching can be
achieved with ozone gas and without any harmful chemicals. While there is excess water consumption
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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for traditional denim washing, ozone bleaching system needs far fewer water and reuse of ozone
bleaching wastewater is possible. With this study, it is aimed to save water and energy by ozone
bleaching method compared to traditional bleaching method in denim products.
MATERIALS AND METHODS
1. The Reaction of the Formation of Ozone
Ozone is formed in the atmosphere when ultraviolet (UV) radiation dissociates molecules of oxygen,
O2, into separate oxygen atoms. Free oxygen atoms can recombine to form oxygen molecules, but if the
free oxygen atom collides with an oxygen molecule, it will combine to form ozone. Ozone molecules
can also be decomposed by ultraviolet radiation into a free atom and an oxygen molecule [4]. Formation
and disintegration of ozone are showed below in Figure 1.

Figure 1. The scheme of formation of ozone [4].

2. The Use of The Ozone Device and The Reaction of Ozone with The Indigo Molecule
Firstly the conditions of the ozone generator are adjusted to give effect to the fabric with ozone. Then
fabrics which will applied put into the washing machine. Indigo carmine molecule disintegration of
ozone are showed below in Figure 2.

Figure 2. Indigo carmine molecule disintegration of ozone [5].

Three different methods for ozone bleaching are showed below in Figure 3.

Figure 3. Three different methods for ozone bleaching.
7
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RESULTS AND DISCUSSION
In this study, traditional wash and Wiser Wash (ozone) systems are compared is showed in Table 1.
Comparison is made by only one denim garment product between traditional wash and Wiser Wash.
One piece of denim product weights approximately 650 grams.
Table 1. The comparison of traditional wash and Wiser Wash (ozone) technology.
TRADITIONAL
WASH
350 g
1.4 g
492.42 g

SODIUM HYPOCHORITE
POTASSIUM PERMANGANATE
AVG CHEMICALS

60 L
2 kg
1.11 kW
355 min.

WATER
PUMICE STONE
ELECTRICITY
PROCESS

WISHER WASH
No
No
12.50 g(ZDHC
Approved)
28 L
No
0.8 kW
198 min.

When the table 1 is examined, 350 grams sodium hypochlorite, 1.4 grams potassium permanganate and
2 kilograms pumice stone is used in the traditional method but no sodium hypochlorite, potassium
permanganate and pumice stone is used in Wiser Wash. Thanks to the Wiser wash, the use of bleaching
chemicals that are harmful to nature and human health has been eliminated. The use of AVG Chemicals
has also been reduced from 492.2 grams to 12.50 grams (ZDHC Approved) thanks to the Wiser Wash.
Significant savings are revealed by comparing the energy consumption of Wiser Wash and Traditional
Washing. The traditional washing electricity energy consumption is 1.11 kW, while the Wiser Wash
electricity energy consumption is 0.8 kW. On the other hand, the traditional washing method has
processing time of 355 minutes, while the Wiser Wash method has processing time of 198 minutes. The
Wiser Wash method provides many energy savings due to its short duration. The highest consumption
in denim washing plants is water consumption. For this reason, the most important point of the Wiser
Wash method is that it reduces water consumption from 60 liters used in classic washing to 28 liters.
The Amount of Potassium Permanganate in the Denim Washing Water
Two different water samples were taken from denim washing baths belonging to the traditional and
Wiser Wash method. Spectrophotometric method was used to determine the amount of potassium
permanganate contained in denim washing baths. Light was passed in certain spectra through the
solution (bath sample) with the spectrophotometer device. How much of this beam is absorbed by the
solution is found. The greater amount of potassium permanganate contained in the bath sample, the more
rays were absorbed by the bath sample. The spectrophotometer device thus detected the intensity of light
that can pass through (not be absorbed) the water sample and gave quantitative information about the
amount of potassium permanganate in the bath sample. When the test results of determination of
potassium permanganate in denim washing baths are examined according to the spectrophotometric
method, the amount of potassium permanganate is significantly less in the Wiser Wash method
compared to the traditional method. Potassium permanganate was thought to be present in less amounts
in the Wiser Wash method because of the manganese present in the water but there is no use of Potassium
Permanganate in the Wiser Wash method. The test results are showed in Table 2 and Table 3.
Table 2. Amount of potassium permanganate in Wiser Wash (ozone) technology.
PARAMETER
KMnO₄
KMnO₄
KMnO₄

UNIT
mg/lt
mg/lt
mg/lt

8
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0.3
0.2
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Table 3. Amount of potassium permanganate in traditional technology.
PARAMETER
KMnO₄
KMnO₄
KMnO₄

UNIT
mg/lt
mg/lt
mg/lt

RESULT
159.4
175.91
210.37

Amount of Colored Waste Water in Denim Washing
Traditional wash effluents have very dark colors while Wiser Wash effluents are light colored. A comparison of
the wastewater of the two methods is showed in Figure 4.

Figure 4. The comparison of traditional wash and Wiser Wash.

CONCLUSION
The technical characteristics and visual designs of the products were compared between traditional wash
and Wiser Wash. Both technically and visually, successful results have been achieved in Wiser Wash
technology compared to the traditional method. When comparing denim fabrics per unit product
(approximately 650 grams), it was observed that water consumption decreased by 53%, energy
consumption by 27% and process time by 41%. The number of baths in the traditional wash has
decreased from 15 to 7 in the Wiser Wash. The processing steps decreased from 32 to 11.
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ABSTRACT
The use of conventional methods such as water, foam, gas, and powder fire extinguishing capsules
requires timely presence and operation at the site of the fire. In many cases, the fire occurs imperceptibly.
There are lots of cases causing a fire in homes and other places, one of which is the short circuit of
electrical appliances. If people are not present in such a place, a small spark can have catastrophic
consequences. Fire is easily and rapidly transmitted through walls, ceilings, upholstery, floor coverings,
wallpapers, curtains, or pipes throughout the house and between floors of a building. Under these
conditions, slowing down the flame propagation provides enough time for the fire brigade to arrive and
take further action. Therefore, preventing a fire, extinguishing it in the early stages, or slowing its
progression can reduce lots of damage to life and property. The advent of flame retardants has helped
to reduce the damage. The emergence of textiles has brought many benefits and functionalities to life.
In return for these benefits, the possibility of their ignition is a major concern. Therefore, familiarity
with textiles burning mechanisms and methods to deal with it is essential for the safety of buildings,
appliances, and vehicles.
KEYWORDS
Burning mechanism, flame-retardant textiles, flame-retardant finish, toxic flame-retardants, synergistic
effect, flame-retardant test methods.
MATERIALS AND METHODS
Textile materials that do not lose their structure and physical properties at temperatures above 200°C
can be defined as flame-retardant textiles. There is a distinction between flame-retardancy and
flameproof. One of which delays the outbreak of fire and the other of which inhibits the outbreak of fire.
Three factors (fuel, oxidizer, and ignition source) are essential for any combustion reaction to take place.
Generally, fuel does not ignite spontaneously and requires sufficient heat to supply energy to activate
the combustion reaction. The most important oxidant in burning polymers and other organic fuels is
oxygen. The reaction of combining oxygen with another molecule is called oxidation. This reaction is
exothermic in organic compounds. The combustion reaction is the rapid and chain reaction of oxidation
of a fuel that results in the release of large amounts of heat. A triangle of fire is formed by placing a
chain reaction next to the three mentioned factors. The simplest example is the methane gas combustion
reaction.
The oxidation reaction goes through several intermediate reactions. Hydrogen (H), oxygen (O), and
hydroxyl (OH) are the radicals that form the reaction chain and ultimately produce the final products
such as water, carbon dioxide, and high heat. The major heat released from the combustion reaction is
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

due to the chemical change of the oxygen molecule and the formation of stronger bonds between oxygen
and hydrogen (water production) and carbon (carbon dioxide production). The heat released causes the
electrons of the gases to be excited, which in turn causes light to be emitted from the reaction range.
This light emission is a phenomenon called flame [1].
Polymer combustion is a complex phenomenon and depends on several factors such as the chemical
structure of the polymer, its environment, the intensity of the fire, the shape and size of the material
made of it. Generally, the combustion reaction of any substance occurs in the gaseous phase. The same
is true for polymers. Therefore, the combustion process of a solid polymer involves other steps besides
the mentioned oxidation reactions. The start of the combustion process and the expansion of the flame
in polymers is slow and without an explosive reaction. The slowness of this process provides an
opportunity to prevent the onset or continuation of the burning reaction. The burning of the polymer is
accompanied by the release of heat, light, and smoke, and sometimes the formation of char. The process
of polymers burning can be divided into the following steps:
1- The external combustion source heats the polymer mass and raises its temperature.
2- If the combustion source is strong enough, the heated polymer begins to decompose through the
formation of free radicals. Polymer degradation occurs in two forms. One of which is pyrolysis and the
other of which is oxidation degradation.
3- The degraded polymer is transformed into large groups of small volatile and non-volatile molecules
with different chemical weights and formulas. Most of the products from this stage are flammable gases
and liquids, char, and a little smoke.
4- The volatiles created by the pyrolysis and oxidative degradation of the polymer in the previous stages
burn in the presence of sufficient oxygen and heat. It should be noted that combustible materials are
liquids and gases and not polymer masses. As an example, the combustion process of methane produced
by the degradation of a polymer could be mentioned. Of course, volatiles created by the degradation of
polymers are not necessarily flammable and depend on the structure of the polymer.
5- Part of the heat from the combustion of volatiles is transferred to the surface of the material. If the
generated heat is sufficient, the polymer mass is heated and the above steps are repeated, except that the
primary combustion source can be removed.
Burning is a rapid and exothermic chemical reaction. Under atmospheric conditions, some materials,
such as minerals, are highly resistant to high temperatures or exposure to fire. Their thermal and
chemical resistance thresholds are so high that they are called refractories. But organic matter
(substances that are mainly composed of carbon and hydrogen, such as polymers) has a much lower
decay threshold than heat compared to minerals. Under suitable conditions, i.e. the presence of organic
matter, oxygen, and heat sources undergo a chemical reaction and burn. This tendency is greater in
various forms of plastics such as sheets, films, coatings, foams, and fibers than in molding parts.
In general, the ignition of the polymer is initiated by an external heat source. As the temperature of the
polymer increases and the degradation temperature (Td) is reached, combustible materials flow from the
solid phase to the gaseous phase. The combustion of gases generates heat and light when their
temperature reaches the flash point. Some of this heat returns to the polymer surface. If the heat
generated can keep the temperature of the polymer within its ignition temperature range, the polymer
will burn without the need for an external heat source. The ignition temperature of polymers is much
higher compared to conventional fuels such as gasoline or ethanol. This difference is due to the
difference in the structure of macromolecules and micromolecules. This means that the macromolecule
must first reach the temperature of degradation, then evaporate and ignite. In addition to the above, the
glass transition temperature, melting temperature, heat capacity, and thermal conductivity also affect the
combustion process [2].
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RESULTS AND DISCUSSION
In the case of flame in the environment, heat is released depending on the burning speed and intensity.
In the event of a fire, the human body and respiratory systems can last for a limited time. High
temperature and flame inflict irreparable wounds on the human body. With the burning of the skin, the
sweat glands under the skin are destroyed. If the toxin substances in the body are not excreted through
the sweat glands, it causes blood poisoning and death. Due to high temperature; proteins begin to
coagulate, internal bleeding may occur in vital organs with increased blood pressure, and the rhythmic
tempo of the heart is disturbed. Excessive dehydration, respiratory distress, and difficulty occur. The
inevitable result of these is again death. Most of the casualties at the fire site are due to toxic gases.
Toxicity is mostly caused by inhalation, rarely by skin absorption. In the event of a flame in the
environment, black smoke is formed that will affect the orientation of the persons affected by the flame
or the persons who come to rescue. During combustion, toxic gases are released that can cause
death [3]. Therefore, it is tried to gain flame retardancy effect to textile materials used in many different
fields. In order to produce fire-resistant textiles, there are several methods such as application of flame
retardant fibers by nature, changing the structure of the fibers by copolymerization and chemical
modification, adding flame-retardant chemicals to the synthetic polymer during fiber spinning, and
treating the fabric with flame-retardant chemicals.
When solids are heated, physical and chemical changes occur at a certain temperature, depending on the
chemical structure of the substance. Thermoplastic polymers begin to soften at the glass transition
temperature (Tg) and then melt at a higher temperature (Tm). At certain temperatures, thermoplastic and
non-thermoplastic solids decompose chemically, pyrolysis (Tp) occurs and splits into small molecules.
Chemical changes begin at Tp and continue until combustion (Tc). These four temperatures play an
important role in determining the flame resistance of the fiber. Another important factor is the limiting
oxygen index (LOI) value. The higher this value, the harder it is to burn. For combustion to occur, there
must be sufficient oxygen in the environment. Samples with LOI values greater than 27-28 exhibit flame
retardancy in normal air. Flame retardant chemicals prevent combustion by reducing the amount of
flammable gas released and non-flammable gases surrounding the product, lowering contact with
oxygen [4]. Different types of flame-retardant chemicals and their mechanism of action are summarized
in Table 1.
Table 1. Flame-retardant chemicals and their mechanism of action.
Chemical Structure
Metal oxides and metal
hydroxides
Boron compounds

Substance
Magnesium hydroxide, Aluminum hydroxide, Calcium
carbonate
Boric acid, Borax, Zinc borate, Boron phosphate
Tetrachlorophthalic Anhydride (TCPA), Tetrabromophthalic
Halogen-based structures anhydride (TBPA), Polybromo diphenyl ether, Polybromo
biphenyl ether
Phosphorus-based
structures
Phosphorus/inert gas,
halogen/antimony,
phosphorus/halogen
Intumescent

Tetrakis(hydroxymethyl)phosphonium chloride (THPC)

Mechanism of action
Cooling the flame
Creating an insulating layer
Reducing the oxygen
concentration in the gas phase
in the combustion zone
Changing the pyrolysis
mechanism in the
condensation phase

Phosphorus/Nitrogen, halogen/antimony trioxide

Synergistic effect

Ammonium polyphosphate, pentaerythritol, melamine, urea

Gas phase and condensation
phase

There are four basic methods to apply the flame-retardant chemical during the finishing process namely
as pad-cure, pad-heat set-wash-cure, pad-chemical set-wash-cure, and coat-dry set. The flammability of
the product, the rate of flame propagation, the amount of heat released, the melting or shrinking, smoke,
soot release, toxic gas release are the properties that characterize the combustion behavior of textile
products. One of the most important factors affecting the combustion behavior of textile products is the
position of the product. The burning behavior may differ depending on whether it is in a horizontal,
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inclined, or vertical position. In addition, the voluminous and fluffy structure of the product increases
its burning property. As the weight of the textile product decreases, the flame spread rate increases.
While applying flame retardancy tests to textile products, the main criteria to be considered in the
evaluation of combustion behavior are:




Combustion time: It is the time during which the combustion can continue spontaneously after
the sample is ignited and the ignition source is removed. It is also called afterburning time.
Flame propagation Speed: It is the distance traveled by the flame per unit time after the sample
is ignited.
Smouldering time: Time that smouldering continues after the ignition source is removed.

Apart from these, the points that can be considered as a basis for evaluation;





Determination of the damaged area resulting from combustion in the sample during the
experiment
Determination of dripping and shrinkage that may occur as a result of combustion in the sample
Distinguishing the burning state of the pile on the surface without damaging the basic tissue in
products with surface pile
Measurement of toxic gases that may be released during the experiment.

Vertical burning (DIN 54336), vertical burning (DIN 54332) for floor coverings with and without pile,
horizontal burning (DIN 54333), 45° oblique burning (DIN 54335) tests can be classified as tests
performed based on the location of the material. cigarette test method (BS 5852, part 1) butane gas test
(BS 5852, part 2) can be classified as tests performed depending on the source of combustion. The LOI
(Limited Oxygen Index) test (ASTM D 2863-00) is used to determine the amount of oxygen required in
the environment for combustion. The toxicity test (ISO 5659) is used to determine the toxic compounds
released during combustion.
CONCLUSION
One of the functionalities being imposed in textile finishing is to create late burning properties in textiles.
Personal fires are more common in residential areas. Where furniture, flooring, and clothing are widely
available and are good fuel for a fire. One of the possible ways to reduce the damage caused by fire is
to use flame retardants. These materials prevent fire physically or by bonding to the textile polymer.
Most fire extinguishers used until 1970 had the ability to reduce the flammability of the surface-emission
rate of fire, but in recent years more attention has been paid to the rate of heat released and the emission
of smoke and toxic and deadly gases. The occurrence of fires in skyscrapers and high-rise buildings has
made the role of firefighters capable of reducing the amount of smoke and toxic gases that cause
suffocation of residents more prominent. The flammability of fibers depends on various factors such as
the chemical structure of the fiber, ease of burning, weight, and texture of the fabric. In practice, the
fabric can never be fire-resistant unless the fabric is made of fiberglass, asbestos, carbon, or Kevlar
fibers. Although Nomex is very expensive, it is currently the most consumed item in cases where flame
retardation is the most important factor, such as firefighters, race drivers, and steelworkers’ uniforms.
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ABSTRACT
Textile ballistic shields are the basis of protection against bullets and fragments with low kinetic energy.
They are usually made of para-aramid fabrics or UD sheets of HPPE. The aim of the research presented
in this article was to obtain ballistic packages made of embroidered structures and to compare their
ballistic properties with those of woven structures, in terms of deformation of the standardised ballistic
substrate after impact with a 9 mm bullet at a velocity of 380±3 m/s. The embroidered structures were
made by embroidering two sets of para-aramid threads at an angle of 90°. As with the woven structures,
the use of para-aramid fabric made of the same yarn and with a surface weight comparable to that of an
embroidered structure, was adopted. The ballistic packages consisted of 26 layers in five variants, taking
into account the hybrid arrangement of woven and embroidered layers. Ballistic tests have shown that
the best ballistic properties have hybrid packages made by folding 13 woven and then 13 embroidered
layers, where the maximum deformation of the plasticine substrate was below 23 mm. The conducted
research confirmed that embroidered structures can significantly improve the ballistic properties of
textile packages when appropriately combined with woven structures.
KEYWORDS
Ballistic packet, para-aramid embroidered fabric, para-aramid woven fabric, ballistic performance.
INTRODUCTION
Embroidery is traditionally known as a conventional technique of decorative textile processing that is
found in almost every world culture and dates back to ancient civilizations. As part of the industrial
revolution, embroidery entered mass production and its technical scope has significantly expanded with
technological progress [1]. Embroidery techniques are often used in intelligent textiles, allowing uses
such as: the deposition of LEDs on textile substrates [2], electrically conductive yarns (producing
electrically conductive lines) [3], biomedical textile sensors (used in cardiological diagnostics), activity
and pressure measurements, textile antennas and magnetic coils [4–6], as well as specialised yarns to
produce composites with programmable strength properties [7].
Textile ballistic shields are the basis of human protection against bullets fired from handguns. Their
effectiveness is related to preventing overshoot of the ballistic packet and limiting the ballistic trauma
resulting from the quickly changing deformation of the packet in the area of the bullet impact. They are
mainly made of para-aramid and ultra-high molecular weight polyethylene (UHMWPE) fibres,
however, in addition to the unique properties of this material, there are also various mechanisms that
must be considered, in order to increase the ballistic performance of the final ballistic package. A simple
method to improve ballistic protection against ballistic impact is to add more layers in different settings
during ballistic panel fabrication [8–9]. Although increasing the number of layers of a ballistic target
improves its ballistic performance, it also affects the overall weight and flexibility of the target shield
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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[9]. At present, aramid fabrics with a plain weave or non-woven structures, based on polyethylene fibres,
are used as the layers of ballistic packages. There are also high hopes for the development of multi-axis
fabrics, however, the technology for producing such fabric has yet to be developed [10]. Another area
of development for the flat materials used in ballistic shields is structures laid with straightened threads.
Such attempts were carried out by gluing strands of threads together [11]. Research has shown that such
structures are characterised by lower transverse deformation during bullet impact, compared to
conventional fabrics. Problems associated with these structures relate to thread spreading at the point of
impact of the bullet. Due to the dynamic development of embroidery machines, it seems that such
structures can also be formed by the embroidery method. The specificity of this method should give a
wide range of possibilities for the methods of thread laying, thus influencing the ballistic properties of
the covers. This article presents research into obtaining ballistic packages made of embroidered
structures and comparing their ballistic properties with woven structures, in terms of the deformation of
the standardised ballistic substrate after being hit by a 9 mm Parabellum bullet at a speed of 380±3 m/s.
MATERIALS AND METHODS
The commercially available Twaron CT709 Microfilament 930 tex f1000 fabric (Teijin Aramid,
Netherlands), characterised by the number of threads in both systems (105 threads/dm) and surface
weight of 200 g/m2, was used for the tests (Fig. 1b). The embroidered structure was made of the same
yarn as the fabric, which was fastened to the main thread to the PP spun-bonded nonwoven substrate in
a zigzag pattern, with an area weight of 80 g/m2 (TEXFIL, Poland) using a thread TYTAN 360 (Ariadna,
Poland) with an average linear weight of 85 dtex. The embroidered structures were made with a JCZA
0109-550 embroidery machine (ZSK Stickmaschinen, Germany), where two sets of para-aramid yarns
were arranged at an angle of 90°. The first thread system was cross-embroidered to the non-woven
backing. In turn, the second thread system was attached to the first thread system in a similar manner
and at an angle of 90° (Fig. 1a). The woven and embroidered structures were used to make five variants
of ballistic packages consisting of 26 layers with dimensions of 20 cm × 20 cm. The different variants
were arranged as follows: Variant I - 26 embroidered layers, Variant II - 13 embroidered and 13
alternating woven layers, Variant III - 13 embroidered layers on the front and 13 woven layers on the
back, Variant IV - 13 woven layers on the front and 13 layers embroidered on the back, and Variant V
- 26 woven layers (Fig. 1c), to compare the ballistic performance of woven, embroidered and hybrid
packages. The number of layers of the packages was selected based on literature reports which show
that the package made of 24 layers of Twaron CT709 fabrics, fired with a 9 ×19 mm Parabellum bullet
at a speed of 364.85 m/s, exhibited a maximum deformation of the normalized plasticine substrate at the
level of 30.5 mm [12]. Due to the higher velocity of the projectile used in the tests, the number of layers
was increased to 26 so as to keep the deformation of the plasticine substrate at a similar level.

Figure 1. The method of making ballistic packages: a) embroidered structure, b) Twaron CT 709 fabric,
c) variants of ballistic packages.

Three packages of each variant were prepared for firing at the Ballistic Research Laboratory. At a zero
impact angle, one shot was fired using a 9 ×19 mm Parabellum FMJ bullet at the centre of each package
placed on a standardised Roma No 1 plasticine substrate. During the firing, the impact of the bullet was
recorded through a set of gates, to measure the velocity of the bullet. After the firing, the ballistic
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substrate was scanned with a laser distance sensor, the position of which was controlled by stepper
motors. Each time an area measuring 18 cm × 18 cm was scanned, the centre point was always positioned
at the largest depression of the plasticine substrate. After firing, the ballistic packages were also analysed
for the number of overshoot layers. On this basis, the perforation coefficient was calculated as the ratio
of the number of fully penetrated layers to the number of all layers in the ballistic packet.
RESULTS AND DISCUSSION
First, the maximum value of the deformation of the plasticine substrate was analysed for the five variants
of ballistic package. Fig. 2 shows 3D plots of the plasticine substrate deformation for variants IV and
III, which caused the lowest and the highest deformation, respectively.

a)

b)

Figure 2. Plasticine substrate deformation after shooting packages: a) Variant IV, b) Variant III.

After firing the package in Variant III, the deformation of the plasticine substrate superimposed a
pyramid and sphere shape which, in effect, gives the shape of a prism. This is the effect of the layer
configuration used in this variant: the first layers were embroidered structures and the next were biaxial
fabrics. The nature of the ballistic base deformation for Variant III is the result of relatively easy
penetration of the embroidered structures by the bullet, due to the tendency to spread the threads around
the point of impact. After piercing the layers with the embroidered structure, the bullet hits the biaxial
fabric, which is characterised by thread entrainment and a lower speed of stress wave propagation, in
relation to the straightened threads. This results in easy transverse deformation of the packet until the
threads in the fabric stretch and the impact energy is concentrated on a small area around the point of
impact of the bullet. The perforation factor for this type of packet equal to 0.52 was very unfavourable.
It is assumed, that in packets used in commercial vests the perforation factor should be below 0.2-0.25.
In the event of a bullet hitting a package made using Variant IV, the bullet first penetrates the woven
layers. Due to the interweaving threads of weft and warp, they are firmly jammed and do not have a
tendency to slide apart. The deformation cone formed in the last woven layer affects the embroidered
structures. However, it is much larger and no longer causes the threads to spread in the embroidered
layers, in which, due to the stretched threads, the propagation of the stress wave is higher than in the
fabric and the area covered by the impact energy is larger. This results in faster stopping of the bullet
and significantly less deformation of the plasticine substrate. The perforation ratio for these packets was
very favourable: 0.15. In order to compare the maximum values of deformation, cross-sections were
made in the X, Y and XY planes (Fig. 3a). As can be seen from Fig. 3b-d, the lowest value of the
maximum deformation of the plasticine substrate, amounting to 23 mm, was obtained when firing the
package in Variant IV. After over shooting the remaining packages, the maximum deformation was
higher and amounted to 24, 25, 30 and 35 mm for packages made in Variants II, I, V and III, respectively.
Packets made of fabric only (Variant V), commonly used in practice, show significantly worse properties
than the hybrid packets made in Variant IV. The maximum deformation of the substrate was higher by
6 mm, which should be considered a significant value due to the behind armour blunt trauma (BABT).
Also, the perforation coefficient was higher and amounted to 0.2.
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Figure 3. Plasticine substrate deformation: a) plane selection, b) in the X plane, c) in the Y plane,
d) in the XY plane.

CONCLUSION
The article presents ballistic studies of para-aramid woven and embroidered structures, which, to date,
have not been considered as layers of textile ballistic packages. The best ballistic properties are
demonstrated by hybrid packages in which woven and embroidered layers are combined. On the one
hand, the advantages of these structures in absorbing the projectile impact energy but, on the other hand,
they limit the disadvantages of these structures, such as thread spreading in embroidered structures, warp
and weft threads crimping, and low stress propagation speeds in woven structures. Skilful use of the
positive features of woven and embroidered structures in contact with the bullet, allows for a ballistic
package with excellent ballistic performance.
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ABSTRACT
The ligno-cellulosic Jute fiber, which holds the second largest volume among the natural cellulosic
fibers after Cotton. This study is focuses on the determination of flame-retardancy properties of pure
Jute and Jute-Cotton fabrics treated with Pyrovatex CP New at various concentrations (50%, 60%, 70%,
80%, 90% owf, M:L: 1:10, 1:7, 1:5). A significant improvement in the flame-retardancy was determined
on both fabrics. After ignition period, the recorded flame spread time was zero second on both FR treated
fabrics; on the other hand, it was measured 21 seconds and 28 seconds to burn the entire length (15 cm)
of untreated Jute and Jute-Cotton fabrics, respectively. Within these flame-spread times, the char length
was 2.2 cm and 2.73 cm in Jute and Jute-Cotton fabrics, respectively. Tensile and tear strength also
markedly decreased markedly after the FR finish in both warp and weft directions of both fabrics. The
vertical flammability results reported in this study show the potential application of Pyrovatex CP New
on Jute-based materials.
KEYWORDS
Jute, Jute-Cotton, Flame-Retardancy, Flammability, Char Length, Pyrovatex CP New.
INTRODUCTION
Jute is a ligno-cellulosic fiber that contains the primary elements hemicellulose (22–24%), cellulose
(58–60%) and lignin (12–14%), as well as several minor constituents. Because of the variances in the
chemical composition, the thermal behavior of various components changes. The thermal behavior and
fire-retardant finish have been the subject of some exploratory research in previous studies [1,2]. To
limit the number of casualties and injuries caused by fire, the backing of jute carpet, decorative jute
furnishing fabrics and the brattice cloth for mines have been made fire-resistant. Fire-retardant fabrics
are now used in a variety of applications, including floor coverings, floor mats, carpets, military
uniforms, hospital furniture, hospital curtains, and industrial ventilation, among others [3]. Higher
chemical add-on, visible decrease in tensile strength, and yellowing are the main issues with the fireprotective finish treatment of jute-based fabrics. Furthermore, the majority of these fire-retardant
compositions are not durable or semi-durable and require substantial dosages of relevant chemicals [4].
Except cotton, limited studies were conducted on natural fibers, but the studies by Yusuf [5] on linen,
hemp, silk & wool and on flame-retardancy of jute by Mehta & Hoque [6]. Dorez et al. investigated the
effects of the content of cellulose, hemicellulose, and lignin on the pyrolysis and combustion of natural
fibers [7]. Previous studies reported the application of different organophosphates and other chemicals
in Jute [8] and in a recent study, Samanta et al. have successfully investigated the effect of nano-zinc
oxide as a flame-retardant finish on Jute fabric [9].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Previous researchers conducted several studies on the application of Jute fibers in composites [10,11],
but very few were determined the flame-retardancy of Jute fabrics for the purpose of technical textiles.
Therefore, this paper focuses on determining the flame-retardance property of 100% Jute and JuteCotton fabrics treated with a commercial flame-retardant (FR) chemical and thus on investigating the
impact of flame-retardant finishing on the physio-mechanical properties of the fabrics.
EXPERIMENTAL
Materials, chemicals and flame-retardant finishing treatment
All experiments were carried out using two different plain woven fabrics (pretreated) consisting of 100%
Jute (290 GSM, EPI: 22, PPI: 16) and Jute-Cotton (Warp: Cotton and Weft: Jute; 340 GSM, EPI: 52,
PPI: 26), purchased from Mony Jute Company, Dhaka, Bangladesh. A phosphorous-based commercial
flame-retardant chemical, PYROVATEX CP New (N-methylol dimethylphosphonpropionamide) and
cross-linking agent KNITTEX FFRC (a modified dihydroxy ethylene urea) were purchased from the
local agent of Huntsman (Swiss Color, Bangladesh). All chemicals were used as received.
100% Jute fabric was treated with PYROVATEX CP NEW by the exhaust method at varying
concentrations (50%, 60%, 70%, 80%, 90% owf or 128.57 g/L, 114.28 g/L, 100 g/L, 85.71 g/L, 71.43
g/L)) with the material-to-liquor ratio 1;10, 1:7 and 1:5 in an open bath at room temperature for 1 hour.
The KNITTEX FFRC crosslinking agent was used at 30 g/L for all treatment baths. Similarly, the JuteCotton fabrics were treated in a material-to-liquor ratio 1:7, the other treatment conditions remained the
same as the Jute fabric treatment. Finally, the treated samples were then dried in air.
Flammability test
The untreated and flame-retardant (FR) treated fabrics were tested using a vertical flammability test
followed by the standard method DIN 4102-1. The specimen size was kept 15 cm in length and 5 cm in
width and exposed to a standard flame at 90o vertically using a Bunsen burner for 10 seconds of ignition
time; the flame source is then removed and left for further burning. Afterwards, the flame spreading
time, after glow time and char length was recorded. All tests were repeated three (03) times.
Physio-mechanical properties analysis
For the tensile strength test and the elongation at the break, the maximum force was determined using
the grab method (EN ISO 13934-2). The tear force was determined using the single tear method (EN
ISO 13937-2(auto-stop)). All these tests were repeated three (03) times.
RESULTS AND DISCUSSIONS
Determination of flammability
After application of the flame-retardant chemical to the Jute and Jute-Cotton fabric, the vertical
flammability test was determined. The ignition time was kept constant at 10 sec, then the flame source
was removed, and the flame spread time, after-glow time, and char length were determined, presented
in Table 1. Initially, the Jute fabric was treated with the flame-retardant chemical at five different
concentrations (50%, 60%, 70%, 80%, 90% owf) in three different material-to-liquor ratios (1:10, 1:7,
and 1:5). Apparently, after gaining the best flame-retardancy performance in the treated Jute fabrics at
1:7 material-to-liquor ratio, the Jute-Cotton fabric was treated with the same concentrations of Pyrovatex
CP New in 1:7 material ratio and measured the performance.
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Table 1. Vertical Flammability results of Jute and Jute-Cotton Fabrics.
Material to
Liquor Ratio

Mateiral
Type

1:10

Jute

1:07

Jute

1:05

Jute

1:07

Jute-Cotton

Pyrovatex CP New
Concentration (% owf)
0
50
60
70
80
90
0
50
60
70
80
90
0
50
60
70
80
90
0
50
60
70
80
90

Flame Spread Time
(sec)
21.67 (±1.1)
0
3 (±2.6)
0.33 (±0.5)
0
0
21.67 (±1.1)
0
0
0
0
0
21.67 (±1.1)
0
0
0
0
0
28 (±1.7)
0
0
0
0
0
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After Glow Time
(sec)
14.66 (±1.1)
0
1.67 (±1.5)
0
0
0
14.66 (±1.1)
1 (±0.5)
0
0.17 (±0.2)
0.33 (±0.2)
0
14.66 (±1.1)
0
0
0
0
0
17.67 (±0.5)
0
0
0
0
0

Char Length (cm)
15
2.73 (±0.6)
2.7 (±0.3)
2.8 (±0.5)
2.7 (±0.1)
2.63 (±0.7)
15
2.93 (±0.1)
2.8 (±0.5)
2.76 (±0.3)
2.73 (±0.1)
2.2 (±0.2)
15
2.86 (±0.4)
2.97 (±0.1)
2.47 (±0.4)
2.4 (±0.4)
2.43 (±0.6)
15
2.93 (±0.1)
2.97 (±0.1)
2.9 (±0.1)
2.83 (±0.05)
2.73 (±0.1)

According to the results extracted from Table 1, the flame-retardancy property appeared to be improved
significantly in all the treatment baths as well as at all the concentrations. However, comparing among
three liquor ratios, the least flame spread time, afterglow time, and char length was found in a 1:7 liquor
ratio bath. Although the flame spread time and afterglow time for all the treated baths remained almost
zero, there are some remarkable differences found on char length. Among all treatment baths, the least
char length (2.2 cm) was measured in the 90% (owf) FR treated Jute fabric in a 1:7 material-to-liquor
ratio, while it was counted as 2.73 cm char length on Jute-Cotton fabrics treated under the same
conditions. Furthermore, the entire length (15 cm) of the untreated fabrics was burned within the flame
spread time of 21 seconds and 28 seconds for the Jute and Jute-Cotton fabrics, respectively. The vertical
flammability results reported in this study show significant improvement in flame-retardance in the Jutebased materials used in this study.
Physio-mechanical properties analysis
The extent of physio-mechanical damage was determined through the loss of tensile and tear strength
and elongation at break measurements. Fig. 1 shows the properties of tensile strength, tear strength and
elongation at break in the warp and weft directions of Jute and Jute-Cotton fabrics. It can be observed
from the figure that the tensile strength decreased in the FR treated fabrics compared to that of the
untreated for warp and weft directions of Jute fabrics. A higher trend of strength loss is observed in the
warp direction of the FR-treated jute-cotton fabrics, while negligible strength loss was reported in the
weft direction on the same fabric. These results correspond to a greater strength loss in Jute than in
cotton by flame-retardant treatment since a negligible strength loss was found in the weft direction of
the Jute-Cotton fabric. Similarly, tear strength loss was determined on the FR treated Jute fabrics in both
warp and weft directions. Though the strength loss trend remains almost similar as tensile, however,
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more loss was reported in the weft direction than in the warp. On the other hand, a notable loss of tear
strength was observed in the warp direction of the Jute-Cotton fabric after FR treatment, and a slight
deterioration was observed in the weft direction of the same fabric. Such findings on the loss of physiomechanical properties are justified by the earlier study as well [12].

Figure 1. Tensile Strength, Tear Strength and Elongation at Break of Jute and Jute-Cotton Fabrics
((M:L:1:7, Pyrovatex CP New: 90% owf)).

It was observed that a downward trend of elongation resulted in FR treated fabrics in both warp and
weft directions of Jute and Jute-Cotton fabrics. However, the least elongation resulted in the warp
direction of the FR-treated Jute fabrics than in the weft direction. Consequently, in the Jute-Cotton
fabrics, although the elongation loss was similar as in the Jute fabrics, the higher elongation at maximum
force can be observed in the weft direction on both treated and untreated fabrics. This can be due to the
variances of yarn that is used in both directions. Compared to the untreated one, though there was a
slight loss of elongation on the warp direction of the FR treated Jute-Cotton fabric. The technical reason
behind this lower elongation at break on untreated and treated fabric can be due to higher twisted cotton
yarn that shows lower elongation on the warp direction than that of Jute in the weft.
CONCLUSION
The present study investigates the possible opportunity to improve the flame-retardancy property of jute
and jute-cotton fabric by using a commercially available flame-retardant chemical. The burning nature
of both fabrics improved significantly on both FR-treated fabrics compared to their initial burning
condition. The entire untreated sample (15 cm) was burnt in less than 30 seconds (flame spread time
after ignition time) while it counted zero second to get a char length of 2.2 cm and 2.73 cm for Jute and
Jute-Cotton fabrics, respectively. FR treated fabrics showed remarkable loss of tensile and tear strength
compared to untreated fabrics in both warp and weft directions.
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ABSTRACT
The geometric structure of surface of textile materials is of significant functional, operational and
aesthetic importance. Generally, the geometric structure of the surface of materials consists of three
main elements: shape, waviness and roughness [1,2]. Parameters characterizing a quality of fabrics
surface, i.e. surface topography are strongly related to the fabrics’ structure, raw material composition
and a way of finishing. The aim of presented work was to analyse the parameters characterizing the
geometric structure of the surface of cotton woven fabrics with different weaves. Totally, 12 fabric
variants were the objects of the investigations. They were woven fabrics of 6 weaves and 2 kinds of weft
yarn. Surface topography measurements were made by means of the MicroSpy® Profile profilometer by
FRT the art of metrology™ [3]. Using the Mark III software cooperating with the profilometer, the basic
parameters characterizing the geometric structure of the fabrics’ surface were determined according to
standard [4]. Results showed that the fabrics differ between each other in the aspect of the majority of
parameters characterizing the surface geometry. Statistical analysis confirmed that weave and linear
density of weft yarn significantly influence the surface properties of the investigated fabrics.
KEYWORDS
Roughness, profilometer, weave, fabric.
MATERIALS AND METHODS
In order to analyse the influence of weave on the surface properties of woven fabrics, 12 variants of
cotton woven fabrics were manufactured. Cotton OE yarns of different linear density were used for
manufacturing the fabrics: 50 tex as the warp as well as 60 tex and 100 tex as the weft. The fabrics were
made of the same warp yarn and density od warp and weft [5]. Weaves applied in the woven fabric
variants are presented in Figure 1.

Figure 1. Weaves applied in the fabric variants manufactured.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The fabric surface topography tests were performed using the MicroSpy® Profile profilometer by FRT
the art of metrology™. For each fabric variant, a sample scanning was performed on the right side of
the fabrics. The scanning area was 49 mm × 49 mm. The obtained fabric scans were processed in a
specialized Mark III software.
First, the obtained images were modified in order to remove defective and missing data. Based on the
scan results obtained, the surface topography of the tested fabrics was analysed. The parameters
characterizing the geometric structure of the fabric surface were determined according to the PN EN
ISO 4287: 1993 standard [4].
Results have been analysed statistically using the multi-factor ANOVA.
RESULTS AND DISCUSSION
Figure 2 shows the example of the obtained images of the tested fabrics. Next to the images on the right
side there is a scale for the z (height) value. Fabrics are flexible materials. They show a certain shape
memory. Therefore, it is impossible to arrange the fabric samples in such a way that they perfectly
adhere to the measuring table of the profilometer. Due to this fact the phenomenon of waviness has been
observed. It does not result from the waviness of the fabric surface, but from the inaccurate adherence
of the samples to the table, and thus the position of the samples slightly deviating from the horizontal
plane. To eliminate this, when determining the roughness parameters, appropriate filters were used to
eliminate the waviness phenomenon. The surface image of the tested fabric after eliminating the
waviness is shown in Figure 3. It is clearly visible that the height distribution (z value) is more even,
and the range of z-values is significantly smaller than that recorded for the images of fabrics before the
filter was applied (Figure 2).

Figure 2. Image of the fabric before applying the filter.

Figure 3. Image of the surface of the tested fabrics after eliminating waviness.

Using the Mark III software, it is possible to determine the values of a number of parameters
characterizing the surface topography of fabrics. In the Table 1 there are presents only the selected
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parameters described below. According to the standard [4], the surface roughness parameters were
determined using the profile method. The "s" prefix denotes the value of the parameters determined by
the profile method calculated for the analysed s - surface.
sRa – arithmetic mean height indicates the average of the absolute value along the sampling length.
When dealing with the roughness profile, Ra is referred to as the arithmetic mean roughness, while Wa
is referred to as the arithmetic mean waviness for the waviness profile.
[1]
where: A - surface area; z, x - cartesian coordinates.
[2]
where: A - surface area; z, x - cartesian coordinates.
sRz – mean roughness depth; it is the mean of 5 maximum peak-to-valley roughness depths in 5
successive sampling lengths;
sRt – represents the sum of the maximum peak height and the maximum valley depth of a profile within
the evaluation length, not sampling length;
sRsk – skewness – the parameters represent the degree of bias of the roughness shape (asperity);
parameter Rsk is used to evaluate deviations in the height distribution. An interpretation is following:
sRsk = 0: the height distribution symmetric against the mean line,
sRsk > 0: deviation beneath the mean line,
sRsk < 0: deviation above the mean line.
Rku – kurtosis, its value is a measure of the sharpness of the roughness profile.
Table 1. Parameters characterizing the surface topography of the investigated fabrics.
Weave
SRA
SRQ
SRZ
SRT
SRSK
PLAIN [A]
0.044
0.056
1.191
1.399
0.202
PLAIN [B]
0.039
0.048
0.958
0.338
0.149
TWILL 3/1 S [A]
0.053
0.068
1.273
1.524
-0.388
TWILL S/1 S [B]
0.054
0.069
1.251
1.410
-0.769
TWILL 2/2 S [A]
0.058
0.077
1.050
1.231
-0.965
TWILL 2/2 S [B]
0.062
0.080
1.102
1.387
-0.924
REP 1/1 (0,1,0) [A]
0.060
0.075
1.275
1.515
0.094
REP 1/1 (0,1,0) [B]
0.062
0.075
1.120
1.357
-0.207
REP 2/2 (2) [A]
0.036
0.047
1.002
1.259
0.790
REP 2/2 (2) [B]
0.035
0.046
1.290
1.574
-0.228
HOPSACK 2/2 (0,2,0) [A]
0.050
0.063
0.948
1.326
-0.123
HOPSACK 2/2 (0,2,0) [B]
0.047
0.059
0.777
1.174
-0.203

SRKU

7.087
6.284
6.338
6.781
5.888
4.530
5.721
3.883
12.117
17.554
5.521
5.326

[A] – fabrics with 100 tex weft yarn, [B] – fabrics with 60 tex weft yarn

On the basis of the results it is clearly seen that the fabrics differ between each other in the aspect of all
presented parameters characterizing the geometric structure of surface. The highest roughness was
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observed for the twill 2/2 S fabric with the 60 tex weft yarn, the lowest – for the rep 2/2 (2) fabric also
with the 60 tex weft yarn. Statistical analysis confirmed that weave influences the values of all presented
surface parameters in statistically significant way at the significance level 0.05. Figure 4 presents the
sRa parameter in a function of weave. The highest sRa value were observed for the twill 2/2 and rep 1/1
weaves, the lowest – for the plain and rep 2/2 weaves. It was also stated that linear density of the weft
yarn influences the parameters characterizing the surface geometry of the investigated fabrics. However,
statistically significant influence was stated only in the case of the sRsk parameter – skewness. For all
analysed surface parameters it was observed the statistically significant interaction between the main
factors: weave and linear density of weft yarn.
In a majority of cases (all twill fabrics, rep 1/1 [B], rep2/2 [B] and hopsack fabrics) the negative values
of the sRsk parameters were stated. It means that the height distribution shows a deviation above mean
line. The values of kurtosis sRku are higher than 3. It means that in all cases the height distribution on
the fabrics’ surface is spiked.
The Mark III software makes it possible to analyse the scanning results in different ways. Based on the
data from the profilometer, histograms illustrating the height distribution of the surfaces of the tested
fabrics can be created. It is also possible to determine the fractal dimension, angle distribution,
autocorrelation function and many others.
0,070
0,065
0,060

sRa

0,055
0,050
0,045
0,040
0,035
0,030

Plain

Twill 2/2
Twill 3/1

Rep 2/2
Rep 1/1

Hopsack

Weave

Figure 4. sRa parameter in function of fabrics’ weave.

Due to limited length of the article it is impossible to show all obtained results. They will be presented
in next publications. Generally, it can be stated that using the applied method it is possible to characterise
the geometric structure of fabrics’ surface deeply and in a complex way.
CONCLUSION
Based on the performed investigations and obtained results it can be concluded that:



the MicroSpy® Proflie profilometer by FRT with the Mark III software enables comprehensive
studies of the geometrical structure of the fabric surface,
investigated cotton fabrics of different weave differ between each other in the range of all
presented surface topography parameters; statistical analysis confirmed that influence of weave
on the surface parameters is statistically significant at the significance level 0.05,
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a change in the linear density of the weft yarn while maintaining the same other parameters of
the fabric structure affects the surface topography, however, the influence of the linear weight
of the weft yarn on the roughness parameters is not always statistically significant,
there is statistically significant interaction between the main factors: weave and linear density
of weft yarn. It means that influence of one factor on the surface parameters is modified by
influence of the second factor.
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ABSTRACT
Workers’ hands are at the highest risk of being affected by harmful factors in the work environment and
upper limb injury is the most widespread type of workplace accident occurring during the performance
of manual tasks. The protective properties of glove materials may be improved by continuous or spot
coating [1–2] with polymeric materials such as poly(vinyl chloride), polyurethane, silicone, and natural
or nitrile rubber [3–6]. The objective of the present work was to evaluate the effects of different size of
particles added to a polymer material applied onto a textile carrier on the cut resistance of the resulting
material. Knitted aramid textile samples were coated in laboratory conditions using a polymer paste that
was functionalized with silicon carbide (SiC) reinforcing particles of three different size fractions. On
the basis of the research it was found that the smallest size of SiC particles had the greatest effect on
increasing cut resistance.
KEYWORDS
Functionalized coating, knitted textile, protective gloves, silicon carbide.
MATERIALS AND METHODS
The study material consisted of spot-coated textile samples fabricated in laboratory conditions. The
textile carrier was a knitted aramid fabric (S.I. ZGODA, Poland) with a surface density of 234.1 g/m2,
a thickness of 0.23 mm. The composite coatings were made using an acrylic-styrene polymer paste
(Thotex Sp. J., Poland) with particulate particles (Table 1).
Table 1. Reinforcing particles - silicon carbide.

SEM
image

Particle
size

150-450 µm

100-400 µm

50-75 µm
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For fixing of the coating elements samples were heated in a circulating air laboratory oven (Zalmed,
Poland) at 140°C for 10 min [7]. Subsequently, the samples were removed from the oven and the
homogeneity of the coating elements was evaluated. The reference material consisted of a textile carrier
spot-coated with the polymer paste without particles.
Cut resistance was tested with a straight blade using a tonodynamometer (Kontech, Poland) according
to the standard EN ISO 13997:1999 [8]. The cut resistance of materials expressed as the cutting force
that is required to be applied to a blade of standard sharpness to just cut through the material in a 20 mm
blade stroke (Table 2). At least twenty measurements are made on each sample using new blade for each
cut.
The cut resistance test is conducting as follow: (a) apply a selected force progressively between the
specimen and the blade; (b) make trial cuts tests to establish a force resulting in a cutting stroke length
between 5 mm and 50 mm; (c) repeat tests with different forces until at least 15 readings have been
obtained with cutting stroke lengths distributed between 5 mm and 50 mm; (d) normalize cutting stroke
length by multiplication blade sharpness correction factor and recorded stroke length; (e) use calculated
force to obtain at least five cutting stroke length between 18.0 and 22.0 mm and include these results in
a recalculation of the cutting force. Testing samples were mounted on a cylinder with a radius of (38 ±
0.5) mm. Prior to testing, the samples were acclimatized at (23 ± 2)°C and a relative humidity of (50 ±
5)% for 24 h.
Table 2. Performance levels for cut resistance [9].
Performance Level

Cutting force [N]

Level A

Level B

Level C

Level D

Level E

Level F

2

5

10

15

22

30

Additionally the microstructure of cross-sections taken from the sample was assessed. Microstructure
was examined using a SU-8000 scanning electron microscope (Hitachi, Japan) in the magnification
range of 30–500× at an electron acceleration voltage of 5 kV.
RESULTS AND DISCUSSION
The studied variants of knitted fabric functionalized with composite layers exhibited cut resistance
corresponding to performance levels B and C. Figure 1 presents the results of cut resistance tests for the
test textile carrier functionalized with composite coatings.

Figure 1. Cut resistance results.
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The tests evaluated the effects of reinforcing particles on the level of cut resistance offered by the
materials. The highest cut resistance values were found for the variants incorporating 53–75 µm SiC
particles (11.1 N) placed them at performance level C. Variants containing 50-450 µm SiC particles
showed cut resistances (8.9 N). Statistical analysis confirmed the significance of differences between
the studied particles in terms of their effects on cut resistance. In the present study, a knitted aramid
carrier was functionalized with a composite coating. Continuous and discontinuous polymeric coatings
have been previously applied to improve glove properties, and especially abrasion and cut resistance
[10]. Matković et al. [11] applied a continuous polyurethane coating onto knitted fabrics to improve
their mechanical properties. Mayo et.al. [12] reported that laminated fabrics exhibited higher cut
and stab resistance than non-coated materials.
In the present study, an acrylic-styrene paste with a foaming agent was used to a specific geometry and
thickness. All samples were made with one type of polymer paste incorporating particulate silicon
carbide reinforcing particles (Table 1) with particle sizes ranging from 50 µm to 450 µm. Nunes et al.
[13] investigated the effects of silica on the mechanical properties of an elastomeric mix, especially in
terms of hardness and Young modulus. The effects were found to be strongly associated with the
presence of silane groups on the surface of silica.
The authors concluded that the greater the surface density of silanol groups, the stronger the elastomer.
The stab resistance of aramid composite fabrics with a thermoset coating containing SiC particles was
evaluated by Rubin et al. [14]. The presence of SiC particles was found to improve stab resistance with
the highest effectiveness at a concentration 20 wt.%.
Microstructural investigations revealed SiC particles to be embedded in interstitial spaces. According to
Rubin et al. [14], the improved stab resistance was attributable to increased friction between the fibers,
which may have blunted the blade. Literature reports have indicated that the cut resistance of knitted
fabrics can be improved by modification with additives (e.g., SiC). Research has also shown that of the
essence is the size of particles added as well as their percentage share in the coatings [15–17].
In the context of these findings, it should be noted that Gent and Wang [17] showed that the energy of
cutting through polymeric materials consists of two components: the energy needed to break molecular
chains and the energy of viscoelastic and plastic deformation (depending on the type of material).
Moreover, according to the literature cut resistance largely depends on the friction between the material
and the blade. Importantly, a higher friction coefficient may either increase or decrease cut resistance,
depending on the properties of the material, including its thickness and microstructure [18]. To explain
the observed cases of diminished cut resistance, the present authors additionally performed
microstructural examinations using scanning electron microscopy.

(a)
(b)
(c)
Figure 2. SEM image of coating incorporating SiC with a particle sizes: (a) 150–450 μm (b) 100–400 μm
(c) 50–75 μm.

In the case of the coating containing SiC, cut resistance decreased with increasing additive particle size
[7]. It was also found that the finer the particles, the thinner the composite layer and the better its fiber
wetting properties (Figure 2a–c). As regards the SiC particles, the highest cut resistance was found for
50–75 µm particles (Figure 2c).
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CONCLUSION
This study presents functionalized materials designed to improve the cut resistance of protective gloves.
A knitted fabric carrier was coated with a composite paste containing silicon carbides particles of
different size. The greatest increases in cut resistance were found for SiC (53–75 µm), which was the
smalless size of particles. Particle size was found to affect the porous microstructure of the polymer
paste and cut resistance properties [7].
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ABSTRACT
Cut resistance is defined as the ability of material to resist a blade, which may be determined by means
of a variety and evaluation methods, depending on the intended use of the material and the applied
cutting factor. Some of the earliest studies on cutting were conducted in the 1990s involving textile and
polymeric materials. The obtained results were characterized by exponential regression indicating that
blade movement (the length of the cutting path) decreases with increasing loading. Those results were
reflected in the first version of the international standards specifying cut resistance testing [1–2].
Cut resistance tests given in international standards are mostly used for proving that products meet
specific normative requirements, but they fail to account for the complexity of the physics of cutting
and fall short in terms of evaluating advanced materials arising with the fast-paced development of
materials technologies [3]. Moreover, the available literature does not contain many research on the cut
resistance properties of e.g. three-dimensional hybrid textile materials taking into account the real
conditions of use. As a result, it is need to develop more objective methods for evaluating cut resistance
properties, therefore preliminary assumptions for the new method has been described in this paper.
KEYWORDS
Cut resistance, protective gloves, non-standard test methods.
MATERIALS AND METHODS
Characteristics of the tested knitted fabrics (S.I. ZGODA, Poland) are presented in Table 1. Cut
resistance of textile materials were assessed using two standard methods [1,2]. The test methods
described in those standards differ in type of blade, EN 388:2016+A1:2018 employs a round cutting
blade applying constant cutting force, while EN ISO 13997:1999 uses a straight blade applying variable
cutting force.
Table 1. Characteristics of tested materials.
Type of structure
Surface mass,
Sample
Type of yarn
identification
fabric
g/m2
DR-1.1
knitted
polyester, glass
490.9
DR-1.2
knitted
polyester, glass
412.1
DR-2.1
knitted
polyethylene, glass
316.3
DR-2.2
knitted
polyethylene, glass
348.2

Thickness,
mm
1.20
1.26
1.06
1.08

Tightness
94/10
104/10
88/10
100/10

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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First cut resistance test method (using circular blade) was determined on the basis of index ‘I’, which is
an abstract number calculated as an arithmetic mean of five ‘i’ indexes calculated on the basis of the
number of blade rotations causing the cutting of the test sample and control specimen. The blade used
for the test is a discs with a diameter of 45 ± 0.5 mm, thickness of 3 ± 0.3 mm and with a total cutting
angle of 30–35°. The blade loading amounts to 5 ± 0.05 N, whose sharpness is checked before each test
performed on the material sample with a control specimen.
Second cut resistance test method (using longitudinal blade) was determined on the basis of various
values of force exerted on the blade. Data obtained from tests with at least three different forces (for
each force value five cuts of a test sample are carried out) are used for plotting a graph of the correlation
between the cutting distance and values of forces applied. From this graph the force needed to cut
through the test sample with a 20 mm blade displacement is determined.
RESULTS AND DISCUSSION
Test results are presented in the Figure 1. Tests were carried out for the same samples, first using rotating
circular blade and then using . The next stage was a comparison of results obtained in the tests according
to both standards.

Figure 1. Cut resistance test results.

The highest cut resistance according to EN 388:2016+A1:2018 was obtained by knitting polyester and
glass fibre (DR-1.1) while cut resistance according to EN ISO 13997:1999 was relatively low. Tests on
different types of material indicated that in some cases this test method seems to be insufficient for
evaluation of glove resistance to cutting, concerning gloves made from textile fabrics highly resistant to
cutting. Because of significant blunting of the blade occurred during the test it could be failed to
determine the real cut performance level according to EN 388:2016+A1:2018. On this basis test results
could show a high resistance to cutting, while the material does not provide high cut protection.The case
of that sample confirms in particular that the method which is using circular blade is not reliable for tests
performed on materials with very high resistance to cutting. Rapid blunting of the cutting edges of blades
and consequently the impossibility of providing reproducible conditions for the experiment poses a key
problem during cut resistant evaluation [4].
It was found that using the longitudinal blade allows to conduct the test and determine more real values
of resistance to cutting. The blade is used only one time for one cut and degradation of the blade is not
observed during the test, which allows to ensure more uniform conditions during the test. On this basis,
it was considered that it also is needed to effort underway to develop objective test methods for
evaluating cut resistance properties, which approximates the real conditions of use. Assumptions for a
method simulating more real exposure conditions are shown in Figure 2.
As a result, efforts are underway to develop more objective test methods for evaluating cut resistance
properties because the standard method takes into account only blade angle of 90°, and it is important to
take into consideration other blade angles as well, as may occur in the working environment.
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Figure 2. Assumptions to determination of cut resistance using variable blade angle.

One of the latest examples is the study by Messiry et. al., [5], which describes a novel device for the
cut-resistance testing of textile materials. The device can be adjusted in terms of cutting rate and angle.
The rotational speed of the blade can be varied between 0 and 1500 mm/s, and the cutting angle between
0 and 80°. The possibility to modify several factors affecting the cutting process during a test is a novel
approach coming closer to the simulation of actual, real-life cutting conditions. The authors also noted
that during actual testing outside a laboratory setting, textile materials are subject to a number of factors,
such as stress, bending, and shear forces, which are by nature dynamic. Investigations involving cotton
fabrics showed that cutting angle has a significant effect on the maximum cutting force and energy,
because they rapidly decrease upon changing the angle from 0° to 30°. It was found that the cutting rate
also influences the maximum cutting force.
Nevertheless, those studies concern only the process of cutting flat textile materials. Therefore presented
preliminary research is being carried out to test cut resistance properties using variable loads applied to
the blade and different angles from 15° to 90° and using blades of varying thicknesses including
evaluation of cut resistance properties of advanced materials taking into consideration threedimensional hybrid textile materials. The cutting process consists of normal and sliding movements; the
process itself is controlled by the friction forces between the blade and the material being cut. As a result
the total energy required to propagate a cut strongly related to the fiction coefficient occurring between
the face of the blade and the material. However, it should be noted that the friction coefficient is
determined not only by the type of blade, but also by the type of material being cut, and especially by
the roughness of its surface [6]. Thus, it is of particular significance to describe the process of cutting
hybrid materials, combining elements with different properties, and especially textile materials
combined with polymeric ones. An important research area is evaluation of the surfaces of
functionalized fabrics, which makes it possible not only to assess their properties but also use the
obtained data in the modeling of these processes. Physics of cutting textile fabrics differs from that of
polymeric materials. In the case of polymer-coated fabrics we have to do with two types of friction
forces, that is, macroscopic friction resulting from the applied normal force on both sides of the blade
and sliding friction associated with the cutting of the material, which occurs along the tip of the blade.
For textile materials, the applied force is cumulated at the tip of the blade, while the friction resulting
from the pressure of the fabric on both sides of the blade is close to zero [7–9]. On the other hand, the
process of blade penetration into an elastomeric coating involves two constituent forces: pressure force
and shear force. The response of the material to those forces is determined by its elasticity and friction
between the material and the blade [10].
Aliverdipour et al. [9] showed that blade geometry has a major effect on penetration parameters, as well
as the shape and extent of damage to the material. Their results indicate that the higher the angle of the
blade tip the higher the force necessary to damage the fabric. This emphasizes the importance of indepth analysis of the geometry of material surfaces in connection with blade geometry, to determine
their influence on the cutting of hybrid cut-resistant materials.
Wang et al. [11] described the factors affecting the mechanical model of cutting; they include the actual
contact area between the blade and the material, the plastic deformation of the material under the
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influence of the cutting force, and the mechanical behavior of the material when a loading is applied
(e.g., tribological properties that material surface and tear strength).
Published results indicate that resistance properties largely depend on friction between the blade and the
material. The total energy necessary to cut through a material consists of two components: the loss of
energy dissipated by the force compressing the sides of the blade (exerted by the material being cut) and
the cutting energy of the tip of the blade [12].
Given the above, it is of the essence to investigate the process of cutting through hybrid materials,
combining textile fabrics and polymers under variable cutting conditions.
CONCLUSION
It is important to develop testing methods that reflect working conditions because the standard methods
are limited and it is necessary to extend the methods for assessing anti-cut properties of textile materials.
Gloves made of high-strength yarns effectively protect workers during operations involving contact with
sharp tools as well as materials being processed, such as metal sheets or glass panels.
It is very important that workers should use only those gloves with confirmed protective properties
tested. For this reason, this paper presents preliminary assumptions to enable the determination of cut
resistance using variable blade angle as it is important from the point of view of applications in the
working environment to take it into consideration.
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ABSTRACT
In this study, it was determined the factors that affect the needle damage, which occurs during the sewing
process. In this context, three knitted fabrics (single jersey, 1×1 Rib and pique), sewing direction, needle
point form, needle number and sewing speed parameters were determined as variables and the effect of
the sewing thread was excluded. The sewability properties were evaluated by using L&M Sewability
tester and the fabric damages occurred during sewing process were evaluated by visual evaluation.
Regarding the obtained data, the most important factor causing needle damage during sewing was the
needle number. In order to achieve a high quality of stitch and minimize the formation of needle damage,
determining the appropriate needle number and needle point form comes forward. This study also
reveals the effect of the parameters which should be taken into account during the needle selection such
as the fabric type, the knit structure as well as the loop density.
KEYWORDS
Sewing needle, Sewability, Needle penetration force, Needle damage.
INTRODUCTION
Quality in apparel products is very important however when high speed sewing machines started to use,
the stitch and sewing problems during the sewing process has occurred. The seam quality has significant
effect on the overall performance of the apparel in use [1]. In this regard, the needle penetration force,
which depends the spaces in the fabric, needle profile, needle size, sewing machine setting and sewing
material, comes forefront on seam quality [2]. High needle penetration forces values can cause seam
and fabrics damages [3].
Recent studies have been made to improve sewing performance as well as the sewing quality. The effects
of different sewing threads and densities on seam strength and needle penetration forces [4] and the
fabric ply numbers [5] to the seam performance. Carvalho et al. [6], presented a system which allows
the measurement of parameters of needle penetration during high-speed sewing. Çitoğlu and Kaya [7],
were studied the effects of different sewing threads properties and stitch densities on the seam strength
and seam extension in different sewing angles. Pamuk et al. [8], were researched the effect of sewing
thread count and fabric density on needle penetration force.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
In this study, it was determined the factors affecting the formation of fabric damage arising from the
needle during the sewing process. The experimental design of the study was prepared including the
parameters such as the fabric knit structure, sewing direction, needle point form, needle number and
sewing speed, the effect of sewing thread was excluded from the study. The sewability properties of the
fabrics were evaluated using the L&M sewability tester, and the needle damage was evaluated visually
and subjectively. In this context, fabrics knitted with 30/1 Ne yarns, 50% Co-50% PES composition
were determined and the knit structures were single jersey (149.8 gr/m2), 1×1 rib (190.4 gr/m2) and
pique (207.1 gr/m2). During the sewing and sewability tests of the samples, 4 different needles were
used in 2 different needle point forms, SUK (middle ball) and SES (light ball), and 2 different needle
numbers, 80 Nm and 110 Nm.
Visual evaluation
The visual evaluation of fabric damage for each needle penetration was carried out in the laboratory
using a lighted desktop magnifier. The visual evaluation tests were carried out using 4 different needle
forms described in the material for comparison in both loop course and wale direction. The experimental
design is presented in Table 1.
Table 1. Experimental plan.
Sample
Needle point
Code
type
1
SES
2
SES
3
SES
4
SES
5
SUK
6
SUK
7
SUK
8
SUK
9
SES
10
SES
11
SUK
12
SUK

Needle
number (Nm)
80
80
110
110
80
80
110
110
80
110
80
110

Test Equipment

Sewing speed (rpm)

Lock Stitch M.
Lock Stitch M.
Lock Stitch M.
Lock Stitch M.
Lock Stitch M.
Lock Stitch M.
Lock Stitch M.
Lock Stitch M.
Sewability T.
Sewability T.
Sewability T.
Sewability T.

2000
4000
2000
4000
2000
4000
2000
4000
100
100
100
100

In total, 144 visual evaluation test samples and 72 sewability test samples were prepared. For each fabric
structure, the samples were prepared in 3 repetitions in the loop course and loop wale directions.
The visual evaluation samples, were subjected to needle penetrations 100 times by using a lock stitch
machine, with 4 different needles, SES and SUK needle points and 80 and 110 needle numbers without
using sewing thread. The effect of the sewing speed factor on the formation of fabric damage arising
from the needle was also investigated by operating the machine at two constant sewing speeds.
In the visual evaluation of needle damage in fabrics, the damage caused by the needle in the knitting
loops as well as in the yarns were taken into account. In some samples pinholes were clearly visible,
while in others no hole formation was observed. The visual evaluation was carried out in only two cases,
with and without damage to the fabric by the needle.
Sewability tests
The sewability properties of the samples were evaluated using the L&M sewability tester. A total of 100
needle penetrations were performed in this test device, which gives the force applied to the fabric in
grams in each needle penetration. 4 different needle forms described in the material were also used in
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sewability tests. The threshold value for each fabric structure was determined according to the
recommended values of the L&M sewability tester catalogue. Accordingly, the threshold value was
determined as 50 gf for single jersey fabric and 100 gf for 1×1 rib and pique fabrics. At the end of the
tests, the average needle penetration forces calculated after 100 needle penetrations and the number of
needle penetrations exceeding the determined threshold force were obtained.
RESULTS AND DISCUSSION
In visual evaluations, the pinholes, which caused by the damage in the knitting loops, in the yarns as
well as in the fibres were taken into count. Figure 1 shows examples of needle penetrations considered
as needle damage.

Figure 1. Examples of needle damage.

In Table 2, the average values of the visual evaluation results of the tests performed as three repetitions
were given. The average values in the table indicate how many needle damage occurred in 100 needle
penetrations in the samples.
Table 2. Visual evaluation results: Number of fabric damages per 100 penetrations (C: course; W: wale).
Sample
1C 1W 2C 2W 3C 3W 4C 4W 5C 5W 6C 6W 7C 7W 8C 8W
Code
Single
1
4
3
7
89
98
92
98
2
4
2
2
95
95
87
95
Jersey
0
0
0
0
97
89
95
93
0
1
0
1
96
94
97
94
1×1 Rib
9
1
13
3
83
68
55
77
2
2
3
3
75
83
65
82
Pique

Regarding the obtained results, the most important factor causing needle damage during the sewing
process was the needle number. While the needle damages were observed in insignificant amount in the
samples sewn with 80 Nm needle, a 98% of needle damages occurred in the samples sewn with 110 Nm
needle.
The least needle damage occurrence was observed in the 1×1 Rib fabric tests carried out with 80 Nm
needle in both fabric directions (loop course and loop wale), both needle point form (SES and SUK) and
both sewing speed (2000 rpm and 4000 rpm). It is thought that this was due to the fact that the fabric in
the 1×1 rib knit structure stretches more during sewing compared to single jersey and pique fabrics, and
the stretch rate of the rib can withstand the impact of the use of 80 Nm needles.
Considering the cutting direction of the fabrics, it was seen that the needle damage occurrence was
higher in the pique knit fabric in the samples cut in the loop course in the samples sewn with 80 Nm
needle, while the needle damage formation in the single jersey fabric was higher in the samples cut in
the loop wale direction. This may be due to the less stretching feature of the single jersey fabric in the
samples cut in the loop wale direction.
Regarding the tests performed with 110 Nm needle, the least needle damage occurrence was observed
in the pique fabric. The honeycomb structure of pique fabric generates gaps between the loops. This
allows the needle to pass through the fabric more easily, reducing the occurrence of needle damage
compared to other rib and single jersey knit structures. However, in the samples sewn with 110 Nm
needle, the maximal needle damage occurred in 1×1 Rib fabric with 98%. The reason for this is that the
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gaps between the loops that the needle can pass through were insufficient when considering the needle
thickness.
Table 3 shows the average penetration force obtained because of 100 needle penetrations and the data
on the number of needle penetrations exceeding the threshold value in the tests carried out on the
sewability test device of the fabrics.
Table 3. Sewability test results (C: course; W: wale).
Single Jersey
1×1 Rib
Sample
Average
Number of
Average
Number of
Code
Needle
Threshold
Needle
Threshold
Exceeds
Exceeds
Penetration
Penetration
Force (gf)
Force (gf)
23.67
6
38.33
3
9C
17.67
2
39.33
6
9W
53.33
52
94
32
10C
67.67
89
81
42
10W
24.67
2
38.67
1
11C
19.33
2
43
3
11W
61.67
67
64.67
5
12C
84.67
77
89.33
23
12W

Pique
Average
Number of
Needle
Threshold
Exceeds
Penetration
Force (gf)
25.67
1
25
0
29.33
4
57.67
8
26
0
26.67
1
44.67
7
68.67
20

Regarding the obtained data, the needle penetration force increased as the needle number increased for
all fabrics in both directions (loop course and loop wale). In the tests performed with an 80 Nm needle,
it was observed that needle penetrations took place in the spaces between the loops. Therefore, the force
required for needle penetration was lower. However, in the case of using a thicker needle, that was, in
the tests performed using a 110 Nm needle, the needle penetrations did not pass through the gap between
the loops, but at the junction of the threads forming the loop or directly on these threads. Here, the needle
performed its penetration by damaging the threads. Therefore, the needle penetration force required for
the needle to pierce through the threads was higher.
The highest number of needle penetrations exceeding the determined threshold value was observed in
the tests performed with 110 Nm needle in single jersey fabric. In the tests performed with Rib fabric,
the test performed with the sample prepared toward the loop wale with the SES needle point form gave
the highest number of crossing the threshold value with 42%. In the tests carried out using pique fabric
and a 110 Nm needle, the lowest threshold values were obtained. It is thought that this situation was
caused by the honeycomb texture in the knit structure.
CONCLUSION
When the test results using the L&M sewability tester were examined, it was seen that the number of
crossing the threshold value was higher in the tests performed with 110 Nm. Thus, the necessity of
comes to the forefront on choosing the right sewing needle to be used by considering the values such as
the fabric type, the knit structure as well as the loop density.
We observed that the most important factor causing needle damage during the sewing process was the
needle number. While the formation of needle damage was minimum in the Rib fabric samples sewn
with 80 Nm, it was minimum in the pique fabric samples sewn with 110 Nm. It is thought that the pique
knit structure allows the needle to pass through the fabric more easily, reducing the occurrence of needle
damage more than other knit structures.
This study reveals the importance of determining the appropriate needle number and needle point form
to be used in sewing a product in terms of minimizing the occurrence of needle damage. Consequently,
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at the needle selection stage, the thickness and hardness of the fabric as well as the number of fabric
layers should be taken into account in the sewing process.
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ABSTRACT
Cotton is currently the most commonly used raw material of natural origin in a production of clothing.
Due to its very good hygroscopic properties, it is also often used in production of underwear, bandages
etc. A liquid moisture transport plays a crucial role in shaping a physiological comfort. As part of this
study 2 pairs of woven fabrics containing cotton fibers with twill 3/1 S weaves were tested in the range
of their ability to moisture transport in the form of liquid. Moisture transport is the fabric's ability to
wick moisture away from the body. The investigation were carried out on the Moisture Management
Tester. The investigations allowed to assess the moisture transport of individual fabrics.
KEYWORDS
Woven fabrics, weave, moisture transport, physiological comfort.
INTRODUCTION
Scientists around the world are concerned with the topic of physiological comfort. However the interest
in the transport of moisture in liquid form (sweat) is relatively new. Until now, there has not been such
an accurate method or equipment to reproduce conditions for the propagation of liquid moisture through
textiles. In Poland this topic is still not very common. Moisture transport in the form of liquid plays a
very important role in shaping physiological comfort, which is a basic feature in the use of clothing.
Ensuring the comfort of using clothing is currently one of the most important criteria in its production.
From the point of view of physiological comfort, the ability to manage a moisture through clothing
fabrics is very important [1]. The ability to manage moisture through textiles has become very important
especially in the last decade. Textiles that are referred to as moisture management are those that easily
flow moisture from the body surface and leave the skin dry, and the user of the clothing does not feel
uncomfortable [1,2].
Moisture transport can be tested in various ways. Water – vapor permeability is tested using a Permetest
device and 'skin model' [3] which are commonly used to determine resistance to water vapor passing
through textile materials. These devices allow tests to be carried out according to standardized
procedures [4–6]. Many different tests are used to assess fluid transport through textiles. Vertical
wicking test method [7] and contact angle method [8] are the most commonly used. However, these 2
methods are very simple and do not provide information on what to do the exact parameters of textiles
with regard to transport moisture. Based on these methods, it can only be determined whether the
material textile is hygroscopic and how much it can absorb moisture.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The most famous instrument for measuring moisture transport in liquid form is the Moisture
Management Tester - M290 by SDL Atlas. The measurement is based on the AATCC test method,
which is used to measure, evaluate and classify textiles in terms of their moisture management capacity.
This method presents objective measurements. The results obtained using this method are based on
water resistance, hydrophobicity and water absorption, which characterize the internal structure of the
fabric, including its geometry. The test also checks the fabric's ability to wick moisture away from its
surface [9,10].
MATERIALS AND METHODS
Two pairs of woven fabrics (1,2 and 3,4) of twill 3/1 S weave were tested. The basic properties of the
fabrics are presented in the Table 1.
Table 1. Basic properties of fabrics investigated.

1
2
3
4

Ingredients

Warp

Weft

Weft density

Cotton
Cotton/PES
Cotton
Cotton/Rayon

50 tex
50 tex
50 tex
50 tex

50 tex
50 tex
30 tex
30 tex

110/dm
110/dm
110/dm
110/dm

Figure 1. Weave applied in the woven fabric variants manufactured.

Moisture transport through the fabrics was tested using the Moisture Management Tester (MMT) M290
from SDL Atlas [10]. This instrument is used to evaluate textiles in the transport of moisture in the form
of liquid through these materials. The sample is placed horizontally in the instrument between the upper
and lower sensors. A sweat-like solution is dropped to the centre of the upper surface (skin side) of the
test sample. As the solution passes through the sample, changes in electrical resistance are measured
and recorded.
The test solution (synthetic sweat) is carried through the material in three directions [10]:




spreading on the upper surface of the fabric,
moisture transfer through the fabric from the top to the bottom surface,
spreading on the lower surface of the fabric.

The MMT provides the values of the following parameters were determined:









WT T – wetting time of top surface, in s,
WT B – wetting time of bottom surface, in s,
TAR – absorption rate of top surface, %/s,
BAR – absorption rate of bottom surface, %/s,
MWRtop – maximum wetted radius for top surface, mm,
MWRbottom – maximum wetted radius for bottom surface, mm,
TSS – spreading speed on top surface, mm/s,
BSS – spreading speed on bottom surface, mm/s,
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R – accumulative one-way transport index, %,
OMMC – Overall Moisture Management Capacity.




The MMT can identify 7 types of fabrics:
Waterproof fabric
Water repellent fabric
Slow absorbing and slow drying fabric
Fast absorbing and slow drying fabric
Fast absorbing and quick drying fabric
Water penetration fabric
Moisture management fabric.










RESULTS AND DISCUSSION
Results from the MMT are shown in Table 2.
Table 2. Results from the Moisture Management Tester.
WTT
WTB
ART
ARB
MRT
MRB

SST

SSB

R

OMMC

(s)

(s)

(%/s)

(%/s)

(mm)

(mm)

(mm/s)

(mm/s)

(%)

-

1

3.229

3.257

63.443

57.038

22.500

21.000

4.683

4.459

-76.056

0.382

2

2.836

2.911

57.747

54.480

24.000

24.500

4.985

4.880

-88.058

0.374

3

2.846

3.005

65.616

58.828

25.000

26.500

5.834

5.833

-86.831

0.386

4

2.668

2.827

66.903

61.171

30.000

30.000

7.214

6.993

-76.848

0.392

The OMMC indicator (Overall Moisture Management Capacity) is calculated by the software using 3
parameters:




absorption rate of bottom surface,
moisture spreading speed for the bottom surface of the sample,
accumulated one – transport index.

Classification of fabrics according to the values of the Overall Moisture Management Capability is
following [9]:
0 - 0.2 – very poor,
0.2 - 0.4 – poor,
0.4 - 0.6 – good,
0.6 - 0.8 – very good,
0.8 - 1.0 – excellent.
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Figure 1. Overall Moisture Management Capacity of the investigated fabrics.

According to the manufacturer of the device, all investigated fabrics are classified as fast absorbing and
quick drying fabric. Overall Moisture Management Capacity for all fabrics was assessed like poor.
Analysing the results for pairs of:



Cotton (1) - Cotton / PES (2) and
Cotton (3) - Cotton / Rayon (4) fabrics,

it can be concluded that samples containing only the cotton fibres have a smaller wetting radius
compared to samples containing a mixture of fibres. It concerns both sides f the fabrics. In the case of
the wetting time, it is longer for the cotton fabrics than that for the fabrics from blended yarns. Generally,
more favourable results were achieved by samples containing only cotton in comparison to fabrics
containing a mixture of fibres. Comparing the cotton fabrics it was stated that the linear density of the
weft yarn influences the parameters characterizing the liquid moisture transport in the cotton fabrics.
However, the values of the OMMC parameter for both cotton twill fabrics with 50 tex and 30 tex weft
yarns are at the same level.
CONCLUSION
The structure of woven fabrics and raw material composition has a significant impact on ability of
fabrics to transport a moisture in the form of a liquid. Overall Moisture Management Capacity for all
investigated fabrics was rated like poor. This may be due to the fact that cotton is hydrophilic and can
keep moisture for a long time inside the fibres. However, samples with a fibre blends did not achieve
any better results. In the case of the Cotton-Cotton / PES sample pair, the samples containing only the
cotton fibres achieved better results. Even though PES is a synthetic fibre, it did not improve the
properties of the sample significantly.
For the second pair of Cotton-Cotton / Rayon samples, the results were similar. Rayon, like cotton, is
also a cellulose hydrophilic fibre. Due to this in the aspect of liquid moisture transport ability an addition
of cellulose fibres to cotton fibres did not improve the performance of the fabric.
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ABSTRACT
Biopolymers have gained attention for tissue engineering researches in the last decade. Polycaprolactone
(PCL), poly(lactic acid) (PLA), and poly(L-lactide) (PLLA) are highly popular biopolymers for scaffold
fabrication due to their biocompatibility and biodegradability. These polymers can be used as blend
form to highlight their strengths such as morphological, mechanical, and biological. The blending ratio
has an impact on the end product properties so, the structural features of the polymers like molecular
weight and viscosity should be considered before surface development. In this study, electrospun fibrous
surfaces with various ratios (10/90, 20/80, 30/70, 40/60, and 50/50) of PLA/PCL and PLLA/PCL blends
are produced and the effect of polymer type as well as the blending ratio is examined. The findings of
the fiber diameter research revealed that depending on the molecular weights of the polymers, the blend
ratio has a statistically significant effect on fiber diameter.
KEYWORDS
Biomaterials, electrospinning, blend ratio, PCL, PLA, PLLA.
INTRODUCTION
Today's growing human population and living conditions have resulted in a slew of health issues, with
tissue and organ damage caused by disease, injury, and a lack of physical development becoming a
serious problem. Tissue-engineered scaffolds which are the alternative solutions for damaged tissues
provide adequate mechanical support, optimal oxygen and nutrition levels, and natural extracellular
matrix (ECM) regeneration [1]. In order to obtain a sufficient structure for tissue regeneration, there are
some morphological features that a scaffold should possess, such as high surface to volume ratio,
adequate pore architecture and porosity, optimum fiber diameter at nano/microscale [2].
Electrospinning has attracted attention in recent years due to its capacity to spin a wide range of
polymeric uniform fibers. Furthermore, this technique provides a high surface-to-volume ratio,
customizable porosity, processability of fibers in a wide range of sizes and shapes, and obtaining desired
qualities and functionalities in the end product [3]. As well as the production method, the selection of
biomaterials is crucial for enhancing an effective scaffold in terms of structural stability, mechanical
strength, cell growth, biocompatibility, biodegradability, toxicity, and manufacturability [4]. PCL is a
very popular biopolymer for tissue engineering applications due to its biocompatibility, slow
degradation rate, and mechanical strength [5]. Moreover, biodegradable and highly biocompatible PLA
and its enantiomer PLLA are in high demand for tissue-engineered scaffolds [6]. On the other hand,
biomaterials used in blended surfaces have a remarkable impact, especially on scaffold morphology.
The molecular properties of a biopolymer such as molecular chains, chemical bonds in the structure,
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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molecular weight and viscosity highly affect the final polymer solution, also the morphology of the end
product [7].
In this study, PLA/PCL and PLLA/PCL blended surfaces are developed at different blending ratios
using a full factorial experimental design system; moreover, the effects of both the polymer type and
blending ratio on the fiber diameters are investigated.
MATERIALS AND METHODS
PCL (Mn 80,000), PLA (Mn 230,000; Ingeo 2003 D with 4.3 mol% D-lactide content), PLLA (Mn
50,000), and the components of solvent systems (chloroform, ethanol, acetic acid, and acetone) are
supplied from Sigma Aldrich. Blend ratios are selected as 10/90, 20/80, 30/70, 40/60, and 50/50 by
weight for both PLA/PCL and PLLA/PCL. Then the polymer solutions are dissolved in an appropriate
solvent system (8% polymer concentration), and surfaces are fabricated using an electrospinning system
(Inovenso, Turkey). To produce continuous fibers, the voltage, feed rate, and tip-collector distances are
kept constant at 14±1 kV, 4±1 ml/h, and 20 cm, respectively. After the fabrication, fibrous surfaces on
the aluminum foil are left to dry for 24 hours to remove residual organic solvents. To determine the
average fiber diameter of the surfaces, SEM images are imported into the Image J software program and
randomly selected 30 fibers are measured for each sample group.
Experimental design
In this study, the general full factorial design method is performed to analyze the effect of 2 factors on
the fiber diameters. Minitab 16 Statistical Software program is used for the statistical analysis. A general
full factorial design is selected as there are 2 parameters with multiple levels. The parameters and their
levels investigated in this study are provided in Table 1. The polymer type and polymer blend ratio are
selected as the factors while the response is chosen as the fiber diameter. As presented in Table 1, the
polymer type has 2 levels whereas the polymer ratio has 5 levels. The significance of the results is
determined by the ANOVA analysis. The experiment involves all possible combinations of the
parameter levels. In the general full factorial design layout provided by the Minitab software program,
there should be 10 runs of experiments. As the factorial experiment with three replicates is performed;
30 experiments are run in the experimental design layout (2×5×3=30).
In ANOVA analysis, the determination coefficient (R-sqr) and the adjusted coefficient of determination
(R-adj) are used to assess whether the proposed experimental model is predicted well or not [8]. The
statistical significance of the parameters of the suggested model is determined by a p-value of 0.05;
hence, factors with p values less than 0,05 were regarded as efficient on the response [9].
Table 1. Parameters and levels used in the experimental design.
Levels
Factors
1
2
3
Polymer type
PLA
PLLA
Polymer ratio
10%
20%
30%

4

5

40%

50%

RESULTS AND DISCUSSION
Fiber Diameter Analysis
Three measurements for fiber diameters of the blended surfaces can be seen in Table 2. The average
fiber diameters are ranged from 0.558 to 1.696 µm. It can be clearly noticed the effect of the polymer
ratios in the blended structure on the fiber diameters. PLA50PCL50 has a higher average fiber diameter
value than all the other PLA/PCL-based surfaces for each measurement trial because of the highest PLA
ratio. Moreover, when the proportion of PLA in the blend increases, the fiber diameter rises, which is
due to the higher molecular weight (Mn 230,000) of the PLA.
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Unlike PLA, the ratio increment of the PLLA in the blend system lowers the fiber diameter. The low
molecular weight of PLLA (50,000Mn) in the blend reduces fluid viscosity; hence, thinner fiber
production is promoted. While having a finer fiber diameter is advantageous for tissue-engineered
scaffolds in terms of higher porosity level, too low viscosity prevents the formation of smooth fibers
[10]. Even though there are nano-sized fibers in the PLLA/PCL blend structures, beads are formed on
the surfaces of PLLA40PCL60 and PLLA50PCL50. It can be encountered with the same situation in
the literature [11].
Table 2. Fiber diameters of the blended surfaces.
Average Fiber Diameters ± SD (µm)
Sample Codes
1st measurement
2nd measurement
3rd measurement
0.934±0.155
0.952±0.199
0.995±0.174
PLA10PCL90
1.023±0.262
1.082±0.279
1.062±0.589
PLA20PCL80
1.119±0.381
1.173±0.365
1.128±0.257
PLA30PCL70
1.228±0.426
1.221±0.258
1.210±0.882
PLA40PCL60
1.316±0.296
1.445±0.176
1.488±0.296
PLA50PCL50
1.600±0.421
1.613±0.557
1.696±0.464
PLLA10PCL90
1.362±0.548
1.453±0.668
1.423±0.462
PLLA20PCL80
1.211±0.421
1.010±0.294
1.102±0.283
PLLA30PCL70
0.781±0.368
0.764±0.469
0.613±0.304
PLLA40PCL60
0.623±0.148
0.558±0.150
0.558±0.152
PLLA50PCL50

Statistical Analysis
The results of the ANOVA analysis provided by the Minitab software program are given in Figure 1.
The sum of squares (SS) and p values indicate that the polymer type (p=0.006) and polymer ratio
(p<0.05), and also the interaction between these two parameters (p<0.05), have a significant impact on
fiber diameter values. The Sq SS values show that the effect of the interaction of the two factors on the
fiber diameter is greater than the effect of these factors separately.

Figure 1. The results obtained by ANOVA analysis (the degrees of freedom (DF), sum of squares (SS),
mean squares (MS), F and p values, R-Sqs).
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Figure 2. Main effects plots (a) and interaction plot (b) for fiber diameters .

When the polymer ratios are kept at the same level, the fiber diameter values become dependent on the
polymer type that is used. For example, when the polymer ratio level is kept at 50%, PLA has a fiber
diameter of 1.316 µm that is higher than PLLA which has a fiber diameter of 0.623 µm at the same
polymer level. On the other hand, in the case where the polymer type is kept at the same level, the fiber
diameter is affected from the levels of the polymer ratios. The effect graphs of both parameters are given
in Figure 2(a). Figure 2(b) shows the intersection of the two factors with each other in both test directions
which supports that the fiber diameters are affected by the interaction of the 2 factors [12].
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CONCLUSION
The electrospun fibrous scaffold structures are produced using biocompatible and biodegradable
polymers PLA, PLLA, and PCL in this study. The study's major goal is to see how the blend ratio
affects the fiber diameter of PLA/PCL and PLLA/PCL-based surfaces at various blending ratios. The
fiber diameter data reveal that both polymer type and blend ratios have an effect on fiber diameter;
increasing the high molecular weight PLA ratio increases fiber diameter, while decreasing the low
molecular weight PLLA ratio causes fiber diameter to reduce. Furthermore, statistical analysis has
determined that the findings are significant.
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ABSTRACT
Functionalization of fabrics allows us to influence the physical-mechanical properties by using special
yarns that improve fabric's properties, such as elasticity [1,2], thermal regulation [3,4], protection against
ultraviolet (UV) rays [5–7], etc. In addition, from a design point of view, the shape and size of the
pattern, its frequency and area distribution are also important, not only as a visual effect, but also in
terms of the above-mentioned properties [8–10]. The aim of the study was to determine how different
weft yarns, the size of the pattern and weave affect the final properties of the jacquard fabric.
Six jacquard fabrics were woven on the same warp with two different weft yarns (cotton, Lyocell Clima)
in two different patterns and two groups of double twill weaves (stiched and unstiched). The results
show that fabrics made of cotton have poorer mechanical properties and lower permeability than fabrics
with Lyocell Clima weft. Double unstitched fabrics generally have poorer mechanical properties and
UV protection factors (UPF), but better air permeability values. A statistically significant influence of
the raw material was shown for thickness, mass, thermal conductivity, tensile strength and, in the case
of the size pattern and weave, for air permeability, breaking and tear strength..
KEYWORDS
Functionalization, jacquard pattern, physical-mechanical properties, cotton, Lyocell Clima.
MATERIALS AND METHODS
The influences of the basic construction parameters of woven fabrics on their properties are well known.
The extent to which the shape and size of the jacquard pattern and the frequency of weaves in certain
areas of the fabric influence the properties (UV protection, comfort) of fabrics that are important to the
end user is somewhat less studied.
Six woven samples were produced on the same cotton warp (8×2 tex; 1 black : 1 white) and with the
same loom setting (40 warps/cm; 40 wefts/cm). The fabrics were made from two different types of weft
yarns (cotton, 24 tex and Lyocell Clima, 25 tex), in two different pattern sizes (Figure 1) and two groups
of double twill weaves (stitched, unstitched; Figure 2).
In designing the jacquard fabrics, we created the first pattern with larger white, black and grey squares
that create a 3D visual effect (Figure 1, left), while the second pattern consists of frequently changing
smaller squares (Figure 1, right). Different sizes and shapes in the jacquard patterns mean different
frequencies of the different weaves, which affect the frequency of thread interlacing, which in turn
affects the compactness of the fabrics and thus the comfort properties or the protective properties, i.e.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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UV protection.

Figure 1. Pattern and woven fabrics in two different sizes (left - larger, right - smaller).
Stitched weave

white effect

grey effect

Unstitched weave

black effect

Figure 2. Weaves for three colours in jacquard patterns.

white effect

grey effect

black effect

We investigated the physical-mechanical properties of the yarns and fabrics according to standard
methods: breaking strength (SIST EN ISO 2060) and diameter of yarns, warp and weft density (SIST
EN 1049-2), weight (SIST EN 12127), thickness (SIST EN ISO 5084), air permeability (SIST EN ISO
9237), thermal conductivity (DIN 52 612), ultraviolet protection factor (UPF) (AS/NZS 4399), breaking
strength and elongation (SIST EN ISO 13934-1), further tear force (ISO 13937), and pilling resistance
(ISO 12945-1).
RESULTS AND DISCUSSION
The sample labelling and construction parameters of the yarns and the fabrics are shown in Table 1, the
physical properties of the woven samples are shown in Table 2, and the mechanical properties of the
samples are shown in Table 3. All statistical analyses were performed using the two-way ANOVA to
determine the statistically significant parameters affecting the analysed properties. The analysis
presented in Table 4 explains the relationship between the different materials (yarns) and the different
sizes of pattern and weave with other physical-mechanical properties of the samples.
Table 1. Data on numbering and construction parameters of the reference patterns and standard
deviation (SD).
Material and
Breaking tenecity
Density
Yarn diameter
fineness [tex]
[yarns/cm]
[cN/dtex]
[mm]
Sample Pattern
warp
weft warp weft warp SD weft SD
warp SD weft SD
1
larger
CO
2
smaller
white
white
24 tex
16.4 184.4 40.8 0.1947 0.02 0.221 0.03
CO
200.0
smaller/
3
unstitched 8 × 2 tex
40
40
4
larger
black
Lyocell
black
5
smaller
CO
Clima
167.1 19.2 221.9 30.5 0.2053 0.03 0.199 0.02
smaller/ 8 × 2 tex 25 tex
6
unstitched

The warp density of the woven samples (Table 2) is quite similar to the on-loom warp density
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(40 ends/cm). An increase in densities is observed in the weft, with woven samples with thinner wefts
reaching the highest density in the weft and vice versa.
The samples with cotton weft are the thickest (0.927 mm), the samples with Lyocell Clima are 10%
thinner. The different yarns affect the thickness and mass, which is expected and confirmed by the twoway analysis ANOVA. The magnitude of the F-statistic is obviously higher for factor A (different
material) than for factor B (different pattern) - so we can say with greater statistical confidence that the
different material has a greater effect on thickness, mass, and also on tensile strength in the weft direction
and thermal conductivity (Table 4). The interaction between factors A and B is also statistically
significant as F > Fcrit and p < 0.05. All samples with unstitched weave (sample 3 and 9) have the
highest air permeability, where the looseness of the weave is crucial for the permeability of air between
the threads. In addition, a smaller diameter of the Lyocell Clima thread results in the highest air
permeability. Therefore, the size of the pattern has a statistically significant influence on air permeability
(Table 4). Different materials and consequently pattern size influencing also thermal conductivity.
Thermal conductivity is higher for fabrics with larger geometric squares, which represent more weft
threads on the surface, than for fabrics with smaller geometric patterns. The different material has a
greater influence on thermal conductivity, but interactions between the material and the pattern can also
be observed.
Table 2. Physical properties of woven samples and standard deviation (SD).
Sample

Density
[yarns/cm]
warp SD weft SD

1
2
3
4
5
6

39.2
39.4
39.2
39.2
39.0
40.4

0.8
1.1
1.3
1.3
0.7
1.1

43.0
43.0
42.2
42.6
41.8
43.4

Weight
[g/m2]
188.6
190.2
190.6
180.4
176.8
175.0

1.4
1.4
0.8
1.7
1.9
1.1

SD

Thickness
[mm]

SD

Air
permeability
[l/min]

SD

Thermal
conductivity
[W/mK]

1.1
0.8
0.5
0.5
0.8
1.0

0.904
0.899
0.979
0.826
0.800
0.844

0.03
0.03
0.02
0.03
0.02
0.04

96.31
86.71
136.94
104.11
99.750
146.70

12.5
13.2
4.0
14
9.3
3.0

0.11
0.11
0.08
0.09
0.09
0.08

UZF

SD

0.001 15.82
0.009 16.05
0.008 9.25
0.003 6.75
0.002 7.58
0.003 5.14

Table 3. Mechanical properties of woven samples and standard deviation (SD) .
Sample
1
2
3
4
5
6

Breaking strength [N]
Warp
(SD)
567.44
(19.2)
622.24
(10.8)
606.81
(2.3)
579.38
(24.1)
590.48
(19.7)
593.37
(6.9)

Weft
(SD)
940.25
(26.4)
997.83
(25.4)
921.63
(8.6)
1147.88
(28.4)
1171.92
(2.9)
1097.20
(30.3)

Breaking elongation [%] Tearing strength [N]
Warp
(SD)
10.13
(0.3)
11.22
(0.2)
9.93
(0.2)
10.29
(0.3)
10.41
(0.1)
8.35
(0.2)

Weft
(SD)
11.77
(0.3)
11.67
(0.3)
10.64
(0.2)
11.23
(0.2)
11.67
(0.1)
10.33
(0.1)

Warp
(SD)
128.61
(6.6)
129.99
(3.8)
128.94
(4.1)
117.76
(11.1)
121.34
(4.2)
138.85
(7.3

Weft
(SD)
123.64
(7.3)
108.34
(8.0)
119.19
(20.9)
108.33
(0.9)
111.71
(6.8)
128.62
(1.5)

Elongation [mm]
Warp
(SD)
46.45
(5.1)
43.66
(1.5)
58.65
(9.1)
39.93
(1.8)
44.97
(5.5)
54.56
(6.4)

Weft
(SD)
66.20
(26.3)
67.08)
(31.8)
71.64
(4.6)
77.15
(21.3)
57.35
(8.8)
70.76
(3.2)

Pilling degree
7000 cycles
2.5
2.0
2.0
3.5
3.5
3.5

The highest UV protection factor (UPF) has a sample 2 with cotton weft and smaller squares pattern and
stitch weave and also a sample 1 with cotton weft and larger square pattern, only these two meet the
classification of good protection (UPF=16). It is obvious that the size of the pattern has no influence on
the UPF, unlike the material it is made of. The breaking force in the warp direction is almost the same
for all samples, but in the weft direction they all have a higher breaking force, which is due to the
properties of the weft yarn used. The impact of square size and weave in the pattern are also evident, as
fabrics with smaller squares and stitched weave have the highest breaking strength (Table 4). Sample 6
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with Lyocell Clima and with unstitched weave has higher tearing strength than the others, showing the
influence of weave on them. The degree of pilling is indicated on a scale from 5 (no pilling) to 1 (very
severe pilling), as shown in Table3, which indicates that the fabrics are not particularly resistant to
pilling. We obtained the best results with samples of jacquard fabrics with Lyocell Clima yarn in the
weft direction, regardless of the size of the pattern and the weave.
The magnitude of the F-statistics is higher for factor B (different pattern) than for factor A (different
material) - for breaking force in warp direction, breaking elongation in weft direction, tear strength and
air permeability. Thus, we can confirm with greater statistical confidence that the different pattern and
weave has a greater effect on the above parameters. (Table 4). The interaction between factors A and B
is also statistically significant (F > Fcrit and p < 0.05), except for elongation at break in the weft direction
and air permeability. This means that the different materials have no influence on the above results.
Table 4. Some results of the two-way ANOVA.
Thickness [mm]

Mass [g/m2]

Source of
Variation

F

P-value

F crit

Material

176.32

1.21E-18

4.019

1609.12 1.65E-23

Pattern

22.638

7.24E-08

3.168

10.186

4.474

0.015925

3.168

50.372

Interaction

Breaking stre. in weft dir. [N]

Source of
Variation

F

P-value

F

P-value

Thermal conductivity [W/mK]

F crit

P-value

F crit

4.260

128225.5 1.51E-25

4.747

0.000627

3.403

7118.62 3.57E-19

3.885

2.57E-09

3.403

407.35

3.885

Breaking stre. in warp dir.[N]

F crit

F
138.75

P-value

F crit

F

9.35E-12

Air permeability [l/min]

F

P-value

Material

128225.5 1.51E-25

4.747

Pattern

7118.62 3.57E-19

3.885

347.5393 2.39E-11 3.885294 130.1193 2.23E-21 3.168246

407.35

3.885

140.7845 4.66E-09 3.885294 0.330377 0.720095 3.168246

Interaction

9.35E-12

Tearing strenght (weft) [N]

Source of
Variation

F

P-value

F crit

5.95E-08 4.747225 14.71088 0.00033

F crit
4.019541

Tearing strenght (warp) [N]

F

P-value

F crit

Material

5.172135 0.042115 4.747225 33.53723 8.59E-05 4.747225

Pattern

438.066 6.08E-12 3.885294 84.50854 8.49E-08 3.885294

Interaction 367.8999 1.71E-11 3.885294 96.93585 3.92E-08 3.885294

CONCLUSION
We have found that the utility properties of the fabric are influenced not only by the basic design
parameters, but also by the size and shape of the jacquard pattern. The colour areas and shapes of the
pattern influence the frequency of thread interlacing, the frequency of thread transition from the back to
the front side and vice versa, and the frequency of floatation of individual threads. For a fabric with
good mechanical properties and satisfactory air permeability, we definitely recommend using yarns with
special functional properties and smaller patterns with stitched weave.
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ABSTRACT
Carbon fibre textiles are a class of high performance materials that for example are used in aerospace
applications. Such applications have exceptionally high requirements regarding quality and reliability
of carbon fibre textiles. Eddy current testing is a non-destructive testing method, which can be applied
to both pure textile as well as the cured carbon fibre reinforced composite. However, the resulting data
is hard to interpret because the local anisotropic conductivity and permittivity divert the signal from one
of a simple metal. Simulation can help to understand the complex current paths in the carbon fibre textile
and their influence on the sensor signal. Feasible modelling strategies are discussed, implemented, and
compared to experimental results of regularly occurring faults in the textile, like gaps in different depths.
KEYWORDS
Carbon fibre-reinforced composite, non-destructive testing, eddy current modelling, carbon fiber textile.
MATERIALS AND METHODS
The eddy current testing (ECT) process of carbon fiber non-crimp fabrics is modelled using a three-step
process. After that, the simulation results are compared to experimental data for validation.
First, the system is divided into three subsystems: Excitation coil, textile sample, and sensor coil as
illustrated in Figure 1.

Figure 1. Model overview with the three subsystems: excitation coil, textile sample and sensor coil.

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The calculation of the excitation field generated by the coil can be achieved via the integration of the
theorem of Biot-Savart. The law of Biot-Savart describes, similar to the Coulomb law for electric fields,
⃗ from its sources. The sources of the magnetic field are moving charges
the origin of the magnetic field 𝐵
and equivalent to the electric field the field strength decreases quadratically with the distance. The
magnetic field is perpendicular to the infinitesimal current element ld𝑙 and the vector 𝑟:
⃗ =
𝑑𝐵

𝜇0 𝑙
𝑑𝑙 × 𝑟
4𝜋𝑟 2

[1]

For the calculation, the conductor of the excitation coil can be divided into current elements 𝑙𝑑𝑙 and the
⃗ of each length element for each point can be calculated and summed up. Via this
contribution 𝑑𝐵
approach, coil geometries with varying cross-sections as well as the influence of cabling in the
measurement setup can be included. It can be computed by the approach of Carlson [1]. The magnetic
vector potential can then be calculated as described by Garrett et al. [2]. To model the eddy current
distribution in the textile sample the ⃗⃗⃗⃗
𝐴𝑟 − ⃗⃗⃗⃗
𝐴𝑟 , 𝑉-Formulation is used. Since the coils do not have to be
discretized, different measurement positions can be simulated by simply shifting the excitation field.
The potential 𝑉 is assumed to be constant [3]. From that the variation formulation
1
1
⃗⃗⃗𝑖 ⋅ ⃗⃗⃗⃗
⃗⃗⃗𝑖 × ∇ × ⃗⃗⃗⃗
∫ (∇ × ⃗⃗⃗
𝑁𝑖 ) ⋅ (∇ × ⃗⃗⃗⃗
𝐴𝑟 )𝑑Ω + ∫ 𝑗𝜔𝜎𝑁
𝐴𝑟 𝑑Ω − ∫ ⃗⃗⃗⃗⃗⃗
𝑛𝑐𝑛 (𝑁
𝐴𝑟 ) 𝑑f
𝜇
𝜇
Ω𝐶
Ω𝐶
Γ𝑛𝑐
𝜇0
⃗⃗⃗𝑖 ⋅ ⃗⃗⃗⃗
= − ∫ (∇ × ⃗⃗⃗
𝑁𝑖 ) ⋅ ⃗⃗⃗⃗
𝐻𝑠 𝑑Ω − ∫ 𝑗𝜔𝜎𝑁
𝐴𝑠 𝑑Ω
𝜇
Ω𝐶
Ω𝐶

[2]

can be derived.
By using the finite element method this problem can be solved for ⃗⃗⃗⃗
𝐴𝑟 to subsequently calculate the eddy
current density J from
[3]

⃗⃗⃗⃗𝑠 + 𝐴
⃗⃗⃗⃗𝑟 ).
J = −𝑗𝜔𝜎(𝐴

Finally, the voltage 𝑉𝑠 induced in the sensor coil by the magnetic field can be calculated with the
⃗ as
magnetic vector potential A
[4]

⃗ ⋅ 𝑑𝑙
Vs = −𝑗𝜔 ∮ A
𝑐

because the magnetic vector potential is equivalent to the rotation of the magnetic field. The magnetic
⃗⃗⃗⃗𝑟 and the excitation field caused by the excitation coil
vector potential is the sum of the FEM result 𝐴
⃗⃗⃗⃗
𝐴𝑠 . To solve the variational formulation the finite element method is applied. However, instead of the
usual node elements, better-suited edge elements are used. The resulting system of equations is solved
by using an incomplete LU-factorization as a preconditioner. Then the stabilized conjugate gradient
method (bicstabl) implemented in Matlab is used to solve the system with a target tolerance of 10-10.
The resulting model is applied to simulate the eddy current testing process of carbon fiber textiles and
to investigate the eddy current propagation for certain test scenarios. For validation, an eddy current
sensor mounted onto a three-axis robot is used. Figure 1 shows the described system.
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Figure 1. Eddy current measurement set-up.

The eddy current sensor is a half-transmission sensor incorporating two excitation and sensor coils with
a diameter of 3.3 mm each. An EddyCus-Integration-Kit (Fraunhofer IKTS, Dresden, Germany) is used
to acquire the sensor signals at a measuring rate of 413 Hz. Both measurement system and robot (IAA
TableTop Robot, IAI Industrieroboter, Schwalbach, Germany) were controlled by a desktop-computer
and synchronized with a hardware trigger. For each measurement, 10 tracks of 100 mm length were
measured at a speed of 50 mm/s. A film with a thickness of 80 µm is placed over the sample to (i) ensure
a constant distance between the spring-loaded sensor and the sample and (ii) prevent distortion of the
sample. For the experimental investigation a unidirectional non-crimp fabric with a grammage of
50 g/m2 (Zoltek PX35 50k, R&G Faserverbundwerkstoffe GmbH, Waldenbuch, Germany) is used. Its
electrical conductivity was assessed experimentally and used as an input to the model. The anisotropic
conductivity in fiber direction was 30 S/mm, orthogonal to the fiber direction 0.79 S/mm and 1.69 S/mm
out-of-plane.
RESULTS AND DISCUSSION
First, the influence of different fiber orientations on the eddy current field is simulated. This is done to
verify our modelling approach and to show the capability of the simulation tool. Therefore, the software
Paraview is used to illustrate the eddy current propagation as shown in Figure 3.

Figure 2. Simulated eddy current propagation depending on fiber orientation.

As visible, the fiber orientation or anisotropic conductivity drastically influences the eddy current
propagation for a centrally placed excitation coil. However, depending on where the sensor coil is
placed, the induced voltage varies as well. This shows that even for simple unidirectional carbon fiber
textiles the relative orientation between sensor and rovings has a large effect.
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In a subsequent step, a gap equivalent to a missing roving in the textile machine is manually inserted in
the sample. The gap width is 4 mm. Figure 3 shows the eddy current propagation in unidirectional CFtextiles with gaps and fiber orientations of 0 and 90°.

Figure 3: Simulated eddy current propagation in unidirectional carbon fiber textile with different fiber
orientations (a-c 90°, d-f 0°) and gap.

Depending on the direction of the gap, the influence on the sensor signal varies drastically. As already
shown in Figure 3, if the sensor coils are positioned parallel to the fiber orientation as in Figure 4d, the
signal is higher overall. When the coil approaches the gap, the signal decreases as expected and is
smallest when the sensor is positioned over the gap. In contrast, at a fiber direction of 90°, the initial
sensor signal is negative. When the sensor is close to the gap, the eddy currents cannot propagate through
the gap because its conductivity is zero. Therefore, the eddy currents accumulate in front of the gap and
the signal increases. Figure 4 shows the comparison of the simulated and experimental values in the
proximity of the gap. Overall, the simulated and experimentally obtained signals are in good agreement.
However, the experimental signal is noisier especially for the imaginary values (Figure 4b). That is due
to material inhomogeneities, and overall noise susceptibility of imaginary part influenced by the
dielectric (air) around the fibers. Further simulation and experimental results will be discussed in the
presentation.

Figure 4. Comparison of simulated and experimentally acquired eddy current signals with the real part
(right) and imaginary part (left).
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CONCLUSION
The presented modelling methodology is able to predict the eddy current propagation in carbon fiber
textiles, and can thus, potentially be used to provide a fast, cheap and safe tomographic method to nondestructively evaluate the textile structure. That enables the development and quality assurance of novel
load-adapted textiles with complex and locally varied fiber orientations for high-performance
applications. Furthermore, it can provide an improved understanding of the textile processes and
influencing factors to increase quality, reproducibility, productivity and limit material waste.
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ABSTRACT
Moisture management in clothing is defined as the transfer of moisture from human body to the
environment through the clothing [1]. Water vapour and liquid water (perspiration) need to get away
from the human body to outside to keep the body dry. This action should happen immediately to have
the maximal comfort of clothing usage. The aim of work was to investigate the liquid moisture transport
in the knitted fabrics for babies and children clothing. Three variants of fabrics were the objects of the
investigations. Measurement of the properties characterizing the liquid moisture transport in fabrics have
been performed by means of the M290 Moisture Management Tester (SDL Atlas) [1,2]. Fabrics were
tested in the relaxed and stretched state. Stretching of fabrics was realized by using the MMT Stretch
Fabric Fixture device [3]. The percentage of stretch was adjusted at 15 %. On the basis of the results the
knitted fabrics were compared in the aspect of their ability to ensure a physiological comfort. Influence
of stretching on the parameters characterizing the liquid moisture transport in the fabrics was statistically
analyzed and discussed.
KEYWORDS
Knitted fabrics, stretching, moisture transport, physiological comfort.
MATERIALS AND METHODS
Three variants of commercially available knitted fabrics designed for children and baby’s clothing were
the objects of the investigation. The characteristic of the investigated fabrics is presented in the Table 1.
Table 1. Characteristic of the investigated knitted fabrics.
SYMBOL

TYPE

KF1
KF2
KF3

Cut plush
Lop plush
Interlock

RAW
MATERIAL

CO80/PES20
PES100
CO100

MASS PER SQUARE
METER

g m-2
172
310
206

COURSES/CM

WALES/CM

THICKNESS

cm-1
12.5
13.4
14.9

cm-1
9.8
10.7
11.7

mm
1.01
3.10
0.88

The structural parameters of the investigated fabrics were measured using standard procedures:




mass per square meter – according to the Po-P-04613:1997,
thickness – according to the PN-EN ISO 5084:1999,
number of courses and wales – according to the PN-EN 1471:2007.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Measurement of the parameters characterizing the liquid moisture transport in fabrics were performed
by means of the M290 Moisture Management Tester by SDL Atlas according to the AASTCC Standard
[2,4]. The M290 MMT is an instrument designed to measure the dynamic liquid transport properties of
textiles such as knitted and woven fabrics in three aspects [4]:




absorption rate – moisture absorbing time for inner and outer surfaces of the fabric,
one-way transport capability – one-way transfer of liquid moisture from the inner
surface to outer surface of fabric,
spreading/drying rate – speed of liquid moisture spreading on the inner and outer
surfaces of fabric.

The instrument can calculate the following parameters:







WTT, WTB – wetting time of top (T) and bottom (B) surface [s],
TAR, BAR – absorption rate of top (T) and bottom (B) surface [%/s],
MWRT, MWRB – maximum wetted radius for top (T) and bottom (B) surface [mm],
TSS, BSS – spreading speed on top (T) and bottom (B) surface [mm/s],
R – accumulative one-way transport index [-],
OMMC – Overall Moisture Management Capacity [-].

The device is controlled by PC and the MMT290 SOFTWARE. Measurement is performed for samples
cut into 80 mm x 80 mm squares. For each fabric 5 repetitions of measurement are performed. The
knitted fabrics were measured in the relaxed and stretched state. In order to stretch the samples by a
certain size the MMT Stretch Fabric Fixture device [3] was applied. The round sample of 140 mm
diameter is placed on the table of the device, stretched to the percentage required and next locked in the
fabric clamp (Fig. 1a). The excess fabric beyond the clamp circumference is trimmed. The sample
prepared in such a way (Fig. 1b) is placed in the M290 MMT test area.

a)
b)
Figure 1. Preparation of the stretched sample by means of the MMT Stretch Fabric Fixture device.

The multi-factor analysis of variance (AVOVA) available in the STATISTICA software was applied to
analyse statistically the results.
RESULTS AND DISCUSSION
The results of liquid moisture transport measurement of the relaxed fabrics are presented in the Tables 2
and 3. On the basis of the results it was stated that the fabrics differ between each other in the range of
all determined parameters characterising the liquid moisture transport in the fabrics. In order to
summarize an assessment of the knitted fabrics from the point of view of their ability to ensure the
physiological comfort two last parameters are the most important and useful: R – accumulative one-way
transport index and OMMC – Overall Moisture Management Capacity. A fabric with good accumulative
one-way transport from the inner fabric side to the outer side (high value of the parameter R) offers good
sweat management to the wearer. It is due to the fact that with high accumulative one-way transport
index the fabric keeps the skin of the wearer dry due to the transporting the perspiration towards the
outer side of the fabric which is away from the skin. Positive and high values of the R parameter show
that liquid sweat can be transferred from the skin to the outer surface easily and quickly [5]. The value
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of OMMC is calculated using formula presented in AATCC Test Method 195-2011 [4]. Generally, the
OMMC is based on absorption rate for bottom surface, spreading speed for bottom surface and one-way
transport capability. The value of the OMMC parameter can be in the range from 0 to 1. The highest
value of the OMMC parameter the best moisture transport capacity.
Table 2. Results from the MMT M290 device for the relaxed knitted fabrics.
SYMBOL
WTT
WTB
TAR
BAR
MWRT
s
s
%/s
%/s
mm
KF1
3.28
5.99
66.67
58.11
27.00
KF2
53.73
53.15
231.35
23.26
3.00
KF3
7.39
7.51
73.43
75.51
18.00

MWRB

mm
21.00
3.00
16.00

Table 3. Results from the MMT M290 device for the relaxed knitted fabrics. Continuation.
SYMBOL
TSS
BSS
R
OMMC
mm/s
mm/s
KF1
0.43
2.49
-219.95
0.26
KF2
0.40
0.36
-105.93
0.25
KF3
0.45
2.25
-199.42
0.29

It can be stated that the investigated fabrics are not good from the point of view of liquid moisture
transport from the top side to the bottom side. The R values are negative for all fabrics. The values of
the OMMC parameter confirmed this assessment. In the case of the investigated fabrics the values of
the OMMC parameter are lower than 0.3. It means that the liquid moisture management capacity of the
fabrics can be assessed as poor [2].The results are surprising, however they are in agreement with the
results obtained by Öner et al. [6]. They received high negative R values for the single jersey and rib
cotton fabrics.
It should be mentioned here that the result for the fabric KF2 are diversified significantly. For
three specimens the values of R parameter were negative and the values of the OMMC were 0, whereas
for 2 specimens the results were quite opposite: the R values 837 and 673, the OMMS values
appropriately 0.64 and 0.60. It means that in the case of two last specimens an assessment according to
the OMMC values should be: very good. Observation made directly after test showed that in three
specimens the drops of testing solution remained on the top surface of the fabric (Fig. 2a). The liquid
did not go through the fabric during the test. It was for the specimens for which the OMMC value was
0. For two other specimens the small wet trace was observed on the surface after test performance
(Fig. 2b). It means that the testing solution was transferred very quickly from the inner (top) surface to
the outer (bottom) surface. The diversification of the results was probably caused by the place of dosage
of the synthetic sweat on the specimen area. The KF2 fabric is a lop plush. Maybe the phenomenon of
liquid moisture transfer depends on the place of the testing solution dosage: on the loop or between the
loops. This phenomenon needs further investigations.

a)
b)
Figure 2. Pictures of the specimens of the KF 2 variant after test performance.
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The results for the stretched fabrics are presented in Tables 4 and 5. In this part of the research only two
fabric variants have been the objects of the investigations: KF1 and KF3. The KF2 fabric was too thick
to lock it in the clamp of the MMT Stretch Fabric Fixture device.
Table 4. Results from the MMT M290 device for the stretched knitted fabrics.
SYMBOL
WTT
WTB
TAR
BAR
MWRT
s
s
%/s
%/s
mm
KF1
KF3

3.8748
16.249

5.747
6.2528

57.5851
46.0551

61.789
64.1734

30
15

MWRB

mm
25
13

Table 5. Results from the MMT M290 device for the stretched knitted fabrics. Continuation.
SYMBOL
TSS
BSS
R
OMMC
mm/s
mm/s
KF1
5.5909
3.5641
-12.857
0.3987
KF3
0.932
1.1421
335.2804
0.546

The results confirmed that after stretching the liquid moisture transport in the knitted fabrics is different
and more effective than the liquid moisture transport in the fabric in relaxed (no stretched) state. In the
case of the KF1 fabric the value of the R parameter is still negative, but negative value is significantly
lower than that for the relaxed fabric. According to the OMMC value the KF1 fabric can be assessed as
good from the point of view of the liquid moisture transport capacity. In the case of the KF3 fabric the
value of the R parameter is positive and high. According to the Grading Table presented in the MMT
manual [2] the KF3 fabric was evaluated as very good from the point of view of the one-way liquid
transport. The OMMC value also is high, acc. to grading principles it corresponds to a good rating [2].
Statistical analysis have been performed for the results for the KF1 and KF3 fabric variants before and
after stretching. Statistical analysis be means the multi-factor ANOVA confirmed that both independent
factors: fabric variant and state of the sample (relaxed or stretched) significantly influence the liquid
moisture transport at the level of significance 0.05.
CONCLUSION
Performed investigations confirmed that the structure of the kitted fabrics significantly influence the
phenomenon of liquid moisture transport in the investigated knitted fabrics. Investigated fabrics in the
relaxed state do not show good properties of liquid moisture transport. Stretching the fabrics
significantly improves the moisture management properties of knitted fabrics. It is very important
observation because the knitted fabrics are usually stretchable and in majority of cases (sportswear for
fitness, running etc.) the clothing made of knitted fabrics are worn in the stretched form.
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ABSTRACT
Nowadays, acoustic health is a priority issue in homes and offices. To address the problem, a variety of
sound-absorbing materials are used, one of which is woven and nonwoven fabrics. This paper focused
on the sound absorption analysis of two different woven fabric structures as an increasing layer and with
base material nonwoven fabric. The fabrics' sound absorption properties were determined using an
impedance tube across 80–5000 (Hz) frequencies. The result demonstrated that the absorption of sound
energy through plain fabric decreases as the number of layers was increased. On the other hand, in the
case of a sateen fabric structure, the absorption of sound energy increases with the number of layers.
The absorption capabilities of sateen fabrics are particularly impressive in the high-frequency ranges.
The double and triple layers of plain fabric, on the other hand, demonstrate high sound absorption results
at frequencies below 1000 Hz in comparison to sateen fabric.
KEYWORDS
Acoustic, sound, woven fabric, fabric structure.
INTRODUCTION
The surrounding acoustic wellbeing plays an important role in social and economic development.
Acoustic porous materials are frequently employed in noise control applications due to their excellent
sound absorption in the mid and high-frequency ranges. The absorption phenomena in porous material
are due to their capacity for sound dissipation through thermal and viscous losses. However, their lowfrequency sound absorption is poor. Woven fabrics are fibrous materials that are classified as porous
materials because of their structure. Several factors influence the amount of noise reduction provided
by woven materials, such as fabric thickness, yarn type, and characteristics. Concerning fabric thickness,
only the sound absorption in the low-frequency band is affected by material thickness. An increase in
material thickness from 5 to 10 cm does not make a substantial difference above 500 Hz, but it does
make a considerable difference in sound absorption below 500 Hz frequency [1–5].
The yarn parameters, and the gaps between the fibers and the fiber cross-section, have a significant
influence on sound absorption. Furthermore, the nature or type of raw material affects the sound
absorption capacity, lower yarn linear density, and finer yarns improve sound absorption, as explained
in [6,7]. However, sound absorption is influenced more by the gaps between fibers in fabric than by
fiber diameter or cross-section shape [6,8,9]. Additionally, the porous size has an influence on the
determination of the absorption compacity of sound waves by the woven fabrics. The sound wave
movement in the porous space of the fabric or in a complex structure leads to the construction of tortuous
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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paths. As the tortuosity of the material increases, it indicates that more complicated paths through the
material indicate high resistance to sound waves [10].
In this paper, the findings of a fabric sound absorption comparison between two distinct fabric structures
as the number of layers increases are presented. Additionally, the discussion of the influence of physical
characteristics of fabric thickness, mass per unit area, air permeability, and porosity on the efficiency of
sound absorption phenomena is presented.
MATERIAL
The fabrics structures (S) sateen 1/4(3) and (P) plain (1/1) were formed from polyester (PES) dtex 167
× 2 (f 32 × 2) drawn textured yarn. The polyester yarn was employed as a raw material in both the warp
and weft directions. The sound absorption of woven fabrics was examined by combining nonwoven
(NW) fabric as the base material with a 30 mm thickness and a mass per unit area of 623 g/m2. The
publication [11,12] presents further details of the yarn characteristic, warp and weft density, yarn crimp,
and weave structure discussions.
METHODS
The fabrics were woven on a Sample Dobby loom SL 8900S (CCI Tech Inc, Lodz, Poland) with 8
harness frames and 1500 warp yarns for each weave structure. The sound absorption coefficient (α) of
porous material was measured using the transfer function method in accordance with PN-EN ISO 105342:2003. To understand the influence of layer increasing on the sound reduction phenomena, each
samples type was examined as single, double, and triple layers combined with base material of
nonwoven (NW) (Figure 1). The sample represented IP single plain fabric with NW, IIP double layers
plain fabrics with NW, IIIP triple layers plain fabrics with NW and IS single sateen fabric with NW, IIS
double layers sateen fabrics with NW, IIIS triple layers sateen fabrics with NW. Besides the sound
absorption test, thickness, mass per unit area, air permeability, and porosity percentage of single
materials were examined. Fabric thickness tests were conducted using a 20 cm2 measurement area and
a pressure of 1 kPa in accordance with PN-EN ISO 5084:1999. The fabric's mass per unit area was
determined in accordance with PN-ISO 3801:1993 (at a temperature of 21 ± 0 ◦C and relative humidity
of 66.5%). The air permeability of the samples was determined in accordance with ISO 9237:1995
guidelines. The tests were carried out at the Lodz University of Technology's Department of Materials
Science, Commodity Science, and Textile Metrology laboratory (Lodz, Poland). The porosity of the
sample was determined using the Textile Institute's Test Procedure No. 60. The quantity of light passing
through the textile sample placed horizontally on the microscope table is measured. Passing light was
used to illuminate the sample at a constant intensity of 1000 lux. The porosity of a sample image is
defined as the ratio of the thresholded area to the total area of the sample image. The preparation of
samples, sound absorption, fabric thickness, mass per unit area of fabric, and porosity determinations
were performed at the Lukasiewicz Research Network-Textile Research Institute.

Figure 1. Schemata of samples set sequence inside impedance tube [12].
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RESULTS AND DISCUSSION
The result of sound absorption and physical characteristics of fabrics
The plain and sateen fabric structures were compared in terms of sound absorption efficacy and physical
properties. The result demonstrates that plain fabrics' sound absorption decreases with the increase of
plain fabric layers, specifically at higher frequency ranges.

Figure 2. Sound absorption coefficient (α) versus frequency (Hz) for plain and sateen fabrics.

As illustrated in Figure 2, the IP fabric absorbs approximately 1 (α) at frequencies between 1000 and
2000 Hz. The fabric IIP exhibits the second-highest absorption, approximately 0.9, in the range of midfrequencies (500–1000 Hz). Therefore, the IIIP fabric demonstrates lower sound absorption results when
compared to the I and II layers of plain fabrics. The sateen fabric structure demonstrates that at higher
frequencies between 1500 and 3000 Hz, higher sound absorption (α) it has approximately 1. At midfrequencies, the IS fabric has very low absorption. However, as the layer of sateen fabric was added, the
absorption at the mid-frequency level showed an improvement. Nonwoven fabric's sound absorption
shows that it is more effective at absorbing sound at higher frequencies than plain fabric or sateen fabric
(Figure 2). Furthermore, the nonwoven maximum absorption coefficient ranged between 0.5 and 0.6.
Without nonwoven fabric, the sound absorption of plain and sateen fabrics is low. As a result, the
combination of woven and nonwoven fabrics (IP, IIP, IIP and IS, IIS, IIIS) results in a win-win situation
that increases the efficiency of both materials.
Table 1. Physical characteristics of woven fabrics [11,12].
Fabric types
IP
IS

Thickness of woven
fabrics (mm)

Mass Per Unit Area
(g/m2)

Air permeability
(mm/s)

Fabric porosity
(%)

0.52 ± 0.01
0.9 ± 0.03

195 ± 1.5
213 ± 2.1

95.5
453.1

11.5
1.5

According to the fabric physical characteristics results, the thickness, mass per unit area, and air
permeability of single-layer IP fabric are less than that of single-layer sateen fabric (Table 1). The
porosity analysis reveals a more porous surface on the plain fabric structure than on the sateen structure.
The Plain (1/1) fabric structure has more interlacement points, at the same time which increases the
fabric's strength. The IS (1/4(3)) fabric has higher yarns floating over the fabric structure, which shows
a lower interlacement degree. The fabric's thickness is also directly related to the yarn's compactness
within the fabric structure. As the interlacement of yarns decreases, the thickness of the fabric increases.
Besides, the lower interlaced fabric structure due to the loosely packed yarn strands can have higher
coverage, or the propagation of light or sound energy into the material can be hindered due to the floated
yarns in the fabric structure. This case is shown in the IS fabric structure. Additionally, in relation to the
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degree of interlacement, the air permeability result is greater in the IS fabric, which is attributed to the
possibility of increasing pressurized airflow over the noninterlaced surface. The relationship between
sound absorption and air permeability shows that, in comparison to IS fabric, a plain (IP) fabric has low
air permeability and a high sound absorption coefficient, specifically < 1500 Hz. This is due to the higher
porosity surface of the IP fabric structure. Sound waves can easily propagate into materials with
enhanced porosity. As a result, the sound absorption performance of IP at low frequencies has improved.
On the other hand, the IS fabric structure has low porosity and high sound absorption at higher
frequencies.
CONCLUSION
The analysis of the sound absorption coefficient of test results for plain and sateen front materials,
related to their physical characteristics, came up with the following summaries:






A single plain fabric (IP) exhibits strong sound waves absorption below 1500 Hz. However, the
result lowers as the number of fabric layers increases. This is because plain fabric's porous
surface allows sound waves to propagate through it. As a result, low-frequency sound absorption
increased. However, because of the way the fabric structure is woven, there is a possibility that
the more layers there are, the less sound wave propagation will be able to get into the fabric
structures.
The sateen fabric shows a high sound absorption coefficient at higher frequencies and as the
fabric layers increase.
The weave structures determine the thickness of the fabrics and the number and distribution of
porous areas. This phenomenon directly impacts the material's sound wave absorption capacity,
especially at lower frequencies.
The front materials' porosity and thickness properties are the main factors in determining the
acoustic material's sound waves absorbed at different frequencies.
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ABSTRACT
We measured temperature distributions under a garment using a measurement garment made of a textile
instrumented with multiple thermocouple temperature sensors. We also measured the surface
temperature of the garment using an infrared thermography camera. Comparing these separate
temperature measurements enabled measurement of the increased temperature and its distribution under
the clothing when wearing a shirt, which the infrared thermography camera does not measure. The
places where the temperature increased were also confirmed. The local temperature distribution under
the garment was also evaluated, which is not available from the surface temperature of the thermal
manikin. Therefore, it was shown that the developed measurement garment can be used to measure
temperature distribution in microclimate spaces and is useful for evaluating the thermal performance of
garments.
KEYWORDS
Thermocouple temperature sensors, local temperature distribution, temperature under clothing, shirt.
INTRODUCTION
Clothing protects the skin and body from the inevitable changes of the natural environment, such as
heat, cold, and ultraviolet rays, and also contributes to controlling human body temperature. The micro
space between clothing and the skin is important for clothing comfort. One method to evaluate the
thermal comfort of clothing is to measure skin temperature because it varies with changes in
environmental temperature due to the human body’s thermoregulatory response to maintain a 37°C core
temperature. In general, skin temperature is measured by attaching a thermocouple temperature sensor
or the temperature-sensitive part of a thermistor thermometer to the skin with a breathable surgical tape
to measure the temperature by contact. However, this method can only provide temperature information
for one location at a time [1].
By contrast, non-contact temperature measurement methods, such as radiation thermometers or
thermography cameras, measure the radiant energy emitted from an object’s surface. In thermography,
the entire temperature distribution is captured using an image, which can be processed in various
formats. However, because it can only measure surface temperature, it cannot measure the skin
temperature under clothing. In addition, any change in the object’s surface emissivity will result in
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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measurement errors. Furthermore, if the angle between the object surface and the camera is greater than
60°, errors due to radiant energy attenuation will occur [1].
This study focused on the temperature distribution under clothing and on the skin surface. There have
been many studies on the relationship between air layer thickness and heat transfer in clothing [2–4]. In
most of these studies, experiments were conducted using a device incorporating a concentric cylinder
model with a heating plate and clothing layers. Yamazaki et al. [5] measured the airflow and temperature
inside a garment on an actual human body, but the temperature inside the garment was measured only
at one point on the chest. Based on these studies, if a method can be established to continuously measure
the microclimate space under a garment at multiple points, it will be possible to obtain a more detailed
temperature distribution inside a garment and evaluate the local thermal comfort.
Takatera et al. [6] fabricated a textile incorporating thermocouple temperature sensors that can
continuously measure the temperature inside a garment at multiple points, measured the upper garment
temperature, and investigated the possibility of using the textile to measure the temperature inside the
garment. Kim et al. [7] also fabricated a textile with a built-in temperature sensor and measured the
temperature distribution inside the lower garment. This study clarifies the effectiveness of the textiles
developed in those previous studies [6,7] by comparing temperatures measured under a garment using
the developed textile with its surface temperature measured using an infrared (IR) thermography camera.
EXPERIMENT
To measure the temperature under a garment, we made a textile instrumented with multiple
thermocouple temperature sensors. We made a measurement garment using this textile (Figure 1a) that
can be worn by a thermal manikin (THM117S/217S, Kyoto Electronics Industry, Japan). The sides of
the measurement garment were sewn together with elastic rib knit (60% acrylic, 40% wool) for the
thermal manikin to wear. Thirteen thermocouples were installed on the front chest of the measurement
garment (Figure 1a).
The thermal manikin was dressed in the measurement garment and a dress shirt (55% cotton, 45%
polyester) in a climate chamber, as shown in Figure 1(b). The temperature under the shirt was measured
three times using the measurement garment with the shirt worn over it. The temperatures of the
measurement garment without the shirt were also measured three times. The temperature measurement
using the measurement garment was performed for 20 minutes with a 20-second cycle, and the average
value of the data obtained at each measurement point was calculated.

(a) measurement garment
(b) dress shirt
Figure 1. A thermal manikin wearing the measurement garment (a), and dress shirt over it (b).
The shirt surface temperature was measured three times using an infrared (IR) thermography camera
(875i, Testor Co., Ltd.). The measurement garment surface was also measured. The average value of
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each measurement was calculated using dedicated software (testo IRSoft). The measurement accuracy
of the IR thermography is ±2°C, and its resolution is 0.1°C.

(a) measurement garment
(b) dress shirt
Figure 2. Thermography images of measurement garment (a), and a dress shirt over it (b).
The thermal manikin is maintained at a constant power of 58.2 W/m2, the metabolic rate when a person
sits at rest on a chair to produce a state close to the human body’s. The thermal manikin surface
temperature is recorded in 20-second cycles. The environmental temperature and humidity in the
chamber are set to 20°C and 65% RH, respectively.
RESULTS AND DISCUSSION
Figure 2 shows thermography images of the measurement garment surface with and without the dress
shirt over the garment. Figure 3 compares the undergarment temperatures measured using the
measurement garment to the IR thermography surface temperatures corresponding to the measurement
points. The measured temperature distribution differed at each measurement point. The mean
measurement garment temperature was 24.4°C when only the measurement garment was worn, and
30.1°C when a shirt was worn over it, a 5.7°C increase. The garment’s temperature increased for all
measurement points when wearing the shirt, with different temperature increases among the
measurement points due to the varying air gaps between the garment and shirt. The increases in mean
temperatures were 5.2°C at Nos. 1–4 near the collar, 6.0°C at Nos. 5–9 near the center, and 5.7°C at
Nos. 10–13 near the hem.
The mean surface temperature measured by the IR thermography camera for the measurement garment
only was 25.6°C. When the shirt was on the measurement garment, the mean garment surface
temperature was 25.5°C. In contrast to the temperature results for the measurement garment, the
measurement points where the temperature increased after the shirt was worn were Nos. 1–4, 8, and 9,
mainly near the collar. The temperature decreased at other measurement points, possibly due to the
influence of heat conduction because of a small air gap near the collar with the garment and shirt in
contact with each other. However, the area near the hem had a larger air gap, and the heat conduction
from the surface of the thermal manikin was smaller. No. 7 had the lowest garment surface temperature,
coinciding with the shirt pocket and also indicating that the heat conduction effect is small.
The mean shirt surface temperature from the thermography was 25.9°C for Nos. 1–9 and 24.8°C for
Nos. 10–13. By contrast, the mean temperature from the measurement garment with the shirt on was
29.9°C for Nos. 1–9 and 30.5°C for Nos. 10–13. The garment surface temperature is higher for a small
air gap when the garment is worn and vice versa. However, the heat retention rate inside the garment
increases when a certain air gap is reached [6], and the same result was obtained in this experiment.
Therefore, it was found that a high clothing surface temperature does not necessarily mean a high
temperature under clothing.
The surface temperature of the thermal manikin increased by 4.4°C when the shirt was worn, as shown
in Figure 3. By contrast, the increased mean temperature measured by the measurement garment when
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wearing the shirt was 5.7°C. Thus, there was a 1.3°C temperature difference between the skin
temperatures of the thermal manikin and measuring garment. In addition to this difference, the
measurement garment provided localized temperature distributions that cannot be measured with the
thermal manikin. Therefore, the developed measurement garment can measure the temperature
distribution of microclimates like the inside of a garment that cannot be easily measured by the IR
thermography camera or the thermal manikin.

Figure 3. Temperatures measured by measurement garment, infrared thermography camera, and thermal
manikin.

CONCLUSION
We measured the temperature under a garment using measurement garment made of a textile
instrumented with multiple thermocouple temperature sensors. We compared the measured temperatures
under the garment with surface temperatures measured using an IR thermography camera. By comparing
the temperature under the clothing measured by the measurement garment with the surface temperature
measured by the IR thermography camera, the increased temperature under the clothing when wearing
a shirt was determined. The IR thermography camera cannot measure this temperature change. The
locations where the temperature increased were also confirmed. The temperature distribution under the
garment was also evaluated, which cannot be determined using the surface temperature of the thermal
manikin. Therefore, the developed measurement garment can measure microclimate space temperature
distributions and help evaluate and improve the garment thermal performance.
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ABSTRACT
The application of conductive fabrics is extremely wide and applies primarily to areas such as protective
textiles, smart textiles, e-textiles, textile for medical applications, etc. The influence of conductive spun
yarn, made from carbon and aramid fibres blend, on fabrics conductivity was investigated. Three types
of fabrics, with different fineness and structures of conductive yarns in the weft direction were woven
and tested. The relevant properties of the yarns were investigated, as well as the properties of the woven
fabrics, which fully contribute to the fabrics conductivity properties. This was confirmed by testing the
surface and vertical electrostatic resistance of the fabric, i.e. conductivity.
KEYWORDS
Woven fabrics, yarn fineness, conductivity, resistance.
INTRODUCTION
The conductivity property defines the name of a large group of materials known as conductive textiles,
whose field of application is incredibly wide. It has a significant application in the field of Protech
technical textiles, to reduce the accumulation of electrostatic charge on devices and people, to protect
against flammable electrical discharge, protect health from electromagnetic waves and to create a closed
circuit in the field of smart and e-textiles (sensors, antennas). Conductive fabrics, due to their
adaptability in application conditioned by its structure, provide numerous advantages, benefits and
possibilities of end use [1].
From ancient times, body protection has been the primary purpose of clothing and fabrics. Throughout
history, with the development of society, science and technology, the concept and purpose of body
protection has changed significantly. Today, when we talk about the body protection, we can consider
this concept on many levels of protection. One of them is the protection of the body from electrostatic
charge in specific conditions and spaces.
People as conductors provide very low resistance, which is why the electrostatic charge accumulates on
clothing i.e. textiles. The process of charge accumulation depends on the intensity of the charge and
environmental factors. Static electricity on textiles has a negative effect, which can primarily be
associated with the occurrence of electrical induction. Namely, in contact with textiles charged with
static electricity, the human body acts as a conductor, so a charge is induced in it, which can be felt
when it comes in contact with a metal object. In such case, an electrical discharge occurs, which can
result in a negative effect on health. Therefore, it is necessary to control unwanted electrostatic charge
in specific places where the possibility of ignition or explosion is present. In order to prevent the negative
effects of static charging, protective clothing fabrics must meet the high requirements for adequate
conductivity [2,3].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Since textile fibers, and thus materials, are mostly insulators, especially in dry conditions, it is necessary
to use additional fibers with conductivity properties. Conductive yarns contain conductive materials:
carbon, silver, stainless steel, nickel, copper, etc. and can be used as filaments, cut fiber blend yarns.
Conductive fabrics are those which in their construction partially or completely contain threads of
electrically conductive yarn and consequently can conduct electricity. In order to achieve a fabric level
that will provide protection according to set standards, fabrics must be sufficiently strong and resistant
and must meet high requirements. These properties can be achieved by certain fabric construction
parameters and yarn properties, as well as the inherent fiber properties [4].
As already mentioned, fibers (due to their raw material composition and certain properties), and
consequently textile materials, are often charged with static electricity during use, which is also affected
by external conditions. Electrical resistance is a physical property, which expresses the ratio of voltage
and strength of electric current that is a constant value for many materials. Fibers, with their
characteristic electrical properties, behave as good insulators in the dry state, i.e. they have high
electrical resistance, while in the wet state they have good conductivity. When it comes to the electrical
conductivity requirements of clothing, which directly implies the properties of the fabric, it is necessary
to distinguish two types of electrical conduction: surface resistance (important for the resistance of
electric current) and vertical resistance (through the material to prevent electricity transmission to the
body). Therefore, this research was performed in order to analyses the influence of the weft threads
fineness on the fabric electrostatic conductivity properties [5,6].
EXPERIMENTAL AND DISCUSSION
For the purpose of this research, three fabric samples were woven on a laboratory weaving machine FYI
DW598, intended for protection against static electricity. For all samples the same type of yarn was used
for warp - aramid yarn of nominal fineness Nm 70/2, while weft yarn, composed of a blend of aramid
and carbon fibres, differed in fineness and structure (single ply yarn of nominal fineness Nm 50/1 and
2-ply yarns of nominal fineness Nm 50/2 and Nm 60/2).
The properties of the yarns used in this study were tested according to standardized methods: linear
density (mass per unit length) according to ISO 2060:1994, yarns twists according to ISO 2061:2015,
yarn harness according to ASTM D5647-07(2018) and yarn breaking properties according to
ISO 2062:2009. The complete specification of the yarns are shown in Table 1.
Table 1. Specification of the yarns.
Designation
AR

Raw composition

Declared fineness Nm
FinenessTt [tex]
Twists T (twists/m)
Hairiness H [%]
Elongation ε [%]
Force to rapture F [cN]
Tenacity σ [cN/tex]

AR+C1

95/5% Meta
Aramid Conex
NEO / Para
Aramid Twaron
raw

93/5/2% M-AR
Teijinconex Neo /
P-AR Twaron raw /
PA NoShock 301
EOS Carbon

70/2
28.57
940 Z; 710 S
5.96
20.84
576.84
20.19

50/1
20.26
750 Z
4.78
16.45
340.93
17.05

81

AR+C2

AR+C3

93/5/2% M-AR
93/5/2% M-AR
Teijinconex Neo /
Teijinconex Neo /
P-AR Twaron raw / P-AR Twaron raw /
PA NoShock 301
PA NoShock 301
EOS Carbon
EOS Carbon
50/2
39.36
750 Z; 600 Z
6.85
20.98
774.82
19.37

60/2
33.33
840 Z; 660 S
6.86
19.55
629.67
18.91
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Fabric samples were woven in a ripstop weave (Figure 1), with the same warp and weft density. The
relevant properties were tested according to standardized methods: fabric density (EN 1049-2:1993),
fabric thickness (ISO 5084:1996) and fabric mass per unit area (ISO 3801:1977). Results are shown in
Table 2.

Figure 1. Ripstop weave and image of woven fabric.
Table 2. Properties of woven fabrics.
Sample
Yarn
designation
Warp
AR
F1
Weft
AR+C1
Warp
AR
F2
Weft
AR+C2
Warp
AR
F3
Weft
AR+C3

Density
d (thread/cm)
36
19
36
19
36
19

Thickness
t (mm)

Mass per unit area
m (g/m2)

0.622

160.68

0.734

212.13

0.706

193.08

It is clearly showed that the same density of warp (36 threads/cm), and weft (19 threads/cm) threads are
obtained in a weaving process. The values of the tested parameters of woven fabric samples mass and
thickness are in accordance with the parameters of the yarns used. Therefore, the F2 sample with the
twisted yarn of the highest fineness has the largest mass and thickness. The difference in the fineness of
the twisted yarns AR+C2 and AR+C3 resulted in a decrease in woven sample thickness by 4% and a
decrease in mass per unit area by 9% in sample F3.
The surface resistance of fabrics or electrical conductivity (electrical resistance along the surface of the
material) was tested according to the method EN 1149-1, while the vertical resistance or electrostatic
resistance through the fabric was tested according to the method EN 1149-2. The tests were performed
on an electrostatic resistance measuring device Mesdan, Italy, model STATIC LAB 291B, and the
results are shown in Figure 2.
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Figure 2. Resistance of the tested fabrics: a) Surface resistance; b) Vertical resistance.
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Given the requirement listed in the standard BS EN 1149-5:2008 that defines the conditions that woven
fabric must meet to be declared as a conductive fabric if the electrical resistance ≤ 2.5 × 109 Ω, it can be
concluded that all tested fabrics met the requirement and that the tested fabrics can be defined as
conductive. The test results shows that the fabric sample F1 with a single and the finest yarn provides
the highest surface resistance, while the fabric sample F2 made from the coarsest twisted yarn provides
the lowest surface resistance (Figure 2a). At the same time, the F3 fabric, which also contains twisted
yarn in the weft but with lower fineness than the yarn in F2 sample, has greater electrical resistance.
From the above, it can be concluded that F2 fabric provides the best properties of electrostatic
conductivity, and the reason for this is the largest share of carbon fibres mass fraction.
Regarding the values of the vertical resistance test, i.e. electrostatic conductivity through the fabric
(Figure 2b), the F2 fabric, woven with the coarsest yarn, stands out again, as the one with the highest
value of resistance, which means that the sample gives the lowest electrostatic conductivity to the body.
At the same time, the F3 fabric sample woven with a finer twisted yarn provides higher resistance, which
is caused by the lower thickness of the fabric, i.e. the shorter, vertical path through the fabric. Thus, the
F3 sample has the best properties of electrostatic conductivity through the fabric. In the case of the F1
fabric sample, high values of standard deviation (maximum value of standard deviation) are caused by
greater unevenness of single yarn.
CONCLUSION
The research provided insight into the influence of yarn fineness, but also the structure of spun yarns
that contain carbon fibres, on the conductivity properties of fabrics. From the obtained results, the
differences between surface and vertical conductivity, which are influenced by individual fabric
parameters, conditioned by the fineness of the yarn, are clearly visible. The coarsest yarn results in the
highest mass per unit area of the fabric and thus the highest share of conductive carbon fibres per fabric
weight, which directly affects the highest electrostatic conductivity properties through the material. On
the other hand, weaving with finer twisted yarn (less unevenness compared to the single yarn) results in
lower fabric thickness, which reduces the path of resistance, and thus provides the better conductivity
of the fabric, i.e. protection from the electric shock.
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ABSTRACT
The Cluster of Excellence “CENTRE FOR TACTILE INTERNET WITH HUMAN-IN-THE-LOOP
(CeTI)” [1] deals with developments and inventions concerning smart devices used in many fields, e.g.
medicine and skill learning. For the integration or electrical interconnection of smart components,
electrically conductive materials are often integrated into the clothing. To maintain the flexible, textile
character of such smart textiles, polymer-based yarns with a metallized coating are mostly used for this
purpose. In order to be able to use these yarns both in everyday life situations and in personal protective
equipment with high safety requirements, it is necessary to specifically characterize and evaluate the
long-term stability of the materials used. Knowledge of the electrical properties under the influence of
temperature and moisture is particularly important for clothing worn close to the body, since the stress
on the materials due to body and skin temperatures and user perspiration is particularly high here. At
present, it is only partly possible to characterize the electrical stability of textile conductors under
different application-related climatic conditions using standardized test methods. For this reason, this
paper presents a newly developed measurement and test method that makes it possible to evaluate the
electrical properties of yarns under defined temperature and humidity influences over a specified period
of time. On the basis of different tests, the results of which are also discussed here, the measurement
accuracy and repeatability of the method can be proven.
KEYWORDS
Silver-coated yarn, test method, resistance, yarn-characterisation, climate condition, textile sensor.
MATERIALS AND METHODS
Silver-coated yarns. In Table 1 the yarn materials are shortly presented due to their characteristics
given by the producer. Electrically conductive yarns are used for the integration in smart textiles in terms
of different smart applications, e.g. gloves or functional underwear. All yarns are PA 6.6 based and
coated with silver.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Table 1. Electrically conductive yarns used for measurement method review.

PRODUCER

NAME

MADEIRA GARNFABRIK
AMANN & SÖHNE
GMBH & CO. KG

HC40
Silvertech +100

PA 6.6

LINEAR DENSITY
[DTEX]
290

RESISTANCE
[Ω M-1]
< 300

PA 6.6

330

< 200

COMPOSITION

Resistance measurement. To determine the resistance to quantify and assess the change in electrical
resistance of electrically conductive yarns a four-wire-resistance measurement according to DIN EN
16812 [2] is used. The test procedure as well as the test setup can be found in this standard. The fourwire-resistance measuring station consists of a precision multimeter Keithley DAQ 6510 from Tektronix
GmbH (Köln, Germany) to determine the measured values and a high performance calculator for data
storage (Figure 1). To measure the specimens, they are fixed via four KELVIN clamps with a distance
of 250 mm to each other, which also corresponds to the sample length (Figure 2a and 2b).

Figure 1. Precision multimeter Keithley DAQ 6510 with high performance calculator.

Figure 2b. Fixed yarns in four KELVIN clamps.

Figure 2a. Schematic measurement setup with fixed
yarns in four KELVIN clamps.

Climate condition simulation. To simulate different applications of smart textiles with integrated
electrically conductive yarns in terms of temperature and humidity, a climatic test chamber COMPACT
- DY110 (TC) from Angelantoni Test Technologies S.r.l. (Massa Martana (Pg), Italy) is used (Figure 3).
With this climatic chamber it is possible to simulate climatic conditions within a temperature range of 70°C up to +180°C and a humidity range of 10 to 95%. Therefor all various applications of smart textiles
can be simulated.
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Figure 3. Climatic test chamber COMPACT - DY110 (TC).

RESULTS AND DISCUSSION
First, the yarns were measured without climatic stress with the four-wire-resistance measuring station
in order to check the functionality of the specifically manufactured frame, the KELVIN clamps, the
measurement software, and to determine the basic resistance of the yarns. For this purpose, the
measurement setup described in Figures 1 - 3 was used. The experimental setup is developed to measure
the resistance up to 15 samples simultaneously with a sampling rate of 0.016 Hz over a given time
period. A voltage is applied through the constant current source in the precision multimeter and the
resistance in the measuring device is determined via the ohmic law. The measured values are transferred
to the measuring computer and stored using the device's own software. Table 2 shows the statistical
values from 20 individual measurements for the example yarns HC40 and Silver-tech +100.
Table 2. Statistical values for the example yarns HC40 and Silver-tech +100 before climatic stress.

PRODUCER

NAME

MADEIRA GARNFABRIK
AMANN & SÖHNE
GMBH & CO. KG

HC40
Silvertech +100

AVARAGE RESISTANCE
[Ω M-1]

STANDARD
DEVIATION

COEFFICIENT OF
VARIATION [%]

297

6.45

0.02

289

3.35

0.01

Subsequently, the yarns were transferred to the climatic chamber using the developed frame with the
KELVIN clamps. Over a period of 240 h at climatic conditions of 32°C and a relative humidity of 95%,
the resistance was continuously measured at a sampling rate of 0.016 Hz. The parameters presented and
selected here were intended to simulate the wearing situation of clothing items close to the body, such
as a glove or underwear under high physical activity. The period of 240 h corresponds to a usage period
of 30 days with a wearing time of 8 h per day. Figure 4 and 5 show the results of the test using the
climate chamber to simulate realistic conditions for smart textiles worn close to the body.
Due to the transfer of the yarns into the 32°C climatic chamber, the resistance increases already at the
beginning of the measurement by 2% for HC40 and by 4% for Silver-tech +100. These differences result
from the temperature dependence of the yarn resistances, which increase at higher temperatures.
Consequently, the measurement shows (Figure 4 and 5) also that there are large differences between the
initial resistances at the beginning of the climatic stress and the resistance of the climatically stressed
yarns after 30d of simulated use (240 h measuring time). The resistances under climatic stress increased
by 11% for HC40 and by 31% for Silver-tech +100 compared to the initial resistances. This increase in
resistance is the result of oxidized silver by high humidity and oxygen r on the yarn surface [3], which
reduces the electrical conductivity because less electrically conductive material is available.
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Figure 5. Resistance of Silver-tech +100 silvercoated yarn during 240 h under climatic stress.

After the climatic stress, the resistance measurement were carried out under the same conditions as for
the initial measurement again. The Table 3 shows the statistical values from 20 individual measurements
after climatic stress.
Table 3. Statistical values for the example yarns HC40 and Silver-tech +100 after climatic stress.

PRODUCER

NAME

MADEIRA GARNFABRIK
AMANN & SÖHNE
GMBH & CO. KG

HC40
Silvertech +100

AVARAGE RESISTANCE
[Ω M-1]

STANDARD
DEVIATION

COEFFICIENT OF
VARIATION [%]

311

3.38

0.005

325

3.49

0.01

The resistances are further increased by 2% and by 4%, respectively. Consequently, the electrical
conductivity differs depending on the prevailing environmental conditions. Because high humidity and
temperature reduce the electrically conductive function of the silver-coated yarn irreversible.
The test method makes it possible to simulate any environmental condition in order to be able to
characterize the change in properties of the yarns.

CONCLUSION
In summary, the self-developed test method for the characterisation of the electrically behaviour of
conductive yarns, some of which are used in smart textiles, was used to simulate different applicationspecific environmental conditions, such as the conditions of clothing worn close to the body. It was
proven that the prevailing environmental conditions affect the electrical properties. This measurement
method can be applied primarily to the electrical conceptualization and design of smart clothing.
Furthermore, this measurement method could be validated for different conductive yarns and the
functionality could be proven. The measurement method can be adapted to all conductive materials that
are thread-like in nature.
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ABSTRACT
As yarns control the ultimate failure of fiber reinforced composites, mechanical behavior warrants much
consideration. The present study focuses on the experimental and simulation analysis of the tensile
fracture behavior of twisted yarns. A quasi-fiber scale model of twisted yarns made of HMWPE fibers
is established using virtual fibers. The tensile fracture behavior of twisted yarns is simulated using a
maximum stress criterion with a random distribution of properties. The tensile fracture loads of six kinds
of twisted yarns agree well with the experimental results. The numerical precision and dispersion of the
proposed method are analyzed systematically. The influence of damage factor and displacement at
failures on the simulation results of twisted yarns are also obtained. Above modeling and analysis
method provides a helpful tool for understanding the yarn architectures of fiber reinforced composites.
KEYWORDS
Tensile fracture behavior; Twisted yarn; Virtual fiber; Quasi-fiber scale; Numerical simulation.
INTRODUCTION

Fiber reinforced composites have been widely used in aerospace field due to their excellent mechanical

properties, structural designability and fatigue resistance. The study of the ultimate strength of fiber
reinforced composites has become a hot topic. Variations from tensile properties and number of fibers
in a yarn result in significant dispersion in mechanical properties, such as tensile strength, breaking
strain and effective elastic modulus. Damage is caused locally in the yarn, usually only a few fibers are
affected. Therefore, in order to achieve higher specific strength and specific modulus of fiber reinforced
composites, numerical tools for the evaluation of yarn performance are required. For these reasons, a
large number of continuous fibers can be twisted together to make yarns providing good flexural and
torsional flexibility for high strength. Therefore, the characterization of its mechanical properties has
attracted the attention of many scholars, concerning both their nonlinear tensile response and the
occurrence of breakage at the filament scale. The mechanical property relationship between the twisted
yarns and the untwisted yarns can be characterized by the Hearle equation [1]. Lamon et al. [2]
investigated the flaw strength distributions of various fiber types and constructed empirical distributions
of flaw strength that allow the evaluation of Weibull plot and Maximum Likelihood Estimation methods
as functions of specimen size and composition.
The scholars established a theoretical analysis model applied to fiber/yarn based on Weibull [3],
combined with the experimental conclusions. With the development of theoretical analysis model, a
numerical simulation model is gradually being established. In general, numerical simulation modeling
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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methods can be classified into three types: digital element approach (DEA), truss element‐based
approach, and beam element‐based approach [4]. The three modeling approaches can realize simulation
analysis and prediction. Nevertheless, DEA and truss elements have no stiffness. Actually, the high
performance fiber has certain bending stiffness. In the textile field, particularly, quasi-fiber scale
(fiber/yarn) modeling. Beam elements can realize the simulation analysis with bending moment.
The research has analyzed the mechanical behavior of different kinds of fibers/yarns with the above
theories and simulation methods. Wang et al. [5] based on the mathematical model of the twisting
process of the sliver are set up and simulated all the stages of twist propagation of staple yarn on the
fiber scale and the rationality of the simulated staple yarn structure was verified by ring-spinning
experiments using the finite element software ABAQUS. The above model does not consider the
distribution of yarn failure behavior. Doebrich et al. [6] established a microscale finite element model
of multifilament reinforcement yarns made of technical carbon fibers, which are used to perform
simulations of tensile failure. Teng et al. [7] investigated the effect of twisted architecture on the tensile
behavior of twisted yarns. Particularly, the cross-sectional area of twisted yarn was proposed and
discussed. Theoretical and numerical models were developed to predict the mechanical behavior of
twisted yarns. These studies analyzed the tensile behavior of universal yarns, but did not establish the
relationship between numerical precision and dispersion in simulation.
In the present study, the structures of HMWPE twisted yarns are established based on the actual twisting
process. Each yarn is generated considering the realistic fiber amount and yarn twist with beam
elements. The constitutive model is established according to the random mechanical properties of fiber.
Then the tensile behavior of yarns which has different twisted angles is simulated by applying
appropriate displacement boundary conditions to the yarn ends in an explicit solver Abaqus\Explicit.
Numerical precision and dispersion of the proposed method are analyzed systematically. The parametric
studies demonstrated how the damage factor and displacement at failure impact result of simulation.
Modeling and analytical method provides a helpful tool for understanding the yarn architectures of fiber
reinforced composites.
MATERIALS AND METHODS
Specimen preparation
High-molecular-weight polyethylene (HMWPE ) yarn under the trade name “Spectra® 900” were kindly
supplied by Honeywell (Charlotte, North Carolina, USA). They were non-treated yarns in the form of a
yarn of 135 tex. The linear density is tested and characterized by the skein method based on ASTM D
1907/D 1907M. The density is obtained from the manufacturer. The main physical properties of
HMWPE yarn are noted in Table 1. The theoretical fiber diameter can therefore be calculated, and is
equal to 17 μm. Six different twist test specimens were prepared according to the protocol described in
previous papers [8].
Table 1. Main physical properties of high-molecular-weight polyethylene (HMWPE) yarn.
Product family

Linear density
(Tex)

Density
(g/cm3)

Elongation
(%)

Tensile Strength
(MPa)

Modulus of Elasticity
(GPa)

Spectra®900

135

0.97

4.12

2590

117

Testing method
The tensile tests were carried out at room temperature by MTS Criterion Testing Systems. The device
has a fixed holding grip and a moveable one. Both rollers are mounted on a vertical plane with a
sensitivity of 5 mm. The tensile properties of the different twisted HMWPE yarns were tested according
to the ISO 2062 (1993) standard. To avoid the slippage between the yarn specimen and the tensile bench
clamping jaws. The yarn specimens were sandwiched between 2 mm aluminum tabs with scratches on
90

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

its surface at the ends. Epoxy resin was used for gluing, and the excess specimen was cut off after curing.
Then, aluminum tabs were gripped in mechanical jaws (Figure 1). About 20 specimens were tested for
each twist.

Figure 1. Test set up with yarn specimen whose gauge length is 10 cm.

Simulation details
Virtual fiber and yarn
The virtual fiber is modeled by a chain of truss elements in the Abaqus software. A certain amount of
virtual fibers are assembled to form a yarn. Generally, the yarns are twisted with a proper extent before
weaving to enhance the breaking strength and bunching properties [9] .In this paper, a modeling method
of twisted yarn with damage properties is established, which considers random damage of fiber. As
shown in Figure 2 and Figure 3, a large number of beam elements constitute fibers. Many fibers are
arranged in parallel to form an untwisted yarn with a circular cross-section. Subsequently, twist each
cross-section according to Eq.1 to generate twisted fiber:
[1]

where λ is the angle of the helix, b is the reduced shift of the helix, a is the radius of the helix. Twist
model was developed using the Python script and run on the Dell workstation (Precision 7820 Tower).
The total cross-sectional area of the virtual yarn is equal to that of the realistic yarn, so the linear density
of the virtual yarn is consistent with that of the realistic yarn. Furthermore, the number of fibers can be
obtained from the diameter and cross-sectional area of realistic fibers. To simplify the calculation, a
ratio of 1:3 was used for modeling. It is shown in Figure 3 that the finite element model of yarn is
constituted by fibers. It can be seen that the fiber paths inside the yarn with different twist, and different
color indicates different property.

Figure 2. Modeling of the virtual yarn: (a) beam element; (b) virtual fiber and (c) virtual yarn.
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Figure 3. Modeling of twisted yarn.

Tensile behavior of yarn
In order to better simulate the tensile fracture behavior of twisted yarns, the same boundary conditions
were applied with experiment, that is, one end was fixed and the other end was moveable. Simulations
of tensile fracture between 25 tpm, 50 tpm, 75 tpm, 100 tpm, 175 tpm and 200 tpm yarns are also
employed to analyze geometry morphologies, as shown in Figure 4. The initial configuration and critical
moment of the yarns are shown in Figure 4(a) and (b), respectively. As the displacement gradually
increases, the yarn fails, as shown in Figure 4(c). Among them, the tensile rate is 10 mm/min.
The coefficient of variation (CoV, written as Eq.2) for the results is also provided to evaluate the
dispersion of simulation
[2]

where, S and x- are standard deviation and AVG of simulation.

Figure 4. Tensile fracture process of twisted yarn. (a) initial configuration, (b) critical moment and
(c) failure state.

RESULTS AND DISCUSSION
Coincidence analysis
The tensile fracture force obtained by experiment and simulation is shown in Figure 5 and Figure 6. It
can be observed that at the weak twist level (0~50 tpm), the tensile load increases with the increasing of
yarn twist value. This phenomenon agrees well with the work reported in CHEN’s research [10], which
illustrates that the strength of high-performance fiber yarns can be improved by a slight twist. As can be
seen from Figure 5, with the increase of twist, the yarn fracture force increases first and then decreases.
When the twist is less than 50tpm, the yarn fracture force increases with the increase of twist. It is since
when the twist is less than 50tpm, the outside fibers exchange as it were a little sum of drive to the inner
strands when subjected to outside force. As the yarn twist is greater than 50 tpm, the inclination of the
fiber to the axis of the yarn increases, while the force of the fiber can withstand the axial force of the
yarn. Moreover, if the twist of yarn is too large, the fiber force distribution inside and outside the yarn
will be uneven, which will aggravate the different times of fiber fracture.
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In order to compare experiment and simulation of yarn with different twist fracture force differences,
this paper investigated 100 times simulation and 16 experiments data, as shown in Figure 7, because of
the influence of the random damage by fiber properties, the results of simulation and experiment are
dispersed.

Figure 5. The ultimate force of yarns with different twist.

Figure 6. The load-displacement curve of twisted yarns.
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Figure 7. The fracture force of tensile test of experiment and simulation.

Parametric studies

In order to discuss the influence of parameters on the yarn tensile fracture model, this paper used 50tpm
as an example to study the damage factor and displacement at failures respectively. Furthermore, to
better conform to the actual situation, random functions are used, that is, random distribution within the
range. Two parameters are suggested to be adopted in future mechanical tests to achieve a balance
between the reliability and economic efficiency of the experiments.
Influence of damage factor on the CoV
Figure 8 illustrates the load (N) versus displacement. These curves were plotted for two damage factors
of α = [0.01,0.05] and (0.05,0.1] with a displacement at failures of [0.1,0.6]. The key feature of these
diagrams was that each curve was divided into two parts: rise and fall stage. The load-displacement
curves, due to the difference in damage factor, are quite different, mainly reflected in the gradient of the
figure. It can be seen from Figure 8(b) that the dispersion of peak of tensile fracture load is larger than
Figure 8(a). The CoV of Figure 8(a) and (b) are 2.75% and 3.29% respectively.

Figure 8. The load-displacement curves under different damage factor. (a) α = [0.01,0.05] and
(b) α = (0.05,0.1].

Influence of displacement at failures on the CoV
Simulation models of the specimens with different displacement at failures are established in this paper
to analyze the influence of displacement at failures on the load-displacement curve, as displayed in
Figure 9. The calculation results show that, the CoV of β = [0.1,0.6] and (0.6,1.0] are 4.03% and 14.9%
respectively. The mechanical properties of yarn are more sensitive to the change of displacement at
failure.

Figure 9. The load-displacement curves under different displacement at failures. (a) β = [0.1,0.6] and
(b) β = (0.6,1.0].
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CONCLUSION
Based on the actual twisting process, the yarns are reproduced by the proposed virtual fiber method.
Changing of the various twisted yarn architectures in quasi-fiber scale is displayed. The accuracy of the
tensile fracture loads has been verified by tensile tests. Influence of damage factor and displacement at
failures on CoV of model are investigated. It is found that the CoV is appropriate using the parameters
of damage factor α = [0.01,0.05] and displacement at failures β = [0.1,0.6] in modeling precision and
dispersion. Therefore, the conclusion can be drawn that the damage factor and displacement at failures
greatly impacted the variation of tensile fracture load in simulation, which can predict the tensile fracture
behavior of yarns at the perspectives of quasi-fiber. This study provides a helpful tool for understanding
the yarn architectures of fiber reinforced composites.
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ABSTRACT
Composites reinforced with recycled carbon fibers have great potential for development as the amount
of recycled carbon fibers increases. High aspect ratio fibers are predicted to increase the impact
properties of epoxy composites more efficiently than spherical fibers according to the rule of mixtures.
Reinforced in this article by short carbon fibers epoxy (CFRE) were prepared by pouring techniques.
The mechanical properties of the composites were studied by measuring the impact strength using a
Charpy hammer. Finally, it can be shown that a change in fiber sizes, shapes, and aspect ratio
significantly affects the change in CFRE impact strength.
KEYWORDS
Recycled Carbon fibers (RCF), carbon fiber reinforced epoxy (CFRE) composites, impact properties.
INTRODUCTION
Epoxies are currently the most widely used polymeric matrices for carbon fibers [1]. Epoxy resins are
characterized by good toughness, which can be further influenced by use suitable filler. A variety of
materials can be used as fillers for these matrices, such as carbon-based materials, short recycled carbon
fibers are selected in this study. The selected epoxy resin is a low viscosity, which is particularly
advantageous if the filler is formed by short fibers, since low viscosity occurs to good wettability of the
fibers. Carbon fillers, which are often used in many forms, can be graphene particles or carbon particles,
carbon black, carbon fibers, carbon nanotubes or fullerenes. Recycled carbon fibers are affordable
compared to other carbon fillers [2].
A large number of studies have been conducted to improve the toughness of highly cross-linked epoxy
resins [3–5]. It is generally known that the geometry of the filler affects the resulting properties of the
composites formed by the matrix with this filler. In that short recycled carbon fibers were used in this
work. Milling technology was used to change the size of the fibers. It was used fillers in the form of
cylindrical fibers were prepared, with a higher aspect ratio and fillers in powder form, oval and spherical
with a low aspect ratio. An important characteristic of textile fibers is shape factor α (= aspect ratio),
which is expressed as the ratio of the length of the fibers l [m] and their diameter d [m].
𝛼=

[1]

𝑙
𝑑
© 2022 by the authors. This article is an open access article distributed under
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MATERIALS AND METHODS
Matrix
Epoxy resin system, MGS LR 285 (epoxy)/ H 508 (hardener) [6], mixing ratio 100:40 by weight was
used as matrix. Short recycled carbon fibers Carbiso Milled Carbon Fiber were used as fillers. All fibers
were added in 1 wt.%, 3 wt.% and 5 wt.% concentrations.
The epoxy, hardener, and fibers mixture was stirred at room temperature for 5 min using a magnetic
stirrer. Afterwards, it was poured into pre-separated glass moulds and left to stand for 24 h at room
temperature. Following curing, the mixture was left in an oven for 15 h at 60°C.
Fibres
Short chopped recycled carbon fibers with a diameter of 7.0 ± 0.3 µm and length 100 ± 1.9 µm were
used for the experiment mean length 100 ± 9 μm [6]. The precursor of these fibers was PAN. The
manufacturer of these fibers was ELG Carbon Fiber (West Midlands, UK). ELG uses waste to produce
these fibers dry carbon fibers from production, uncured prepregs, and cured laminates containing endof-life carbon fibers. A modified patented pyrolysis process obtained recycled carbon fiber under the
trade name Carbiso. Because the fibers have been recycled, they did not contain any sizing.
The dry pulverisation preparation of milling fibers was carried out using high energy planetary ball
milling of Fritsch pulverisette 7, Germany [3]. The zirconium balls of 10 mm diameter were chosen for
5 min, 10 min or 15 min of dry milling. The ball to material ratio was kept at 10:1, and the speed was
850 rpm.
Mechanical properties of composites
Impact strength and energy were tested to analyse the influence of carbon fibers on epoxy matrix impact
resistence. The test was run according to ISO 179-1:2010-11, where the specimen was laid into a
horizontal position on Charpy’s hammer struts. Specimens dimensions were 2 mm thick, 100 mm long,
and 10 mm without a notch. Impact strength was then determined from the following relation:

𝑎𝐶𝑁 =

[2]

𝐸𝑐
ℎ⋅𝑏

where, aCN [kJm-2] is the Impact strength, EC [J] is Impact energy, h [mm] is specimen thickness, and b
[mm] is specimen width.
RESULTS AND DISCUSSION
Fibers geometry
Size of Samples fillers geometry was characterized using digital image processing, using software NIS
elements. Figure 1 shows carbon fibers before and after milling. Table 1 shows the size of fibers; it was
determined based on the SEM pictures using VEGA 3 TESCAN and VEGA TS 5130.
Table 1. Measured data of fibers.

Typ of fillers
Milling time [min]
Equivalent particle diameter
[µm]
Shape factor α [-]

unmilled fiber

5 min milled

10 min milled

15 min milled

-

5

10

15

7.01±0.33

5.66±11.89

4.95±3.02

3.48±2.78

14.08

7.01

2.52

1.01
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After the 5 min milling cycle, particles reaching small dimensions and unground fibers were detected,
as shown in Fig.1. 5 min; therefore, the ground fibers have a great variety of particles, which is due to
the short time interval when grinding the particles. As also confirms an extensive confidence interval;
see Tab. 1.

(a)

(b)

(c)

(d)

Figure 1. Overview of carbon fiber shape changes after milling: (a) unmilled fiber, (b) 5 min milled fibers,
(c) 10 min milled fibers, (d) 15 min milled fibers.

Mechanical properties of composites
If we compare the results of impact toughness in terms of fiber concentration, see Fig. 2, we can see that
there are worse values of impact toughness at the highest concentrations (5 wt.%). Comparing the impact
strength results samples with milled fibers shows that the highest impact strength values were achieved
with fibers milled for 15 min. Therefore, 15 min milled fibers can be recommended as the most suitable
filler with a reinforcing impact strength with a low concentration of 1-3 wt.%. Similar results were
demonstrated in [4].

Figure 2. Influence of filler type on Impact Strength.

The results of this study suggest that the shape of the RCF affects the material's mechanical properties.
From the experimental results, it can be concluded that the uniform size of the filler has a positive effect
on the properties of composites.
Relatively high values of scattering of mechanical properties are probably caused by the formation of
agglomerations and filler clusters in the composite; this is pointed out in [7]. Prolonged mixing during
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the sample preparation process could help improve the dispersion of the fibers in the epoxy matrix.
Figure 3 shows the result of the fractured surfaces after the impact tests, Fig. (b) – (e) are samples with
3 wt.%.

(a)

(b)

(c)

(d)

(e)

Figure 3. Overview of composite material fractured surfaces: (a) neat epoxy, (b) CFRE with fibers without
milling, (c) CFRE with 5 min milled fibers, (d) CFRE with 10 min milled fibers, (e) CFRE with 15 min
milled fibers.

CONCLUSION
The impact results showed that the mechanical resistance increased with more uniform carbon fiber
dimensions. Thus, if fibers of similar dimensions (cylindrical or powder) are used as the filler, the impact
strength is significantly improved at low concentrations. The assumption that they will increase the
impact properties of epoxy composites has been confirmed for fibers with a high aspect ratio. A similar
improvement in impact strength was found for powder fibers. Conversely, if fibers of different geometric
dimensions are used as the filler, the mechanical properties deteriorate. Overall, the impact strength of
CFRE composites (1-3 wt.%) with different sizes and shapes has improved compared to neat epoxy.
However, it was found that impact strength composites did not increase with the increasing
concentration of carbon fibers. This study suggests that low RCF concentrations (1-3 wt.%) exhibit
better mechanical properties than higher RCF concentrations (5 wt.%) in CFRE composites.
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ABSTRACT
Wettability measurements of the polymeric materials that are designed to be used for protective gloves
are the key aspect in the evaluation of their potential safety of use. The gloves made of polymeric
materials that will be resistant to chemical or biological contamination should exhibit low wettability
and good adhesive properties to reduce the possibility of accumulation of hazardous substances on the
surfaces of the gloves together with losing dexterity of hand movement during work. Currently, in
laboratory practice, there is no method to investigate thoroughly the wetting properties of polymeric
surfaces taking into consideration parameters like water permeability index, non-wettability index, and
absorption index. The presented research concerns the novel way of measuring the wettability of
polymeric protective gloves, and the validation of the proposed method. Based on the series of
performed measurements, a thorough assessment of the uncertainty budgets for individual components
of performed metrological analysis of obtained results was performed. Based on these findings, the
measurement errors that could affect the reliability, repeatability, and quality of the performed
investigation have been identified.
KEYWORDS
Wettability, protective gloves, validation, polymers.
INTRODUCTION
During the use of personal protective equipment, improvement of safety and durability of the used
equipment might serve as a key aspect to consider by the designers of such products. Especially in the
case of protective gloves, their safety against chemical and biological hazards is crucial. To avoid the
threat of contamination of surfaces of protective gloves, they must exhibit properties such as high
wettability connected with good adhesive properties so that they will be able to transfer hazardous
substances off the glove. Currently, there is no method in laboratory practice that evaluates the
wettability properties of polymeric protective gloves in terms of simulating real-life working conditions.
Based on this, the method has been proposed to evaluate the surface wettability of polymeric protective
gloves in terms of investigation of three parameters, i.e.: water permeability index IP (permeability being
considered as the process of chemical traveling through e.g. porosities), non-wettability index IR (being
ability of the surface to get rid of the liquid) and absorption index IA (where absorption has been
considered as the process of penetration of the one substance to another).
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
Based on these parameters investigation, the presented method of wettability measurement has been
validated. For the sake of this evaluation, measurements on three types of commercially available
polymeric protective gloves have been performed. These included natural latex, nitrile rubber, and butyl
rubber gloves.
A protocol of investigation of the wettability of these polymeric materials taking into consideration
measurement of the three indices has been proposed. The invented method is based on the PN-EN ISO
6530:2008 standard describes the way of investigation of the resistance of materials to penetration by
liquids. The setup scheme is presented in Figure 1.

Figure 1. The setup for the measurement of polymeric protective gloves surfaces’ wettability.
Validation of the method of measurements for surface wettability was based according to the three ISO

standards: PN-EN ISO 6530:2008; PN-ISO 5725-1; PN-ISO 5725-2. Parameters that have been
considered after the series of performed measurements were: precision, measurement accuracy, and
uncertainty. Following components of uncertainty were taken into account when the estimation of the
uncertainty of the measurements has been performed:



The standard deviation of repeatability and limit of repeatability;
The within-laboratory standard deviation of reproducibility and reproducibility limits.

Moreover, important aspects taken into consideration were accuracies of:






the diameter of the sample,
the angle of the gutter,
weight of the liquid applied onto the sample,
weight of the liquid collected after the test,
dispersion of measurements’ results.

RESULTS AND DISCUSSION
When designing the Personal Protective Equipment (PPE), one of the most important aspects to be
considered is the improvement of the safety of the final product [1–4]. A PPE for which issues of safety
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are extremely important are protective gloves, especially when considering the durability and long-time
protection in everyday work-related actions. Among them, polymeric gloves are one of the most often
used groups, that can be applied in many different working environments and conditions. Particularly
important from the point of view of the protective properties of these types of gloves are their
hydrophobic properties. When these materials’ surfaces exhibit hydrophobic character, the possibility
of risks of accumulation of chemical and/or biological contaminants over the surface is highly reduced.
It is most important in case of not only the negative effect of these harmful substances for the palm, but
their presence might highly reduce the dexterity of movements of equipped with the contaminated glove.
Based on these findings, it has appeared crucial that a thorough investigation of the wettability properties
of polymeric protective gloves in terms of possible interactions of the liquid with these gloves' surfaces
need to be performed.
The method of wettability measurements considering three correlated parameters (water permeability
index, non-wettability index, and absorption index) has been proposed. It is important to notice that the
correlation between those three parameters describing the interactions of liquid with the surface. The
material might serve well when trying to simulate the real-life working conditions with different types
of chemicals and other harmful liquids that get in contact with the investigated surfaces.
Based on performed measurements, it was possible to calculate the uncertainty budgets [5] expressed as
the percentage contributions of the components of selected parameters to the compound measure of
relative uncertainty, as presented in Table 1.
Table 1. Results of the uncertainty budgets for investigated polymeric protective gloves.
UNCERTAINTY BUDGET FOR REPEATABILITY OF
MEASUREMENTS

REPEATABILITY LIMITS
UNCERTAINTY BUDGET FOR REPRODUCIBILITY OF
MEASUREMENTS

REPRODUCIBILITY LIMITS
UNCERTAINTY BUDGET FOR DISPERSION OF
MEASUREMENTS

RELATIVE DISPERSION LIMITS

NATURAL LATEX

NITRILE RUBBER

BUTYL RUBBER

1.319 %

0.300 %

0.306 %

3.70 %

0.84 %

0.86 %

1.108 %

0.348 %

0.276 %

3.10%

0.97 %

0.77 %

0.2605 %

0.2472 %

0.1174 %

0.002650 %

0.002490 %

0.001185 %

The relative uncertainty budgets for studied polymers considering the components of measurements
uncertainty are presented in Table 2.
Table 2. Results of the relative uncertainty components of undertaken measurements.
RELATIVE
UNCERTAINTY

SAMPLE DIAMETER
THE ANGLE OF THE GUTTER

WEIGHT OF THE LIQUID BEFORE TESTING

WEIGHT IF THE LIQUID AFTER TESTING (COLLECTED
FROM THE SAMPLE)

0.0015
0.000593
0.0021
0.0021

In current laboratory practice of measurements of wettability of polymeric protective gloves, there is no
such method that allows to broadly investigate the possibility of interaction of the examined surfaces
with potentially hazardous substances at the possible workplace – oils, biological contamination,
chemical substances. It is also worth noticing that conventional, static ways of measuring contact angle
and surface wettability might not be enough when mimicking real-life working conditions of protective
gloves – that is also a strong argument for the proposed method to be considered as a useful investigation
tool [6–10].
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CONCLUSION
The performed measurements and the conducted metrological validation of obtained results proved that
the invented procedure to study the wettability of polymeric protective gloves allows obtaining
repeatable, reproducible results of high precision and quality. Based on the performed investigation, it
may be possible to better select polymeric protective gloves for certain applications, taking into account
the possible ways of interaction of their surfaces with potential chemical or biological contamination.
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ABSTRACT
Nowadays artificial intelligence and update the concepts of modern technology and applications, 3D
BodyScan, whole body scanners are increasingly used as precise measuring tools for the rapid
quantification of anthropometric measures in multipurpose applications of Semi-industrial and
Production/Commercialization and studies. Such as: 1) In the garment industry. 2): In the Ministry of
Police 3): In the Ministry of Defence: 4): National Projects. 5): Car Furniture. By analyses of the use of
body measurements and posture information generated from body scan technology to facilitate
individual pattern creation and cutting is a state-of-the-art mass-customized approach of artificial
intelligence. The development of size charts for Identification production of human bodies. Throw:
Obtaining body measurements, statistically analysing measurements, Adding ease allowances,
formulating the size charts, fitting trials to test size charts of modelling by fuzzy logic. To provide
standard classification, size designations, and body measurements for consistent sizing of women’s
ready-to-wear Identification bodies for the guidance of those engaged in producing or preparing
specifications for patterns and ready-to-Identification. The measurements given in this standard are
body.
KEYWORDS
Ergonomics, Multidisciplinary, 3D BodyScan, Anthropometry.
INTRODUCTION
The Anthropometric modelling and ergonomics for product designers to test their designs, models
derived from anthropometrics that play an important role. Timely detection of ergonomic deficiencies
leads to higher quality and prevents additional costs necessitated by available corrections [1]. The
ancient Egyptian civilization adopted anthropometric measurements as principles for the formation of
working areas [2]. Anthropometric models literally mean people [3]. However, it has been used in a
more restrictive sense to mean the comparative study of the sizes and proportions of the human body.
The focus is on sizes, such as height and/or hip circumference, rather than physical performance or body
composition. Measurement procedures in anthropometrics have been precisely defined, allowing for
successful comparison of data between individuals, and in order to derive useful statistics for population
groups [1]. whole body scanners using triangulation are the most effective measurement tools for rapid,
accurate, accurate and reproducible quantitative measurement of human body dimensions [4–6].
Therefore, the participant is illuminated by four lasers that show horizontal lines around the body. These
lines are captured by eight cameras at different heights and used to triangulate the surface of the object,
which is then converted into about one hundred length and circumference scales by appropriate software
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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tools in a fully automated manner with high reproducibility, accuracy and precision [7,8]. These
modified data are expected to improve multidisciplinary recognition, 3D BodyScan, and
Anthropometry, replacing the current reliance on simple body indices. Body scanning produces new
types of data that in turn need new algorithms and methods for 3D shape analysis including
dimensionality reduction and normalization [9]. Body scanning produces new types of data that in turn
need new algorithms and methods for 3D shape analysis including dimensionality reduction and
normalization; they also challenge new concepts of anthropometric phenotyping to obtain finer
morphological distinctions of whole-body characteristics [10]. The first unique study to date, to our
knowledge, of 'body' printing with input from 3D anthropometrics was published only recently [11].
Other studies based on 3D body scans have used a few single measures to derive aggregated indicators
without looking at the growing set of available body measures [12,13]. They use a hexagonal supporting
frame to form an enclosed space for shooting using 12 upper and lower body cameras in six views.
Additionally, a lattice-style slide projector is used to capture the chest area using the stereo pair of
horizontal and vertical line intersections [14], it can be used to detect and map body fat and adiposity
for healthcare using 3D scanning of the digital system used in the garment industry [15]. Research work
on the modeling of the human body, and also includes a summary of anthropometrics and their
application in computer graphics. There are two different types of modifiers: modulators for modeling,
which creates new body geometries using body measurements as input parameters, and modifiers for
handling existing models. We introduce our modeling synthesis machines and show how to derive them
by utilizing the database that gives us a description of the modified compound.
MATERIALS AND METHODS
The methodology parameters to explain the selection of control parameters, it could be argued that
scaling parameters or anthropometric measurements allow for complete control over body geometry but
providing the dozens of measurements required to detail the model would be nearly impractical.
Supporting dozens of measurements is beyond the scope of this work. Instead, we chose eight
anthropometric measurements “5 sizes and 3 lengths”, which were defined as the primary body
measurements for independent product size assignment [16]. In 1880, Alphonse Bertillon was the head
of the Criminal Identification Department of the Paris Police. During his tenure with the Paris Police
Force in the Criminal Records Department, he found it increasingly difficult to identify repeat offenders.
Criminal records are stored alphabetically and many criminals have managed to invent pseudonyms to
avoid deportation and tougher penalties. He teamed up with his younger brother Jacques Bertillon to
find a solution to this problem. Jacques Bertillon was a French statistician and demographer [17]. The
use of this anthropometric system has spread to other countries around the world. Alphonse Bertillon is
known as the "Father of Anthropometrics" [17]. The following Methods are involved in Designing
machine of 3D scan using Anthropometry. They are as follows: Determine the design needs, Determine
and describe the users’ population, Sample size selection that will be considered for the product design,
Prepare the measurement tools, Data acquisition, Data processing.
For Designing machine of 3D scan by Design Anthropometry is important in several fields such
as industrial design, architecture, interior design, and furniture products. In the above-cited domains,
the human body dimension data is needed to produce optional and ergonomic products are:





Design for the Average: This principle is used in the determination of the minimum size of the
width and height of the emergency door.
Design for Adjustability: This principle is used in the design of a car seat that can be moved
forward or backwards, and the angle of the backrest can be changed.
Design for Extremes: This principle is used to determine the minimum size of the width and
height of the emergency door.
Design for Individual: This principle is used for designing a spacesuit for an individual.
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RESULTS AND DISCUSSION
1. There was a permanent difference between the systems for body measurements “American - French
- German - Japanese – Chinese” for the reason that each system is biased, Anthropometric human models
for his people. And did not take into account the multiplicity of Anthropometric human models to the
different world.
2. This system was not applied in military institutions, and an accurate description of the issuance of
national cards and passports was issued.
3. In this our focus is more on sizes, say height and/or hip girth, than on physical performance or
composition of the body. Anthropometry, the biological science of human body measurement,
systematically studies human variability in faces and bodies. The procedures for measurement in
anthropometry are precisely specified, allowing data between individuals to be successfully compared,
and for useful statistics of population groups to be derived. When applied in graphics, it allows for not
only the automatic generation of varied human body geometries but also more likely occurring
individuals.
4. Our approaches rely on this large body of existing data that describes the statistical information on
measurement of people’s bodies. The description of the human form based on the “ideal proportions”,
of Anthropometry we have found that proportions give useful information about the correlations
between features and can serve as more reliable indicators of group membership than can simple
measurements.
5. Manufacturing patterns in the ready-made clothing industry (producing clothing for: Improvements
in diet and healthcare in recent years have increased the average size of the population. Ans
Identification of a person. Alternatives to special parts for injuries and injuries, and women's breast
cancer patients.
Classifications of application areas:
1- Manufacturing patterns: In the garment industry (public sector companies - investment sector).
2- In the Ministry of Police: A). Issuance of national ID cards. B). Issuance of Passports.
C). Determining the specifications and measurements of prisoners' bodies. D). Determining the
specifications and measurements of the bodies of passengers across borders (airports - seaports - land
ports.) such as Migrants and refugees bodies. E). Manufacturing patterns in the ready-made clothing
industry (producing military clothing for the army and police - producing clothing for prisoners).
3- In the Ministry of Defence: A). Issuance of Soldiers & Officers ID cards. B). Manufacturing patterns
in the ready-made clothing industry (Producing Military clothing for the Soldiers & Officers).
4- National Projects: A). Issuance of employees ID cards. B). Identification and characterization of
workers in nuclear reactors. C).Identification and characterization of workers in the national military
laboratories D). Manufacturing patterns in the ready-made clothing industry (producing clothing for
employees).
5- Car Furniture: Determining the size of chairs and sofas in cars to draw patterns and cut leather and
fabrics for car brushes.
6- In the Ministry of Health:





Production of compensatory devices for human body parts for those injured in road accidents.
Producing prosthetic devices for human body parts for those injured in bombings for members
of the army and police.
Production of compensatory devices for human body organs as an alternative to echo in the
chest for a female cancer patient.
Determining the proportion and size of obesity in the human body for the possibility of renewing
the appropriate treatment at regular intervals.
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Determining the proportion and size of obesity in the human body in the field of physical
therapy.

The production Anthropometric of human models for his people by producing a database of
measurements for the previous systems devices in one new system with a new database.

Figure 1. 3D body scanner: scanner for measurement

There was a permanent difference between the systems for body measurements for the reason that each
system is biased (Figure 1).
Software production by producing a database of measurements for the previous systems devices in one
new system with a new database, Connected to a 3D body scanner. A Collaborative Platform beyond
Pattern Design and Marker, All-in-one specialised tool using cloud technology for fashion designers
and pattern makers to create pattern design, collaborate on ideas, and speed up work progress.
CONCLUSION
Design Concept is a virtual prototyping, preliminary costing and digital product development solution
that enables you to quickly design and develop high-quality in many approaches trim covers without
going over budget. Using virtual prototyping, you can analyze and discuss the impact of any changes to
styling, choice of material or trim processes to determine the most cost-effective options. From design
to manufacturing, Design Concept simplifies technical feasibility studies.
ACKNOWLEDGMENT
The author would like to express his appreciation to the Lodz University, Poland for the opportunity to
teach “Safework and Ergonomics” and “Fundamentals Machine Design” courses to PhD students which
gave me the thought morale for the idea of this project, Tell now self-fund of myself.
REFERENCES
[1] Hyewon S., Parameterized Human Body Modeling, unpublished MA thesis supervised by
prof N. Magnenat-Thalmann. UNIVERSITÉ DE GENÈVE. GENÈVE, 2004.
[2] ElNashar E. (2022) Parameters characterizing the human figure: anthropometric principles of
shaping work areas, Course: Safework and Ergonomics, Lodz University of Technology, Poland.
[3] Gardner, J., The Egyptians in the time of the Pharaohs, Being a companion to the Crystal, Legare
Street Press, 2021.
[4] Bretschneider T., Koop U., Schreiner V., Wenck H., Jaspers S., Validation of the body
scanner as a measuring tool for a rapid quantification of body shape, Ski Res Technol 2009, no
15, pp. 364–369. doi: 10.1111/j. 1600-0846.2009.00374.x.

108

21st World Textile Conference AUTEX 2022

[5]

[6]

[7]
[8]
[9]
[10]
[11]
[12]

[13]
[14]
[15]
[16]
[17]

Passion for Innovation

June 7-10, 2022, Lodz, Poland

Pepper M.R., Freeland-Graves J.H., Yu W., Stanforth P.R., Cahill J.M., Mahometa M., Xu B.,
Validation of a 3- dimensional laser body scanner for assessment of waist and hip
circumference, J Am Coll Nutr 2010 no 29, pp. 179–188, [accessed]
http://www.ncbi.nlm.nih.gov/ pubmed/20833990 PMID: 20833990
Jaeschke L., Steinbrecher A., Pischon T., Measurement of Waist and Hip Circumference with a
Body Surface Scanner: Feasibility, Validity, Reliability, and Correlations with Markers of the
Metabolic Syndrome [in:] Vinciguerra M. (Eds.) PLoS One 2015, vol.10, no e0119430. doi:
10.1371/journal.pone.0119430 PMID: 25749283.
Lin J.D., Chiou W.K., Weng H.F., Fang J.T., Liu T.H., Application of three-dimensional body
scanner: observation of prevalence of metabolic syndrome, Clin Nutr 2004, no 23, pp. 1313–23,
doi: 10.1016/j.clnu.2004.04. 005 PMID: 15556253.
Treleaven P., Wells J., 3D body scanning and healthcare applications, Computer 2007, no 40,
pp. 28–34. doi: 10.1109/MC.2007.225.
Suikerbuik R., Tangelder H., Automatic feature detection in 3D human body scans, SAE Tech
Pap 2004, no 1. doi: 10.4271/2004-01-2193.
Olds T., The rise and fall of anthropometry, J Sports Sci 2004, no 22, pp. 319–20. doi: 10.1080/
02640410310001641593 PMID: 15161104.
Olds T., Daniell N., Petkov J., Stewart A.D., Somatotyping using 3D anthropometry: A cluster
analysis, J Sports Sci 2013, no 31, pp. 936–44. doi: 10.1080/02640414.2012.759660 PMID:
23356433.
Jaeschke L., Steinbrecher A., Pischon T., Measurement of Waist and Hip Circumference with a
Body Surface Scanner: Feasibility, Validity, Reliability, and Correlations with Markers of the
Metabolic Syndrome, PLoS One 2015 vol. 10, no e0119430. doi: 10.1371/
journal.pone.0119430 PMID: 25749283.
Lin J.D., Chiou W.K., Weng H.F., Fang J.T., Liu T.H., Application of three-dimensional body
scanner: observation of prevalence of metabolic syndrome, Clin Nutr 2004, no 23, pp. 1313–
1323. doi: 10.1016/j.clnu.2004.04. 005 PMID: 15556253.
Meunier P., Yin S., Performance of a 2D image-based anthropometric measurement and
clothing sizing system, Applied Ergonomics 2000, no 31 (5), pp. 445–451.
Elnashar E. A., Digital Transformation of Healthcare by Artificial Intelligence in Sectors of
Textile Industries in Egypt, Digital Health 4th International Conference on March 15, 2022
Webinar.
Hohenstein, Uniform Body Representation, Workpackage Input, E-Tailor project, IST-199910549.
Hemanth K. J., 2021, Anthropometry: An Overview, [in:] https://hemanth99.medium.com/anthropometry-an-overview-1e4dc09bb116 (Access: 28.06.2022).

109

21st World Textile Conference AUTEX 2022
AUTEX 2022 Conference Proceedings

Passion for Innovation

978-83-66741-75-1

June 7-10, 2022, Lodz, Poland

© Lodz University of Technology, 2022

DOI: 10.34658/9788366741751.23

MELT SPINNING OF POLYETHYLENE COMPOSITE FIBERS
CONTAINING DISENTANGLED ULTRA-HIGH MOLECULAR
WEIGHT POLYETHYLENE
Xiang Yan1,2(*) , Yu Zhang1,3, Wei Li1,2(*), Jingdai Wang1,2, Yongrong Yang1,2
1
Ningbo Research Institute, Zhejiang University, Ningbo 315100, P. R. China
2
Zhejiang Provincial Key Laboratory of Advanced Chemical Engineering Manufacture Technology,
College of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, P. R. China
3
Department of Polymer Science and Engineering, School of Material Science and Chemical
Engineering, Ningbo University, Ningbo 315211, Zhejiang, P. R China
(*)
Email: yanxiang028@zju.edu.cn; liwei2021@zju.edu.cn

ABSTRACT
The commercial entangled ultra-high molecular weight polyethylene (UHMWPE) shows a high degree
of entanglement in macromolecular chains, and our research group used the modified Ziegler-Natta
catalyst to prepare UHMWPE with a low degree of entanglement to improve its melt processability. The
application on plate-like material formed by injection or hot pressing has been explored, and at present
we would like to expand the application field to fibers and textiles. The disentangled UHMWPE is added
into the high-density polyethylene (HDPE) matrix by using twin screw extrusion for subsequent melt
spinning process. The experimental results show that the addition of ultra-high molecular weight
polyethylene improves the mechanical properties of fibers, and the effect varies with the addition
amount. The addition amount of UHMWPE is optimized as 45 wt.%, which significantly improves the
tensile strength of HDPE from 3.7 to 7.7 cN/dtex.
KEYWORDS
Melt spinning, ultra-high molecular weight polyethylene (UHMWPE), disentanglement.
INTRODUCTION
Ultra-high molecular weight polyethylene (UHMWPE) fiber is lightweight and high-strength, with
outstanding impact resistance and cutting toughness. It is widely used in defense, aerospace, sports,
marine and other fields. The high entanglement density of UHMWPE molecular chains hinders longrange motion, which greatly affects the melt rheology, crystallization behavior, glass transition, and
solid-state mechanical behavior of the polymer. Therefore, dissolving polymers in a solvent, e.g. decalin,
is the most common disentanglement method, and the polymer chains exhibit different degrees of
disentanglement. Gel spinning and dry spinning with the help of semi-dilute solution is currently the
main method for industrial production of UHMWPE fibers. However, it is unavoidable to use a large
amount of solvent, usually more than 50 times the volume of the polymer, and the subsequent steps
require extraction, separation and drying, which is difficult to meet the requirements of environmentally
friendly production.
Commercial UHMWPE is generally prepared by a slurry polymerization process under the action of a
heterogeneous Ziegler-Natta catalyst supported by MgCl2. The active sites dispersed on the carrier are
very close together, and the polyethylene molecular chains growing on the adjacent active sites entangle
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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with each other, resulting in an excessively high entanglement density. Our research group has carried
out a lot of research on the synthesis of disentangled UHMWPE using a new Ziegler-Natta catalyst
[1,2]. From the perspective of heterogeneous catalyst active center separation, the blocking agent
polysilsesquioxane (POSS) is loaded on the surface of the traditional Ziegler-Natta heterogeneous
catalyst, and the blocking agent isolates the supported active sites, enabling the preparation of
disentanglement UHMWPE (dis-UHMWPE) nascent particles at high temperature and high activity.
Compared with commercial entangled UHMWPE, dis-UHMWPE has greatly improved molecular chain
motion and self-diffusion ability, and macroscopically reduced viscosity, showing differentiated
rheological properties, and can better adapt to melt processing.
Topological entanglement is a key factor in controlling polymer melt dynamics, giving an opportunity
for melt processing of high molecular weight polyethylene. Since ultra-high molecular weight
polyethylene is very easy to restore the entangled state at high temperature, a high fraction of polymers
with lower molecular weight are often added to help the polymer to be easily processed in actual
production, where UHMWPE plays the role of a reinforcing modifier. In our previous work,
disentangled UHMWPE has been incorporated into HDPE and LLDPE [3,4]. The molecular weight and
entanglement of high molecular weight polyethylene affect the improvement effect of the matrix. The
dis-UHMWPE has a more excellent chain diffusion ability and more extendable during shear flow,
promoting the shish-kebab structure leading to better mechanical properties.
We further extend our research work to the field of melt spinning. Past researchers have generally used
commercial entangled UHMWPE for melt spinning. Reducing the entanglement density of molecular
chains is possible to reduce the apparent viscosity of the melt, enhance the solid-state stretchability of
fibers, widen the thermal processing temperature window, and improve the tensile strength and modulus.
The adjustment of entanglement state is also the key to improving the structure of fiber aggregates. For
example, molecular chains are significantly disentangled in the later stage of thermal stretching, highly
oriented along the stretching direction. Herein, we introduce some exploration works related to this
research direction.
MATERIALS AND METHODS
Material
HDPE powder was purchased from Sinopec Group with the brand of HDPE-5000S. The melt flow index
rate (MFR) is 2.2 g/10 min (190 ℃, 10 kg), and its density is 0.95 g/cm3. A weakly entangled UHMWPE
(Mw=1.5×106 g/mol) was synthesized based on our previous work [1]. An antioxidant formula was
deployed by compounding Irganox 1010 and Irgafos P168 (J&K Chemical Corp).
Sample preparation
HDPE/UHMWPE blends with 0.7 wt% of antioxidant were prepared by melt compounding, and
meanwhile a certain amount of flow modifier was incorporated into the matrix. The polymer was meltblended and granulated in a co-rotating twin-screw extruder at the temperature of 245°C, and the rotation
speed was set as 110 rpm. The weight fractions of UHMWPE in the blends are 30, 45, and 60%, where
the samples are denoted as 30%UPE, 45%UPE and 60%UPE, respectively. The pellets of neat HDPE
and blends were fed and spun in a single screw melt spinning machine in 280°C with the spinning speed
of 1 m/min to obtain nascent fibers. The nascent fibers were drawn at the temperature of 120°C to obtain
the finished fiber. During the subsequent hot-drawing process, the fibers were drawn 3 times.
Mechanical properties
The mechanical properties of the fibers were tested with a single fiber strength tester (Laizhou
YG061FQ). The tensile speed was 200 mm/min and the gauge distance was set as 10 mm. 20
independent tensile tests were carried out and the average values were calculated.
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Scanning electron microscopy observation
Scanning electron microscopy (Hitachi S4800) was used to evaluate the surface morphology of the
fibers. The fiber surface was rinsed with alcohol and sticked on the sample stage with conductive
adhesive. The testing voltage for SEM was set as 5.0 kV.
Differential scanning calorimetry measurement
The melting and crystallization behavior of each blend was determined using differential scanning
calorimetry (TA DSC 25). 7.0 mg of samples were encapsulated in aluminum pans and measured under
dry nitrogen atmosphere. It was heated at a rate of 10°C /min from 30 to 190°C and held at 190°C for 5
min. Afterwards, it was cooled at a rate of 10°C /min to 30°C.
RESULTS AND DISCUSSION
We adopted different contents of disentangled UHMWPE to optimize the HDPE melt spinning system,
and the mechanical performance of the obtained fibers is illustrated in Figure 1. The addition of disUHMWPE has a positive effect on the mechanical properties of the HDPE fibers, and the reinforcing
effect is different depending on the UHMWPE content. With the addition of 30% UHMWPE, the tensile
strength of the fibers is slightly increased over 5 cN/dtex. When 45% UHMWPE is incorporated, the
reinforcement effect is the most ideal, and the tensile strength reaches 7.7 cN/dtex. However, with the
continuous increase of the addition amount, the mechanical properties of the fibers are gradually
deteriorated. In terms of elongation at break, the addition of UHMWPE reduces the ductility of the
fibers. It demonstrates that for UHMWPE-enhanced HDPE system, the choice of UHMWPE addition
amount is crucial to the mechanical performance of the final product.

Figure 1. (a) tensile strength of the melt-spun fibers, (b) stress-strain curves of the melt-spun fibers.

We used the scanning electron microscope to observe the surface morphology of the fibers, and the
related images are shown in Figure 2.

Figure 2. Surface morphology of the melt-spun polyethylene fibers (a: HDPE, b: 30%UPE, c: 45%UPE,
d: 60%UPE).
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Due to the uniformity of the basic parameter settings of the melt spinning experiment, the diameters of
the fibers in each group are similar in the range of around 320 microns, except for the sample with the
highest ultra-high molecular weight additions (60%). Different content of ultra-high molecular weight
polyethylene has different effects on the surface morphology of fibers. When the content of UHMWPE
is lower (30%), the surface morphology of the spun fibers is hardly affected. When the addition amount
continues to increase, some defects appear on the surface, such as small cracks and holes, but the effect
is still relatively small. When the content is as high as 60%, many obvious defects appear on the surface,
and it can be inferred that the fibers have experienced a relatively severe melt fracture phenomenon
when the melt exits the spinneret hole. Split parts can even be observed, probably due to poor
compatibility between UHMWPE and HDPE. It leads to poorer mechanical properties of the composite
fibers.
To extract the parameters of the aggregate structure of the fibers, we used DSC to calculate the
crystallinity of the fibers, and the results are demonstrated in Figure 3. It is found that the crystallinity
of the masterbatch obtained by twin-screw extrusion remains at the level of about 57%-59%, where the
crystallinity of 45%UPE is slightly higher as 58.8%. The thermal drawing process widens the gap in the
crystallinity of the fibers with different fractions of UHMWPE. The crystallinity of 45%UPE fibers
increases sharply to 78.1%, hinting that some oriented crystalline structures efficiently generate and
grow. Fewer defects and better aggregate structure make the 45%UPE fibers perform well in mechanical
properties.

Figure 3. Crystallinity comparison of blended masterbatch and corresponding fibers.

CONCLUSION
We successfully prepare HDPE fibers reinforced by disentangled UHMWPE and find that the tensile
strength of the fibers can be greatly improved. Our future work will focus on revealing the relationship
between the aggregate structure and mechanical properties of the fibers, and further looking for the
characteristics of disentangled UHMWPE in reinforcement of polyethylene fibers.
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ABSTRACT
The sudden outbreak and rapid transmission of SARS-Covid-19 virus has urged people around the world
to adopt safety measures to help stop the spread of this infectious disease. Thus, there comes a sudden
increase in demand for PPEs such as face masks and gowns. This increase in demand has paved the way
for low-quality medical face masks to the public, causing a serious threat to the contamination of the
Covid-19 virus. Therefore, to verify the real picture of the performance quality of medical face masks,
we carried out a study to check their barrier performance as per the requirements of International
Standards EN 14683 and ASTM F2100. We conducted the bacterial filtration efficiency, particle
filtration efficiency and differential pressure tests on all the medical face masks samples and found that
almost all the masks fall under 95% filtration to bacterial aerosol requirement, 95% filtration efficiency
to latex sphere, and had differential pressure in limits. Our study has also concluded a correlation
between these performance criteria, and it would be a great help and time saving if we adopted the
findings of this research. The out has helped to create public confidence in their quality performance.
KEYWORDS
Covid-19, personal protective equipment, medical face masks, bacterial filtration efficiency, particle
filtration efficiency, differential pressure.
MATERIALS AND METHODS
We collected medical face masks from 10 different pharmacies and are treated anonymously. The
medical face masks are generally made of polypropylene. The notation of the 10 medical mask samples
is as follows: MFM1, MFM2, MFM3, MFM4, MFM5, MFM6, MFM7, MFM8, MFM9 and MFM10.
All medical face masks were tested against the performance criteria defined in EN 14683: 2019 and
ASTM F2100-19 [1]. As our focus is to check the barrier performance of medical face masks, we have
focused only on Bacterial Filtration Efficiency, Particle Filtration Efficiency and Differential pressure
of these masks.
Bacterial Filtration Efficiency Test (BFE)
The bacterial filtration of all the collected medical masks was analysed using the Bacterial Filtration
Efficiency Tester (QUINSUN, G299), in which it is possible to place the control and sample
simultaneously at the same time, avoiding test error and improving the test accuracy. ASTM F21012019 [2] was followed, which defines a test method to check the bacterial filtration efficiency (BFE) of
medical face mask materials, using a biological aerosol of staphylococcus aureus. The BFE tester uses
a ratio of upstream bacterial challenge to downstream residual concentration to determine filtration
efficiency of medical face mask materials. The working principle of the tester is in a way that a certain
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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concentration of bacterial aerosol (staphylococcus aureus) occurs at upstream of the mask, entering the
aerosol chamber and mixing, the bacterial aerosol enters the two parallel gas path sampling system. One
has a test sample for the Anderson sampler, and the other one does not have a sample as a positive
quality control (total bacterial count). The ratio between the positive quality control value and the sample
test value is the bacterial filtration efficiency of the medical face mask. The filtration efficiency
percentage is calculated using the following equation:
[1]

C – T / C × 100 = %age BFE
where, C is Plate count of control; T is Plate count of test sample.
Particulate Filtration Efficiency Test (PFE)

The submicrometer particulate filtration efficiency of all medical face masks was analysed using a
particulate efficiency tester (DRICK, DRK506F Double photometer sensor), which determines the
filtration efficiency of latex sphere particles. To carry out this test, ASTM F2299 was followed. The
PFE tester measures filtration efficiency by comparing the particle count in the feed stream (upstream)
with that in the filtrate (downstream). The PFE utilizes filtered and dry air through an automizer which
is used to produce aerosols containing latex spheres having particle size in the range of 0.1 to 5.0 μm
and airflow test velocities of 0.5 to 25 cm/s. Each medical face mask sample was clamped in the fixtures
and then mounted on the machine and the test procedure was initiated. The generated aerosol is passed
through the sample material, and the photometer detects the Upstream and Downstream counts of
aerosol particles and generates report in %age filtration efficiency w.r.t. different sizes of aerosol.
Differential Pressure (DF)
Air permeability of medical face masks was determined by Differential Pressure Tester. (QUINSUN,
G285, designed for medical face masks) Following EN 14683 test method, air is drawn at a rate of 8
L/min to a measured area (25 mm in dia or 4.9 cm2) of medical face mask and the differential pressure
was measured in Pa/cm2.
RESULTS AND DISCUSSION
Bacterial Filtration Efficiency
All medical face mask samples were first conditioned at 21 °C and 85 % relative humidity for 4 hours
and then subjected to test for their bacterial filtration efficiency according to the ASTM F2101:19 test
method ASTM F2101 [2]. The results of the bacterial filtration efficiency of all medical face mask
samples are shown in Table 1.
Table 1. DF, BFE, PFE of medical face masks.
Samples DF Pa/cm2
MFM1
29.8
MFM2
36.8
MFM3
36.0
MFM4
65.4
MFM5
47.6
MFM6
25.6
MFM7
38.8
MFM8
59.2
MFM9
44.8
MFM10
34.0

BFE %age
95.2
96.5
96.0
100.0
99.0
95.0
97.0
99.25
98.7
95.8
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95.8
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The Bacterial Filtration efficiency of all samples was measured against control samples, as it contains
no sample in it and all the bacteria from aerosol chamber got their way to this control Petri dish. It has
been observed that all medical face masks tested have BFE in limits defined by EN 14683:2019 and
ASTM F2100:20 i.e. ≥95%, ranging from low values of 95% to maximum BFE of 100%. None of the
medical face mask samples under testing exhibits poor BFE, which shows a higher filtration efficiency
of these medical face masks available to the public. We must remember that the aerosol size used in the
BFE is about (2.1～3.3) μm that is only judged from the Anderson column used for its testing. The BFE
testing machine does not have a photosensor to measure the aerosol size generated in the aerosol
chamber. This also makes this test difficult and time consuming, as to test the BFE of 1 medical face
mask, we need to carefully prepare media in 6 Petri dishes for the control Anderson chamber and 6 Petri
dishes for the sample Anderson chamber. In addition, results are obtained after 24 hours of incubation,
and if any contamination is found after 24 hours of incubation, the test should be repeated in a clean
environment. Bacterial Filtration Efficiency is the requirement of medical type of face masks and is
defined in ISO and ASTM standards, but to check the filtration against Covid-19, which has a particle
size of 0.1 micrometres, we need to test the medical face masks against the particles having size in range
of 0.1 μm.
Particle Filtration Efficiency Test
For the particle filtration efficiency test, each medical face mask was preconditioned under test conduit
conditions at a relative humidity of 30-50 % at a temperature of 21 °C for 4 hours. After conditioning,
all face masks were tested according to the test method defined in ASTM F2299 [3]. As the Particle
filtration efficiency tester generates latex sphere within the range of 0.1 to 5.0 microns, so to check the
filtration to the size of the Covid-19 virus i.e., 0.1 microns, we only focused on the filtration efficiency
of medical face masks against this size.
According to Table 1, most of the face masks under testing exhibit good PFE at 0.1 micron particle size.
MFM4 showed the highest PFE of 99.5% and we can denote it as a Type III medical face mask. Only
MFM1 and MFM6 failed this barrier performance test with PFE values of 94.6% and 93.5% against the
minimum requirement of 95% PFE. We have also found a corelation of BFE and PFE, by comparing
the results of BFE and PFE a medical face mask with highest BFE of 100% also shows a highest PFE
of 99.5%. The PFE of MFM4 is lower compared to its BFE; this can be explained by the fact that in
PFE we have a particle size of 0.1 microns, so more particles get their way through MFM4, and thus the
filtration efficiency is lower. In contrast to this in BFE we have particle size of 3 microns, so more of
the bacterial aerosol is filtered, resulting in 100 % BFE for MFM4. Also considering the results of BFE
and PFE we can conclude with confidence that, if we need a face mask against Covid-19 spread; PFE is
the main test that can depict a filtration performance against particle size of 0.1 micron, same as the size
of Covid-19 virus. A corelation between BFE and PFE was observed by Whyte et al. [4], but their study
was not specific to the size of Covid-19 particles.
Differential Pressure
It can be observed from Table 1, that the differential pressure tests in which most medical face masks
have differential pressure values within acceptable limits also define what type of category they fall into.
Type I and Type II medical face masks require differential pressure to be greater than 40 Pa/cm2 and
Type II medical face mask requires values to be less than 60 Pa/cm2.
By this categorization only MFM4 exceeds the threshold of less than 60 Pa/cm2 and has a value of
differential pressure of 65.4 Pa/cm2. Freeman et al. [5] have found the correlation between DF and PFE,
but with non-medical face masks. After analysis of the obtained results, a correlation was found between
bacterial filtration efficiency, particle filtration efficiency and differential pressure. This correlation is
presented in Figure 1 and Figure 2.
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Figure 1. Corelation of DF and BFE of medical face mask.

Figure 2. Corelation of DF and PFE of medical face masks.

CONCLUSION
After this study, it has been concluded that almost all the tested medical face masks available on the
market exhibit barrier properties as defined in the European and American standards. In addition, a
correlation has been found between bacterial filtration efficiency, particle filtration efficiency and
differential pressure. If we compare the results of BFE and PFE, we can see that the BFE of a medical
face mask is always higher than the PFE, this is because in the BFE test the bacterial aerosol has a size
of almost 3 microns and in the PFE the latex sphere aerosol has a particle size of 0.1 microns. Also, if
we know the PFE of medical face masks, we can now predict its BFE as it would be some fractions
higher than that of PFE and we can skip the long-time taking BFE testing procedure. Also, as the
differential pressure increases, the BFE and PFE of the medical face mask also increases, because as the
pore size gets smaller the differential pressure increases and more particles of bacterial or latex sphere
are filtered, increasing the barrier performance of these medical face masks. Thus, if we know the PFE,
we can predict its DF and its BFE.
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ABSTRACT
This paper presents an experimental abrasion analysis of textile capacitive sensors based on Martindale
test. The textile sensor is manufactured with a well-known woven technology where some yarns are
replaced by electrical conductive yarn. Specifically, two types of conductive yarns were used to compare
the abrasion behaviour respect to conventional fabrics and the impact of abrasion on sensors
functionality. The results show that the integration of conductive yarn on fabric don’t reduce the fabric
lifetime and moreover the sensing behaviour remains unalterable during the lifetime of the textile.
KEYWORDS
Smart-textile, sensor, textile, woven, abrasion, Martindale.
MATERIALS AND METHODS
The sensors under test are based on an interdigitated structure manufactured by means of woven
technology, which improves the usability and comfort, when in contact with human skin, in comparison
with another textile technology previously used, such us embroidered [1]. The sensor is manufactured
with a combination of electrical conductive and non-conductive yarns. To produce the sensor, a Dornier
LWV8/J 71 weaving machine moved by a Jacquard Stäubli LX1600B was set up to produce plain weave
fabric. Warps beam were formed by 100% cotton yarns and weft yarns were polyester/cotton yarns
produced with a proportion of 35/65%, respectively (Figure 1).

a) Sensor dimensions (mm)

Figure 1. Interdigital geometry.

b) Sensor manufactured prototype

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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To integrate the sensor on the plain weave structure, two type of conductive yarns were used and
analysed during the process; Shieldex 117/17 2-ply and Bekaert 20/2 Tex. Each yarn was produced by
different processes. Shieldex yarn is based on a silver coating covering a polyamide filament, whereas
Bekaert yarn was produced by mixing polyester and stainless-steel fibres with a 60/40% proportion,
respectively.
To analyse the impact of abrasion on sensor functionality, Martindale abrasion test was performed with
the manufactured sensors (Figure 2). The test consists on the abrasion of the fabric under test against a
normalized abrasive fabric. The force applied during the movement is determined by the EN ISO 129472:2016 [2], which determines that for upholstery fabric the weight used is (795±7) g. The movement
performed by Martindale follows a Lissajous curve pattern. The fabric physical state and the properties
of the measured conductive yarn are verified periodically after each step of the Martindale test, Table 1.
The test is finished when more than three yarns are broken or conductive yarns lost completely their
electrical continuity (i.e. resistance lower than 50 Ω).
Table 1. Frequency of Martindale evaluations steps from standard EN ISO 12947-2:2016.

Interval
(nº cycles)
1000-6000
6000-20000
20000-50000
+50000

Martindale evaluation step
(nº cycles)
1000
2000
5000
10000

Figure 2. Martindale machine performing a test.

Three different samples are prepared for the Martindale test: the substrate fabric without any conductive
yarns, using conductive Bekaert yarns and using conductive Shieldex yarns integrated on it. The
electrical conductivity of the conductive yarn was evaluated with a Multimeter Tenma 88 72-7730A
after each Martindale evaluation step. The section of fabric under test is taken from the middle part of
the sensor and consists of a circular section with diameter of 38 mm as shown in Figure 3.

a)
b)
c)
Figure 3. Samples initial state: a) non-conductive sample, b) Bekaert, c) Shieldex.
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RESULTS AND DISCUSSION
During the first Martindale interval (up to 6000 cycles), the samples do not show any alteration, the
electrical properties remain constant and the physical aspect do not have signs of wear out. However, at
the end of the second Martindale interval (i.e. 20000 cycles) some wear out effects are observed
(Figure 4). Specifically, the sample with normal yarns presents pilling which is not observed on the
samples with the conductive yarn. From the electrical point of view, the conductive yarns do not lose
their electrical continuity.

a)
b)
c)
Figure 4. Samples after 20.000 cycles: a) non-conductive sample, b) Bekaert, c) Shieldex.

At the third Martindale interval the conductive samples do not lose the continuity up to 35.000 cycle.
However, after 40.000 cycle the electrical continuity is lost. Figure 5 shows the state of the samples after
40.000 cycles. It is observed an important wear out; the samples show pilling around all the surface.
Broken yarns can be found on non-conductive sample but not on both conductive samples.

a)
b)
c)
Figure 5. Samples after 40.000 cycles: a) non-conductive sample, b) Bekaert, c) Shieldex.

With regard to electrical properties, both electrical samples decrease the electrical conductivity.
However, this reduction on the electrical conductivity is not the same on each sample. In Bekaert the
resistance increases from 16 Ω/cm up to 120 Ω/cm whereas in Shieldex it increases from 0.7 Ω/cm up
to 200 Ω/cm. Results are summarized in Table 2.
Table 2. Comparison between electrical properties before and after the Martindale test.

Resistance (Ω/cm)

Initial
16

Bekaert

35k cycles
<120

Initial
0.7

Shieldex

35k cycles
<200

The resistance rise on Bekaert yarn can be due to loss of weight which includes some conductive fibres
(stainless-steel fibres). In case of Shieldex yarn, the resistance rise is due to the loss of silver coating.
Despite of the resistance rise, it should be notice that sensor preserves its functionality.
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CONCLUSION
Martindale test was performed to analyse the abrasion effects on woven textile capacitive sensors with
two type of conductive yarns. The results show that the integration of conductive yarn reduces the pilling
effect on the fabric. Moreover, any yarn is broken on conductive sample up to 40000 cycle, meanwhile
some broken yarns are observed on non-conductive yarns. The electrical properties are being affected
by the abrasion on conductive samples. Depending on the conductive yarn manufacture process, the
electrical resistance increases after applying the abrasion test. In case of Bekaert yarns, the resistance
increases due to the loss of conductive fibres and in case of Shieldex it is due to silver coating reduction.
In both cases, however, the functionality of the sensor is preserved. This fact denotes that the integration
of conductive yarn on fabrics do not affect negatively on the fabric properties and guarantees the sensor
functionality during the fabric lifetime. The properties described denote the possibility to use the sensors
into applications as upholstery where previously abrasion resistance could be a drawback.
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ABSTRACT
The use of medical masks in daily life has become inevitable due to the Covid-19 pandemic. Especially
at the beginning of the pandemic, the supply of face masks was unable to meet the demand. Also,
medical masks are causing plastic waste since they are not sustainable. Accordingly, cloth masks have
the potential to be an environmentally friendly and sustainable alternative to medical masks. In this
study, it was aimed to develop two and three layered cloth masks, and investigate the effects of fabric
parameters of the masks on the bacterial filtration efficiency (BFE). Four fabrics with different cover
factors were woven. The raising finishing was applied to the outer layer to increase the filtration by
closing the pores on the surface. An electrospun nanofiber layer was also used as a mid-layer to improve
bacterial filtration. All BFE results were higher than the minimum standard BFE of 90%. The results
showed that an electrospun mid-layer was more effective for increasing the BFE compared to raising
finishing onto the outer layer of the masks. The BFE improved slightly when the cover factor of the
fabric increased.
KEYWORDS
Cloth-mask, electrospinning, nanofiber, cover factor, raising, bacterial filtration efficiency.
INTRODUCTION
The COVID-19 pandemic has spread rapidly all over the world, and it is thought that spread occurs
through respiratory droplets containing viruses that are released by infected people during breathing,
coughing, sneezing, singing or speaking [1]. It is known that medical masks and respirator type masks
(i.e., N95 or FFP2) are highly effective in reducing the propagation of droplets [2]. On the other hand,
during the pandemic, health authorities suggested cloth masks for public use as an alternative due to the
limited supply of these masks. In March 2020, World Health Organization (WHO) reported that 89
million masks would be needed each month, globally, for only medical purposes, indicating the
importance of directing the supply of medical masks to medical use [3]. In addition, both medical and
respirator masks are not sustainable and cause plastic waste. Accordingly, cloth masks have the potential
to be a sustainable and environmentally friendly alternative. Ideally, a good face mask should have the
properties of good filtration capacity, low breathing resistance, and comfort. In theory, cloth face masks
can have the aforementioned properties; however, there are many parameters that affect fabric porosity,
pore size, and fiber surface properties, hence the filtration efficiency and breathability of a cloth mask.
These parameters are fiber type, yarn count, weft-warp densities, cover factor, weave structure, weight
(gsm), number of layers, chemical and mechanical finishing. It was previously suggested that fabrics
having high yarn or thread packing, low porosity, and small pores can capture more particles [4,5]. The
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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BFE of some of the textile materials was reported previously. For example, filtration efficiencies of
single layers of bath towel and cotton shirt tested with 2-mm bacterial particles were reported as 28%
and 73%, respectively [6]. The bacterial filtration efficiency of linen tea towel fabric was 83% with 1
layer [7]. One layer of tea towel had 72% efficiency, and one layer of T-shirt fabric had 50% efficiency
[8]. However, the BFE of cloth masks must be at least 90% [9]. Therefore, the fabrics to produce cloth
masks must be chosen carefully to achieve that BFE performance. Accordingly, in this study, it was
aimed to investigate the effects of fabric parameters on filtration efficiency and develop a multi-layered
nanofiber reinforced cloth mask. Four fabrics having different yarn counts and densities were woven.
The raising finishing was applied to the outer layer to contribute to the hairiness on the surface of the
fabric and to increase the filtration by closing the pores on the surface. An electrospun nanofiber layer
was also used as a mid-layer to improve filtration. Correspondingly, two and three layered cloth masks
were produced and their bacterial filtration efficiency and air permeability properties were evaluated.
MATERIALS AND METHODS
100% cotton yarns with different yarn counts were used to weave the fabrics. Thermoplastic
polyurethane (TPU) (BASF Chemicals, Elastollan®C 59D) in pellet form was used to produce
electrospun nanofiber layers. Minitab software was used for experimental design and statistical analysis.
Taguchi experimental design approach was followed and L8 orthogonal array was used. The variables
and their levels are given in Table 1.
Table 1. Variables and their levels.
Variables

Levels

Yarn Count
Warp × Weft Density
Electrospun Mid-Layer
Raising on Outer Layer

Ne30/1 - Ne36/1
24×22 - 35×34
Yes - No
Yes - No

According to their yarn counts and density values, four different plain weave fabrics were woven in
Dornier rapier loom type PTV 8/S 200. For raising finishing application, Has Group RCM-D H2000
machine was used. Nanofiber layers were produced in Inovenso NE300 electrospinning machine for 2
hours. The layers of each mask were sewn by using Juki sewing machine.
The cover factors of the produced fabrics were calculated according to Eq. [3]:
Warpwise cover = C1 = d1∗n1

[1]

Weftwise cover = C2 = d2∗n2

[2]

Cfab = C1 + C2 − C1∗C2

[3]

where, n1 is warp density/cm, n2 is weft density/cm, d1 is warp diameter and d2 is weft diameter
(d=1/ (28√Ne) in inches) [10]. The BFE of the cloth masks was measured with staphylococcus aureus
according to the standard of EN 14683:2019. The test area was 4.9 cm2. The test flow rate and the
duration were 28.3 L/min and 2 minutes, respectively. Bacterial concentration was 1700-3000 colonyforming units (CFU) with a mean particle size of (3.0±0.3) μm. BFE tests were also performed on the
cloth masks which were washed at 60°C for 5 times, and hang dried. A Prowhite V530 air permeability
tester was used for air permeability measurements according to the standard of ISO 9237.
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RESULTS AND DISCUSSION
Properties of cloth face masks and test results are given in Table 2. It was observed that all BFE results
were higher than 90% (Figure 1), which means that minimum BFE was achieved for cloth masks [9].
Even if masks 1 and 2 had the same cover factor (62%), the BFE of mask 1 (98.9 %) was higher than
mask 2 (90.1%), since raising finishing was applied to mask 1, and it also included an electrospun midlayer. Similarly, the BFE of mask 3 (98.9 %) was higher than mask 4 (90.5%) even if they had the same
cover factor (82%). Mask 3 had an electrospun mid-layer, whereas raising finishing was applied to mask
4. Accordingly, it was concluded that an electrospun mid-layer was more effective for increasing BFE
compared to the raising application. Masks 1, 2, 5 and 6 had the same warp/weft density of 24x22. Their
BFE results were 98.9, 90.1, 98.6, 90.1%, respectively. It was obvious that masks 1 and 5 showed higher
filtration compared to masks 2 and 6 since they included an electrospun mid-layer. The 0.3% difference
between masks 1 and 5 was due to the raising finishing on the outer layer of mask 1. The fabric of mask
3 had a high cover factor (82%), whereas the fabric of mask 5 had a low cover factor (57%). Both
samples included an electrospun mid-layer. However, the BFE of mask 3 was 98.9%, whereas it was
98.6% for mask 5. This difference was due to the high cover factor value of mask 3. Similarly, the fabric
of mask 4 had a high cover factor (82%), whereas the fabric of mask 6 had a low cover factor (57%).
Raising finishing was applied to the outer layers of both masks. However, the BFE results were 90.5%
for mask 4 and 90.1% for mask 6. This difference was due to the high cover factor of mask 4.
Accordingly, it was concluded that BFE improved slightly when the cover factor of the fabric increased.
BFE test was redone on cloth masks without an electrospun mid-layer (masks 2, 4, 6 and 8) after a 5
cycle-washing. It was observed the BFE results were still higher than 90% indicating that the washing
process did not negatively affect BFE of cloth masks and these masks were reusable.
It was observed that cloth masks with an electrospun mid-layer, i.e., masks 1, 3, 5 and 7 showed the
lowest air permeability results of 2, 1, 3 and 4 mm/s, respectively. On the other hand, the masks without
an electrospun mid-layer, i.e., masks 2, 4, 6 and 8, showed high air permeability results of 340, 97, 108,
and 137 mm/s, respectively. It was concluded that even if an electrospun mid-layer improved BFE, it
decreased air permeability dramatically, which might be uncomfortable for the wearers [11]. To increase
the air permeability of the cloth masks, the production time of the electrospun layer could be lowered to
half or 1 hour.
Table 2. Properties of masks and test results.
Cover
Sample Yarn
factor of Electrospun
Density
Code
Count
the fabric Mid-Layer
(%)
Mask 1 Ne30/1 24x22
62
Yes
Mask 2 Ne30/1 24x22
62
No
Mask 3 Ne30/1 35x34
82
Yes
Mask 4 Ne30/1 35x34
82
No
Mask 5 Ne36/1 24x22
57
Yes
Mask 6 Ne36/1 24x22
57
No
Mask 7 Ne36/1 35x34
77
Yes
Mask 8 Ne36/1 35x34
77
No

Raising
Number of
Air
BFE after
on the
BFE
washing
Bacteria Permeability
(≥ %90)
Outer
(cfu/ml)
(mm/s)
(≥ %90)
Layer

Yes
No
No
Yes
No
Yes
Yes
No
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34
295
34
285
42
296
52
300

2
340
1
97
3
108
4
137

98.9
90.1
98.9
90.5
98.6
90.1
98.3
90.0

N/A
91.7
N/A
92.4
N/A
90.3
N/A
90.5
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Figure 1. BFE and air permeability test results.

ANOVA was performed for BFE test results (Table 3). It was observed that only the parameter of
electrospun mid-layer had a p-value lower than 0.05, which means that it was statistically significant,
whereas other parameters are statistically insignificant. The response table for BFE results is also given
in Table 4. It was obtained that electrospun mid-layer was the most effective variable on the BFE with
the highest delta value of 0.78. The second effective variable was the yarn count with a 0.03 delta value.
They were followed by raising finishing as the third and the density as the fourth independent variable.
Table 3. Analysis of Variance for SN ratios.
DF
Seq SS
Source
Yarn Count
1
0.00203
Density
1
0.00000
Electrospun Mid-Layer
1
1.22434
Raising
1
0.00006
Residual Error
3
0.00120
Total
7
1.22762

Adj SS
0.00203
0.00000
1.22434
0.00006
0.00120

Adj MS
0.00203
0.00000
1.22434
0.00006
0.00040

F
5.07
0.00
3064.03
0.15

p-value
0.110
0.969
0.000
0.727

Table 4. Response Table for Signal to Noise Ratios.
Larger is better

Level
1
2
Delta
Rank

Yarn Count
39.51
39.48
0.03
2

Density
39.49
39.49
0.00
4

Electrospun Mid-layer
39.88
39.10
0.78
1

Raising
39.50
39.49
0.01
3

CONCLUSION
In this study, it was aimed to develop multilayered cloth masks and investigate the effects of fabric
parameters on bacterial filtration efficiency. All BFE results of cloth masks were higher than 90%,
indicating that minimum BFE was achieved. BFE results were still higher than 90% after washing,
showing that these cloth face masks were reusable. Results showed that adding an electrospun midlayer was more effective to increase BFE compared to raising finishing onto the outer layer of the masks.
On the other hand, even if an electrospun mid-layer improved BFE, it decreased air permeability
dramatically. It was concluded that the production time of the electrospun layer could be lower than 2
hours to increase the air permeability of the masks. In addition, it was observed that BFE increased
slightly when the cover factor of the fabric increased. Statistical analysis showed that electrospun midlayer was the most effective variable on the BFE with the highest delta value of 0.78. The second
effective variable was the yarn count with a delta value of 0.03. They were followed by raising finishing
and density variables respectively.
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ABSTRACT
The composite reinforcements preforming including complex deformability behaviours. Numerical
simulation analysis can effectively predict these behaviours and improve the preforming quality. Based
on the related theory of continuum mechanics, this paper proposes a hyperelastic constitutive model to
describe the nonlinear anisotropic mechanical behaviour of braided fabrics due to large deformation
during the forming process. The tensile strain energy generated by the warp and weft stretching and the
shear strain energy caused by the angle change between the warp and weft is considered in this model.
The parameters of the hyperelastic constitutive law are identified by the bias-extension test. And it’s
also used to simulate the forming process of the braided fabrics.
KEYWORDS
Braided Fabrics, Non-linear behaviour, Hyperelastic, Forming.
INTRODUCTION
In recent years, textile composites have become more and more necessary to produce composite parts
of complex-shaped due to their lightweight and high-strength structural advantages and good molding
advantages, which are widely used in the aerospace and automotive industries. When manufacturing
composite parts, textile fabrics are usually required as reinforcements, one of the main reasons is that it
has double curvature properties [1], and the stretching of fibers in fiber direction and shear properties
between two yarns enable textile composites to drape into fairly complex shapes [2].
At present, there are mainly two ways to study the forming process of preforms: experiment and
numerical simulation. During the preforming process, numerous parameters such as the properties of
the reinforcements, the action of the tool, the friction, and the manufacturing speed all affect the final
shape and mechanical properties of the composite parts. In this case, the application of numerical
simulation is necessary. Among the modeling methods that have been developed, there are currently
two main categories: discrete methods and continuous methods. For discrete methods, it mainly taking
the micro-unit cell as the research object, each yarn of the fabric is modeled and considering the
mechanical properties. This method can accurately describe the meso-structural changes of the fabric,
but the calculation time is very large. On the contrary, the continuous method treats the preform as a
whole, and the discretization of shell or membrane elements saves time and computational cost [3]. A
finite element model was developed to predict the relationship between shear force and shear angle for
woven fabrics [4]. A non-orthogonal constitutive model was proposed to predicted the properties of 2D
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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woven fabrics under large in-plane shear deformation [5]. Based on the six deformation modes of
fabrics, Charmetant [6] proposed a hyperelastic constitutive model for large deformation analysis of
3D interlocking fabrics with large thickness.
Despite enormous research in the hyperelastic model, but most of researches are focusing on the
simulation of woven composites. There are relatively few researches to model the non-orthogonal
braided composite parts. In this paper, a new hyperelastic constitutive model for simulating braided
composite fabrics is developed, the bias-extension test and forming process of Flax/PA12 fabrics are
simulated. The simulation results are in good agreement with the experimental results, which verifies
the correctness of the theoretical model in this paper.
MATERIALS AND METHODS
Hyperelastic materials refer to nonlinear elastic materials with large deformation, which differ from
elastic materials in that their constitutive theoretical model is determined by the strain energy function
instead of the stiffness matrix. Based on the theory of continuum mechanics, the strain energy function
of hyperelastic materials needs to satisfy three basic principles: determinism, local action and material
frame-indifference [7]. The study of hyperelastic strain energy requires the strain gradient tensor to
describe the relationship between the original configuration and the current configuration. The work
provided by the stresses during the deformation process is only related to the initial strain state and the
current strain state. When the external force is removed, the material can return to the original, it
does not dissipate energy during the entire deformation process. Therefore, its constitutive equation can
be expressed:

S 2

 (C )

[1]

C

where, S is the second Piola–Kirchhoff stress tensor and C is the right Cauchy Green strain tensor.
The hyperelastic strain energy w can be expressed as a function of the strain tensor invariants, so

w(C )  w( I1 , I 2 ,..., I n )

[2]

The second Piola-Kirchhoff stress tensor S can be directly obtained from the strain energy function

S 2

w I n
I n C

C

[3]

Considering that the braided fabrics are mainly subjected to tensile deformation in fibres, in plane shear
deformation and bending deformation between fibres during the forming process. Due to the small
bending stiffness of the fibre, the influence of bending deformation is ignored in this paper, and the
hyperelastic strain energy is decoupled into three parts: the tensile strain energy in the warp and weft
directions and the shear strain energy between the two yarn directions. The invariants along the warp
and weft directions describe the elongation strains of the yarn, which are expressed as:
i
I elong




1
ln C : Lii
2



[4]
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where, L ij  L i  L j i, j  1, 2 L i and L j respectively oriented in the warp and weft directions in the
initial configuration.
The in-plane shear invariant describes the shear strain between the two yarns. It is expressed as:

I sh 

C : L 
C : L C : L 
12

11

22

 

trc L12

[5]

2
1

L L

RESULTS AND DISCUSSION
In this section, the hyperelastic model was used to simulate the bias-extension test. The test has been
carried out on the fabrics of Flax/PA12 with the braided angle is 60° in the literature [8]. The width of
the fabric is 70 mm, the length is 280 mm and the thickness is 2.06 mm. The specific parameters are
shown in the reference. The experimental result is shown in Figure 1(a). In this paper, Matlab is used to
fit the experimental data related to bias-extension test, and the parameters in the strain energy
polynomial are obtained. Using the proposed hyperelastic constitutive model to simulate the
experiments, and the distribution of shear angle is shown in Fig.1(b). It can be found that the simulation
results are in good agreement with the experiment (Fig.1(c)), which verifies the correctness of the
hyperelastic constitutive model proposed in this paper.

(a)

(b)

(c)

Figure 1. The bias-extension test: (a) Experimental result (b) Simulation result and (c) Comparison of
load-displacement curves.

In order to study the application of the proposed hyperelastic constitutive model in the forming process
of the braided fabrics, a simulation analysis of the classical hemispherical stamping forming experiment
was carried out in this paper. The finite element model was established according to the hemispherical
forming experimental device and the fabric size of the braided composite material in the literature [9].
Comparing the shear angle distribution of the simulation with the experimental shear angle (Figure 2),
it can be found that the hyperelastic constitutive model in this paper is suitable for forming simulation
of braids with arbitrary braiding angles.
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Figure 2. Distribution of the shear angle about the simulation and experiment of braided fabric.

CONCLUSION
In this paper, a new anisotropic hyperelastic constitutive model for describing the forming process of
braided fabrics is proposed based on the continuum-related mechanics theory. In this model, the strain
energy is decomposed into tensile and shear deformation. Using the proposed constitutive model to
simulate the bias-extension test and hemispherical forming experiment of the braided fabrics. The model
was verified by the tests. At the same time, the application scope of the hyperelastic model is also
expanded.
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ABSTRACT
In this work, an elastic sensing webbing was designed and woven, using conductive yarns as continuous
wefts for resistive sensing. With stretch strain of the webbing in the warp direction, weft yarns could
move or contact in changed ways, thus the resistance of elastic sensing webbing shows a variation
response. In this research, effects of fabric structure, fineness of elastic yarns, and on-machine weft
density on sensing were investigated, and the way that conductive yarns work for resistive strain sensing
function was observed. Finally, it was efficiently verified that the type of looped webbing selvage is the
core reason for sensing, the resistance and sensitivity under 60% strain would be changed with the
different variables. The samples with higher on-machine weft density and 4/2 twills had the higher
sensitivity, while there is no regular effect of elastic yarn fineness. Generally, this type of elastic sensing
webbing could provide a relative ideal performance on sensing with high stress and low strain.
KEYWORDS
Elastic sensing webbing, conductive yarns, resistive strain sensing, looped selvage structure.
INTRODUCTION
For developing more skin-friendly smart products, sensing textiles especially fabrics have been
researched gradually in this smart age. In contrast to wearable sensors that use tiny rigid sensors as
carriers, sensing fabrics with inherent sensing features are more comfortable, portable, flexible, and even
could be more sensitive for wearers [1]. Recent research about sensing fabrics has been continuously
promoted. Most of those fabrics are knitted structures, which have loops with natural elasticity, either
for the convenient process of the knitting machine [2, 3]. For instance, researchers designed and found
that two of the sixteen stretch knitting sensors could reach better performance in tracking body
movement, especially shown in linearity, illustrating the effect of different materials and knitting
structures on sensors [4]. However, because of the large stretchability of knitted structures, knitting
sensors are more suitable for the large strain with less stress. On the contrary, woven fabrics might be
easily deformed with less strain with larger stress. Normal woven fabrics are characterized by stable and
relatively closer structures, the strains are too tiny to initiate a sensing effect, while in this work, the
elastic webbing could provide a larger strain than non-elastic ones, achieving a better sensing effect. In
the past, a similar elastic sensing webbing was designed for a precise measurement of the wearable
gesture sensing device, but the webbing structure especially the selvage part was not integrally
investigated, thus the main cause of webbing sensing was ambiguous [5]. Besides the sensitive response
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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of elastic webbing already being shown, influences of woven structures are also a significant topic that
needs to be explained or optimized [6], and those would be discussed in this work.
MATERIALS AND METHODS
In this work, the elastic sensing webbing was woven with conductive yarns, insulating yarns, and elastic
yarns. Silver-plated nylon with a fineness of 100D*36F was used as conductive yarns and ordinary nylon
with a fineness of 70D*24F*2 for insulating yarns. On the weaving machine, 50 elastic yarns were
arranged in a certain rule among 376 nylon yarns, these 426 yarns acted as warps, and silver-plated
nylon yarns were guided as wefts. As shown in Table 1, fineness of elastic yarn, weaving structure and
on-machine weft density are three independent variables and each has three levels, contributing to 27
treatment combinations, and resistance and sensitivity of samples with these treatments were measured
and analyzed. As for the elastic yarns, a smaller number means thicker ones with higher elasticity.
Table 1. The variables and levels of the elastic sensing webbing samples.
Levels

Variables
1
2
3

A
Fineness of elastic yarn
32#
42#
52#

B
Structure
3/1 twills
4/2 twills
5/1 twills

C
On-machine weft density
11.5p/cm
13p/cm
14.5p/cm

In order to observe and collect the better morphology of the elastic sensing webbing, collodion-curing
and guillotine-slicing methods were used for preparation [7, 8]. Images were captured by a digital
electron microscope. Besides, an apparatus set (see Figure 1) was assembled for a more stable observing
condition, and that could achieve variable adjustment of the stretch strain, either. To research the
relationship between resistance and strain, the resistance values were measured by multimeter and
stretched by CRE meanwhile. The initial length of measurement was set as 100mm, the elastic sensing
webbing was stretched from 0% to 60% strain, and two marks were simultaneously positioned on the
same selvage side. In this way, a resistance-strain curve would be derived, and present the sensitivity
based on the subsequent calculation, as in Eq. [1].
G=

[1]

△𝑅/𝑅0
△𝜀/𝜀0

Figure 1. Self-developed apparatus set for strain measurement.
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RESULTS AND DISCUSSION
Sensing properties of the elastic sensing webbing

Figure 2. Relationship between the resistance and the strain.

The variation of resistance under 60% strain is shown in Figure 2. For the different 27 samples, the main
trends of resistance-strain curves were similar. At the beginning of the strain under 5%, the slope of
curve growth was high, then the resistance increased slower with larger strain. Beyond about 30% strain,
the resistance increment became extremely slight and then tend to be stable. Based on the original data,
it was analyzed by t-test that the resistance had significant differences (p<0.01) in each variable group.
Comparing the curves of different samples in the three figures, curves of the samples with the thinner
elastic yarns are smoother, either with fewer fluctuations, and the resistance of them are higher.
Furthermore, the samples with higher on-machine weft density and 5/1 twills have higher resistance.
The sensitivity of elastic sensing webbing under 5% strain was higher, Figure 3 presents the
accumulating sensitivity G under 5% strain. The G is higher with the higher on-machine weft density
and could be up to 5.91. The webbings in twill 4/2 have the higher G. However, there is no significantly
regular phenomenon about the fineness of the elastic yarn effect could be seen from these data.

Figure 3. Sensitivity of the 27 elastic sensing webbing samples.

Characteristics of the elastic sensing webbing
Figure 4 presents the morphology of the elastic sensing webbing, it shows that the left and right selvages
were distinct——The left selvage was a jagged form, and the right selvage was the loop form. They
were formed by weft yarns in the weaving process as shown in Figure 4. Due to contacts of conductive
weft yarns in selvages, the elastic sensing webbing performed resistance variation under stretch strain.
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Figure 4. Morphology of the elastic sensing webbing and forming process of the selvages by weft yarns.

To explore the sensing effects of the left and right selvage, the research measured the resistance of the
intact webbing and the webbing cut into two halves including the distinct selvages, as shown in Figure
5. In intact webbing, the resistance of left selvage was slightly larger than the right. However, in cut
webbing, the left one was heavily larger than the right. The resistance of right selvage in intact and cut
webbing were approximate.

Figure 5. Relationship between the resistance and strain in four measurements.

It is corresponding to the parallel circuit that webbing formed (see Figure 6), Rl is higher than Rr, and
the Ry is relatively lower. Therefore, no matter which selvage of intact webbing was measured, the
resistance was more strongly related to the right selvage. What’s more, the tighter the webbing structure
is, the more compact the conductive yarns of selvages contact, which is relevant to the variables we set,
and the resistance of it would be lower.

Figure 6. Corresponding parallel circuit of the elastic sensing webbing.

CONCLUSION
In summary, this work was undertaken to analyze a type of elastic sensing webbing designed in the
woven webbing machine. It provided a deeper insight into the webbing structure especially the position
and morphology of conductive yarns, and also obtained the equivalent parallel circuit that webbing
formed. This research found that the right looped selvage is the principal reason causing the resistance
of the elastic sensing webbing regularly changed under stretch strain. Based on measurements of 27
samples with 3 independent variables, the research found that the higher on-machine weft density and
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4/2 twills would cause a higher sensitivity. While the fineness of elastic yarn also had effects on
sensitivity but it was not regular. In general, the sensitivity is ideal for webbing sensing even the
subsequent applications in larger stress situations, and this research would be conducive to designing
elastic sensing webbing with better sensitive features, according to variables adjustment. Besides, there
are still more other related sensing properties like responsiveness, fatigue, etc. are also needed to be
discussed in the future.
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pp. 50–52+64.

137

21st World Textile Conference AUTEX 2022
AUTEX 2022 Conference Proceedings

Passion for Innovation

978-83-66741-75-1

June 7-10, 2022, Lodz, Poland

© Lodz University of Technology, 2022

DOI: 10.34658/9788366741751.29

DEVELOPMENT OF ANTIBACTERIAL AND ULTRAVIOLET
PROTECTIVE CLOTHING BY THE APPLICATION OF MEDICINAL
PLANTS EXTRACT
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ABSTRACT
The increasing health concern has enhanced the utilization of technical products in every field of life
from common household items to fabrics. Protection against UV is one of the main concerns of the
modern world due to the potential health risk when skin is exposed to UV. Various chemicals have been
utilized to enhance the UV protection of fabrics, but they are not green. The purpose of this research is
to examine the properties of UV protective fabrics developed by using extract of different plants. Ethanol
extract of dried leaves and seeds of three medicinal plants named Azadiarchta indica, Amaranthus viridis
and Ricinus communis were applied on fabric to enhance the antimicrobial and UV blocking properties
of the treated fabric as these plants are cheap and abundant in Pakistan. Azadiarchta indica and
Amaranthus viridis showed good antibacterial and UV blocking. On the other hand, the extract of
Ricinus communis showed excellent UV blocking but antibacterial effect was not good.
KEYWORDS
Azadiarchta Indica, Amaranthus Viridis, Ricinus Communis , UV Protection, Antibacterial Activity.
MATERIALS AND METHODS
In this research, a simple plain weave, 1/1 plain weave having construction 40*40/90*90 bleached cotton
fabric (117 g/m2) was used. The machinery and equipment used in this study include Stentor Frame
(Model No. VPM-250A) by Japan, Padder (Model No. VPM-250A) by Japan and UV–Visible
Spectrophotometer (Model No. M550) by Spectronic CAMSPEC.
Method
Collection of Plant and Powder formation
Mature leaves and seeds of Amaranthus viridis, Ricinus Communis and Azadiarchta indica were
collected from plant nursery at Faisalabad, Pakistan. Then all three plants were dried at room
temperature in closed environment (25oC and 60% RH). After drying the dried leaves and seeds of plants
were grinded.
Preparation of Plant Extract (Ethanol extraction method)
Plants extract was prepared in ethanol by taking 95 % ethanol and 100 g powder, suspended in 1000 ml
of ethanol (95:5 ethanol: water) and allowed to stand solution under room temperature (25 oC) for 48 h
using magnetic stirrer plate. After stirring, filter the solution by Whatman® filter paper number. Filtered
solution was evaporated at temperature 75oC on hotplate in vacuum and then, transferred the extract into
the sterilized bottles for further use. Aqueous extracts are known to show green color regarding the
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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presence of chlorophyll compound but the advantage of using ethanol is that chlorophyll compound
removes this compound to give colorless nature of extract.
For experiment, the solutions were prepared by using three concentrations (plant extract/ distilled water)
0.1, 0.27 and 0.6 g/150 ml of medicinal plants separately, which are Azadiarchta indica, Amaranthus
viridis and Ricinus communis, respectively and about 2 mg dispersing agent was added to make
homogenous solution by continuous stirring.
Fabric sample of 12"×8" was dipped in solution for 2 min and then padded the sample for evenly
distribution of plant extract on fabric. After padding, the samples were dried at 100 oC for 2 min. This
process was repeated five times for the uniform penetration of solution. Then, samples were cured at
150oC for 1 min at Stenter machine.
RESULTS AND DISCUSSION
Fabric samples were analysed for UV protection and antibacterial activity. The application of medicinal
plant extract converts the conventional fabric into value-added textiles.
Mean Ultraviolet Protection Factor
The present study has shown that the selected medicinal plants can play a major role in both UV
protection of textiles and in preventing infection by providing antibacterial effect. The UV protection of
cloths is measured in terms of ultraviolet protection factor (UPF) which is defined as the ratio of the
average effective UV irradiance calculated for unprotected skin to the average UV irradiance calculated
for skin protected by the fabric.

Figure 1. Mean UPF of different plants extracts.

The mean UPF of treated samples is shown in Figure1. From the results at lower concentration the value
of UPF is approximately same for all these three plants. The effect of increase in plant extract on fabric
is significant. The UPF increases and exceeds the threshold of 40 which is the minimum requirement
for clothing. It is obvious from above results that application of plant extract increases the ultraviolet
protection factor. By increasing the concentration of extract, the value of UPF also increased. It is since
many antioxidants are present in the extract of plants which absorb UV radiations that contributes to the
UPF. Ricinus communis showed the best result of UPF among other plants i.e., at concentration of
0.6 g/ml. From the above results it was clear that a small amount of these medicinal plants gave excellent
results, and these are green and cheaper to use due to their nontoxicity and abundance in nature as
compared to synthetic UV protective agents.
UVA and UVB Blocking
The extract of selected plants gave good ultraviolet protection to fabrics by absorbing the UV radiations
so that they are unable to damage the substrate. The results of UV blocking are shown in Figure 2.
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Figure 2. UV blocking percentage.

The above results depicted that a very small amount of extract give excellent results by absorbing the
harmful radiations in UVA and UVB regions. From the results obtained it was found that fabric samples
treated with Amaranthus viridis gives best blocking in UVB region which is more dangerous. These
blocking properties may be attributed to the presence of flavonoids and phenolic compounds (i.e.,
glycosides, tannins, alkaloids, flavonoids, reducing sugars, steroids and carbohydrates) in the extract of
plants. These compounds provide shielding effect against the harmful effects of UV and their
mechanism of action is the activity of hydroxyl groups of these phenolic compounds possess strong
scavenging activity for different free radicals.
Antibacterial activity
In vitro antibacterial activity was examined for treated samples. Antibacterial activity of plants extracts
against two pathogenic bacteria (S. aureus and E. coli) was investigated by following standard test
method AATCC- 147. Results of test are shown in Table 1. Untreated cotton samples show clear growth
of microbes throughout the sample with no zone of inhibition.
Samples treated with plants extract showed resistance against bacterial growth and display excellent
antibacterial activity. Zone of inhibition showed by treated samples for Gram-negative bacterial strain
i.e., Escherichia coli was larger than Gram-positive bacterial strain i.e., Staphylococcus aureus as clearly
presented by Table 1. Diameter of inhibition zone was measured for all samples against Escherichia coli
and Staphylococcus aureus.
Table 1. Zone of inhibitions of treated samples.
Concentration

Neem
Zone of inhibition (mm)

Amaranthus viridis
Zone of inhibition (mm)

Ricinus communis
Zone of inhibition (mm)

Staphylococcus

E.coli

Staphylococcus

E.coli

Staphylococcus

E.coli

0.1

0.5

1

0.1

0.5

0

0.1

0.27
0.6

0.7
1.7

1.8
2

0.5
1.2

1.3
1.5

0
0.1

0.5
0.7

From the treated samples, neem treated samples showed excellent antibacterial activity against both
Gram-negative bacterial strain i.e., Escherichia coli and Gram-positive bacterial strain i.e.,
Staphylococcus aureus as shown in Figure 3-4. This is due to the presence of certain active
photochemical compounds as well as the antibacterial compounds that have been reported earlier to be
extracted by methanol extraction. As the concentration of extract increased, the diameter of zone of
inhibition is also increased which could be due to the more amount of antibacterial agents in extract.
Antimicrobial activity of the Ricinus communis was not significant against E. coli and S. aureus
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(Figure 5). Amaranthus viridis showed slight difference between the pattern of antimicrobial activity
against S.aureus and E. coli.

Figure 3. Antibacterial results of samples treated with Neem extract.

Figure 4. Antibacterial results of samples treated with Amaranthus extract.

Figure 5. Antibacterial results of samples treated with Ricinus communis.

CONCLUSION
In this study, different plants extracts were used to impart the functional properties to conventional
cotton fabrics. These extracts can be used as an antibacterial and UV blocking finishing. Three types of
plants extract were used and among these plants neem give best results as an antibacterial agent.
Whereas Ricinus communis showed excellent results in terms of ultraviolet protection. Fabrics
developed by using these medicinal plants extract can be used as protective clothing and in outdoor
applications. This finishing process is economic and nontoxic due to natural sources as compared to
synthetic chemical finishes. The selected plant extracts showed good effect on fabric regarding
antibacterial and UV-protection aspects, but in-depth studies are yet to be followed to evaluate the
identity of the effective compounds responsible for the UV protection and antibacterial activity of treated
cotton fabric.
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ABSTRACT
Bast fiber, like hemp, has an affinity for water [1,2]. The moisture content of hemp fiber increased with
the increasing of relative humidity [1]. The relative humidity changes the fiber properties [2,3] studied
by LPMT (Laboratoire de Physique et de Mécanique Textile) in Mulhouse, France. A comparison of the
fiber properties measured in two different relative humidity environments (30% and 60%) was studied.
The fiber was placed between two specific cardstock frameworks with glue. The fineness was
determined from the diameter measured with a projection microscope. Then, the tensile test was realised
with MTS® , tensile testing instrument, to determine the breaking force, strain and stress and the Young’s
modulus. The hemp fiber was manually extracted from unretted stem. The cultivar used was Santhica 27
cultivated in the East of France [4] by SADEF, a plant nutrition expert.
The impact of the relative humidity environment on the fiber properties was not constant. The tensile
tests realised in this study were not homogeneous. Dispersion of the results could be caused by bast fiber
multi-scale. The selection caused more variability of fiber properties than the relative humidity for hemp
fiber.
KEYWORDS
Hemp, fiber, mechanical properties, relative humidity, fineness.
MATERIALS AND METHODS
This study was about Santhica 27 (S27) hemp fiber cultivated in Guewenheim in the East of France by
SADEF in 2018. Stems were harvested in June (developmental stage) noted S27(1), in July (flowering
stage) noted S27(2) and in October (post-flowering stage) noted S27(3). The evolution of fineness and
mechanical properties on four cultivars whose Santhica 27 during their cultivation was displayed during
AUTEX2021 [4]. Then the unretted stems were manually defibrated. According NF T25-501-2
standard, the fiber were placed between two specific cardstock frameworks. A projection microscope
was used to measure the fiber diameter with X20 lens as NF EN ISO 137 standard. Then the mechanical
properties (NF T25-501-2) were measured by the MTS instrument with 1 mm.min-1 crosshead speed, a
10 N cell and a distance of 20 mm between clamps. The tensile stress-strain curve was classified in three
types as Duval and al. [5] classification. So, the type 1 (T1) represented an elastic behaviour, the type 2
a plastic behaviour and the type 3 represented a no-linear visco-elastic behaviour of the curve. Tests
were performed with two different relative humidity, around 30% and around 60%. The temperature
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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was stable with 20°C. To compare the different relative humidity environment, ANOVA analysis was
realised.
RESULTS AND DISCUSSION
According the relative humidity environment, the diameter changed lightly specially for S27(1) and
S27(2) (Table 1). Moreover bast fiber (like hemp and flax) absorbed water [1], so the diameter
conditioned at 30% relative humidity had to be thinner than a fiber conditioned a 60%. For S27(1), like
Fig. 1, the diameter distribution was spread. Fibers selected at 30% moisture had a larger diameter range,
especially in the high diameter range, unlike those selected at 60% moisture.
Table 1. Morphological and physical properties of hemp fiber according to the harvest time and the relative
humidity environment.
Sample
S27 (1)
S27 (2)
S27 (3)

Relative humidity

Diameter
[μm]

Breaking force
[N]

Strain
[MPa]

Breaking stress
[%]

Young's modulus
[GPa]

30%

107.8 ±12.1 a

1.3 ±0.2 a

198.4 ±41.8 a

1.9 ±0.2 b

8.9 ±1.8 a

60%

84.9 ±9.0 b

1.1 ±0.2 a

225.2 ±43.0 a

2.8 ±0.2 a

7.6 ±1.4 a

30%

88.2 ±9.0 a

1.6 ±0.3 a

275.6 ±48.4 a

1.9 ±0.3 b

12.4 ±1.6 a

60%

71.7 ±6.7 b

1.2 ±0.2 a

300.3 ±44.7 a

2.6 ±0.3 a

11.8 ±1.5 a

30%

66.8 ±7.1 a

1.9 ±0.4 a

535.9 ±71.2 a

2.6 ±0.2 a

19.0 ±2.4 a

60%

61.1 ±6.7 a

1.3 ±0.3 b

455.4 ±79.9 a

2.9 ±0.3 a

15.7 ±3.0 a

a and b corresponding to comparison of relative humidity environment for each harvest time in the same row
(ANOVA)

Figure 1. Diameter distribution [%] for Santhica 27 harvested in June (S27(1)) according the relative
humidity environment.

The difference in breaking force between the two relative humidity environments was noteworthy for
S27(3) as ANOVA analysis (Table 1). For a moisture of 60%, the fiber seemed less strong in force than
a moisture of 30%. The relation between 30% and 60% was from 1.21 (S27(1)) to 1.45 (S27(3)).
For S27(1) and S27(2), the stress between a moisture of 30% and of 60% was significantly different with
a relation of 0.69 (S27(1)) and 0.75 (S27(2)). Placet and al. [3] confirmed than the hemp elementary fiber
stress increased with the relative humidity increased.
Finally, whatever the harvested time, the differences in strain and in Young's modulus were not
significant according ANOVA analysis. Contrary to the Placet and al. [3] study, which the strain and the
Young’s modulus of elementary fiber increased when the relative humidity increasing. For flax and nettle
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ultimate fiber, according to Davies and Bruce’s study [2], there is a relationship between the stiffness
modulus and the environmental relative humidity.
According the strain-stress curve classification (Fig. 2) used by Placet and al. [3], the type 1, elastic
behaviour, decreased between the relative humidity of 30% and 60% for S27(2) and S27(3) like the
study of Placet and al. [3]. So with a weak relative humidity, the fiber had an elastic behaviour. The
type 3, a no-linear visco-elastic behaviour, increased as Placet and al. [3], for S27(1) and S27(3). To
conclude the strain-stress curve seemed change between the relative humidity 30% and 60%.

Figure 2. Distribution of typical tensile strain-stress curves of hemp fiber according the relative humidity
and the harvest time. Type 1 represents the elastics behaviour, type 2 represents the plastic behaviour and
type 3 represents the no-linear visco-elastic behaviour of the curve.

The properties of fiber measured at 30% of moisture seemed more disperse than the properties measured
at 60% of moisture. Generally, the strain and the Young’s modulus decreased with the diameter
increasing, in particularly for the 30% of moisture (Fig. 3). The stress of fiber conditioned at 60% of
moisture seemed higher.
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Figure 3. Mechanical properties (Stain, Stress and Young's modulus) for Santhica S27 (1) according the
relative humidity environment.

CONCLUSION
According the ANOVA analysis, there were some significant difference between fibers conditioned at
a moisture of 30% and of 60% in specially for the diameter, the breaking force and stress. Moreover,
the Young's modulus and the strain did not seem to be influenced by the relative humidity environment.
The difference in diameter could also come during the fiber selection influencing the breaking force and
stress.
So, the bast fiber selection would cause more variation than the moisture condition.
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ABSTRACT
DosLab is a research group from the Lodz University of Technology, Poland. The research topics carried
out by the DosLab group are innovative and interdisciplinary, covering the area of textile engineering,
materials engineering, radiation chemistry and medical physics. This study is intended to present an
overview of the group's work related to 1D, 2D and 3D dosimetry of UV and ionizing radiation.
KEYWORDS
Textile dosimeters, gel dosimeters, UV dosimetry, ionizing radiation dosimetry, DosLab group.
INTRODUCTION
The DosLab group operating at the Lodz University of Technology, under the leadership of Professor
Marek Kozicki, deals with innovative and interdisciplinary research, covering the area of materials
engineering, radiation chemistry and medical physics. Currently, the main research topic of the team is
dosimetric systems for 1D, 2D and 3D ultraviolet (UV) and ionizing radiation measurements. So far,
solutions have been developed for, inter alia, 1D polymer tablets for UV radiation measurements, 2D
flat foil and textile dosimeters for UV and ionizing radiation measurements with their reading system,
and 3D polymer and radiochromic dosimeters for 3D dose distribution measurements of UV or ionizing
radiation.
Radiation dosimetry is a branch of physics and metrology dealing with the measurement, calculation
and analysis of basic quantities related to the transfer of radiation energy (UV and ionizing) to matter
and the variability of their values in time and space. Dosimeters are used as part of a process control
system used in industrial and medical applications. They guarantee the correct application of radiation
processes and allow to exclude unknowns related to the measurement system of a given radiation source,
instrument indications errors, device calibration errors, etc. They are also used to prepare documentation
on measurement standards and directives regarding protection against high-energy radiation. Dosimeters
are selected for a given dosimetry system taking into account: i) dose, ii) dose rate, iii) energy
dependence, iv) temperature influence before, during and after the irradiation process, v) humidity, vi)
light, vii) stability and viii ) repeatability. Therefore, more and more advanced dosimetry systems are
being searched for, allowing for accurate radiation measurement. A good dosimeter should be
characterized by: i) high accuracy and precision of measurement, ii) linear measurement range, iii)
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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independence of energy, iv) spatial distribution of the dose, v) stability of the physical dimension and
shape of the dosimetric system, vi) easy reading and vii) comfort of use. This communication is to
briefly report on the dosimeters manufactured by the DosLab group.
AN OVERVIEW OF DOSLAB GROUP’S RESEARCH WORK
1D and 2D dosimetry
The DosLab group has been involved in chemical research in 1D and 2D dosimeters of UV and ionizing
radiation in the form of polymer tablets, films and textiles including surface-modified woven fabrics
and functional fibres containing radio-sensitive compounds, e.g. tetrazolium salts, diacetylenes or
leucodyes. These dosimeters, as a result of absorbing a dose of UV or ionizing radiation, change their
colour from white, to red, blue, violet or brown depending on the used colour precursors, and the
intensity of these changes is proportional to the absorbed radiation dose (Figure 1). Regardless of the
chemical composition and structure of 1D and 2D dosimeters, colour changes can be measured by using
a reflectance spectrophotometer and flat-bed scanner. From the obtained measurements, it is possible to
determine the calibration parameters of the dosimetry system, such as the measuring range, dose
sensitivity, threshold dose and stability of dosimeters before and after irradiation.
a)

b)

c)

d)

Figure 1. An example photographs of colour changes of the dosimeters in the form of (a) 1D tablets,
(b) 2D foils, (c) 1D fibres and (d) 2D printed woven fabrics after absorbing UV radiation.

In the subject of 1D and 2D dosimetry, the DosLab group has developed: (i) 1D polycaprolactone‒ TTC
tablets [1], (ii) 1D PVA‒ PDA foils [2], (iii) 1D NBT‒ Pluronic F‒127 hydrogels [3], (vi) 1D and 2D
modified polyacrylonitrile fibres with PDA [4], (v) 2D surface modified woven fabric [5], and (vi) 2D
printed woven fabrics s with tetrazolium salts [6]. The studies have shown that the developed 1D and
2D dosimeters are useful for monitoring doses of UV radiation (including artificial light sources) and
ionizing radiation. The dosimetry reading system allows for precise determination of the absorbed dose
based on standard curves or comparison with a coloured pattern.
3D dosimetry
Another subject that the DosLab group deals with is 3D dosimetry for use in radiotherapy. Radiotherapy
is one of the leading treatments for cancer. It is constantly being improved to minimize the risk of
damage to the patient's healthy tissues during therapy. Radiotherapy planning is a multi-stage process
and one of its most important stages is the verification of the treatment plan with dosimeters. Currently,
for the verification stage, 1 and 2-dimensional dosimeters are used, mainly ionization chambers (1D),
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semiconductor detectors (1D), film dosimeters (2D) and 2D matrixes. They enable dose measurements
in 1D or 2D, respectively, which are then converted to 3D. Therefore, they do not allow for a sufficiently
high measurement resolution, which is especially important for irradiation with dynamic techniques.
According to the literature, this can only be provided by three-dimensional (gel) dosimeters that imitate
tissues and measure the dose distribution in 3D space [7].
The 3D gel dosimeters for use in radiotherapy must meet appropriate requirements, such as, inter alia,
high sensitivity to radiation dose, thermal stability, stability over time, tissue equivalence and the
possibility of imaging using diagnostic techniques, such as magnetic resonance imaging (MRI),
computed tomography (CT) and optical computed tomography (OCT). There are two main groups of
gel dosimeters: polymer and radiochromic dosimeters. Under exposure to ionizing radiation, in polymer
dosimeters monomers polymerize and convert to crosslinked structures, which is visible as a gel
turbidity, while radiochromic dosimeters change colour as a result of a change in the chemical structure
of the radiochromic dye. These changes are visible only in the irradiated parts of these gels (Figure 2).

a)

b)

c)

d)

0

2.5

5

10 20 30 40 50
0 25 50 80 100 150 200 250
Dose [Gy]
Dose [Gy]
Figure 2. The diagram of changes taking place in the polymer (a) and radiochromic (b) dosimeters under
exposure to ionizing radiation and photographs of changes in an exemplary polymer (VIC, c) and
radiochromic (TTC–Pluronic F–127, d) dosimeter after irradiation with ionizing radiation.

The DosLab group has developed several polymer dosimeters, namely VIP [8], VIC [9], VIC–T [10],
VIP3–Pluronic F–127 [11, 12], PAGAT2–Pluronic F–127 [11] and PABIGnx [13, 14], as well as
radiochromic dosimeters such as TTC–Pluronic F–127, LMG–Pluronic F–127 [15], NBT–Pluronic F–
127 [16], LCV–Pluronic F–127 [17] and Fricke–XO–Pluronic F–127 [18, 19]. The elaborated
dosimeters show high potential to use in 3D radiotherapy dosimetry.
The DosLab group is also involved in the use of 3D radiochromic gel dosimeters for high‐resolution
measurements of ultraviolet light (UV) dose distribution in three dimensions. These can be useful in
photochemical research, as the tissue‐resembling systems for UV radiation dose distribution
measurements related to skin damage or as UV sensors in places of UV radiation exposure. The
following dosimeters have been developed for these purposes: TTC–Pluronic F–127, LMG–Pluronic F–
127 [15], LCV–Pluronic F–127 [20] and TBO–Pluronic F–127 [21]. Moreover, one of the elaborated in
DosLab group radiochromic dosimeter (NBT–Pluronic F–127) was also used for surface modification
of polyamide and cotton fabrics using a screen-printing method to obtain a 2D textile UV radiation
sensor [6].
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CONCLUSION
For more details on the publications, patents and awards relating to the work of the DosLab group,
please visit the website: https://mkozicki-sci.eu/
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ABSTRACT
The importance of digital skills has drastically increased over the last decades. Also in the Textile and
Clothing Industry, numerous software tools improve the efficiency of the work. To make sure that
students acquire the necessary digital skills, an Erasmus+ project has been set up. The ICT-Tex project
is a Knowledge Alliance aiming to improve the competences in information technology (ICT) for people
working in the field of the Textile and Clothing Industry (TCI). This will be done by developing
syllabuses that will be provided on an online platform, made available on the project website to all
interested parties; The 12 project partners come from all over Europe and join forces by making their
expertise available to the project. By the end of 2022 16 courses will be freely accessible. This paper
describes the methodology used to develop the content of these courses.
KEYWORDS
Textile higher education, Information and Communication Technology (ICT), Apparel Design and
Production, entrepreneurial skills, digital skills.
INTRODUCTION
Erasmus+ Knowledge Alliances are transnational and result-driven activities between higher education
institutions and businesses aiming to strengthen Europe’s innovation capacity and foster innovation in
higher education [1]. The ICT-TEX project is part of this programme and is a cooperation between 12
partners geographically spread over Europe [2], forming a balanced group of universities (5),
companies (4), and non-profit organizations (3). The Project is coordinated by the Technical
University of Sofia, Department of Textile Engineering (Bulgaria). The other project partners are Sofia
University, Faculty of Mathematics and Informatics (Bulgaria), Ghent University, the Centre for
Textile Science and Engineering (Belgium), Technical University of Dresden, Institute of Textile
Machinery and High Performance Material Technology (Germany), University of Zagreb, Faculty of
Textile Technology (Croatia); STOLL, producer of knitting machines (Germany), Materially,
International consulting network for innovative and sustainable materials (Italy), MAK, company for
weaving, knitting and sewing (Bulgaria), ALMA, clothing production, and textile trading company
(North-Macedonia); SCIAT, Specialized Cluster Institute for Apparel and Textiles (Bulgaria), CIAPE,
Italian Centre for Permanent Learning (Italy), and AUTEX, the Association of Universities for Textiles
(Belgium). The project started on 1 January 2020 and runs for 3 years. AUTEX [3], as one of the project
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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partners, can reach out to a large community of textile students in Europe and beyond. Currently, 38
universities are members of the AUTEX Association.
The structure of this paper is as follows: the next section briefly presents the approach, Section 3
discusses the findings and results of the work and Section 4 concludes the paper.
MATERIALS AND METHODS
The project responds to a need from the textile industry, especially employees who work with CAD1,
CAM2, CAE3, and PLM4 systems, that require a higher level of ICT skills of their employees. The
curriculum of "Information Technology in Design of Textile and Clothing", which is to be created, aims
precisely at providing knowledge and skills for engineering design and production of textiles and
clothing on programmable machines, and to improve transversal ICT and entrepreneurial skills. For the
curriculum to be as responsive as possible to the requirements of the Textile and Clothing Industry, the
project supported the development of a survey as a preliminary needs analysis among European
companies. Also, to better understand the educational needs, the current situation had to be mapped.
This was performed by doing field research and a gap analysis. The long-term experience of the partners
in the training of specialists (in the field of textiles, ICT, and Entrepreneurship) and the results of the
survey allow for the development of a curriculum, the content of which will be in line with the
requirements of the business.
RESULTS AND DISCUSSION
As a result of the performed Gap Analysis and Mapping of the digital and entrepreneurial needs, the
specific topics of the courses were defined. From the survey performed, 63 people from the Textile and
Clothing Industry replied, of which 66.7% currently use CAD systems, 38.1% use CAM systems, 31.7%
use ERP5 and 30.2% use PPC6. However, 22.2% of the companies showed not to use computerised
systems.
Concerning the ICT skills, 32% of the companies believe their employees have the needed
competencies, while 57% think they only have partially the required skills, with most companies (48%)
assigning themselves to have an average integration of ICT in their processes (Fig. 1). On the other
hand, only 20.7% of the respondents consider the level of integration of ICT in their company is below
average (Fig. 2).

Figure 1. Extract from the survey. Question: “Do you think your company employees have the competencies
needed to introduce these kinds of technologies?”
-------------------------------

CAD Computer Aided Design
CAM Computer Aided Manufacturing
3 CAE Computer Aided Engineering
4 PLM Product Lifecycle Management
5 ERP Enterprise Resource Planning
6 PPC Production Planning and Control
1
2
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Figure 2. Extract from the survey. Question: “How high is the level of integration of ICT in your company?”

Among the key findings on the needs for ICT and digital skills in these companies are:







Knowledge and ability to apply and manage: Radio Frequency ID (RFID) tasks, sensors and
Internet of Things coupled with new software, Augmented Virtual Reality (AVR), Block chain
and Artificial Intelligence.
Ability to use ERP systems to better manage production planning and control, supply chain,
logistics, costumers' relationships, workloads and work distribution, environmental impact,
quality.
Ability to use advanced design software, i.e., software able to detect contours and body shapes
for tailor-made designs.
Ability to use specialised software and analyse big data to study current market trends and
predict the future ones.
Ability to use marketing techniques and tools to better target specific consumer categories
and groups.
Ability to use social media to engage and interact with customers and influence their
buying behaviour.

The full report with detailed results of the survey is available on the project website [4].
Based on these findings, ICT-TEX courses are developed. The courses are structured within eight
different modules, corresponding with major textile subareas: Design and Production of Knitwear;
Design and Production of Woven Fabrics; Apparel Design and Production; Design and Production of
Technical and Smart Textiles; Industrial Engineering, Quality Control and Management; Finishing,
Printing and Functionalization; Digital Skills and Entrepreneurship. For each of the courses within these
modules, clear course objectives and learning outcomes (in terms of knowledge, skills, and
responsibilities) were defined. The courses are made available on the ICT-TEX web platform, that has
been developed on top of the well-known Moodle™ [5] open-source management platform. It is userfriendly and flexible in its use to implement learning material and offers many possibilities for
interactivity. This way, all courses will be available for online study, via both the ICT-TEX and the
AUTEX websites.
Currently, five pilot courses are ready and online available for the public: Entrepreneurship in TCI,
Digital Skills, 2D CAD Pattern Making, 3D CAD Simulations, and Apparel Production. The latter three
courses are part of the module Apparel Design and Production. This elaborated study material will be
tested for its applicability with students, teachers, and staff during pilot training sessions to give
feedback and improve the material and tools.
These pilot courses are described in a little more detail in the following paragraphs.
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1 Module on Entrepreneurship in TCI
This course focusses on basic and practical knowledge that is needed when starting, managing, and
growing a business in the textile and clothing industry. The student will obtain a deeper understanding
of topics such as market analysis, project management and planning, financial management, and
network building.

2 Module on Digital Skills
The purpose of this course is to improve the digital skills of the participant to become more professional
and competitive. The course has two levels: one with the more basic concepts such as text formatting of
electronic tables and a more advanced section that deals with, amongst others, Artificial Intelligence and
Machine Learning.
3 Module on Apparel Design and Production
3.1 2D CAD Pattern Making
This course is a knowledge-intensive and creative course that will lead learners through different pattern
making techniques taking into consideration used materials, colours and style combinations. Specialised
CAD software such as AccuMark by Gerber Technology and Modaris by Lectra are part of the course
material. Also, modelling techniques and algorithms for pattern making are part of the topics.
3.2 3D CAD Simulations
Three-dimensional virtual prototyping is becoming increasingly important, also for apparel design. Not
only does virtual product development enable a faster way of working, but it also allows garment designs
with higher accuracy of cloth fitting. During the course, participants are taught to create their virtual
garments by using specific software such as CLO3D.
3.3 Apparel Production
Automated equipment and IT solutions are most important for a garment industry that is working with
very short fashion cycles. These automations are in practice in various steps of apparel production,
include sewing, spreading, cutting, welding, material management, and CAD/CAM for pattern making.
These technologies facilitate garment producers to be more productive and cost-effective. This course
trains the participant to achieve the required technical skills.
CONCLUSION
The ICT-TEX project aims to fulfil the need to update and improve knowledge and skills in Information
and Communication Technology (ICT) of employers and employees in the Textile and Clothing Industry
so that the European textile industry can maintain its leading position. Therefore, curricula and
syllabuses are being developed within the ICT-TEX project and made openly available on the project
website for any professional in the Textile and Clothing Industry needing to improve his/her skills, more
specifically in one of the eight topics worked on in this project. During the year 2021, pilot courses
become available, but most of the courses will come out on a Moodle™ platform in the year 2022.
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ABSTRACT
Thermoplastic composites based on hybrid yarn structures consisting of recycled carbon fibre (rCF) and
thermoplastic fibres (rCF content approx. 50 weight percentage) achieve high mechanical properties
because of a long fiber length, homogeneous mixing and even yarn structure [1]. However,
manufacturing of yarns with high rCF content (>90%) required for thermoset composites is still not
realizable. Because of the special properties of rCF such as low shear strength, smooth fibre surface and
high brittleness, high shortening (≥ 70%) in fibre length of rCF occurs during different processing steps
of spinning [2]. The wide distribution of rCF fibre length arising especially during carding of pure rCF
is regarded as very critical. In addition to this, lack of crimp in rCF leads to drafting error during drawing
and spinning process. As a result, the quality of a yarn with high rCF content is still not acceptable. For
this purpose, investigations are carried out in this work to enable gentle processing of rCF to produce
slivers consisting solely of rCF. Furthermore, different core sheath yarn structures with rCF content
(>90%) have been developed on a DREF-3000 friction spin machine for thermoset composites.
KEYWORDS
Recycled carbon fibre, DREF-3000 friction spin machine, rCF yarns, thermoset composites.
MATERIALS AND METHODS
Table 1 gives an overview on the fibre materials used for the investigations in carding, drawing and
spinning. rCF staple fibres are used for manufacturing of card and drawn slivers. Co-polyamide staple
fibre (KA 115) and a Phenoxy based filament yarns (MS 300) from EMS-Griltech are additionally used
for manufacturing a core sheath yarn structure.

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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Table 1. Tensile properties of the used fibre materials.

Fibre
Type

Tensile properties of single fibre
Fibre length
(mm)

Fineness
(dtex)

Strength
(MPa)

E-Module
(Gpa)

Elongation
(%)

rCF

60 ± 1

0.5 ± 0.1

3868.1 ± 1368.4

269 ± 59

1.6 ± 0.3

KA115

100 ± 2

11.2 ± 0.6

268.1 ± 20.3

0.5 ± 0.1

147.9 ± 13.9

MS 300

Tensile properties of filament yarn
-

300

5.2 ± 0.2

0.2 ± 0.0

70.3 ± 4.0

At first, carding is done on a modified laboratory long staple carding machine at the ITM to produce
card slivers from rCF. Afterwards, drafting is carried out on the card slivers using a modified regulating
unit (Figure 1a) on the draw frame. The profiling of the bottom rollers of the drafting system is replaced
by specially structured rollers coated with hard chrome (Figure 1b) to reduce fibre damage during
drawing. Through these modifications, it is possible to process rCF gently and to improve the uniformity
of draw frame slivers significantly. The properties of card and drawn sliver consisting solely of rCF are
summerized in Table 2.

Figure 5. Modified regulating unit (a) and bottom roller (b) of the draw frame.
Table 2. Properties of the produced slivers.

Card sliver
Sliver fineness
CV1m (%)
(ktex)
2.2
12.7

Drawn sliver

Sliver fineness (ktex)

CV1m (%)

4.5

0.9

Staple length of rCF
(mm)
58.9

Based on the drawn slivers consisting purely of rCF, investigations are carried out on a modified DREF3000 friction spinning machine (Fehrer AG, Linz/Austria) for the development of the rCF yarns with
rCF content >90% and thus suitable for thermoset composites. In previous studies [3], hybrid yarn
structures from rCF developed on a DREF-3000 friction spinning machine for thermoplastic composites
consists of two cores: first core is a mix staple fibre from rCF/PA6 and second core is a PA6 filament
yarn. The components of the core are stabilized in the yarn structure by a sheath consisting of PA6 fibre.
Such a yarn structure allows rCF to be placed in the core gently without any twist and with little damage.
The advantage of using a filament yarn in the core is the stabilization of the spinning process. However,
the low instability between the core filament and staple fibres of the core as well as of the sheath fibre
is an inherent disadvantage of using a core sheath yarn structure based on DREF-3000 friction spinning
machine.
Therefore, a comparative analysis is carried out in this work to develop core sheath structures with and
without using a core filament yarn. The aim behind these investigations are to verify the spinning process
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and to increase the rCF content by excluding the thermoplastic core filament yarn from the yarn
structure. For this purpose, two different yarn structures (named as Group 1 and Group 2) are developed.
The core of Group 1 yarns consists of two parts:



Part 1: rCF staple fibre from the developed drawn slivers.
Part 2: a filament yarn MS 300 (EMS Grilltech).

The core of the Group 2 yarns consists of part 1.
Co-polyamide staple fibre KA115 is used as sheath for both groups of yarns. The core to sheath weight
ratio of the yarns is kept 90:10 in order to ensure structural stability of the yarn. These yarns are the
basis for reinforcement structure used for manufacturing thermoset composites by impregnation with a
thermoset matrix.
The investigations show that a major challenge is the initiation of the yarn formation without the core
filament yarn. In order to achieve a stable yarn manufacturing process, a procedure is developed in
which a filament yarn is first used in the core. Once a stable yarn formation process is achieved, the
filament yarn can be cut off and the yarn formation can be continued in a stable manner from rCF alone
in the core of the yarn. The production of rCF yarns without a filament yarn in the core opens the
possibility of using a yarn with a less amount of thermoplastic fibres and high rCF content.
For the production of yarns of each group, the air suction pressure is varied, as it significantly influences
the tensile properties of friction spun yarns [3]. The delivery speed of the yarn (50 m/min), the revolution
of opening roller (4500 rpm) and the revolution of spinning drum (2000 rpm) are kept constant. Different
rCF yarns of 1000 tex fineness produced for the investigations are detailed in Table 1. The developed
rCF yarn (Y_04) and cross-section of different yarns are shown exemplarily in Figure 2.
Table 3. Process variables and yarn specifications of the manufactured rCF yarns.
Air suction pressure
Use of a filament
Calculated rCF content of
hybrid yarn (weight %)
(mbar)
yarn in the core

-28
-48

rCF yarn
specification

with (Group 1)

89.6

Y_01

without (Group 2)

92.8

Y_02

with (Group 1)

89.6

Y_03

without (Group 2)

92.8

Y_04

Tensile tests of the manufactured rCF yarns are carried out according to ISO 3341 using a tensile testing
device Zwick type Z 2.5 (Zwick GmbH and Co., Germany). Samples of 250 mm yarn length are used.
At least 20 measurements are made to get the average value for each type of yarns. The actual rCF
content of the yarns is determined with a muffle furnace (Nabertherm Controller B170) in accordance
with DIN EN ISO 1172: 1998.

Figure 6. Yarn spool (Y_04) (a), cross-section of Y_03 (b) and Y_04 (c).
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RESULTS AND DISCUSSION
The results of the determination of rCF content of yarns show that the rCF content of Group 1 and
Group 2 rCF yarns is 90 and 92 weight percentage, respectively and therefore in accordance with the
calculated values. The effect of air suction pressure on the tenacity of rCF yarns produced with and
without a filament yarn (i.e. part 2 of the core) is illustrated in Figure 3a. It shows that the tenacities of
rCF yarns produced with higher air suction pressure (-48 mbar) are generally higher than those produced
with lower air suction pressure (-28 mbar) for both groups of yarns. A high air suction pressure leads to
an increase in the frictional forces between drum surfaces and sheath fibres and thus to an increased
twisting of the sheath fibre. As a result, rCF yarns become compacter and the fibre to fibre cohesion
increases. Consequently, the tensile strength increases with the increase of air suction pressure. On the
other hand, the elongation at break of hybrid yarns decreases with increasing air suction pressure (Figure
3b). The rCF yarns produced with a lower air suction pressure, have a looser yarn structure, which causes
less cohesion between the fibres. This promotes the sliding of the fibres during stretching, so that the
elongation of yarns increases. Typical strength elongation curves of rCF yarns produced by varying air
suction pressure with and without core filament are illustrated in Figure 3c.

Figure 7. Tenacity (a), elongation at break (b) and strength-elongation curves (c) of rCF yarns.

Furthermore, from the comparison between Group 1 and Group 2 rCF yarns, it can be seen that the
tenacity of yarn is similar at low air suction pressure (-28 mbar). However, the rCF yarn of Group 2 (i.e.
without filament yarn in the core) possesses higher tenacity compared to the Group 1 rCF yarn at high
air suction pressure (-48 mbar). The highest tenacity of 2.7 ± 1.1 cN/tex can be achieved with Y_04. It
seems that the tensile properties of rCF in the core dominates the tensile behavior of the yarn at high
fibre to fibre cohesion as a result of high air suction pressure. The elongation at break of rCF yarns
produced with a filament yarn in the core is significantly higher than that rCF yarns produced without a
filament yarn in the core for both levels of air suction pressure. From Figure 3c, it can be seen that
though the elongation of yarns at maximum force for each group of yarn is similar, the elongation at
break of rCF yarns of Group 1 is higher due to the additional filament yarn in the core.
CONCLUSION
The results of the investigations show that it is possible to manufacture rCF yarns without a filament
yarn in the core on a DREF- 3000 friction spinning machine. With this yarn structure, the inherent
problem regarding the instability between the core filament and staple fibres in the yarn structure of
friction spun yarns can be overcome. Furthermore, yarns with a rCF content >90% with sufficient yarn
strength can be produced. As a low amount of co-polyamide fibre (<10%) is used in the yarn structure,
it is expected that the developed yarns can help to get high mechanical properties in thermoset based
composites.
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ABSTRACT
In this study, single and bifurcated coronary stent samples were fabricated nearly in real use sizes using
variation braiding technology. Fabrication methods of single and bifurcated coronary stents were
introduced and stent diameters, braiding angles, cover factors and flexibility properties of single stents
were evaluated according to their process parameters.
KEYWORDS
Braiding, bifurcated, coronary stent, flexibility, nitinol.
INTRODUCTION
Coronary bifurcation lesions are injuries or disruptions within the coronary arteries and their branches.
In these lesions, treatments should be intervened with cautions. The most common approach for the
treatment is the stenting only the main branch. However, there are some situations, that two-stent
techniques can also be applied for the treatment.
Braided stainless steel/NiTiNOL (Nickel-Titanium-Alloy) coronary stents were designed in a previous
study [1]. Both wire yarns were winded respectively on a paper tube and then braided in a 16 spindle
braiding machine on a stainless steel bar and solidified with a PVA (Polyvinyl alcohol) solution.
Obtained braided stent structures were characterized according to their braiding angles and cover factors.
According to the results, stents with 3 mm inner diameter and 0.08 mm material diameter showed a
cover factor in a range of 17 – 20.9 % and braiding angles in a range of 58 – 79°.
Bifurcated stents were also fabricated as a branched circular stent by using braiding. The manufacturing
process involves the braiding of a single round of braid, a corresponding transformation and two rounds
of the secondary branches, which are identical braids. The main branch includes 24 filaments, which of
every 12 filaments form the secondary branch. A 1:1-1 braiding pattern was used in the study because
this pattern provides better material density and radial force properties [2].
Variation braiding method was also used for the fabrication of bifurcated braided stent structures [3]. In
order to braid the technical materials like NiTiNOL wire yarn, some adjustments had to be done for the
yarn feeding, carriers and the equipment of the carriers. It was shown that bifurcated braided stents can
be fabricated with variation braiding method in bigger sizes compared to the sizes of the coronary stents
and has also the potential to fabricate these structures in real use sizes.
This study aims the fabrication of braided single and bifurcated NiTiNOL coronary stents for the
treatment of coronary bifurcation lesions nearly in real use sizes using variation braiding.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
In this study, NiTiNOL wire yarn (Fort Wayne Metals LLC, Ireland) with a diameter of 0.1 mm was
used for the braiding of single and bifurcated structures. A variation braiding machine (VF 1-4-32-140,
Herzog GmbH, Germany) was used for the process. The braiding machine is equipped with 4  4 horn
gears, maximum of 32 yarn carriers and with 24 selectable pneumatic cross sections. This technical
equipment make a fully automatic pattern change and braiding of a bifurcated structure possible. Within
the preliminary tests, an appropriate retraction spring type (brown) for a material of 0.1 mm wire yarn
and an appropriate polypropylene yarn as a core yarn (diameter ca. 3 mm) were chosen.
Figure 1 illustrates the used braiding rapports for braiding of single and bifurcated stent structures. For
the braiding of a single stent structure, 16 yarn carriers were used to generate the stent structure as shown
in Figure 1-a. In Figure 1-b, a braiding rapport with 32 yarn carriers for the main branch of a bifurcated
stent structure is shown. Necessary cross sections which have to be changed for the further motion of
yarn carriers to position for the side branches are also shown. After the necessary changes of cross
sections and the positioning of yarn carriers, the braiding rapport in Figure 1-c can be obtained. A
modified tubular binding was used for the transition from the main branch to the side branch of the
bifurcated structure, which provides more sufficient closure [4]. Single and bifurcated stent samples
were braided with different lay lengths from 20 to 45 mm.

a)
b)
c)
Figure 1. Braiding rapport for the single stent structure (a), braiding rapport for the main branch of a
bifurcated stent structure with cross sections to change (b) and braiding rapport for the side branches (c) .

Braided stent structures were thermally treated under high temperatures using a muffle furnace (Heraeus
M110, ThermoScientific, United States of America) in order to sinter and then cooled at room
temperature. A design of experiment for sintering was prepared considering the previous study [5] to
compare the flexibility properties of the single stents. Temperature values of 500°C ± 10°C, 550°C ±
10°C and 600°C ± 10°C and a treatment time of 25 min were selected. After sintering, samples were cut
in desired lengths for further analyses. Figure 2 illustrates the braiding process (a) and braided and
sintered single and bifurcated stent samples with actual sizes (b).
Selected stents were analysed using a light microscope (Leica, Germany) under transmitted light
scenario (Figure 2-c). Diameter of wire yarn, stent diameter and braiding angles were measured using
the software of the light microscope. Cover factors were determined using an image analysis method
described in the study [6] as shown in the Figure 3.
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c)

a)

b)

d)

Figure 2. Bifurcated braiding process (a), single and bifurcated coronary stent samples with actual sizes (b),
microscopic image of bifurcated stent sample (c) and compression resistance testing (d).

Figure 3. Process flow of an image analysis method.

Compression resistance tests of single stents were performed using a tensile testing machine
(ZwickRoell GmbH & Co. KG, Germany). Figure 2-d shows a method for compression loading of a
single stent between two parallel plates according to the test method ISO 25539-2. Loading level was
defined as 50 % of the stent diameter. The single stent samples were cut 60 mm long, loaded and
unloaded 5 times up to a defined load level and the flexibility properties of the stents were compared
regarding the obtained compression resistance values.
RESULTS AND DISCUSSION
Diameters of stent samples were measured as 2.5 – 3.5 mm for single stents and for side branches of
bifurcated stents, and as 6.2 – 6.5 mm for main branch of bifurcated stent samples. Material diameter
was measured as ca. 0.1 mm from microscopic images. Braiding angles were varied between 35° and
45°. Table 1 shows the comparison of some chosen stent samples according to their diameters, braiding
angles, geometrical cover factors as calculated in the study [7] and cover factors determined using an
image analysis method. According to the results, cover factors with image analysis method varied
between 18.6 und 22.3 %. Cover factors determined using image analysis method showed approximate
results to the geometrical cover factor values. In all the samples image analysis results showed higher
cover factor values which could be due to the quality of the image processing.
Table 1. Comparison of chosen samples.

1

Diameter of
wire yarn
[mm]
0.1

2
3
4
5

0.1
0.1
0.1
0.1

Sample

16

Diameter of
stent sample
[mm]
3.20

16
16
16
16

3.22
3.34
3.39
3.41

Number of wire
yarns

165

Braiding angle
[°]

Cover factor geometric [%]

36.4

18.80

Cover factor –
Image analysis
[%]
19.20

44.5
36.3
38.0
36.7

20.96
18.03
18.17
17.77

22.29
21.33
22.18
18.68
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Figure 4 illustrates the comparison of the stent samples braided with a lay length of 25 mm and 45 mm
and sintered at 500°C, 550°C and 600°C with a stent diameter range of 3.1 – 3.4 mm. Graphs given at
the right side show the change of compression resistance along the stent diameter in the first loading
cycle. According to the results, all stent samples can be unloaded to their original shapes with a distortion
of approximately under 5%. Best compression resistance value was achieved as ca. 0.09 N/mm with the
stent sample with a lay length of 25 mm and sintered at 600°C. Compression resistance values decrease
at the same treatment temperatures when their lay lengths are longer. This is due to the decrease at the
material intensity along the defined length. Samples sintered at 600°C showed better compression
resistance values in both lay length values. Manual preparation of stent samples can have a significant
role in the evaluation of flexibility properties.
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Figure 4. Comparison of compression resistance results of stent samples with two different lay lengths.

CONCLUSION
In this study NiTiNOL wire yarn was used for the braiding of single and bifurcated coronary stent
samples in nearly practically usable sizes. Stent samples can jump to their original shapes after cyclic
loading, which is an important factor for a successful implantation. Compression resistance values
showed promising results to provide the mechanical basis for an implantation process.
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ABSTRACT
Most textile processing methods are dominated by highly inconstant and dynamic thread demands. In
terms of increasing production speeds in textile industry or the effort not to influence the fabric
appearance by machine stops etc., an effective control and parameterization of the machine is
indispensable. This requires precise knowledge of the actual condition of the thread during processing.
The state of the warp yarn sheet depends, for example, on the current yarn tension or elongation. While
the yarn tension can be easily measured with mobile yarn tension meters, the actual elongation of the
yarns is more difficult to observe in the highly dynamic process.
Since high-speed warp knitting is one of the most dynamic textile production processes, an observation
of the actual elongation states of the yarns to be processed during warp knitting is performed using highspeed optical image acquisition and image recognition algorithms. These experiments and the results
are presented in this paper.
KEYWORDS
Warp knitting, strain, elongation, thread, yarn, measurement.
INTRODUCTION
Warp knitting is a textile manufacturing process that is used in the production of high performance
technical textiles as well as in conventional textiles for clothing or sport industry due to the versatile
pattern formation. The high-performance warp knitting process is characterized by very high production
speeds compared to other textile processing methods like weaving or weft knitting due to the parallel
interlacing of the entire warp threads [1]. Correspondingly, the main shaft can reach enormous rotational
speeds from up to 4400 rpm. However, at such high machine speeds only elastane yarns can be processed
[2,3]. Yarns with higher Young’s moduli or higher tensile strengths are difficult to process via warp
knitting and can only be processed at very low speeds. Furthermore, irregularities quickly occur in the
fabric appearance, which reduces the efficiency of warp knitting and thus the economic efficiency.
In the manufacturing process, warp yarns are supplied by the warp beam while the warp-knitted fabric
is drawn off by the take-down roller. These functional elements are electronically controlled so that the
yarn supply can be adjusted here, but the highly dynamic yarn demand cannot be represented without
restrictions due to the high inertia of the warp beams and the fabric beams.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The stitch formation process area is composed of many complex and overlaying individual movements,
performed by the working elements guide needles, knitting needles and sinker. The individual
movements are precisely described in works regarding the modelling of the yarn movement and the
stitch formation process of high-performance warp knitting, e.g. in [3–5].
However, the yarn demand during the stitch formation is strongly discontinuous and partially negative
due to the spatial oscillation of the guide needles around the knitting needles and the stitch formation
process itself.
The high charges on the thread are neutralized by yarn tension compensators, which are often based on
a deflection rod that is spring-mounted via leaf spring or elastic bands. However, its resonant vibrations
can overlap during the process, which can impair fabric quality [2].
Regarding the analysis of warp knitting, there is a lot research about the yarn tension performed, for
example [6] and [7], since this has significant impact on the load of the processed yarns and is directly
measurable with the aid of high dynamic yarn tensiometers. In contrast to tension measurements,
elongation measurements are much more complex, as the thread must not be touched and therefore
optical analysis methods are required.
Consequently, this work deals with an optical strain measurement of the warp yarns depending on
different machine speeds, in order to gain a better understanding of the warp knitting process and to
discuss the possibilities of reducing the mechanical load on the yarn thread.
MATERIALS AND METHODS
The analysed machine is a Copcentra 3K warp knitting machine from Karl Mayer Textilmaschinenfabrik
GmbH, Germany (formerly LIBA Maschinenfabrik GmbH, Germany). The machine has a theoretical
production speed of up to 4400 rpm, but the type of yarn being processed imposes limitations. The warp
beams were equipped with high tenacity Polyester, purchased at php Fibers GmbH, Ger. The mechanical
properties of the yarns were measured using a Zmart.Pro tensile testing machine by ZwickRoell GmbH
& Co KG, Germany and are listed in Table 1.
Table 1. Mechanical properties of the alalyzed yarn.
Material
Manufacturer
Yarn count
(dtex)
HT-PES
php Fibers GmbH, Ger
140

Yarn diameter
(µm)
232

E-Modulus
(GPa)
13

In order to determine the elongation state of the yarns without affecting the process, the yarns were
marked directly behind the warp beam. For this, 0.5 mm thick markings with a distance of 10 mm were
sprayed across the warp yarn sheet using a 3D printed template. In order to not influence the yarn
properties through capillary actions, an acryl based quick-drying black matt contrast spray purchased at
plus6 Werkzeuge GmbH & Co. KG, Ger was used to mark the yarns.
The elongation of the yarns was determined directly above the stitch formation area in the middle of the
machine width, since pre-experiments have shown that the highest and most dynamic tensile forces
occur there. For the image capturing a Photron Fastcam SA-2X high speed Camera with a set frame rate
of 2000 fps by Photron Deutschland GmbH, Ger and two MultiLED QT Lights by GSVitec GmbH, Ger
were used (Figure 1). A Matlab code was written to track the markers on the 232  284 pixel sized
captured images.
Every pixel had a size of 0.233 mm2. To increase the resolution and thus the accuracy of the
measurement, the monitored areas were scaled up in 0.0466 mm2 subpixel using a linear interpolation
method. The markers were tracked using 2D cross-correlation and strain was calculated by tracking the
change in distance with respect to the distance of the original sprayed markers. Figure 1 shows an
example of the captured marks, whereby the colours have been inverted. The strains were measured at
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seven different speeds of the warp knitting machine, with 600 rpm being the lowest and 2000 rpm the
highest speed.

Figure 1. Experimentals setup with high-speed camera in front of the yarn thread (left) and captured image
with recognized marking pattern (DIC, right).

RESULTS AND DISCUSSION
The yarn path was acquired according to the described method. Figure 2 shows the yarn path of two
tracked markings with an initial distance of 40 mm (right) and only the path of only the upper marking
in a more detailed view (right). The graphs are in good agreement with the work of Franz et al, whereby
the yarn path for a randomly stationary yarn course was simulated and measured in jog mode [5].

Figure 2. Captured yarn path from upper and lower marking patterns (left) and more detailed view on the
upper marking pattern (right).

Furthermore, the strain was calculated based on the depicted yarn paths. Due to the pattern recognition
shown in Figure 1: Experimentals setup with high-speed camera in front of the yarn thread (left)
and captured image with recognized marking pattern (DIC, right) Figure 1 (right, red rectangles),
it is possible, that there is a small offset between the calculated position of the recognized pattern and
the real position of the markings. For this reason, particular emphasis was put on the elongation curve
over one machine revolution. The elongation determined was related to the minimum elongation that
the thread experiences during machine rotation. In this way, the dynamic strain and its amplitudes could
be determined accurately, but the fundamental strain, which could already have been at the minimum
calculated strain, could not be included here. Nevertheless, a comparison of the strain states as a function
of the machine rotation is well possible. Figure 3 shows the calculated strain. While the knitting needles
extend at the beginning of the main shaft revolution, the yarn is pulled back by the tension compensators
Figure 2 (right). At the same time the elongation of the warp threads decreases. Between 120° and 240°,
where the guiding needles swing through and the warp threads and are laid over the knitting needles and
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caught by them, there is proportionally the least elongation on the threads. From 240°, when the knitting
needles move downwards and the sinker goes into the knock-over position, the elongation of the threads
increases constantly. Furthermore, it can be observed very well that the elongation of the warp yarns,
even in the case of the monitored yarn with a high Young’s modulus of elasticity, depends significantly
on the machine speed. While the low speeds (600 rpm, 800 rpm and 1000 rpm) lead to an elongation
amplitude of about 1.5 % at a machine speed of 360°, a higher machine speed (1500 rpm, 1750 rpm and
2000 rpm) results in an elongation amplitude of about 2.5 %.

Figure 3. Calculated elongation depending on the machine rotation speed in rpm.

CONCLUSION
It was possible to show that the elongation of the yarn thread is strongly influenced by the machine
rotation speed, even for yarns with a high Young’s modulus. The collected data can be used in further
research to accurately simulate the warp knitting process, taking into account the elongation states of
the warp yarns. Based on this, approaches can be found to constructively improve the warp knitting
process.
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ABSTRACT
In this presentation, the part of the results of the investigation of possibilities of the formation of the
copper selenide layer on the surface of the different fibres is presented. For the modification of the
researched fibres, the two-stage adsorption-diffusion process was used. Thread waste from Lithuanian
companies was investigated in the work. The aim of these studies is to evaluate the possibility of
evaluating the formation of the layer by observing the change in mass after each cycle of modification.
The presence of a layer of CuxSe particles on the surface of the treated fibres was confirmed by SEM
analysis. The mass gain of modified fibres can be taken as an indicator of the coating process; however,
in the case of natural fibres (especially cellulosic), the possibility of fine fibres pieces falling off should
be considered.
KEYWORDS
Different nature fibres, modification, mass gain, cupper selenide, SEM.
INTRODUCTION
Recently, researchers face the challenging task of finding a way to use industrial waste as secondary
raw material for new applications. At this time, it has often been emphasized that textile waste is one of
the largest sources of pollution in the world. Using industrial textile waste for the creation of new
functional composites is a viable area for the development of sustainable technologies. New composite
materials for special purposes with varying combinations of physical and chemical properties can be
obtained by using polymers modified with thin semiconductive or electrically conductive layers of
binary inorganic compounds. In the past decades, semiconductor nanomaterials have received broad
attention because of their novel electronic, optical, photoelectric, and thermoelectric properties. As an
important semiconductor, copper selenide (CuxSe) with nanostructure has potential applications in
various fields, such as optical filters, highly efficient solar cells, superionic conductors, electro-optical
devices, photo-thermal conversion, electro-conductive electrodes, microwave shielding coatings, etc.
[1].
In this study, the part of the results of the investigation of possibilities of the copper selenide layer
formation on the surface of the different fibres is presented. For the modification of the researched fibres,
the two-stage adsorption-diffusion process was used. In this work, thread waste from Lithuanian
companies was investigated in this work.
The SEM analysis of modified materials surface and the determining of the chemical composition of the
crystal agglomerates are most commonly used to confirm the fact of the successful samples treatment
process. However, in the case of the multicycle modification process, in search of optimal process
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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conditions or in fast pilot experiments, it is appropriate to observe the weight gain of the modified
samples. The textile mass gain can be taken as an indicator of the coating process. Successful
modification of the semiconductor metal oxide cluster compound by a series of Ti:Si molar compositions
of the fibre surface of the cotton textile was also confirmed with an increase in mass [2]. Scientists from
England and Germany studied the possibilities of coating polyester cloth with Cu particles. In this work,
the efficacy of different catalysts was determined by characterising electroless copper plated textiles in
terms of mass gain (after plating), coating coverage, and deposit morphology using SEM [3]. A group
of scientists from the Czech Republic proposed a simple way to prepare electrically conductive
multifunctional fabrics made by imparting copper nanoparticles followed with copper electroplating.
An increase in electrical properties was analysed with the weight gain rate of coated knitted fabric
(Cotton:Nylon:Elastane / 80:15:5) was analysed [4]. Because it is known that chemical finishing on
wool fabric generally increases the fabric weight, this indicator was used to evaluate and explore the
new wool bleaching approach [5].
MATERIALS AND METHODS
The investigated samples were treated in a thermostatic vessel using a continuously stirred K2SeS2O6
solution. The 0.1 mol×dm–3 solutions of K2SeS2O6 in 0.1 mol×dm–3 HCl were used. Then, the samples
were treated with a Cu(II/I) salt solution, and and the copper selenide layers on the samples formed. The
Cu(II/I) salt solution was prepared using a crystalline CuSO4·5H2O and a reducing agent hydroquinone.
It is a mixture of univalent and divalent copper salts consisting of 0.34 M Cu(II) and 0.06 M Cu(I) salt.
A more detailed modification method is provided in a previously published article [6].
The mass of the investigated fibre samples was measured with AB104-S Analytical Balance (Mettler
Toledo) featuring a measurement range of 110 g ± 0.1 mg, a scale interval of 0.1 mg and an error
(0 ± 0.1) mg. The percentage change in the mass of the samples m was calculated according to the
formula:

m  ((mn  m0 ) / m0 ) 100%

[1]

where, m0 is the mass of an untreated sample (mg); mn is the mass of the sample after treatment (mg);
n is the number of the treatment cycle.
Nine types of waste from different fibres (cotton, flax, bamboo, ramie, wool, PES, PA6, PA66, and
PAN) were used for this experiment.
RESULTS AND DISCUSSION
This work used a two-step adsorption/diffusion method for the formation of a copper selenide coating
on the surface of different nature fibres threads waste has been successfully applied to the modification
of wool fibres in previous work [6]. In order to reduce emissions from industrial textile waste, unused
residues of various fibres can be adapted for the development of new functional composites. The
possibilities of modifying the samples under analogous conditions of other different polymeric nature
fibres were investigated.
A successful course of the treatment process is the visible change in the colour of the investigated fibres.
The change in colour of the investigated samples from white to grey indicates the formation of copper
selenide crystals on the surface of the thread microfibers. By repeating the modification cycles, the
coating layer of CuxSe thickens and the fibre samples become completely black (Fig. 1)
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PAN
Bamboo
Ramie
Figure 1. Example of modified fibres (from left to right): before treatment, after the first cycle of treatment,
after the second cycle of treatment.

In the case of the modification of the wool fibres, the formation of a CuxSe crystal coating was visibly
confirmed by an increase in the mass of the investigated wool fibres after each treatment cycle (Fig. 2).

Figure 2. Influence of the number of treatment cycles on the fibres mass change [6].

As can be seen in Figure 3, a similar tendency of results was obtained for synthetic fibres. It can be seen
that the mass growth of different nature synthetic fibres differs and the mass growth of PES fibres clearly
increases less, but in all cases, we can see the nature of the tendentious process.

60

40

40

20

m, %

m, %

Meanwhile, in experiments with some natural fibres, it has been observed that the mass of the test
specimens often decreases after the first treatment cycles. Although the SEM examination showed that
the first crystal agglomerates were already formed on the surface of all fibres after the first treatment
cycle (Fig. 4), the split-off of short parts of the fibres during the treatment process resulted in an overall
decrease in sample weight.

20
0

PA6
1 cycle

PA66
2 cycle

PES
3 cycle

0

Cotton

Flax

Bamboo

Ramie

-20

PAN

1 cycle

4 cycle

Synthetic fibers

2 cycle

3 cycle

4 cycle

Cellulose fibers

Figure 3. Variation in the mass of fibres of different nature during the process of modification with copper
selenide.
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Both the photos of the treated thread in Figure 1 and the SEM images in Figure 4 show that after the
first cycle of modification, the surface of the cellulosic filaments is not yet covered with a continuous
layer of copper selenide crystals.

Cotton

Flax

Ramie

Figure 4. SEM images of copper selenide coated fibres after the first treatment cycle (mag. 1000).

Greater weight loss after the first cycle was observed by treating the threads with higher hairiness such
as flax and ramie, but a similar decrease of mass was also observed for cotton.

Cotton

Flax

Ramie

Figure 5. SEM images of copper selenide coated cellulose fibres after the second treatment cycle (mag.
1000).

Although the copper selenide coating layer formed on the surface of the fibres after the second treatment
cycle visibly thickens (Fig. 5), the loss of mass of the high-hairiness fibres due to short part breakdown
is the factor that decides the peculiarity of fibres mass gain. In all cases, the situation changes only after
the third or even fourth cycle of treatment. It can be assumed that the growing and thickening layer of
copper selenides strengthens and splices the fine filaments of the treated fibres, which causes the mass
of the samples to increase visibly.
Therefore, the experiment showed that the weight gain dependence of the investigated samples after the
first few treatment cycles may be inaccurate when working with natural cellulosic fibres.
CONCLUSION
The experiment showed that monitoring the weight gain of the samples after each treatment cycle is a
suitable way to evaluate the growth of the cupper selenide crystal layer when the yarns of synthetic
polymer fibres and wool are modified.
In the case of natural cellulose, monitoring of fibre mass growth after the first treatment cycles does not
provide accurate data due to the separation and fall of fine particles of modified fibres.
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ABSTRACT
This study investigates the influence of 3D weft-knitted fabric fibre composition on the risk of puncture
and tear and evaluates the air permeability of these protective knits. For this purpose, different 3D weftknitted fabrics, consisting of outer (protective), binding, and inner (suitable for contact with skin) layers,
were produced on an E20 circular weft-knitting machine using different quantities of high molecular
weight polyethylene (HMWPE) (from 49% to 24%) and inorganic yarns (from 0% to 23%) in the outer
layer while the quantity of polyester in the inner layer and polyamide in the binding layer was kept the
same. The puncture and tear resistance tests were conducted to determine the resistance of the 3D weftknitted fabrics to mechanical risks. The air permeability test was performed to assess the comfort
properties of the protective 3D weft-knitted fabrics. According to the puncture and tear resistance testing
results, it was determined that the highest HMWPE percentage content in the outer layer of 3D weftknitted fabric provided the highest resistance to these mechanical risks. Based on the air permeability
test results, it was found that knit with the highest inorganic yarns content in the outer layer achieved
the highest air permeability value.
KEYWORDS
3D weft-knitted fabric, puncture resistance, tear resistance, mechanical risk, air permeability.
INTRODUCTION
Every year, many workplace injuries occur in the world that can be prevented by using appropriate
protective clothing/personal protective equipment [1]. Puncture and tear resistance are among the
mechanical properties required in protective clothing in order to avoid serious injuries in the workplace
[2]. Textile materials are complex therefore investigations of puncture also tear resistance are highly
demanded to determine the effect of different parameters of knitted fabrics on such mechanical risk
[3,4]. Also, comfort properties such as air permeability is an important characteristic that should be
evaluated as well because the wearer can perform well only if feels comfortable when wearing personal
protective equipment [5,6].
This study aimed to determine the influence of 3D weft-knitted fabric fibre composition on the puncture,
tear risk and to evaluate the air permeability of these protective knitted fabrics.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
For this study, different 3D weft-knitted fabrics, consisting of outer, binding, and inner layers, were
produced on a E20 circular weft-knitting machine using different quantity of high molecular weight
polyethylene (HMWPE) (from 49% to 24%) and inorganic yarns (from 0% to 23%) in the outer layer
while the quantity of polyester yarns in the inner layer (46%) and polyamide yarns in the binding layer
(6%) were kept the same.
Prior to the test procedures all specimens were conditioned for 24 h under standard conditions according
to standard EN ISO 139:2005 [7]. The puncture and tear resistance tests were performed to determine
the resistance of 3D weft-knitted fabrics to mechanical risks in accordance with EN 388:2016 [8]. A
SATRA STM 566 Tensile testing machine was used for the puncture resistance testing to determine the
force required to cause a standard puncture needle to break through a knitted fabric. The test was
performed at a test speed of 100 mm/min on four different specimens for each knitted fabric. A SATRA
STM 566 Tensile tester was used to determine the maximum force necessary to propagate a tear in a
rectangular specimen of the 3D knitted fabric slit halfway along its length. Trouser-type samples
(100x50 mm) with an incision in the longitudinal direction of the sample were investigated, i.e., four
specimens were cut both in the course direction and the wale direction. The test was performed at a test
speed of 100 mm/min.
The air permeability of 3D weft-knitted fabrics was investigated in accordance with EN ISO 9237:1995
[9] using a pressure of 200 Pa. Ten tests were conducted for each 3D weft-knitted fabric.
RESULTS AND CONCLUSION
Based on the analysis of the results, it was determined that the puncture and tear resistance of 3D weftknitted fabrics is significantly affected by the HMWPE content in the knitted structure: the highest
resistance to these mechanical risks was determined of the knitted fabric with the highest percentage of
HMWPE in its structure. All the investigated 3D weft-knitted fabrics comply with the highest levels of
puncture and tear resistance, i.e. level 4 (Puncture resistance=≥150 N, Tear resistance =≥75 N) in
accordance with EN 388:2016. Thus, it can be concluded that all the investigated 3D weft-knitted fabrics
provide high levels of protection against puncture and tear risk. The results of air permeability showed
that the air permeability of 3D weft-knitted fabrics enlarges by increasing inorganic fibre in the structure:
the highest air permeability value was achieved in the knitted structure with the highest inorganic yarns
content.
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ABSTRACT
This work investigates the impact performance of sandwich composites made of polyurethane/p-aramid
(Kevlar®, K129) fibre waste/paper cardboard core and Kevlar® fabric edge wastes face materials.
Kevlar® waste fibres were added the core part at various weight ratios (2%, 5%, and 10%). Sandwich
composites were performed under 50J, 100J and 200J to compare their impact resistance. Impact tests
indicated that the addition of Kevlar® waste fibres increased the energy absorption capacities of
sandwich composites compared to neat core sandwich composites. However, they showed lower impact
force values due to distortion of cardboards during manufacturing of sandwich composites.
KEYWORDS
Sandwich composites, p-aramid fibres, waste fibres, impact response.
INTRODUCTION
Sandwich composites have high mechanical performance with their low weight. These properties of
sandwich composites reduce the both cost and environmental impacts [1]. The impact load could be
caused a catastrophic failure on sandwich composites due to insufficient face strength and core
properties [2,3]. There are many studies on the mechanical, impact and post-impact properties of
sandwich composites designed using honeycomb, foam or novel cores [4–11]. In most sandwich
composites, high-cost commercial cores and faces are used. However, it is possible to ensure the
widespread use of sandwich composites with the low-cost and sustainable materials. In this study,
Kevlar® fibre wastes are both used in core and faces of sandwich composite. The impact response of
Kevlar®/epoxy face sandwich composites integrated with cellular cardboard/PU foam/Kevlar ® fibre core
at different energy levels.
MATERIALS AND METHODS
Core manufacturing
Paper cardboard with 12 mm cell dimension and 10 mm thickness was used as the skeletal structure of
cores. The thickness of cardboard paper was 2 mm. The cardboards were filled with 0% (neat), 2%, 5%
and 10% wt. of carding waste Kevlar® fibre reinforced Polyurethane (PU) rigid foam. The carding waste
Kevlar® fibres are in average length of 9.2 mm and in average diameter of 12 µm. Kevlar ® fibres were
mixed with polyol component of PU foam in two stages. In the first stage, pre-mixing was provided
with a mechanical mixer (Isolab, Germany) for 5 minutes at a temperature of 23±2°C and a mixing
speed of 500 rpm, then the mixing speed was gradually increased to 2000 rpm and the mixing process
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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was continued for another 15 minutes at this speed. In the second step of the mixing process, an
ultrasonic bath (35 kHz, Isolab, Germany) was used at a temperature of 23±2°C for 5 minutes. After
that, isocyanate was added and manually mixed with Kevlar® fibres/polyol. The mixture was moulded
at a press at room temperature as illustrated in Figure 1.
Sandwich composite manufacturing
Sandwich composites were produced by using cellular cardboard/PU foam/Kevlar ® fibre as core and
Kevlar® fabric edge wastes as face materials. Yarn linear density of Kevlar ® fibre is 3000 denier and
weft yarn density of the fabric edge is 8 ends/cm. Kevlar® fabric edge has also polyester warp yarns in
the density of 12 ends/cm. The width of the Kevlar® fabric edge is about 65 mm. These fabric edges
were firstly layered as biaxial performs at [0°/90°]5 orientation by using a laying mechanism with
50 × 50 cm frame and 2 cm pin distance. After completing the laying of the bottom face of sandwich
composites, the core is placed and then continued to laying the top face.

Figure 1. Mixture and moulding of PU foams.

Figure 2 shows the manufacturing stages of sandwich composites. The VARTM method and epoxy resin
system (Hexion MGS LR160 resin/Hexion MGS LH160 hardener, 100/25) was used for consolidation
and the sandwich composites are online consolidated without removing from the frame to provide
structural integrity. Totally, four type of sandwich composites are produced and defined as UC12-10PU0 (neat PU core), UC12-10-PU2 (2% Kevlar® fibre reinforced PU core), UC12-10-PU5 (5% Kevlar®
fibre reinforced PU core) and, UC12-10-PU10 (10% Kevlar® fibre reinforced PU core).

Figure 2. Sandwich composite manufacturing, laying (a) and VARTM (b) process.

Impact test
The impact tests were performed on CEAST 9350 drop test device at three different energy levels as
50J, 100J and, 200J according to ASTM D7136-15 test standard. The tip was used in hemispherical
geometry with a diameter of 20 mm. The dimensions of sandwich composites were 100 × 100 mm.
Three specimens were tested for each sample. Impact test specimens were placed between the frame
with a 40 mm circular hole and a clamping mechanism at the top and bottom as shown in Figure 3.
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Figure 3. Impact test of sandwich composites.

RESULTS AND DISCUSSION
Impact test results of sandwich composites for 50J, 100J and 20J energy levels are presented in Table 1.
The peak forces, deformations and absorbed energy increased with increasing impact energy. Peak
force-time, peak force-deformation and energy-time histories of the sandwich composites are presented
in Figure 4 for 50J impact energy. According to the force-time histories, the sandwich composites
without carding waste Kevlar® fibre (UC12-10-PU0) showed higher impact strength while it showed
less deformation under impact load. This shows that there can be an increase in ductility with the
addition of fibres. It was seen that the sandwich composites containing 5% (UC12-10-PU5) and 10%
(UC12-10-PU10) fibres had higher energy absorption ability than other composites in the energy-time
graphs. It can be said that the absorbed impact energy increases with the increase in fibre reinforcement
in the core part of the sandwich composites.
Table 1. Impact test results of sandwich composites.
Impact
energy

50J

100J

200J

UC12-10-PU0

Peak force
(N)
11180 (±1691)

Deformation
(mm)
42.98 (±4.26)

Absorbed energy
(J)
12.75 (±1.51)

UC12-10-PU2

10473 (±1291)

36.23 (±6.66)

11.03 (±2.52)

UC12-10-PU5

11806 (±814)

45.99 (±4.54)

14.68 (±1.72)

UC12-10-PU10

9562 (±808)

43.23 (±3.13)

14.60 (±1.66)

UC12-10-PU0

15531 (±2140)

93.77 (±5.5)

19.90 (±0.57)

UC12-10-PU2

12310 (±1956)

81.74 (±12.2)

16.47 (±3.48)

UC12-10-PU5

13316 (±1458)

91.47 (±3.53)

17.82 (±1.36)

UC12-10-PU10

10070 (±1119)

95.58 (±2.48)

15.91 (±1.07)

UC12-10-PU0

17917 (±1871)

195.70 (±4.8)

19.81 (±3.97)

UC12-10-PU2

19641 (±1424)

179.2 (±7.49)

21.85 (±4.61)

UC12-10-PU5

12780 (±197)

205.9 (±1.38)

21.97 (±7.45)

UC12-10-PU10

10122 (±1242)

210.3 (±0.99)

16.02 (±1.38)

Sample

Figure 4. Peak force-time, peak force-deformation and energy-time histories of the sandwich composites
at 50J.
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Peak force-time, peak force-deformation and energy-time histories of the sandwich composites are
presented in Figure 5 for 100J impact energy. The impact tip could not penetrate in the samples at 100J
as 50J impact energy. It is possible to understand this situation from the closed curves in the force-time
histories. It is seen that the sandwich composites without fibre (UC12-10-PU0) and containing 5%
(UC12-10-PU5) fibre have close impact strength, while other sandwich composites have lower impact
strength. Absorbed energy amounts are similar for all samples.

Figure 5. Peak force-time, peak force-deformation and energy-time histories of the sandwich composites
at 100J.

Peak force-time, peak force-deformation and energy-time histories of the sandwich composites are
presented in Figure 6 for 200J impact energy. As seen in the force-deformation histories, the impact tip
penetrated the composites containing 5% (UC12-10-PU5) and 10% (UC12-10-PU10) fibres. The 2%
fibre reinforced sandwich composites (UC12-10-PU2) showed the highest impact force. The energy
absorption of UC12-10-PU10 is higher than those of UC12-10-PU0, UC12-10-PU5 and UC12-10PU10.

Figure 6. Peak force-time, peak force-deformation and energy-time histories of the sandwich composites
at 200J.

CONCLUSION
In this work, the impact performance of sandwich composites made of polyurethane/Kevlar ® fibre
waste/paper cardboard core and Kevlar® fabric edge wastes face materials. Impact performance of
sandwich composites under 50J-200J showed that addition of Kevlar® fibre wastes into the core parts
of the sandwich composites enhanced energy absorption performance. In addition, energy absorption
increased with increasing of Kevlar® fibre content. The possible applications of the sandwich composites
could be automotive, defence and construction by considering the potential thermal and sound insulation
properties.
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ABSTRACT
Cognition of unique historical-cultural heritage is very important for each country. It not only enables
to identify itself as unique unit, but also to separate itself in the context of the world. One of the values
of tangible heritage is folk textile, the geographic, folk and historical-political aspects of which decide
its uniqueness and distinctiveness.
KEYWORDS
Folk towels, weaving technique, pattern, decor, similarities and differences.
INTRODUCTION
Traditional Western Ukrainian and Lithuanian woven towels are valuable asset of material and spiritual
culture. They are the most expressive in their décor items by interior, ceremonial and household
functions. Study of towels is conducted on two complementary levels – international (Ukrainian and
Lithuanian context) and interdisciplinary (technological and artistic features).
Different authors have analyzed technological, ethnological and artistic peculiarities of folk textile in
Western Ukraine and Lithuania: weaving technique, weave, raw material, yarn structure, colour, pattern,
decor and ornamentation, way of use in interior, etc. [1–4] However, these technological and artistic
features of both countries were not compared one to each other. Thus, the aim of the article is to analyze
weaving techniques, artistic and stylistic parameters of Ukrainian and Lithuanian woven towels and to
set up general and unique features of their decor.
MATERIALS AND METHODS
The most typical for Western Ukraine woven towels from Lviv, Radyvyliv, Kolomyia, Kosiv, IvanoFrankivsk, Krylos and Lutsk museums and Lithuanian towels from Rumšiškės, Klaipėda, Kretinga,
Vilnius and Kaunas museums were investigated. 384 exhibits from 6 Lithuanian museums and 256
exhibits from 9 Western Ukrainian museums were analysed seeking to investigate ornamentation of folk
towels of Lithuania and Western Ukraine (Table 1).
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Table 1. Lithuanian and Western Ukrainian museums.

No.
1.
2.
3.
4.
5.
6.
7.
8.
9.

Museum
Abbreviation
Museum
Abbreviation
Open Air Museum
OAML
Museum of Ethnography and Crafts of
MEC
of Lithuania
Ethnology Institute of the National
(Rumšiškės)
Academy of Sciences of Ukraine (Lviv)
Kretinga Museum
KM
Klementii Sheptytskyi Museum of Folk
MFARL
Architecture and Rural Life (Lviv)
History Museum of
HMLM
Andrey Sheptytskyi National Museum in
NML
Lithuania Minor
Lviv
(Klaipėda)
Šilutė Hugo Sheu
SM
National Museum of Hutsulshchyna &
NMHP
Museum
Pokuttia Folk Art (Kolomya)
National Museum of
NML
Zakarpattia Museum of Folk
ZMFARL
Lithuania (Vilnius)
Architecture and Rural Life (Kosiv)
Lithuanian Museum
LAM
Ivano-Frankivsk Regional History
IFRHM
of Art (Vilnius)
Museum
National M. K.
NCMA
Private Collections from Kosmach
KPC
Čiurlionis Museum
village, Kosiv district, Ivano-Frankivsk
of Art (Kaunas)
region
Ternopil Regional History Museum
TRHM
Volyn Regional History Museum
VRHM
(Lutsk)

Analysis of folk towels was performed in museum funds. Exhibits were photographed and fabric
structure parameters, which can be established only by organoleptic method, were determined: warp and
weft raw material, decoration or finishing techniques, and so on. Metric ruler, needle, and textile lens
were used for other parameters of fabrics: warp and weft settings, weave and colour repeats etc. Other
fabric parameters (weave, weaving technique) were determined from the photos.
RESULTS AND DISCUSSION
Comparing towels from different ethnographic regions of Lithuania and Western Ukraine, more
differences than similarities were found. At first, magnitude and weaving technique of the main part of
towel differ. Broken twill weave, which influences on broken “herringbone” line in the woven fabric, is
noticed the most often in the main Ukrainian towel part. The “herringbones” are distributed in
longitudinal direction, rarer – in transversal direction of the towel.
However, the main part of Lithuanian towels usually is woven with more compound weaves and
weaving techniques. Towels woven with damask weaving technique are the most common, where
weaves with predominant warp floats alternate with weft weaves (Figure 1). Also, overshot of fourharness, rarer those of eight-harness towels are also quite popular.
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Figure 1. Damask towel NČDM E5106, Aukshtaitija.

It is necessary to mention that among the exhibits of the Volyn region of Ukraine, several examples
close to Lithuanian towels were found.
Comparing the length of the main part of Lithuanian and Ukrainian towels, it is emphasized that only
the ends of the towels were decorated in Lithuanian towels, while in Ukrainian towels the main part of
the towel is sometimes completely short.
The largest part of such towels consists of multicolored interweavings, in which red, black, yellow or
orange colours dominated. Weaving techniques other than the main part of the towel are also used in
these towels.
If plain weaves predominate in the main part of the towels, the most common of the so-called "beatenup" techniques and / or small pick-up patterns arranged in the horizontal direction are the most common.
The "beaten-up" technique is special in that the wefts are beaten-up so badly that they completely
obscure the warp of the fabric. The weft rib, rarer plain weave were used the most often for this weaving
technique.
Lithuanian, as well as Ukrainian, towels are also characterized by interweavings of other colors, but
their variety of colors and weaving patterns is much smaller. In Lithuania in the 19 th century and the
beginning of the 20th century towels are decorated with purchased, high-quality cotton yarn called
“zhichkai”.
Red, much less often blue, and even less often combinations of these colors or other colors "zhichkai"
were chosen (Figure 2). The strips of "zhichkai" interweavings are narrower and reach from a few to
several centimeters compared to the interweavings of Ukrainian towels. Wider interweavings are met
very rare. The width of the embossing and the layout of the strips depend largely on the region in which
the towel is woven. The widest interweavings are characteristic for Zhemaitija towels and the narrowest
interweavings – for Dzukija towels.
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Figure 2. Towels called “perebyrani”: a – Polissia, NML T-1611; b – Polissia, VRHM D-304 KB-27330;
c – Polissia, MEC EP76057; d – Zhemaitija, NČDM E3003.

The Lithuanian folk towels were decorated in quite different ways: with lace of cotton yarns of different
widths and styles, usually crocheted by hand (Figure 3). Instead of lace, the ends of the towels are
sometimes finished with tassels made of warp ends or additionally tied, which are decorated with pins
made from them.

Figure 3. Crocheting: a – MEC ST-1373, KV-18413, EP-75319; b – MEC ST-1023, KV-15444, EP-23012;
c – NČDM E969; d – NČDM E5283.

Folk towels from the regions of Western Ukraine are also decorated with tassels of various lengths. Pins
or lace can also be found much rarer. Nevertheless, the main decoration of Ukrainian towels is based on
the already mentioned ornate, rich and colorful interweavings.
Meanwhile, Lithuanians also decorated towels with various embroidery techniques, mostly with motifs
of plant patterns or monograms. It should be noted that the researchers in the reviewed collections of
the Lviv Museum were not obtained in the embroidered Ukrainian towel.
CONCLUSION
It can be stated that Western Ukrainian and Lithuanian folk towels has some unique and universal
parameters comparing their weaving techniques, weaves, colours, decor and ornamentation. The
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comparison of these parameters is sensitive, because both countries have similar history and geopolitical
situation in Europe.
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ABSTRACT
The outbreak of Coronavirus Disease 2019 (COVID-19) has triggered great global public health
concerns. Face masks are essential tools to reduce the spread of SARS-CoV-2 from human to human.
However, there are still challenges with extending the serving life and maintaining the filtration
performance of the current commercial masks. Filters composed of ultrafine fibers with diameters down
to tens of nanometers have the potential to physically block viruses. The idea of developing an
electrospun membrane with these ultrafine fibers to be integrated into the mask seems an innovative
idea. A right mechanism must be developed to make it happen. This study presents the development of
an electrospun membrane on a non-woven support by using thermoplastic polyurethane (TPU) for face
masks.
KEYWORDS
Electrospinning, face mask, thermoplastic polyurethane (TPU), nanofibers, filtration.
INTRODUCTION
Epidemics and pandemics of viral and respiratory infections are commonplace nowadays. In fact, since
the beginning of this century, we have witnessed several of them [1], the most recent of which is the
severe acute respiratory syndrome caused by Corona Virus 2 (SARS-CoV-2) or more commonly known
as Covid-19. Faced with this virus, personal protective measures such as masks are the most widespread
and most accepted by the population. There are several vaccines against this virus currently, but with
the number of necessary doses for individuals to take to participate in daily life seemingly ever
increasing, confidence is gradually being eroded [2]. It is also important to note that although the vaccine
has been administered, wearing a mask is still mandatory to access many services. The aim of this project
is to develop a high-quality alternative mask for the public, dedicated to the fight against pandemics,
while being comfortable, washable, with high filtration performance, and manufactured on an automatic
machine. In France, there are factories producing spunbond and meltblown nonwovens dedicated to
other applications (hygiene for example) however their production lines are not capable of
manufacturing a media for masks. The idea is therefore to develop a media by using the existing nonwoven technologies like carding and spunlace processes. These technologies are more versatile with
high production capacity (more than 0.5 million m² per day and per line) and allow the use of blends of
fibers with multiple properties for moisture management, control of the rigidity of the mask, the
dimensional stability following washing, etc. The developed mask, which is in between cloth masks and
medical masks, should filter the aerosols smaller than 3 µm and have a good washing resistance. This
washable mask will be composed of three layers. The two exterior layers are made of non-woven textiles
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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(produced by carding and spunlace processes) encompassing inside an electrospun membrane. The
electrospun membrane is used to improve the filtration efficiency of the developed mask which should
have a performance as well as medical masks (Type I) or to obtain a mask that can filter particles equal
to or less than 3 μm (cloth masks) [3]. There is a growing interest in using the electrospinning technique
for non-woven production as it is one of the easiest and simplest production techniques. Electrospinning
is a versatile and viable technique to produce continuous fibers with diameters of several micrometers
to a few nanometers from polymer solutions or melts. The electrospinning setup consists of a high
voltage power supply, a syringe pump, a spinneret, and a conductive collector (static or dynamic).
During the electrospinning process, a high electrical potential (between 5 to 30 kV) is applied to the
droplet of the polymeric solution extruded from the spinneret. This electrostatic charge accumulates on
the surface of the liquid droplet and deforms it into a cone called a Taylor cone [4]. When the
electrostatic force opposes the surface tension of the liquid, the jet is stretched and split into ultrafine
fluids. Ultrafine fibers will be collected on the conductive collector (randomly or aligned) as the solvent
evaporates and the fluids solidify. Adjusting the electrospinning parameters such as electric field, tip to
collector distance, feed rate, needle diameter, and polymer solutions parameters can control the
nanofibers’ diameter. Although, it exists different natural and synthetic polymers, which can be used
with this process, a thermoplastic polyurethane (TPU) was preferred in this study due to its proper
mechanical performance [5–6]. Two different TPU were used in order to see the influence of the fiber
diameter on filtration properties. In addition, the electrospun membranes were realized by using different
duration to analyse the relation between density and filtration capacity. Morphology of electrospun
membranes was analysed by using scanning electron microscope (SEM) images and the breathability of
masques, which has an utmost importance, was characterized by air permeability measurements.
MATERIALS AND METHODS
Materials
TPU Lubrizol (TPU1) was purchased from Lubrizol (Belgium) and TPU 5760 (TPU2) were supplied
from Coim (Italy). Dimethylformamide (DMF) 99.8% and Tetrahydrofuran (THF) 99.9% were
purchased from Sigma Aldrich (France). Nonwoven (NW) DU1-A1F (a polyester-based cardedhydroentangled nonwoven) developed in ENSAIT laboratory was used as a support while
electrospinning.
Methods
Electrospinning Process
TPU1 and TPU2 (11% by weight) were dissolved in 50 DMF/50 THF. Solutions were stirred at room
temperature (25 ± 3°C) for 5 hours. Bioinica Fluidnatek LE-50 (Bioinicia, Spain) was used as
electrospinning cabin (syringe capacity 20 ml, nozzle diameter 0.5 mm). A dynamic collector was
covered either by a non-woven support or an aluminum foil to obtain electrospun membrane (web) alone
without non-woven. Electrospinning conditions for TPU1 and TPU2 are presented in Table1.
Table 1. Electrospinning parameters used for TPU1 and TPU2 polymers.
Flow rate
Voltage
Tip to collector
Rotation speed
Polymers
(mL/h)
(kV)
distance (cm)
(rpm)
1
12
19
200
TPU1
0.2
22
20
200
TPU2

Duration
(minutes)
15, 30, 45, 60, 90
90

Morphological Properties
Morphological properties of prepared electrospun membranes were observed by a scanning electron
microscope (SEM) (Phenom ProX, Thermo Fischer Scientific). Digimizer measuring software was used
to measure the average diameter of nanofibers, 50 measurements were done from different zones of each
sample.
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Air Permeability
Air permeability was determined with the FX3300 (Textest, Switzerland) device according to ISO
9237:1995 in L/m²/s. It corresponds to an air flow passing perpendicularly through a fabric area of 20
cm2 and under a pressure of 100 Pascal.
Filtration Performance
The filtration efficiency was measured by using the filtration bench. Developed nonwoven, electrospun
structures with a surface area of 100 cm² were placed on the bench and the particles of NaCl 5% (particle
size distribution from 0.2 to 3 µm) were generated and projected through textile substrates with a volume
flow rate of 7.2 m3/h. The filtration bench measures the number of particles retained by the textile
substrates: upstream and downstream. The test bench gives the filtration efficiency (y-axis) of a filtering
media according to the particle size (x-axis). The filtration bench also measures the pressure drop which
is the pressure difference between the upstream and downstream of the textile substrate for a particle
flow rate of 0.2 m/s. The pressure drop correlates with the air permeability results. A high-pressure
difference between the forward and rear parts of the textile substrate means that the tested media is
poorly breathable.
RESULTS AND DISCUSSION
SEM images (Figure 1) clearly show the adherence of TPU nanofibers on non-woven structure and the
homogeneity of nanofibers distribution.

(a)

Figure 1. SEM images of (a) TPU1-45min (b) TPU2-90min.

(b)

It can be observed that the electrospun nanofibers are beads free. The measured diameters are between
980±260nm for electrospun TPU1 nanofibers and for electrospun TPU2 nanofibers 620±110 nm.

(a)
(b)
Figure 2. (a) Air permeability for different samples and (b) pressure drop for different samples.

193

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

According to the AFNOR SPEC S76-001:2020, a filter media is considered as breathable from 96 L/m²/s
and highly breathable from 138 L/m²/s [8]. All membranes are breathable (Figure 2 (a)) but TPU1
membrane alone (electrospinning on aluminium foil). Moreover, the results obtained for pressure drop
(Figure 2 (b)) confirm the results obtained from air permeability. The low air permeability and high
pressure drop values obtained for TPU1 membrane alone show that it is poorly breathable. By using
non-woven structure on the collector, the electrical field between needle tip and collector is modified
and less nanofibers are collected on non-woven structure which decrease the nanofibers’ density thus
create an increase in air permeability. SEM images confirmed this hypothesis.
The Figure 3 presents the filtration results. The addition of an electrospun membrane of TPU greatly
improves the filtration capacity of the non-woven even for the particle sizes smaller than 1 µm. The
most efficient membranes for filtration are those of TPU1-90 min on an aluminium foil (web alone) as
they have a higher density. Although it has the best filtration properties, it can’t be used to develop a
face mask because of its low air permeability properties. Thus, electrospinning on a non-woven is the
best choice to have breathable face mask. In addition, it is more ecological and economical to produce
directly on a non-woven for an industrial production process instead of having two-step production
(electrospinning of the membrane and assembly with non-woven). Concerning electrospinning on nonwoven support, the most efficient in filtration seems to be those of 45 minutes and 90 minutes of
electrospun TPU1 for the particles smaller than 1 µm. When TPU1 is compared to TPU2, it can be seen
that TPU2 has a higher filtration capacity from 1 µm particle size. This can be explained by fiber
diameter which is smaller than TPU1.
DU1-A1F =
NW

Filtration efficiency (%) [NaCl 5% ;
m3/h ;0,8 bar]

100%
90%
80%

TPU1-15
mins

70%
60%

TPU1-30
mins

50%
40%

TPU1-45
mins

30%
20%

TPU1-60
mins

10%
0%

0,1

1
Particles size (µm)

10

TPU1-90
mins

Figure 3. Comparison of filtration efficiency of DU1-A1F compared to the electrospun membranes.

CONCLUSION
In this study, TPU-based electrospun nanofibers were assembled with nonwoven structure for face
mask’s application. Initially, TPU1 (Lubrizol) was used to develop this electrospun membrane and
satisfactory filtration and breathability results were obtained comparing to a non-woven structure. As
the fibers obtained with this polymer were quite thick (980±260nm), another TPU (Coim) was used to
decrease the fiber diameter in order to improve filtration properties. The filtration was better with TPU2
comparing to TPU1 from 1 µm particle size. Future studies will focus on the optimization of conditions
for TPU2, the usage of other polymers like polyamide 6 and the comfort and durability tests (washing,
abrasion, …) of these developed masks.
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ABSTRACT
In the article author introduces the problems and challenges of current world concerning sustainability.
We have one planet and we should take care of it. Unfortunately, we are exploiting the Earth natural
resources as they were endless. We, as humanity, use all natural resources, available in one year, in half
of year. The 6th mass extinction of the animal species has begun. Four reasons for the sustainability crisis
are defined (world economic system, overproduction, consumerism and set of values). The solutions for
the sustainability crisis should not use the same thinking which we used when we created it. The
stakeholders who have the power to make a change are defined (consumers, economy, legislators).
Examples of good practices are presented (Green deal, Patagonia). Education is introduced as the
strongest tool to make a long-term and long-lasting change. Values for the future and competencies for
the engineers of the future are also defined. At the end it is concluded that your role in creating a
sustainable world is extremely important. Be courageous and search for the solutions outside of the
established practices. Search for the solutions with experts from other disciplines – think and act
transdisciplinary. Be aware of all possibilities – act holistically.
KEYWORDS
Earth, humanity, sustainability, future, education, holism.
INTRODUCTION
Welcome to planet Earth (Fig. 1), the third planet from a star named the Sun. Earth, 4,57 billion years
old, is shaped like a sphere and composed mostly of rock. Over 70 percent of the Earth's surface is water.
The planet has a relatively thin atmosphere composed mostly of nitrogen and oxygen. Earth is called
also “The Blue Marble” or “Pale blue dot”. Earth has a single large Moon that is about 1/4 of its diameter
and, from the planet's surface, is seen to have almost exactly the same angular size as the Sun. With its
abundance of liquid water, Earth supports a large variety of life forms, including potentially intelligent
species such as dolphins and humans. It is the only place in our Universe with life on it that we know
(so far). Earth is not our property we are just renting it. So, we should take care of it for the life forms
which will populate it in the future [1].
But still, we do not care of the Earth as we should! We are exploiting the Earth natural resources as they
were endless. Unfortunately (fortunately) resources are limited. The measure of our overuse of natural
resources is Earth Overshoot Day (Day of ecological debt), the day on which humanity uses all natural
resources available in one year. It is the day when we, humanity, enter in to ecological debt to future
generations. The Earth Overshoot Day in 2021 was July 29th!!! [2].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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One of many examples of how humanity is changing the geography of earth is Aral see. Once the fourth
largest lake on Earth, the Aral Sea has shrunk dramatically over the past few decades as the primary
rivers that fed the Sea have been diverted and tapped nearly dry for cotton and agriculture farming [3].

Figure 1. William Anders’s photograph of the Earth taken from the Apollo 8 spacecraft in 1968.
Credit...William A. Anders/NASA.

The consequence of human activity is also the 6th mass extinction of the animal species which is,
according to scientific calculations, already occurring. In the last 540 million years, five mass extinctions
linked to the amount of carbon dioxide in the atmosphere and the oceans, have occurred on Earth so far.
The fact is that Earth, as one of planets in our solar system, will survive but Humanity could not.
The aim of the article is to point out the reasons for the current sustainable crisis and to suggest possible
solutions.
SUSTAINABILITY CRISIS - REASONS
Sustainability refers generally to the capacity for Earth's biosphere and human civilization to co-exist.
Three different dimensions of sustainability are distinguished: environmental, social and economic [4].
We, as Humanity, are facing sustainability crisis, mostly regarding natural and social environment. The
reason for the crisis lies in the economy which is driven mostly by human greed. According to N.
Chomsky, “A basic principle of modern state capitalism is that costs and risks are socialized to the extent
possible, while profit is privatized”. Reasons for the sustainability crisis are proposed as follows: world
economic system(s), overproduction and consumerism which all together post the wrong set of basic
values such as: constant growth, profit, money etc.
World economic system(s) are in the hands of global elites which tend to keep the power and wealth in
their hands. Capitalism produces not to meet human needs first & foremost, but to make a profit.
Capitalist culture promotes the accumulation of capital and the sale of commodities, where individuals
are primarily defined by their relationship to business and the market which leads us to consumerism.
Overproduction is a consequence of the current economic system. The mindset is: produce – sell – get
profit. Profit is the most important value.
Consumerism is a consequence of overproduction. We buy to satisfy our endless needs. We buy without
asking important questions: How and where have been the raw materials grown, produced…..? How
and where have been the goods produced? How many kilometres has the product travelled? Why is the
price of the product so low? What will happen to the product when I stop using it?
The basic set of Values of individuals is distorted (set) by the economic system(s) with intention to make
majority to follow the few. The source of the problem is the measure of development of countries, GDP,
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in which constant growth is main factor. Consequently, the basic and really important values are not
seen any more. We see them only when we have certain issues with health.
We live in fast changing world. The feature of this changes is that mostly (only) technological changes
are occurring very fast, changes in other (social) fields are much slower (Figure 2). And to quote A.
Einstein again: “It has become appallingly obvious that our technology has exceeded our humanity”.

Figure 2. The difference between technological and social changes versus time according to the author of
the article. The social competencies curve has no scientific background and it is drawn for the sake of
discussion.

SUSTAINABILITY CRISIS - POSSIBLE SOLUTIONS
Let me start with the A. Einstein quote: “We cannot solve our problems with the same thinking we used
when we created them”. To rephrase A. Einstein thought: “We can not solve sustainability problems,
which we created with technology, using just technology”. Multiple transdisciplinary and holistic
approaches should be developed such as circular economy for example, which introduces new view and
approach to the material and product flow.
Could you imagine a Vision: we live in a balanced world with balanced development and balanced
growth for the benefit of all achieved by changes in our attitude towards nature, society and ourselves.
As I talk about balance I have in mind a balance between healthy environment, healthy people, healthy
society and balanced GDP.
A we change our values we can also change our habits (as consumers, workers in economy or
politicians). As we use thinking out of the box, creativity, holism, courage and ethics we are on a good
way to change current approaches.
What if we promote: lower consumption, local production, homogenous textile products production,
products with longer life, fair trade, no child work, 40 hours or less working week…….etc.
SUSTAINABILITY CRISIS - STAKEHOLDERS
Stakeholder, in this case, is a group of people who can make a change. I distinguish three groups of
stakeholders who can make a change in current sustainable crisis: Consumer, Economy, Politician
(legislator).
Consumer has a power to buy or not to buy certain item or service. The economy depends on consumers
consumption. With buying sustainable goods we, as consumers, have the influence on sustainable
production. But the power of consumers is weakened by marketing and propaganda of producers of
goods and by weak sustainable legislation.
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The economy produces goods and has power to decide to produce sustainable goods. But economy
depends on demand (consumption), legislation and owner(s) wishes. Currently the economy is still
„forced“ to produce cheap, nonsustainable products since consumers are mostly buying cheap products
and legislators are not changing legislation in the favour of sustainability and owners seek high profits.
Politicians (legislators) have the power to change our current nonsustainable trend. They are in power
to prepare and accept rules, laws and legislation which is in accordance with sustainable progress. The
problem of politicians is that they are just a tool in the hands of financial lobbies and that they are not
courageous enough to make a change. The proof for the last is the Environmental summit 2021 in
Glasgow where politicians failed to make a significant breakthrough.
We will play different roles in our life, we will be consumers, we will be a part of economy and in some
cases we will have also power on decision making regarding legislation. In all different roles that we
will play we have to act responsibly and sustainably. In current situation we need, beside knowledge,
responsibility and awareness, also courage to make a difference.
SUSTAINABILITY CRISIS – GOOD PRACTICES
Green deal is first bigger legislation step in EU in changing our attitude towards nature. Economy will
get a lot of support for adopting to circular economy. But scientists and eco-movements think that green
deal is not enough. We have to do much more regarding our attitude towards nature.
Patagonia is a company which shows the power of Economy. Their mission statement is “We’re in
business to save our home planet”. And their core values are: “Build the best product”, “Cause no
unnecessary harm”, “Use business to protect nature” and “Not bound by convention” [5].
SUSTAINABILITY CRISIS – EDUCATION
Education is the strongest tool to make a long-term and long-lasting change. Modern education will
enable us to: develop competencies for the future, switch from one discipline view to transdisciplinary
view, switch from narrow to holistic view and to develop a new value system. Highly evolved and
developed world needs focus on highly emotionally and socially developed human beings with high
awareness who can build a better world using sustainable and holistic approach. Education is the
strongest tool. We clearly define values for the 21st century with education:
1.
2.
3.
4.
5.
6.
7.

Responsibility towards nature.
Equity and equality for all inhabitants of the planet.
Long-term approach at all our actions.
Holistic approach: anticipating the interconnections that are the result of our actions.
Knowledge belongs to everyone: we need to share our knowledge.
Equality of Skills: Each person can contribute to common prosperity in his own way.
Mankind must act together for the benefit of all.

And we can educate engineers of the future who:
1.
2.
3.
4.
5.
6.
7.

Are specialists in their field.
Have a transdisciplinary view.
Act Holistically and on a long term basis.
The work with colleagues from different disciplines is a must for them.
Combine natural sciences, technology, social sciences, art, etc.
Share the knowledge. Since knowledge belongs to all.
They believe in equality in all fields.
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CONCLUSION
Your role in creating a sustainable world is extremely important. Be courageous and search for the
solutions also outside of the established practices. Search for the solutions with experts from other
disciplines – think and act transdisciplinary. Be aware of all possibilities – act holistically.
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ABSTRACT
In the current study, two different bacterial cellulose including nata-de-coco bacterial cellulose (NBC)
and kombucha bacterial cellulose (KBC) were compared. The morphological features, functional groups
and crystals were carried out by scanning electron microscopy (SEM), attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) and X-ray diffraction (XRD). Thermogravimetric
analysis was used to investigate the stability. Mechanical property and water content were evaluated by
tensile strength tester and gravimetric method. Results revealed slightly loose fibril arrangement in KBC
compared to NBC. The crystallinity, thermal and mechanical properties of KBC were lower than those
of NBC. Water content of KBC was slightly higher than that of NBC.
KEYWORDS
Nata-de-coco bacterial cellulose (NBC), kombucha bacterial cellulose (KBC), structure, crystallinity,
thermal stability, mechanical property.
INTRODUCTION
Bacterial cellulose (BC) is a natural biopolymer synthesized by bacteria. It is well known that BC
exhibits a unique three-dimensional (3D) nanofibril network and a high crystallinity which endow it
excellent mechanical properties and water holding capability [1]. The morphologies and crystallinity of
BC depend on a series of factors such as bacterial species and nutrient sources [2]. For instance, Vazquez
et al. produced BC with different carbon sources (glycerol from biodiesel, grape bagasses glucose,
commercial glycerol, and cane molasses) by Gluconacetobacter xylinum (G. xylinum). They find that
most of the BCs have crystallinity levels in the range of 74-79 %, however the use of cane molasses as
carbon source leads to BC with lower crystallinity (67%) [3]. Hassan et al. synthesized BC with
Acetobacter xylinum (A. xylinum) and Komgataeibacter saccharovorans (K. saccharivorans). They
demonstrate that the A. xylinum BC shows a higher crystallinity (54.14 %) than that of K. saccharivorans
BC (52.76 %) [4].
BC has been extensively investigated for food, biomedical, paper and textile applications [5–8]. Natade-coco bacterial cellulose (NBC) is the most typical commercial product of BC, which is harvested
from static fermentation of coconut water by G. xylinum [9]. Kombucha bacterial cellulose (KBC) is
another interesting BC which can be produced by SCOBY (a symbiotic colonies of bacteria and yeast),
sugar, tea and water at home [10]. It is of great interest to compare microscopic morphology, functional
groups, crystals, and thermal degradation behaviour of NBC and KBC. However, little study has focused
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

on this point. In this study, the differences between NBC and KBC were characterized by means of
scanning electron microscopy (SEM), attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR), X-ray diffraction (XRD), and thermogravimetric analysis (TGA). This study
may be used as preliminary study in the evaluation of NBC and KBC as a promising candidate for
application in biomedical textile industries.
MATERIALS AND METHODS
NBC was purchased from Hainan Yeguo Foods Co, Ltd., China. SCOBY, black tea, and organic cane
sugar were purchased from Fermentaholics Co, USA. Sodium hydroxide and acetic acid were purchased
from VWR International. KBC was prepared according to the following protocol. Briefly, black tea (10
g) and organic cane sugar (200 g) was boiled in 500 ml DI water for 10 min. Next, A SCOBY was added
after the obtained solution was cooled to room temperature, and the total volume and pH value of the
solution were adjusted to 2500 mL and 4.0 with DI water and acetic acid, respectively. Subsequently,
KBC was grown at dark static conditions for 7 days at 35°C. NBC and KBC were purified with 2 wt%
NaOH at 25°C for 24 h, washed by DI water until neutral, freeze-dried and used in this study. SEM was
performed using a JEOL JSM-7600F instrument operating at 5 kV. FTIR and XRD were analysed by a
Thermo Scientific Nicolet 8700 FTIR Spectrometer at 4000-650 cm-1 and a Bruker D8 Discover X-ray
diffractometer over 5-60º respectively. Thermal properties were studied using a TGA-Q500
thermogravimetric analyzer from 25°C to 600°C. Mechanical properties were tested (ASTM D882-02)
on an Instron 5545 mechanical tester. Water content was evaluated by gravimetric method.
RESULTS AND DISCUSSION
Morphological Features
SEM images of NBC and KBC are presented in Figure 1. Both NBC and KBC show a surface with
interwoven mesh of nanofiber (35-70 nm) (Figure 1a&b), and a layer cross structure with connected
pores (Figure 1c&d), which are similar to typical BC morphological features [11]. However, the fibrils
of NBC are relatively compacter than that of NBC (Figure 1a&b). The layers of NBC are tightly
combined with more fibrils and there are fewer pores than KBC (Figure 1c&d). Moreover, KBC still
contains yeast (red rectangle in Figure 1a). The variation in the fibril arrangement may be caused by the
different microbial species [12]. The presence of a vast and diverse microbial population, including
Acetobacter bacterial species (such as Acetobacter, Gluconobacter and Komagataeibacter) and
various yeasts (such as Saccharomyces and Zygosaccharomyces) in the SCOBY, makes it more
complex to biosynthesis KBC [10]. The various by-products can also increase the presence of impurities
(such as melanoidins and carboxylic acids) in KBC compared to NBC. The various microbial and
impurities can affect the bacterial cells activity and development of fibril network [8,10,13]. It is
important to note that the potential harmful impurities should be completely removed before further use.

Figure 1. SEM images of the surface of NBC (a), KBC (b), and the cross section of NBC (c), KBC (d).

FTIR analysis
Figure 2a shows the FT-IR spectra of NBC and KBC. Both NBC and KBC show the characteristic
absorption peaks of bacterial cellulose. The spectrum of NBC reveals characteristic peaks at 3423 (O–
H stretching vibration), 2902 (C–H stretching of CH2 and CH3 groups)，1639 (H–O–H bending of
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absorbed water), 1564 (C–O stretching vibrations), 1421 (CH2 symmetric bending and O–H in plane
bending), 1317 (out-of-plane wagging of the CH2 groups), 1162 (C–O–C antisymmetric bridge
stretching), 1110 (C–C and C–O bending vibration) and 1066 (C–O–H bending and C–O–C pyranose
ring skeletal vibration) cm-1 [14-16]. Compared with NBC, KBC shows similar peaks at 3328, 2895，
1652, 1428, 1316, 1162, 1110 and 1058 cm-1. However, O–H stretching of NBC at band 3423 cm-1 shift
to 3348 cm-1. This indicates that there are less hydrogen-bonding interactions between KBC than NBC [17].
XRD analysis
XRD patterns of NBC and KBC are shown in Figure 2b. NBC shows three prominent peaks at 14.4°,
16.9°, and 22.7°, which correspond to the (100), (010), and (110) planes of cellulose Iα respectively
[18,19]. KBC also shows three similar peaks at 14.3°, 16.5° and 22.4° with a slightly broad and weak.
The crystallinity was calculated according to the method described by Vazquez group [3]. The variation
in the crystallinity of NBC (73.57%) and KBC (55.45%) might be due to the different fibril arrangement
as shown in SEM analysis results. Both the above results suggest that KBC might be suitable for waterholding materials (such as biomedical textiles for wound healing and cosmetic) because the lower
crystallinity and the looser fibril arrangement can cause the KBC to have a greater water-holding
capacity [20].

Figure 2. FTIR (a) and XRD (b) spectra of NBC and KBC.

Thermogravimetric analysis (TGA)
Figure 3 shows the thermogravimetric (TGA) and derivative thermogravimetric (DTG) curves of NBC
and KBC. Two stages of weight loss can be observed. The first one takes place at 60-100°C and it is
associated with the dehydration. The second and the largest weight loss occurred at 200-400°C, which
is due to the thermal decomposition of cellulose. Comparing the maximum decomposition temperature
(Tmax) of NBC (347.5°C) and KBC (340°C) indicates that NBC has a higher thermal stability when
compared with KBC. The lower thermal stability of KBC can be justified from the SEM (Figure 1) and
XRD (Figure 2b) analysis. The closely compacted fiber structure and the higher crystallinity in NBC
could be the reason for thermal behaviour observed [3,13]. The carbon ash of NBC (19.36%) is also
higher than that of KBC (13.85%).

Table 1. Mechanical property and water content
of NBC and KBC.
Tensile
Strain at
Water
strength
break
content
(MPa)
(%)
(%)

Figure 3. TGA and DTG spectra of NBC and KBC.
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21.50±1.25
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KBC

3.59±0.73

26.80±1.88
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Mechanical properties and water content
The mechanical properties of NBC and KBC are compared in Table 1. It can be observed that NBC had
a higher tensile strength value. The strain at break of KBC was higher. In addition, KBC had slightly
higher water content than that of NBC.
CONCLUSION
Bacterial species and nutrient sources have an impact on the morphologies and properties of BC. The
structure of NBC is more compact than KBC. The crystallinity, thermal and mechanical properties of
NBC are also higher than those of KBC. The water content of KBC is higher than that of NBC. However
the analysis performed did not show the existence of significant differences between NBC and KBC.
Overall, the results of the study provide a broad idea for the use of NBC and KBC as biomedical textiles.
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ABSTRACT
The application of fiber reinforced composites (FRC) for load-bearing and safety-relevant components
requires regular inspections to assess the structural conditions. A suitable solution are integrated textilebased piezoresisitive sensors for structural health monitoring applications. This research work focusses
on the evaluation and comparison of the electromechanical strain sensing behaviour of steel wires and
carbon fibers on the fiber and composite scale. The electromechanical properties are investigated by
using a uniaxial fiber tensile test with a simultaneous electrical resistance measurement. Glass fiber
reinforced plastic (GFRP) specimen with in-situ sensors are tested in quasistatic and cyclic three-point
bending tests. The acquired sensor signals are used for a comprehensive stress analysis and better
understanding of the failure behaviour. The cyclic testing procedure showed reproducible sensor signals.
KEYWORDS
In-situ sensors, piezoresistivity, strain sensing, fiber reinforced plastics, three-point bending.
MATERIALS AND METHODS
Materials. In this research work, steel wires (1.4301, Dahmen GmbH & Co. KG, Germany) with a
diameter of 0.8 mm and carbon rovings (Teijin Carbon Europe GmbH, Germany) with a fineness of
67 tex (1.000 monofilaments) were used as piezoresistive in-situ sensors and investigated for their strain
sensing behaviour. Glass fiber fabrics with a roving fineness of 1200 tex (Glasseiden GmbH Oschatz,
Germany) were used as reinforcing material and infiltrated with the commercially available epoxy resin
MGS® RIMR 135/RIMH 137 (Hexion, USA).
Electromechanical characterization. The electromechanical investigations were conducted on the
fiber scale in quasistatic tensile tests (zwickiLine Z2.5, ZwickRoell GmbH, Germany) with
simultaneous resistance measurements via four-point probe method (Figure 8) using a precision
multimeter (DAQ6510, Keithley Instruments, USA). The steel wires were contacted directly within the
testing length l (Figure 8a). However, the carbon fibers were partially embedded into epoxy resin blocks,
to ensure a uniform force transmission in the clamping area as well as an electrical insulation to the
testing machine. The carbon fiber multifilament was electrically contacted outside of the testing length
(Figure 8b) to avoid interferences on the acquisition signal due to monofilament failure at clamping or
contacting areas. The testing length and speed were 250 mm and 1 mm/s, respectively.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Figure 8. Schematic testing setup for the electromechanical characterization of steel wire and carbon fiber.

Textile reinforcement and specimen production. In a next process step, the carbon fibers (Figure 9a)
and steel wires (Figure 9b) were textile technologically applied to glass fiber fabrics using a tailored
fiber placement (TFP) machine (SGY 0200-6500, ZSK GmbH, Germany). Different stiching patterns
were used, a standard zigzag stitch for the carbon fibers and a more dense cross stitch for the steel wires
to guarantee a stretched alignment. The textile layup for the specimen production is shown in Figure 9c.
Two sensors were included, one at the pressure and the other one at the tensile side of the bending
specimen. Figure 9d shows the vacuum assisted resin infusion (VARI) setup for the infiltration of the
functionalized glass fiber fabrics with epoxy resin. Prior to the infiltration, the carbon fibers were
electrically contacted to lead wires by crimping. The free ends of the sensors were positioned outside of
the VARI setup to avoid an insulating coating due to the epoxy resin. The specimen dimensions and
manufacturing procedure were applied according to the norm DIN 14125 for three-point bending tests.

Figure 9. Applied carbon fiber (a) and steel wire (b) sensors to glass fiber fabrics using TFP; textile layup
and sensor position (c); VARI setup (d).

Three-point bending test. The functionalized GFRP specimen were tested on a Zwick Z100
(ZwickRoell GmbH, Germany) in quasistatic three-point bending tests until failure as well as in cyclic
testing procedures to evaluate the sensor functionality. A schematic representation is seen in Figure 10a.
The same resistance measurement setup was used as for the electromechanical characterization with an
additional channel for the second sensor (Figure 10b). A preload force of 3 N and a testing speed of 2
mm/min were applied.

Figure 10. Schematic representation of the three-point-bending setup with simultaneous resistance
measurement (a); GFRP specimen during the testing procedure (b).
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RESULTS AND DISCUSSION
Electromechanical characterization. The results of the quasistatic electromechanical characterization
of the carbon fiber is depicted in Figure 11a. The carbon fibers have an average elongation at break of
1.18 % ± 0.10 %. Firstly, the electrical resistance change is following a linear trend (Figure 11b) up until
an elongation of 0.8 %. Above this threshold, the resistance is increasing exponentially, caused by the
increasing failure of the carbon fibers. The gauge factor (GF) is defined as the electrical resistance
change per unit strain [1] and can be calculated by using Eq. [1]:
𝐺𝐹 =

∆𝑅/𝑅0
∆𝑙/𝑙0

=

∆𝑅/𝑅0
𝜀

[1]

where, ∆𝑅 is the electrical resistance change, 𝑅0 is the initial electrical resistance, ∆𝑙 is the sensor length
deformation, 𝑙0 is the initial sensor length at zero strain and 𝜀 is the applied strain.
The used carbon fibers show a GF of 1.10 in the mostly linear strain range of 0 % ≤ ε ≤ 0.8 %. However,
the steel wires with a maximum strain capacity of 2.72 % ± 0.24 % have a GF of 2.16 (Figure 11c).

Figure 11. Electrical resistance change over the applied strain for carbon fibers (a) with an enlarged
representation (b) and for steel wires (c).

Results of the three-point-bending test. The average flexural strength of the 11 specimens tested was
found to be 253 MPa ± 57 MPa. The response of the GFRP specimen due to the applied loading can be
distinguished into four phases [2] (Figure 12). The phase I is characterized by a nearly linear elastic
behaviour, which is also seen in the linear electrical resistance change of both sensor types. Depending
on the position of the sensor, the sensor resistance is increasing on the tensile and decreasing on the
pressure side of the specimen. The flexural stress is increasing until the maximum flexural strength is
reached, resulting into a major macro crack and causing a sudden drop of the resistance curves. In
phase II fiber failure and delamination processes are occurring visible by multiple peaks in the flexural
stress curve. However, the carbon fibers show a more sensitive behaviour (Figure 12a) in this phase
compared to the steel wires (Figure 12b). Afterwards, a plateau is observed, seen by the nearly constant
flexural stress level. Phase III is characterized by complete failure of the matrix. The resistance of the
carbon fibers is increasing exponentially in this region, indicating the increasing load carrying of the
glass fiber fabric until the final rupture. By contrast, the resistance of the steel wires is still increasing
on the tensile and decreasing pressure side, respectively. In phase IV, the specimen fails completely,
seen by the exponential increase of the carbon fiber electrical resistance until failure. However, the steel
wire signals are maintaining on a constant level. It can be assumed, that the steel wires are not deformed
but rather pulled out of the matrix during the continuous crack opening. To further evaluate the
functionality of the carbon fibre sensor, cyclic three-point bending tests were conducted. The
deformation cycle was chosen in the linear elastic range and is depicted in Figure 13a. After three cycles,
the deformation was increased or decreased by 0.2 mm with a maximum at 1 mm deformation.
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Figure 12. Results of the quasistatic three-point bending test with simultaneous resistance measurement for
GFRP specimen with steel wires (a) and carbon fibers (b) as in-situ sensors.

Figure 13b shows the corresponding acquired sensor signals. Again, a negative electrical resistance
change is measured on the pressure side and a positive change on the tension side. The sensor signals
show a slight hysteresis after decreasing the deformation level, but still correlate highly with the induced
deformation. After removing the load, a permanent resistance change of 0.02 % remained, which is
approximately equal to 0.018 % plastic sensor deformation and therefore indicates a still intact
composite structure.

Figure 13. Evaluation of the sensor functionality under cyclic three-point bending; cyclic testing
procedure (a); acquired sensor signals (CF) (b).

CONCLUSION
In this research work, an electromechanical characterization was conducted to examine the strain sensing
capacity of carbon fibers and steel wires in quasistatic tensile tests. The carbon fibers showed a linear
sensing behaviour up to 0.8 % elongation. Afterwards an exponential progression was observed due to
the increasing failure of monofilaments. Gauge factors of 1.10 and 2.16 were derived for carbon fibers
and steel wires, respectively. The in-situ sensors signals showed a high correlation to the stress curve
and were used to explain and confirm the four identified phases of the specimen behaviour. Depending
on the sensor position, location specific information were observed by analysing the positive (tension)
and negative (pressure) electrical resistance change. It can be concluded, that the sensing behaviour of
carbon fibers more reliably reflect the structural behaviour under bending load and are more suitable as
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in-situ sensors for destructive loading scenarios of composite structures. The repeatable and
reproducible sensing functionality of carbon fibers was proven in cyclic testing procedures. The
application of piezoresistive in-situ sensors can provide additional insight information and improve the
understanding of the structural response of FRC components under different loading scenarios.
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BACTERIAL INHIBITION VIA CARBOXYMETHYL CELLULOSECONTAINING ELECTROSPUN MATS LOADED WITH NISIN
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ABSTRACT
Nisin Z is an amphipathic peptide with a significant antibacterial activity against Gram-positive bacteria
and low toxicity in humans. Here, we report the production of nanofibrous mats by co-electrospinning
of the peptide with carboxymethyl cellulose (CMC) and poly(vinyl alcohol) (PVA) polymers for
prospective wound dressing applications. The mats were studied against four of the most common
bacteria found in chronic wounds. The evaluation of bacteria membrane permeability and the minimum
inhibitory concentration (MIC) showed that chelating agent ethylenediaminetetraacetic acid (EDTA)
can expand the activity of Nisin Z against Gram-negative bacteria. PVA (10 wt%)/CMC (3 wt%)
electrospinning nanofibers were successfully produced at a 70/30 % (v/v) polymer ratio. The addition
of Nisin Z to the polymer solutions did not alter the properties of the fibers.
KEYWORDS
Antimicrobial peptides, polymers, electrospun nanofibers.
INTRODUCTION
The resistance of bacteria to traditional antibiotics is raising a serious global public health problem with
huge economic and societal consequences. Antimicrobial peptides (AMPs) have been the focus of great
interest as alternatives to antibiotics. Nisin Z belongs to the lantibiotics class of AMPs and is produced
by the non-pathogenic bacteria Lactococcus lactisis. This AMP has a significant antibacterial activity
against Gram-positive bacteria [1]; however, its activity against Gram-negative bacteria is limited and
can be improved with the addition of the non-antibiotic chelating agent ethylenediaminetetraacetic acid
(EDTA) [2], or by surfactants such as Tween 80 and Triton X-100. Nisin Z has been studied for food
preservation applications, but very little research has been done to explore its potential in biomedicine.
Polymers are large molecules found everywhere and play a vital role in daily life, falling into two broad
categories, natural and synthetic. Carboxymethyl cellulose (CMC) is a pH-sensitive, natural, chemically
modified cellulose derivative, soluble in water and capable of forming a gel after water absorption [3].
However, its mechanical performance is limited. Blending CMC with a mechanically resilient polymer,
such as poly(vinyl alcohol) (PVA), may raise its flexibility and give rise to a highly effective composite
for biomedical applications, combining the advantages of both components [4,5]. PVA is a non-toxic,
water-soluble, biodegradable and biocompatible synthetic polymer with good mechanical features [6].
CMC/PVA blends can be processed by electrospinning in the form of nanofibrous mats with large
surface area, high porosity and an architecture resembling the native extracellular matrix (ECM).
Electrospinning is a cost-effective, simple and straightforward technique that allows the production of
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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nanofibers with a tuned composition to achieve desired properties, making it suitable for wound dressing
production, as compared to other methods [7]. This study envisaged the production of CMC/PVA/Nisin
Z nanofibrous mats by co-electrospinning and their examination against four of the most common
bacteria found in chronic wounds.
MATERIALS AND METHODS
The bacteria membrane permeability was evaluated by procedure described by Felgueiras et al. [8]. The
relative electric conductivities (REC) of bacteria suspensions by the addition of EDTA, Tween 80 and
Triton X-100 were measured. The Gram-positive bacteria Staphylococcus aureus (ATCC 6538) and the
Gram-negative bacteria Escherichia coli (ATCC 25922) were sub-cultured in Mueller Hinton Broth
(MHB) overnight, and then collected by centrifugation at 4000 rpm for 10 min. These microbial cells
were used as representative of each type of Gram bacteria. Their concentration was adjusted to
1×105 CFUs/mL and washed in a 5 % glucose solution until their electric conductivities were close to
that of 5 % glucose (isotonic bacteria). EDTA (200 µM), Tween 80 (0.01 %) and Triton X-100 (0.02 %)
were added to the 5 % glucose solution and electric conductivities of the mixtures were marked as L1.
The surfactants were also added into the isotonic bacteria solution and incubated at 37 ºC and 120 rpm
for 1 h, then the conductivities were measured and market as L2. The control was the bacteria in 5 %
glucose treated in boiling water for 5 min, marked as L0. The bacterial cell membrane permeability was
expressed as the ratio of REC, which was calculated as in Eq. [1]:
𝑅𝐸𝐶(%) =

(𝐿2 − 𝐿1)
× 100
𝐿0

[1]

Minimum inhibitory concentration (MIC) of Nisin Z/EDTA was established via broth microdilution
assay [9] against the Gram-positive bacteria S. aureus and Staphylococcus epidermidis (ATCC 35984),
and the Gram-negative bacteria E. coli and Pseudomonas aeruginosa (ATCC 25853). Stock solutions
of Nisin Z (1024 µg/mL) and EDTA (200 µM) were prepared in phosphate buffer saline solution (PBS,
pH 7.4) by ultrasonication for 10 min. To establish the MIC, Nisin Z was serial diluted (1/2 v/v) in MHB
and EDTA was added without undergoing dilution. Then, a bacteria suspension prepared at
2×107 CFUs/mL in MHB was added to the solutions. Free Nisin Z and EDTA were also tested. As
control, agent-free bacteria suspensions (positive) and MHB (negative) were used. Absorbance
measurements were performed at times 0 h and 24 h, after incubating at 37 ºC. The MIC was established
as the concentration at which bacteria did not show any growth. The minimum bactericidal concentration
(MBC) was determined by culturing the microorganisms at MIC and its vicinities. The plates were
incubated at 37 ºC for 24 h at which point grown colonies were observed and counted.
PVA (Mw 78,000; 88 % hydrolyzed) and CMC (Mw 250,000; DS= 0.7) were prepared in distilled water
(dH2O). PVA at 10 % (w/v) and CMC at 3 % (w/v) were dissolved separately for 5 h at 40 °C by
continuously stirring followed by 1 h of ultrasonication. PVA/CMC polymer ratios of 100/0, 90/10,
80/20 and 70/30 % (v/v) were prepared and blended with the most effective Nisin Z concentration
(antimicrobial profile). The solutions were electrospun to generate a porous, nanofibrous mats, at
specified processing conditions of positive voltage of 25 kV, feed rate of 0.8 mL/h, needle inner diameter
of 18 gauge (1.02 mm) and an aluminum collecting sheet at working distance of 18 cm. Glass slides
were used to collect the mats for microscopy observation.
The thermomechanical properties of the electrospun mats were characterized by differential scanning
calorimetry (DSC), thermogravimetry (TGA), Fourier-transform infrared spectroscopy (FTIR) and
dynamometer. Nisin Z content will be estimated by elemental analysis and by sulfo-succinimidyl-4-O(4,4´-dimethoxytrityl)-butyrate (sulfo-SDTB).
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RESULTS AND DISCUSSION
Differences in REC of bacteria suspensions by the addition of agents can be used to determine their
capacity to penetrate the membrane, as conductance has been suggested as an indicator not only of pore
size but also of interaction of permeating ions with wall channels in various bacteria [10]. The effect of
the agents on S. aureus and E. coli cell membrane permeability was evaluated through the percentage of
REC (Table 1) after 1 h of incubation. Data reported an increase in the solution’s conductivity upon
incubation with the agents, which indicated the cell membranes became permeable, at different levels,
after treatment. This was particularly noticeable on EDTA, a chelating agent that has been used to
control microorganism infections by combining it with other bioactive agents [2].
Table 1. Effect of surfactants in the cell membrane permeability of S. aureus and E. coli bacteria (n = 3,
SD < ±0.5 %). The bacteria inoculum without any agent (C) was used as control.

REC (%)
Bacteria

C

EDTA

Tween 80

Triton X-100

S. aureus
E. coli

-1.93
-1.99

23.22
21.66

3.87
1.70

9.43
0.96

The obtained MBC values for the Gram-positive bacteria S. aureus and S. epidermidis, and Gramnegative bacteria E. coli and P. aeruginosa, are shown in Table 2. No activity was observed in free
EDTA (200 µM) against Gram-negative bacteria; however, against the Gram-positive bacteria S. aureus
and S. epidermidis a reduction of 91.12 % and 99.33 % was evidenced, respectively. Regarding the
activity against Gram-negative bacteria, the results confirmed that Nisin Z activity is limited, requiring
EDTA to destabilize the outer bacterial membrane and facilitate peptide permeabilization [11].
Table 2. MBCs of Nisin Z and Nisin Z/EDTA against Gram-positive and Gram-negative bacteria (n = 3,
SD < ±5.0 µg/mL).

MBC (µg/mL)
Bacteria

Nisin Z

Nisin Z/EDTA

S. aureus
S. epidermidis
E. coli
P. aeruginosa

16
32
1024
1024

8
8
64
256

PVA and CMC polymers were selected based on their ease of process, biocompatibility, and
biodegradability. It was only possible to produce nanofibers up to a maximum of 30 % CMC. After that
point, the viscosity of the solution does not allow the formation of continuous fibers by electrospinning.
Fiber production was verified by brightfield microscopy (Figure 1) using a microscope Leica DM750
with an integrated high-definition digital camera. Addition of Nisin Z to the polymer solution did not
alter the properties of the fibers, maintaining their smooth and continuous morphology.
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Figure 1. Optic micrographs (brightfield) of a) 100/0, b) 90/10, c) 80/20 and d) 70/30 PVA/CMC
nanofibrous electrospun mats. All images were collected with the objective magnification of 50× and
ocular magnification of 10× (scale bar of 50 µm).

CONCLUSION
Data revealed that EDTA is more effective in allowing Gram-negative bacteria permeabilization by
Nisin Z than the other tested agents. Its combination with Nisin Z is essential to improve its activity
against Gram-negative bacteria. The PVA/CMC/Nisin Z co-electrospinning preliminary data are very
promising, revealing the potential of this polymeric/antimicrobial peptide combination to promote the
formation of complex nanofibrous mats for prospective wound dressing applications. Subsequent testing
will be consisting in implementing a green crosslinking process on PVA so liberation of Nisin Z via
CMC can be controlled and topically delivered.
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ABSTRACT
The hemp is easy to cultivate in the East of France. SADEF, specialist in plant nutrition, studied this
culture since 2013. But to extract the fiber, the stem must be retting. Actually, the dew retted is the most
used in France. The retted is a very hazardous stage: if the stem is under-retted, the fiber extraction will
be difficult; or if the stem is over-retted; the fiber properties will be degraded. Many factors (the cultivar,
the weather, the duration...) [1–4] impact the fiber quality.
This study observes the evolution of the mechanical and morphological properties of two hemp cultivars
during the dew-retted. Two cultivars, Santhica 27 and Felina 34 were cultivated in 2020 in the East of
France by SADEF. Every week, dew-retted stems were selected during eight weeks. The evaluation of
the fiber quality was performed at the LPMT (Laboratoire de Physique et de Mécanique Textile) in
Mulhouse, France. The color was measured by the DataColor. The fiber linear density was measured by
the VIBROMAT Me followed by its tensile test performed by FAVIMAT [5]. All data were analyzed
by ANOVA method.
The fine fiber proportion increased during the retted. However, the tenacity decreased. At the retted end,
there was no significant difference between the two cultivars mechanical properties.
KEYWORDS
Hemp, dew-retted, fineness and mechanical properties.
MATERIALS AND METHODS
The two hemp cultivars were Felina 34 (F34) and Santhica 27 (S27). The stem was cultivated in 2020
in Ammertzwiller in the East of France. Felina 34 was cultivated for its stem and seed yield, whereas
Santhica 27 was cultivated for a great fiber yield. The organic field was fertilized by compost and microorganism before the sowing in May 2020 with a rate of 50 kgha-1. No herbicide and no pesticide were
applied on the field. The cultivated was harvested in October corresponding to the seed maturity. Then
the stems were leaving on the ground during eight weeks. The dew-retted was the act of the microorganism growth through an alternating heat and moisture. The stems were randomly selected and
manually defibrated every week.
The fiber brightness was measured with the Data Color500. L represents the brightness scale (whiteness
(L*=0) and brightness (L*=100)), a* represents the redness scale (redness (a*>0) and greenness (a*<0))
and b* represents the blueness-scale (yellowness (b*>0) and blueness (b*<0)). The morphology and
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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mechanical properties of hemp fiber extracted in the week 0 (W0), the first week (W1), the fourth week
(W4) and the eighth week (W8) were analysed. The fiber was put on two self-adhesive stickers with 20mm-gap. VIBROMAT Me instrument used the vibroscopic method to determine the linear density from
the fiber resonance frequency [5]. Five measures were made per sample. According the VIBROMAT
Me measurement, the linear density distribution was analysis. Then the FAVIMAT was configured with
the VIBROMAT ME linear density. This instrument made the linear density measurement and the
tensile test with 0.5-cNtex-1, a 210-cN-cell and a 1mmmin-1-crosshead-speed. The hygrometric
conditions were 60% for the relative humidity and 20°C for the temperature.
The data were examined by the ANOVA analysis.
RESULTS AND DISCUSSION
The brightness decreased significantly between the W2 and W3 whatever the cultivar with a p-value of
2.7710-8 for Santhica 27 (S27) and of 2.4310-11 for Felina 34 (F34). This decreased of brightness was
also observed by Mazian and al. [1]. After the fourth week, it decreased slowly (Fig. 1). The cultivar did
not influence the brightness. According to the Fig. 2 and Fig. 3, the color changed significantly (with
ANOVA analysis) between the second and third week, the fiber became greenish and blueish. Then the
color changing was not significant. The color changing could be explaining with the microorganisms
proliferation described by Ribeiro and al. in 2015 [6]. Santhica 27 fiber color seemed greener while the
color of Felina 32 fiber was significant bluer with ANOVA analysis.
80
70
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60
50
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S27

30

F34

20
10
0

W0

W1

W2

W3

W4
Week

W5

W6

W7

W8

Fig. 1. Hemp fiber brightness according the cultivar and the retting duration.

Whatever the cultivar, the linear density decreased with the retting duration like in Réquilé and al. study
[2]. In the week 0 (W0), the linear density of Santhica 27 (S27) and Felina 34 (F34) were equivalent,
(18.08 ± 2.22) dtex for S27 and (18.67 ± 2.68) dtex for F34 (Table 4). During the retting, in particularly
W1 and W4, the linear density of S27 was higher. Finally, at the end of the retting, the linear density
was equivalent according to the ANOVA analysis.
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Fig. 2. a*-scale like redness scale according the
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Fig. 4. Linear density distribution according the retting duration (A) for Santhica 27 and (B) for Felina 34.
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Between W0 and W1 (Fig. 4), the rough fiber distribution increased significantly, whatever the cultivar.
This increase represented the water absorption. Then after the first week, the proportion of fine fiber (510 dtex and 10-15 dtex) increased for both cultivars. However, the proportion of fiber with a linear
density higher than 20 dtex decreased from W1 to W8. This phenomenon was also observed by Placet
and al. [3]. The fiber slimming represented the microorganism proliferation [6].
Table 4: Mechanical and morphological properties of hemp fiber according the dew-retting duration and
the cultivar.
Linear density
Cultivar Week [dtex]
S27

F34

Force
[cN]

Tenacity
[cN.tex-1]

Strain
[MPa]

Stress
[%]

Young's
modulus [GPa]

W0

18.08± 2.22 b A 115.69± 12.88 a A 68.30± 7.05 a A

1000.83±103.79 a A 2.44± 0.18 a A 45.68± 3.39 a A

W1

23.43± 2.67 a A 116.08± 13.78 a A 53.30± 6.30 bc B

779.88± 93.57 bc B 2.05± 0.19 b B 43.93± 3.71 a A

W4

17.60± 2.61 b A

79.06± 14.38 a A 58.86± 6.89 c B

677.37± 86.55 c B 1.98± 0.15 c B 45.21± 3.53 a A

W8

15.63± 2.47 b A

84.38± 11.21 a A 51.46± 5.81 b A

853.05±101.54 b A 1.84± 0.15 bc A 44.97± 3.79 a A

W0

18.67± 2.68 a A 117.36± 16.41 a A 69.31± 9.96 a A

960.75±142.02 a A 2.08± 0.23 b B 49.50± 6.29 a A

W1

17.10± 2.06 ab B 109.63± 12.73 a A 69.39± 7.77 a A

1019.99±115.29 a A 2.38± 0.15 a A 44.62± 3.76 a A

W4

14.25± 2.20 b B

84.49± 10.67 b A 64.21± 6.23 a A

944.00± 93.12 a A 2.13± 0.13 b A 46.11± 3.39 a A

W4

14.89± 1.63 b A

90.21± 10.74 b A 63.05± 6.22 a A

925.99± 93.01 a A 2.03± 0.15 b A 49.06± 3.07 a A

a, b or c corresponding to comparison of retted duration for each cultivar in the same row (ANOVA)
A or B corresponding to comparison of cultivar for each retted duration in the same row (ANOVA)

The breaking force decreased after the fourth week for Felina 34. Contrary to those of Santhica 27, which
did not change during the retting (Table 4). There was no significant difference between the cultivar. The
tenacity of Santhica 27 changed significantly (ANOVA analysis) during the retting while, the tenacity of
Felina 34 was stable during the retting. For the first and the fourth week, Santhica 27 tenacity was weaker
than the one of Felina 34. The strain had the same behaviour as the tenacity. The breaking strain behaviour
was also observed by Liu and al. [4] after the first week like for Santhica 27. Whereas the study of Mazian
and al. [1] shown an increasing of the strain during five weeks. The stress evolved during the retting [4]
whatever the cultivar. Santhica 27 stress seemed weaker in particular at the retting beginning. Finally,
the retting duration and the cultivar did not influence the Young's modulus. Young’s modulus
stabilization was also observed by Réquilé and al. [2] but Mazian and al. [1] and Liu and al. [4] did not
observe this stabilisation.
CONCLUSION
The dew-retted impacted the fiber qualities (mechanical and morphological properties), whatever the
cultivar. The colour (L*, a* and b*) changed of hemp fiber appears between the second and third week.
In the third week of retted, the fiber became darker, greener and bluer than the retted beginning. The
dew-retted was slimming the fiber related to a fine fiber increasing. For both cultivars, the linear density
decreased significantly during the retted as well as the breaking stress. And the Young’s modulus did
not change. The tenacity and the strain decreased during the retted for Santhica 27. And, in parallel for
Felina 34, the breaking force decreased. Finally, in the eighth week, Santhica 27 and Felina 34 fiber
qualities were equivalent.
At the end of the dew-retted, the cultivar did not influence the mechanical and morphological properties
of hemp fiber.
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ABSTRACT
In this work, a cotton fabric with advanced photocatalytic and flame retardant properties was developed
by using Ag-doped TiO2 in combination with 3-(trihydroxysilyl)propyl methyl phosphonate (TPMP)
with a sustainable sol-gel/hydrothermal approach. Scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDS) were used to confirm the successful application of Ag-doped TiO2 and
TPMP on the cotton fabric. The results of UPF, bacterial reduction against Escherichia coli and vertical
flammability test showed that the creation of Ag-TiO2+TPMP nanocomposite on the surface of the fibres
gave the cotton fabric superior antibacterial activity, very good UV protection and flame retardant
activity.
KEYWORDS
Cotton fabrics, Titanium dioxide (TiO2), Ag-doping, Antibacterial activity, UV protection, Flameretardancy.
MATERIALS AND METHODS
Materials
A commercially bleached woven cotton fabric with the warp thread, weft thread and fabric density of
51 threads/cm, 31 threads/cm and 120 g/m2, respectively was bought from Tekstina tekstilna industrija
d.o.o. (Ajdovščina, Slovenia). Titanium isopropoxide (TTIP) (≥97.0%concentration), AgNO3 and 3(trihydroxysilyl) propyl methylphosphonate (TPMP, 50% weight in water) as flame retardant agent were
procured from Sigma Aldrich (United States).
Sol preparation and its application to cotton fabric
TiO2/TPMP sol was prepared by adding TTIP and TPMP in ethanol at a fixed molar ratio of 1:1. The
TiO2/TPMP solution was stirred for 1 hour and 0.5 mM HCl was added dropwise. In this work, two
types of hydrothermal baths were prepared, namely double distilled water and 2 mM AgNO3 solution.
The cotton fabrics were immersed in the TiO2/TPMP sol and padded with a two-roll padder to achieve
a wet pick up of 80±5%. They were then dried at 100°C and cured at 150°C. Subsequently, the samples
were hydrothermally treated either in water or in AgNO3 solution for 150 min at 120°C in a IR dyeing
machine (Daelim Starlet) and air dried. The fabric samples were designated as TiO 2+TPMP and
TiO2+TPMP+Ag, respectively.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Analysis and measurements
Transmittance of the pristine and treated fabric was recorded by a Varian Cary 1E UV/Vis
spectrophotometer (Varian, Australia) in a wavelength range 200–400 nm. Transmittance in the
wavelength range 290–400 nm was used for the UV protection factor (UPF) determination, using the
following Eq. [1]:
UPF =

∑400
=290 𝐸 x𝑆 x∆
∑400
=290 𝐸 x𝑆 x𝑇 x∆

[1]

where, E is the relative erythemal spectral effectiveness, S is the solar spectral irradiance, T is the
spectral transmittance of the specimen and Δ is the measured wavelength interval.
The antibacterial activity was determined against Gram- negative Escherichia coli (ATCC 35218)
following ASTM E 2149-01 standard method. The experiments were performed with and without UV
illumination. The UV black light (HQV 125, Osram), with the emission range of 300–400 nm and
dimensions of 170 mm in length and 15 mm in diameter, was placed approximately 200 mm above the
samples. The bacterial reduction was calculated following Eq. [2]:
𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

𝐴−𝐵
𝐴

× 100 (%)

[2]

where, A is the number of CFU determined for the untreated sample after 24 h of incubation and B is
the number of CFU determined for the treated samples under the same conditions. For each sample, the
bacterial reduction value represent an average of six counts.
The flame retardant property was assessed by vertical flame spread tests, according to DIN 53906
standard. The bottom of the sample was exposed to a propane flame for 6 s. After removing the flame
source, the after-flame time and after-glow time were measured. Three measurements were recorded for
each sample and the mean value of the measured quantities was calculated for each studied sample.
RESULTS AND DISCUSSION
Morphological changes were studied by SEM and are shown in Figure 1. The pristine cotton sample
exhibited a smooth surface, while the application of TiO2+TPMP and TiO2+TPMP+Ag resulted in the
formation of clearly visible particles. It is noteworthy that the particles are uniformly distributed on the
fiber surface, which could be due to the TPMP polysiloxane matrix.
To confirm the origin of the particles on the surface of the cotton fibers, an EDS analysis was performed
considering only the TiO2+TPMP1.0+Ag sample. EDS spectrum of the TiO2+TPMP+Ag sample
(Figure 2) confirmed the presence of the elements O, Ti, Ag, Si, and P, which were uniformly distributed
over the fiber surface, as shown by the EDS elemental mapping.

Figure 1. SEM images of pristine, TiO2, TPMP and Ag treated cotton sample.
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Figure 2. EDS spectra, BSE SEM image and elemental mapping of the elements C, O, Ti, Ag, Si and P on
the TiO2+TPMP+Ag sample.

Figure 3 a and b show the transmission spectra along with the UPF values. The untreated UN _CO
sample provided no UV protection with a UPF value of only 2.63. The Application of TiO2 and TPMP
failed to block transmission in the UVA region, as the TiO2+TPMP sample resulted a UPF of only 9.93.
The impairment of the UV blocking properties of TiO2 in TiO2+TPMP sample could be due to the
coverage of TiO2 by the TPMP polysiloxane matrix. Ag doping increased the UV-blocking properties
of TiO2, as the TiO2+TPMP+Ag sample exhibited an increased UPF of 30.05, providing very good UV
protection. Accordingly, a cumulative effect of Ag with TiO2 was produced on the surface of the
TiO2+TPMP+Ag sample [1,2].

Figure 3. Total transmission spectra (a) and UPF values (b) of untreated (UN_CO) and treated cotton
samples.

Table 1 lists the results of the reduction of E. coli growth without and with UV light, in addition to the
flame retardant properties, as determined by measuring after-flame and after-glow times. Compared to
the untreated cotton sample, the TiO2+TPMP sample showed a moderate 62% reduction in E. coli
growth. Nonetheless, in the presence of UV light, its self-sterilizing activity strongly increased as no
growth of the model bacteria was observed in the TiO2+TPMP sample, resulting in a 100% bacterial
reduction. This is due to the photocatalytic activity of TiO2 triggered by the UV light, which induces the
formation of hydroxyl (OH*) and superoxide (O2-) radicals on the surface of TiO2, damaging the bacterial
cell and eventually leading to its death. On the other hand, the TiO2+TPMP+Ag sample showed
excellent 100% bacterial reduction under both conditions tested, i.e. with and without UV irradiation.
The latter was expected since Ag is known to be an excellent biocide with a broad spectrum of
antimicrobial activity [3,4].
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The results of the vertical flammability test showed that the untreated cotton fabric sample burned
completely and without residue with an after-flame time of 9.46 s and an after-glow time of 8.56 s.
Presence of TPMP resulted in an increase in the final residue. While TPMP in the TiO2+TPMP sample
actually increased the after-flame time, it decreased the vigorous combustion and thus the after-glow
time. This means that the flaming combustion of the TPMP-coated cotton fabric samples leads to the
formation of char, which protects the residues against glowing and further degradation. However, in the
presence of Ag-doped TiO2, TPMP also decreased the after-flame time of the TiO2+TPMP+Ag sample,
which was 7.38 s, implying that the presence of Ag positively affects not only the enhanced
photocatalytic properties of TiO2 but also the flame retardant effect of TPMP [5,6].
Table 1. Results of the bacterial reduction and vertical burning test.
Sample
Bacterial reduction (%)
Vertical flame spread test
Without UV
With UV
After-flame time (s) After-glow time (s)
UN_CO
9.46
8.56
TiO2+TPMP
11.15
3.30
62.23±7.46
99.99±0.01
TiO2+TPMP+Ag
7.38
3.33
99.99±0.01
99.99±0.01

CONCLUSION
A sustainable sol-gel/hydrothermal approach was used to successfully develop cotton fabric with
multifunctional UV protective, photocatalytic antibacterial activity, and flame retardancy. Ag-doped
TiO2/TPMP functionalized cotton fabric exhibited enhanced UV blocking and thus very good UV
protection, superior growth reduction of E. coli bacteria under conditions with or without UV light, as
well as improved flame retardant activity with reduced after-flame and after-glow times.
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ABSTRACT
The electrostatic characterization was performed using a walking simulator to validate it for a fully
automated test procedure using different dwell times between moves and time of the test. An existing
standard ISO 6356 measures the voltage created by a human walking on a carpet under controlled
settings. To generate the electrostatic charge, a walking person executes the actual test process and
manually calculates the findings. The newly constructed walking simulator, on the other hand, does not
require a person to compute peaks and valleys for the created electrostatic charges, which improves
precision, consistency, and reproducibility while also removing human error. The electronic platform is
supplemented with an automated foot that walks on the floorcoverings for a fully automated exam. Three
different dwell times between the moves of the automated simulator have been examined to see its effect
on the electrostatic charge generation waveform amplitude and peaks values. We conclude that the
thickness of the waveform is directly related to the dwell time between the move. The peaks voltage and
the amplitude of the electrostatic waveform of the walking simulator are decreased with an increase in
dwell times. The amplitude of the Electrostatic wave increases with the increase in testing time at the
same frequency, pressure, and stepping height, which shows that the generation of electrostatic charges
increases until a saturation point.
KEYWORDS
Electrostatic characterization, Walking simulator, Electrostatic waveform, Fully automated testing,
Electrostatic Charges, Dwell time.
INTRODUCTION
The generation of static electricity when two materials come in contact is called Electrostatics Discharge
(ESD). Static electric charges have been a major problem, especially for products developed from
manmade fiber. Extensive research on measurement devices and procedures has been done to understand
the mechanism of the generation of electrostatic charges and to understand the electrostatic charge
generation [1–4]. When two materials come in contact with each other and are next separated, they get
statically charged. The amount of built-up of charge depends not only on different material parameters
but also on motion characteristics [3,5,6]. Even though we are presented with the phenomena of static
electricity on a nearly daily basis, our understanding of the physical processes involved as well as our
ability to influence them directly is often limited. As a result, persons who are exposed to electrostatic
charges frequently experience uncertainty or fear. In some cases, charge accumulation may even cause
a consumer to reject a product outright [7,8]. When two bodies in contact are separated, an electrostatic
charge occurs. The atomic fields of force are superposed at the contact area when the two surfaces
collide, allowing charge carriers to pass through. The charges cannot return if at least one of the two
bodies is made of an insulating substance, causing a disturbance in the original charge carrier balance
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

on both bodies. One body has a positive excess charge, while the other has a negative excess charge
[9,10]. The charge build-up at contact causes no material changes and that the charge transfer
exclusively involves electrons. Modern theories also postulate a dual process that recognizes electron
and positive ion transfer. The chemical and physical makeup of the materials involved dictates the
polarity and level of charge build-up to be expected. The charge density is increased by a smooth surface,
high pressure, and rapid separation and many other factors. External affecting elements include relative
humidity and temperature [11–13].
The attraction of tiny particles such as dust, smoke particulate, and aerosols to a surface is another
disadvantage of electrostatic charge build-up. It's important to understand how easily electrically
charged surfaces can become dirty. The electrical surface resistance and the volumetric resistance of the
materials are also significant for charge build-up and transmission between the surfaces. The key
parameters that determine the formation of electrostatic charges are the surface texture, contact pressure,
separation distance, and friction or separation speed. Temperature, relative humidity, and the quality
and quantity of air around the surfaces are all external elements that might influence the formation of
electrostatic charges on the surface. Footwear, floorcovering, surface coating, walking pace, step height,
and step pressure are all factors to consider [9,14]. The goal of this research is to have a better
understanding of the generation of electrostatic charges during the walking simulator test of
floorcoverings and to see the effect of different parameters on its generation waveform and its peaks
voltage.
MATERIALS AND METHODS
We did a characterization to see the effect of different parameters on the generation of electrostatic
charges. The different dwell time between the moves/steps and total time of the test has been tested. The
Pile fiber compitions is 100% Pa6 (Polyamide). A mechanical mechanism generates the electrostatic
charge that mimics the person's stepping pattern. The steps are carried out in a consistent way over the
carpet, resulting in a consistent measurement. An XY system powered by stepper motors moves
horizontally, allowing for a wide range of applications. In order to accomplish the high speed, a
pneumatic cylinder performs the vertical movement. G-Code (walking pattern) is used to control the
entire system. This is a protocol for CNC machines that works based on commands, allowing the
opportunity to control the system over a serial connection from a PC.
RESULTS AND DISCUSSION
The Electrostatic charge generation has been studied for different dwell times between moves to see the
effect of speed of movement of samples on the generation of electrostatic charges. For this, three dwell
times have been selected on the electrostatic characterization device at the same frequency, applied
pressure, testing time, and stepping height. Table.1 shows the effect of the dwell time on peak voltages
of the electrostatic charge generation. Figure 1 shows the effect of dwell time on the peak voltage and
waveform during electrostatic testing.
Table 1. Effect of dwell time between moves on the electrostatic charge generation.

Dwell Time (m Sec)

N

Peak Voltage (V)

CV %

300

15

574

4.5

200

15

724

2.8

100

15

883

0.9
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Figure 1. Effect of dwell time on the electrostatic waveform.

Effect of testing time duration on the electrostatic charge generation, different duration times of the test
have been summarized in table 2. Figure 2 show the effect of time duration of testing on the electrostatic
charge generation peak voltage and waveform, respectively. There is increase in the electrostatic peaks
voltage with increase in the time duration of test at same applied pressure (1 bar), frequency (2 hertz),
and stepping height until a saturation point.
Table 2. Effect of time duration of testing on the electrostatic charge generation.

Time Duration of Test
10 Sec
20 Sec
30 Sec
40 Sec
50 Sec
60 Sec

N
15
15
15
15
15
15

Peak Voltage (V)
390
725
958
1133
1251
1315

CV %
7.2
5.4
3.4
1.7
2.8
0.5

Figure 2. Effect of time duration of testing on the electrostatic charge generation waveform.

CONCLUSION
There is a decrease in the electrostatic peaks voltage with an increase in dwell times between moves at
the same frequency, which shows that when there is an increase in the speed of movement, there will be
an increase of the electrostatic charge generation. The amplitude of Electrostatic wave decrease with the
increase in dwell time between moves at the same frequency (2 hertz), pressure (1 bar), time for test
(60 sec), and stepping height (50 mm) that shows the generation of electrostatic increase with decrease
in dwell time between moves, for the duration of the test. There is an increase in the electrostatic peaks
voltage with an increase in the time duration of the test at the same applied pressure (1 bar), frequency
(2 hertz), and same stepping height until a saturation point. Similarly, the amplitude of electrostatic wave
increases with the increase in testing time at the same frequency, pressure, stepping height. That shows
that the generation of electrostatic charges increases with the increase of test time until a saturation
point.
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ABSTRACT
The tear damage of triaxial woven fabric (TWF) are investigated by numerical simulation method and
experiment method to study the tear properties of samples with pre-cut in different directions. It is
analysed that the changing law of tear load and the characteristics of tear failure during tear process.
The results indicate that the tear load-displacement curve can be divided into low modulus region, high
modulus region and shock region, which are related to initial stage, pre-cut opening stage and tear
opening expansion stage the tear process of TWF. When the pre-cut is parallel to the yarn, samples have
higher tear load and larger tear starting position.
KEYWORDS
Triaxial woven fabric, Trapezoidal tear, Tear strength, Finite element analysis.
INTRODUCTION
Triaxial weave fabric (TWF) is a new type of two-dimensional fiber assembly [1], which is made up of
three sets yarns interlacing at 60 or 120 degrees with each other in a planar. TWF has many excellent
properties, such as extremely light weight, good tear resistance, shear resistance and quasi-isotropy of
mechanical properties. TWF has broad application prospects in the field of flexible composites
reinforcement with high isotropy requirements, such as rubber diaphragm. Tear strength is often used
to characterize the ability of fabrics to resist external tear loads[2]. Therefore, it is necessary to study
the tear property of TWF. It was carried out by many researchers that the tear property of fabrics using
experimental, theoretical analysis and numerical methods. The influence of tear method on film
materials tear failure mechanism was analyzed [3], the results showed that trapezoidal tear is more
suitable for tear strength of architectural membrane materials. The modified formula based on
Maekawa's empirical formula was derived and was verified to be consistent well with the test data[4].
It was discussed the influence of tensile rate, slit shape and sample size on center tear performance of
architectural fabric membranes by the central tear test[5]. The influence of fabric structure parameters
on the tear performance of fabrics in tents was discussed and the relationship between structure
parameters and tear strength also was deduced [6]. Based on the unit cell model of woven fabrics, and
treating yarns as transversely isotropic materials, finite element analysis (FEA) model of woven fabric
composites was built and used to simulate in-plane shear properties, which showed that the tightly
structured yarn will dissipate most of the energy when the shearing angle is large[7]. The finite element
method was used to analyze the effects of crack length, crack angle and crack location on the tear
strength of plain weave fabric reinforced thermoplastic polyurethane, and the numerical simulation
results are well agreed with the experimental results [8]. In this paper, tear property of TWF is carried
out by experimental method and finite element method, which lays the foundation for the application of
TWF on flexible composites reinforcement.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
Tear test
The tear equipment are conducted as specified in GB/T 3917.3-2009 (China Standard) using YG065C
electronic fabric strength tester. Figure 1 shows the pre-cut of TWF.

Figure 1. Pre-cut schematic diagram of TWF trapezoidal-tear: (a) the precut is parallel to yarns; (b) the pre-cut is parallel to angle bisector of yarns.

Figure 2. Solid modelling
of TWF.

Finite element model
Table 1 shows TWF specifications (Sample homemade) and the finite element model (FEM) are
developed by Solidworks® 2015[9], as shown in Figure 2. ABAQUS/Explicit 6.14 is employed to
predict tear behavior of TWF.
Table 1. Specifications of TWF.
Construction Warp1/10cm Warp2/10cm
TWF
33
33

Weft/10cm
33

Density/g/m2
194.04

Thickness/mm
0.43

Cover factor/%
62.57

Materials property
The polyamide-66 filaments are used transversely isotropic materials to establish the constitutive
relationship, its properties are as follows: yarn number (186.67 tex), breaking stress (530 MPa), breaking
elongation (16.12%). The ultimate strain ε33 at the integration point is adopted to control the failure of
yarns. If ε33>ε33max, it is judged that the yarn fails. The axial ultimate strain of yarns ε33max is 16.12%
obtained by experimental testing. The property of the clamps and auxiliary rod is defined as follows:
Young’s modulus (2.10×105 MPa), density (7.8 g/cm3) and Poisson’s ratio (0.3).
Finite element parameter setting
There are two analysis steps are used in FEA during the trapezoid tear, as shown in Figure 3.

Figure 3. The morphology during trapezoidal tear of the
finite element simulation: (a) Step-1; (b) Step-2.

Figure 4. Boundary conditions of finite element
model during the trapezoidal tear process.

Regarding the clamps and auxiliary rods as rigid bodies, their corresponding reference points are RP-1,
RP-2 and RP-3, as shown in Figure 4. Boundary conditions in finite element model of samples as shown
in Table 2.
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Table 2. Boundary conditions in finite element model of samples.
Step

Step-1

Step-2

Regions

Settings

RP-1

VR2=-0.463648 radians；U1=U2=U3=UR1=UR3=0

RP-2

VR2=0.463648 radians；U1=U2=U3=UR1=UR3=0

RP-1

V1=0.833333mm/s；U1=U2=UR1=U2=UR3=0

RP-2

V2=-0.833333mm/s；U1=U2=UR1=U2=UR3=0

RP-3

VR3=0.5 radians；U1=U2=U3=UR1=UR2=0
Note: V1, V2 and V3 are the X, Y, Z-directional translational velocity of freedom, and VR1, VR2 and VR3 are the X, Y, Zdirectional rotational velocity of freedom. U1, U2 and U3 are the X, Y, Z-directional translational degrees of freedom, and
UR1, UR2 and UR3 are the X, Y, Z-directional rotational degrees of freedom.

In FEA, the interaction of yarns is defined by friction coefficient, it’s 0.05; the interaction of clamps and
yarns is set to "Tie" connection. C3D8R(8-node hexahedral linear reduced-integration element) solid
elements are adopted to mesh the clamps and TWF. In Figure 4, RP-1 and RP-2 are rigid geometric
reference points of clamps. The reaction force of RP-1 and RP-2 in Z direction and the displacement
over time are main output parameters.
RESULTS AND DISCUSSION
Tear load-displacement curves of samples
Figure 5 shows the tear load oscillates greatly and appears obvious sawtooth shape in load-displacement
curves of TWF, which can be divided into three areas: low modulus region I, high modulus region II
and shock region III. In low modulus region I, yarns near pre-cut turn from buckling to straightening
under tensile load, gradually forming tear triangle zone. Tear load increases very little with upward
movement of clamps. In high modulus region II, with upward movement of clamps, tear load rises
rapidly as the increased number of stressed yarns. In this stage, the deformation of yarn at substantially
straightened pre-notch is mainly caused by elongation and thinning of yarn and fiber. In shock region
III, when yarns at the bottom of tear triangle reaches area reach the maximum strength, tear loaddisplacement curve appears the first wave peak. When yarn broken, the number of stressed yarns is
decreases and tear strength decreases rapidly. Then first wave trough appears on load-displacement
curve. As clamps continue to move up, new tear triangle area is formed at tear opening area and tear
load rises again, repeating above process. In this process, the alternating appearance of wave crests and
wave troughs makes load-displacement curve appear jagged.

Note: PE, PN respectively denotes the results of experiment and finite element analysis; AE, AN respectively denotes the
results of experiment and finite element analysis.

Figure 5. Tear load-displacement curve of TWF.

Figure 5 shows that the FEA results of tear property of TWF are basically consistent with the
experimental results, but the initial damage position is slightly smaller than experimental value. There
are several reasons for this phenomenon. Firstly, considering the complexity of yarn cross section and
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its trajectory in TWF, the cross section of yarn and trajectory in TWF are appropriately simplified in
FEM, such as ignoring the monofilament and twist of yarns and regarding as solid structure, which
causes the yarn shape difference between FEM and actual state. Secondly, yarn has strong nonlinearity
and large deformation, and the mesh element will be distorted in FEA affected the calculation of FEA.
Tear damage evolution analysis
In the process of tearing, Figure 6(a) and (b) shows that B yarn and C yarn are gradually straightened
from buckling state. A yarn is tightened into a knot at the bottom of pre-cut and more buckling under
the action of B and C. With upward movement of clamps, B and C will slip and deviate from the original
position and gather near pre-cut, tending to reduce the angle with the stretching direction and form an
isosceles triangle △ABC-shaped tear triangle area with A as the apex. Because the length of loaded B
and C gradually increases from pre-cut to left, B1 and C1 first bear load and the force gradually decreases
from pre-cut to left. A produces buckling deformation under the action of B and C. This stage is related
to low modulus zone I and high modulus zone II in tear load-displacement curve. As clamps continue
to move upwards, the load of B and C near the bottom of tear triangle reaches broken strength, then the
load-displacement curve appears first peak, and tear enters the extension stage. Subsequently, the load
of broken yarns is borne by the adjacent yarns. The new tear triangle is formed and the stressed yarn
gradually moves to left.
Figure 6(c) and (d) shows A yarn perpendicular to pre-cut straightens and tends to be parallel to tear
direction under tear load. B and C are interwoven with A and force A to gather to left at the bottom of
pre-cut, which effectively increases tear load of TWF. At tear opening, three groups of yarns entangled
with each other make tear morphology fragmented. With the upward movement of clamp, A gradually
straighten and tend to be parallel to the stretching direction. The length of A gradually increases from
pre-cut to left and A near pre-cut first bear load. B and C are gathered into a bundle under the drive of
A and form a "knot". This bundling effect forms stress concentration at interweaving point and prevents
the straightening of A, which decreased the strength utilization of A but increased the draw resistance
of B and C. Overall, the bundling effect increases tear load of TWF. When tear triangle area reaches
maximum, A gradually breaks and the number of stressed yarns decreases. Tear load decreases rapidly
and form valley value. As clamps moves up, new tear triangle area is gradually formed, and tear loaddisplacement curve rises again. The above process repeat until sample is completely destroyed.
Meanwhile tear load-displacement curve shows sawtooth structure. Figure 6 shows that the tear
morphology of FEA is in good agreement with the experimental results.

Figure 6. Tear damage morphology of TWF: (a) and (c) Failure processes of experiment; (b) and (d）
Failure processes FEA.
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CONCLUSION
The tear process of TWF can be basically divided into three stages, namely initial stage, pre-cut opening
stage and tear opening expansion stage, which correspond low modulus region, high modulus region
and oscillation region of the tear load-displacement curve, respectively. FEA results of tearing property
of TWF maintain high consistency with experimental test results, which verifies the accuracy of the
finite element model and related parameter settings.
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ABSTRACT
The aim of this study is to functionalize a 100% worsted wool fabric for use as washable suit jackets in
a household washing machine (Samsung) with the wool/delicate cycle. In fact, it is highly recommended
to wash worsted suit jackets by dry cleaning in order to avoid garment shrinkage when washing. Wool
is known for its shrinking properties which make it difficult to wash with water.
Varying chemical finishing were applied on woven worsted fabric. The aim of this finishing was to
avoid both, felting shrinkage caused by the entanglement of fibres and fabric shrinkage due to fibre
release strains and stresses introduced during processing, and hence improve its dimensional stability
during domestic washing. A men jacket stitched with the chemically treated fabric was worn 5 times a
week before being subjected to washing. Overall, 5 domestic washing were performed. And the fabric
was analysed before and after the washings. Excellent dimensional stability was obtained without any
sign of physical degradation as observed by SEM. This could be explained by the good adhesion of the
fibre finish coating which resist to strains of wash and wear. Physical and chemical analysis using Zeta
potential measurement would suggest that padding with a mixture of polycation (polyurethane based
resin) and poly anion (polysiloxane-based resin) will help improving coating adhesion and hence its
resistance to wash and wear.
KEYWORDS
Textile, Wool, functionalization, machine washable, shrinkproofing.
INTRODUCTION
Wool is a natural fibre which contributes to warmth, breathability, comfort as well as ecological interests
[1]. Though the major drawback of wool fibre is shrinkage which makes wool fabrics difficult to
machine wash. There are two types of shrinkage [2]: relaxation shrinkage and felting shrinkage.
Woolmark [3] defines relaxation as “the dimensional change caused by the release of strains introduced
during manufacture, assessed after the initial wash cycle” and felting shrinkage as “an irreversible
shrinkage caused by progressive entanglement of the wool fibres induced by washing in an aqueous
solution”. The main reason for felting, is the physical structure of scaly cuticle layer on the fibre surface.
This structure means that the friction in the direction of scales is lower than in the direction against the
scales. So when two fibres rub against each other, they tend to migrate preferentially in one direction.
In presence of humidity and agitation, this differential friction effect causes the entanglement of fibres
when moving together [4].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Different treatments were developed to reduce felting by degradative methods and/or by application of
polymer depending on the textile state [5]. At loose fibre stage to either scoured wool or to sliver, shrink
resist treatments rely on reducing the differential friction effect either by removing scales or by masking
them. And when applied at fabric or garment stage, treatments consist on reducing interfibre movements
[2].
The main objective of this work is to make a wool fabric for machine washable suit jackets, using
padding method with a polyurethane polymer.
In fact, men suit jackets made of wool are in general dry cleaned. The most common agent used for dry
cleaning is perchloroethylene known as PERC. According to OSHA, PERC is a reproductive toxicant,
neurotoxicant, potential human carcinogen, and a persistent environmental pollutant [6]. So making the
suit jacket washable in household machines will help to avoid the environmental impacts due to the use
of PERC on dry cleaning and also there will be savings in term of time and money.
MATERIALS AND METHODS
100% wool woven fabric made from twisted yarns 2/80 Nm fibres with a basis weight of 170 g/m², was
used for this study.
Two commercial resins, supplied from supplier S1, were used for the shrinkproofing treatment. The first
one is an aqueous preparation of a modified polyether urethane (PU), anionic resin and the second one
is an emulsion of a functional polysiloxane and fatty acid amide (PX), cationic resin.
PUPX is the resulting polymer made from blending PU and PX resins.
Finishing treatments were performed with the padding curing process.
The formula used could not be communicated for confidentiality reasons.
Washing tests were carried into a household washing machine using a commercial detergent special for
wool garments according to NF GO7 139.
Surface morphology of treated fabric was investigated using a scanning electron microscope.
Zeta potential, relaxation shrinkage and tensile properties were determined.
Zeta potential was measured in order to evaluate adhesion of the polymers onto the fibre surface.
Dimensional change was characterized according to the International Wool Textile Organization
(IWTO) test method TM31. Wool fabrics were subjected to 7A program for relaxation shrinkage. Then
felting shrinkage tests were conducted with 5A program 3 times. Relaxation and felting shrinkage in the
warp and weft directions were measured after 1 washing cycle at 40°C and dried flat. Dimensional
variation was calculated according as in Eq. [1-3]:
R(%) =

(RM−IM)
IM

[1]

x100

where, R (%): is the relaxation dimensional change; RM: relaxation measurements; IM: initial
measurements,
𝐹(%) =

(𝐹𝑀−𝑅𝑀)
𝑅𝑀

[2]

𝑥100

were, F (%): is the felting shrinkage; FM: felting measurements; RM: relaxation measurements,
Area dimensional change(%) = WS + LS +

(WS−LS)
100

where, WS: mean width dimensional change (%); LS: mean length dimensional change (%).
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Moreover, tensile properties, in the warp direction, was evaluated according to NF EN ISO 13934
standard using MTS Criterion and was calculated as the percentage of the tensile strength loss.
RESULTS AND DISCUSSION
Shrinkproofing finishing consists in modifying the scale structure of the wool in order to reduce the
directional friction effect and hence its resistance to washing [7]. Table 1 shows the percentage of, both
relaxation dimensional change and felting shrinkage, in warp and weft directions, and the percentage of
the area dimensional change before and after the different treatments.
Table 1. Relaxation shrinkage, thickness variation and tensile loss measurements.

The area dimensional change ratio was 4% after padding with the PU resin alone which did not meet
with the requirement of the machine washable (TM31) where shrinkage must not exceed 3%. On the
other hand, the shrinkage rate was 2% after padding with the PUPX polymer blend.
This could be explained by the fact that, the initial worsted wool fabric used for this study has a negative
charge whatever the pH value is. This was shown in Figure 1, where potential zeta of the non-treated
worsted wool fabric, PUPX polymer blend and the treated fabric with the PUPX blended polymers, was
measured.
The latter surface is highly receptive to a cationic polymer. It is important to remind that the PU resin
has an anionic character too. Blending both resins allowed to have a cationic polymer. Therefore, it will
achieve adequate adhesion of the polymer to the fibre surface so that interfibre bonds hold during the
washing process and also it will help to avoid deterioration of the fabric handle caused by fibre
fibrillation. Those results are confirmed by the SEM images, Figure 2, which show a uniform coating
not only on the fibre surface but also at the interfibre bonds.

Figure 14. Variation of zeta potential according to pH change.
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Figure 15. SEM images of the initial fabric before treatments (a) and the treated fabric with PUPX (b).

Furthermore, padding with PUPX blend polymer helped to reduce considerably both relaxation and
felting shrinkage.
In addition, this treatment did not impact the initial mechanical properties of the worsted wool fabric. In
contrast, it helped to enhance slightly the tensile properties of the initial fabric.
CONCLUSION
In conclusion, dimensional stability of a wool fabric was improved by coating with a polymer blend
made of polyurethane and polysiloxane polymers where both relaxation and felting shrinkage were
reduced to more than 50%. The area dimensional change ratio of the final treated fabric was up to 2%
which meets with Woolmark specifications AW-1 for machine washability. Potential zeta measurements
confirm that using this combination of polyurethane and polysiloxane polymers offers a better adhesion
to fibre surface and so a better fibre and interfibre coating. Further abrasion and pilling tests are planned
to evaluate resistance to use and wear and the sustainability of the final worsted treated wool fabric.
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ABSTRACT
The following research present a comparison of the strength values of composites containing two types
of reinforcements: technical embroidery and woven fabric. Both types of reinforcements were made of
flax roving with a linear mass of 400 tex. The technical embroidery was made on a computerized
embroidery machine ZSK, type JCZA 0109-550. The use of technical embroidery technology is in line
with the idea of sustainable development by minimizing waste generated in the production of composite
reinforcements. Tensile strength and tensile elongation tests were carried out. As a result of the
conducted research, it was proved that the composite containing the technical embroidery as the
reinforcement showed higher tensile strength in the longitudinal direction, compared to the composite
containing the fabric as the reinforcement. On the other hand, the composite containing fabric as a
reinforcement showed a greater elongation.
KEYWORDS
Technical embroidery, composite, woven fabric, sustainable development.
INTRODUCTION
The world is currently facing the risk of a climate catastrophe. For this reason, new technological
solutions are sought, enabling the reduction of production waste and the recycling of already
manufactured products. Currently, the most commonly used materials for the production of composite
reinforcements are flat textiles (woven fabrics, knitted fabrics, non-wovens) and 3D structures (loosely
arranged fibers). In the use of composites, fabric are characterized by low fatigue and stiffness resistance
characteristics when applied to shear stress. Composites made of flat structures are weaker and tensed
to delaminations, compared to 3D structures [1]. It was decided to investigate the strength properties of
composites containing technical embroidery made of flax fibers as reinforcement. The technology of
technical embroidery is in line with the principle of sustainable development. Main principle of technical
embroidery is to create a precisely planned shape - the resulting waste from the cutouts is therefore
reduced to a minimum. Automation of the embroidery process gives full control over the execution of
the pattern and the consumption of raw materials. A computer embroidery machine uses a technique
known as Tailored Fiber Placement (TFP). For this reason, the research presented below focuses on the
use of technical embroidery as a reinforcement for composites [2].
Currently, technical embroidery is mainly used in textronics. Sensors, digital components or electronics
are attached to flat textiles. Technical embroidery is also used as antennae, connecting in between
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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electronic components and textile sensors, as well as coils for unilateral nuclear magnetic resonance
system as an alternative to a solid copper [3–5].
In the following studies, flax was used to strengthen the composite. Compared to other natural fibers,
flax is the most ecological in cultivation, while at the same time having the highest strength properties.
Additionally, the cultivation of flax is pollution-free, and the waste generated during fiber processing is
non-toxic and harmless. Therefore, it is an excellent alternative in the production of composites,
compared to the previously used synthetic or glass fibers. Moreover, the mechanical properties of
composites containing natural fibers are comparable to those of composites made of glass fibers [6–12].
Technical embroidery used to create composite preforms is new and innovative issue. There are few
publications on this topic [13,14], at the same time technical embroidery is not used in the industry to
create reinforcements for composites. Therefore it was decided to take on this research topic.
MATERIALS AND METHODS
The subject of the research are composites containing two types of reinforcements:
•
•

Technical embroidery, stitch length 2 mm, made of flax fibers,
Flax woven fabric.

Each reinforcement system consisted of four layers and was made in three variants: 0°, 90° and ±45°.
The sample for 0° and 90° woven fabrics is the same. Individual variants of samples are presented in
Table 1.
Table 1. Types of produced reinforcements

ORIENTATION OF ROVING IN

AREAL MASS
OF DRY SAMPLE

0º 2mm

││││

1424 g/m2

Embroidery 90º 2mm

90º 2mm

────

Embroidery ±45º 2mm

±45º 2mm

Fabric 0º/90º

fabric 0º/90º

Fabric ±45º

fabric ±45º

VARIANT

NAME

Embroidery 0º 2mm

EACH LAYER

1515 g/m2
1387 g/m2
1802 g/m2

1867 g/m2

The embroidery was made on a computerized embroidery machine ZSK type JCZA 0109-550 using
Safilin flax roving with a linear weight of 400 tex. It was attached with a Gunold polyamide
monofilament with a linear mass of 11 tex. The tensile strength of the flax roving was 7.37 cN/tex and
the tensile elongation was 1.69%. The embroidery was made on a base of a cotton woven fabric with an
area weight of 280 g/m2 and non-woven fabric with an area weight of 35 g/m2. The use of both fabric
and non-woven fabric for embroidery is necessary to eliminate wrinkling of the sample and for the
correct execution of the embroidery.
The woven fabric was made of the same roving as embroidery. Its area weight was 400 g/m2. Plain
weave with a density of 6 threads/cm. Composites were then made by infusion method. The vacuum of
1 Bar was maintained until the composite cured (minimum 4 hours). The mixture consisted of the epoxy
resin SR GreenPoxy 33 and the hardener SD4772 in the ratio 100:32.
The produced samples were then subjected to strength tests - tensile strength and tensile elongation.
Tests were carried out based on the PN-EN ISO 527-4 standard. The test consisted of stretching the
prepared samples with a constant speed until they break. During stretching, the values of relative
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elongation at maximum force, values of maximum force, values of breaking force and values of relative
elongation at break were recorded. The tests were conducted on INSTRON universal testing machine
with a 50 kN load cell. The velocity of the test was 1mm/min. The elongation of the specimens was
measured with the extensometer with a gauge length of 50 mm. Test’s parameters were as follow: grips
distance: 100 mm; speed of testing: 1 mm/min; sample size: 250 mm  25 mm  3.5 mm; number of
samples: 5 of each variant. Test results were given in the form of a numerical data and a graph of tensile
stress as a function of elongation.
RESULTS AND DISCUSSION
Both composites with embroidery and fabric as reinforcement showed the highest tensile strength when
subjected to a force of 0° (Figure 1). Then the most fibers are involved in the stretching process. Due to
the presence of two thread arrangement perpendicular to each other in the fabric, tensile strength values
at 0° and 90° are the same. Among the 0° variants, the composite with embroidery as reinforcement
showed higher tensile strength. The fabric has two arrangement of threads, intertwined at right angles
along the entire length of the sample. Theoretically, with four layers of fabric, 8 threads contribute to
the stretching, but in fact half of them are at an angle of 90° to the applied tensile force, so they do not
carry a significant amount of loads. For this reason, the sample containing the fabric showed almost two
times lower strength than the samples containing the technical embroidery as reinforcement. At the same
time, it was the cause of a greater elongation of the composite containing the fabric as reinforcement.

Figure 1. Strength and elongation of the produced composites.

When considering systems arranged at an angle of 90 ° to the acting force, the composite containing the
fabric showed a much higher strength. The reason for this is the structure of the fabric itself - half of
threads were placed at an angle of 0° to the tensile force, so they were responsible for the strength of the
sample. In the case of embroidery, there was no such situation, all rovings were arranged at an angle of
90° to the acting force. In such cases, the embroidery monofilament is the only one that transfers the
loads of the tensile force - the tensile forces act perpendicularly to the direction of the flax fibers, and
microcracks occur in the resin itself. Therefore, composites containing 90° embroidery showed the
lowest tensile strength of all tested variants. The technology of embroidery production allows it to be
placed in a carefully planned direction. If directions of the action of forces on the finished product are
known, it is possible to arrange the fibers in such a way that they are at the most 0° angle to the acting
force, and thus the composite will be as strong as possible.
In the case of arranging the roving at an angle of ±45°, the sample containing fabric as reinforcement
showed higher tensile strength. Both reinforcements consisted of four layers, but the fabric contained
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two thread arrangement in one layer, so the number of load-bearing threads was twice as high. Despite
this, the sample with embroidery was only 20% less durable.
In the case of a force acting at an angle of ±45°, more fibers are involved in the tensile (compared to the
force acting at an angle of 90°) and shear forces occur. Therefore, the 2 mm embroidery strength value
was almost twice as high for the force acting at an angle of ±45° than for the 90° force.
For each direction of fiber orientation, composites containing fabric as reinforcement showed higher
elongation values than composites containing embroidery (Figure 2). In the 0° variant, the composite
with the fabric showed about twice the elongation than the composite containing the embroidery. In the
90° variant, this difference was almost five times, and in the ±45° system - two and a half times. This
was due to the construction of the fabric itself. It contained two sets of threads perpendicular to each
other, so more fibers participated in the stretching process. There is a roving in the fabric, which, during
stretching, causes the threads to straighten out, showing greater elongation. However, due to the fact
that the threads are wavy, the tensile force acting along the fibers does not spread to shear and bending
forces, which results in lower strength.
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Figure 2. a Strength and b elongation of the produced composites.

The embroidered 0° samples showed a greater elongation than the 90° samples. This is due to the tensile
force along the axis of the fibers, while the strength values of the fabric are the same for both 0° and
90°.
The ±45° embroidery system showed about 60% greater elongation than the 0° embroidery variant. This
is because when a tensile force is applied, the composite first experiences shear and bending forces. The
fibers in the composite tend from ±45° to 0° direction - then they are subjected to a tensile force.
CONCLUSION
1. In the case of a force acting in the longitudinal direction towards the fibers, the use of embroidery as
a reinforcement of a composite increases its tensile strength, compared to a composite containing fabric
as reinforcement.
2. Composites containing woven fabric as reinforcement, in each variant of fiber arrangement, showed
higher elongation.
3. Despite the twice as many threads in each layer of the woven fabric as compared to embroidery, the
composite containing fabric as a reinforcement showed only 20% higher tensile strength when applied
at an angle of ±45°. This means that the use of embroidery as a reinforcement of the composite has a
positive effect on increasing its strength.
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4. The technology of technical embroidery allows it to be placed on a surface at any angle. Therefore, it
is possible to adjust the strength properties of the composite, containing technical embroidery as
reinforcement, to the expected loads affecting the finished product.
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ABSTRACT
The SMARTEX project frames in the Erasmus+ programme “Capacity Building in the field of Higher
Education”. The aim of the project is to support the modernisation and internationalisation of textile
curricula on bachelor level, in six Asian universities with the expertise of three European universities.
By reforming bachelor degree programmes in Asian HEIs in the area of technical and smart textiles, the
level of competences and skills will be improved and the competitiveness of graduates in the labour
market will be enhanced. All three Asian countries have very developed textile industry and require
highly educated personnel. Sharing of good practices and setting up joint initiatives strengthens the
cooperation between Asian and EU countries. The project runs for three years and has several phases:
analysis of the current curricula, updating and new development of courses in the areas of technical and
smart textiles, implementing and evaluating the newly developed courses, international exchange of
students and staff.
KEYWORDS
Smart textiles, Technical Textiles, Textile Education, Erasmus+ project, Higher textile education.
INTRODUCTION
The Asian countries Malaysia, Indonesia and Pakistan have a very developed textile industry and are
highly dependent on it as far as critical indicators are concerned. To support economic growth to higher
added value products, high skilled graduates have to be educated. On the other hand, technical and smart
textiles are internationally a fast growing field in the area of textiles. Therefore, it is crucial that
education on a higher level in these subjects is relevant and up-to-date. Within the SMARTEX project
[1], forces are joined to achieve this goal. SMARTEX stands for Smart Textiles – Modernization of
curriculum of Textile Engineering and Textile Technology in Indonesia, Malaysia and Pakistan. Each
of these countries is represented in the project by two universities and collaborates with three European
universities, all offering technical and smart textiles in their curricula and doing research in these fields.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The project consists of several work packages, all with a specific goal. This paper relates to the activities
performed in WP2 – Development of new and updating of existing courses for Asian partner
universities. It reports on the steps being taken to achieve the goal of implementing the newly developed
courses into the curricula.
MATERIALS AND METHODS
The curricula of the Asian universities were carefully studied to determine where the new topics and
courses could fit in the best. The bachelor degrees in which the courses will be given are for the
Malaysian Universities: Bachelor in Textile Science & Fashion Technology at the University
Technology MARA and Bachelor in Mechanical Engineering Technology in the University Tun
Hussein Onn Malaysia; for the Indonesian Universities: Bachelor in Textile Chemistry, Bachelor in
Textile Engineering and Bachelor in Garment Production at Politeknik STTT Bandung and Bachelor in
Arts in Design at Visual Art and Design Institute Teknologi Bandung; for the Pakistan universities:
Bachelor in Textile Engineering at Bahauddin Zakariya University and Bachelor in Textile Science and
Bachelor in Textile Engineering at NED University of Engineering and Technology. For all of these
bachelor degrees the study programme was meticulously analysed and the missing topics were
determined, taking into account the required amount of credits for each course and the semester in which
it should be given. This led to a total 12 new courses to be developed and 5 existing courses to be
updated, all related to Smart and Technical Textiles. Technical textiles also includes composites and
geotextiles.
RESULTS AND DISCUSSION
Based on the analyses done in the first phase of Work Package 2, 86 modules were defined, each
covering a specific content. The idea behind arranging the course material into modules was to allow
each university to pick the modules that are of interest for their curriculum. In general, a course consists
of 15 modules. Some courses have fewer, some have more modules, this depends on the total duration
and credits of the course. Some examples of the content of a module will make it more clear: Module 1
- Introduction on Technical Textiles includes a definition of technical textiles, a Classification of
technical textiles (BuildTech, AgroTech, ClothTech, PackTech, ProTech and SporTech) and examples,
technical versus non-technical textiles; Module 33-Smart Textiles includes Introduction, Definition,
Scope, Applications, Products, Classification, Smart Textile Systems and Characteristics. Each of the
Modules offers a content corresponding with about 2 hours of teaching. In a next phase, all Asian
partners were asked to assemble their courses based on the description of these modules. This was the
bases for the project partners to share the tasks. Relevant resource material was jointly collected by the
European partner universities (University of West Attica Greece, Ghent University Belgium and
Universitat Politechnica de Valencia Spain) and made available to all partners on the shared Teams
platform. The content of the modules was written by the Asian partners and reviewed by the European
partners, each in their field of expertise. Apart from theoretical content and because of the educational
value, also project work was included in the curricula. M65 describes how mini projects for a group of
students can be worked out. These mini projects consist of creating a smart textile product, starting from
the design, the selection of materials, integration of the component, to measuring the outcome and
presenting the end result to the class. Fig. 1 shows an example of the result of such a miniproject
elaborated by Indonesian students from Visual Art and Design Institute Teknologi Bandung.
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Figure 1. Example of the presentation of a mini projects, worked out by a group of students in the
framework of the Advanced Textiles course developed within SMARTEX ( GROUP MEMBERS: Imara
Raida – Stephanie Graciela – Amanda Ayu.

A visual identity (see Fig. 2) was created for the course presentation to clearly recognise the SMARTEX
framework in which the courses were developed. Each of the developed courses is presented in the same
way.

Figure 2. Example of the visual identity created for all the SMARTEX courses.
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Next to that, all course material was uploaded on a Moodle platform, accessible to all of the involved
universities. Because for most of the curricula the language of instruction is English, all course material
was developed in English. However, because of the added value of having material available in the local
language, each university decided which of the modules would be translated into Malay, Indonesian and
Urdu.
The final phase of this WP2 is the pilot testing of the developed courses, which is done in a blended
format, a combination of face to face lecturers and lessons given through the online platform. This phase
of the project is ongoing and the feedback given through surveys will be used to amend and improve the
learning material.
The new curricula will be accredited by the corresponding Ministry of Education in each of the Asian
countries. This process is currently ongoing.
CONCLUSION
The objective of the Erasmus+ SMARTEX project is to support the modernisation and
internationalisation of Higher Education in Indonesia, Malaysia and Pakistan in the area of technical
and smart textiles. This is done be updating and developing new course material for the Asian
universities in close collaboration with European universities that have extended expertise in the field.
The project also contributes to the cooperation between European and Asian countries through joint
initiatives and by sharing good practices.
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ABSTRACT
In this study, it was aimed to increase the contribution to the national economy based on boron, which
creates a competitive advantage in the development of new technological solutions and to expand the
use of boron products. It is necessary to create new generation textile fibers with new usage areas of rich
boron resources and to acquire boron products with high added value and new production areas for new
markets. Technological and scientific developments in the field of nanomaterials are often used in the
functionalization and modification of textile fibers. The usage properties and functions of synthetic
yarns can be improved by the utilization of nanomaterials and nano-systems. In this study, PET
(Polyethylene Terephthalate) POY (Partially Oriented Yarn) yarns containing different amounts of new
generation plasmonic nanocomposite particles [functionalized core-shell nanohybrid nanoparticles
(TiNPs@amine- functionalized GQDs@BNNS nanohybrid nanoparticles)] were produced via melt
spinning process. Then, the strength, elongation, yarn unevenness, degreasing, etc. properties of PET
POY yarns containing boron-based nanocomposite were investigated. With this study, it was ensured
that boron-based nanocomposite-doped polyester fibers containing a new generation of plasmonic
nanoparticles were developed and produced on an industrial scale.
KEYWORDS
Boron, boron nitride nanoparticle, graphene quantum dots, titanium nanoparticle, polyester,
polyethylene terephthalate, PET, fiber spinning, melt spinning, nanocomposite, POY.
INTRODUCTION
Textile products cover many different types of technical applications in construction, automotive,
defense, sports, medicine, electronics, marine and similar sectors. In this context, it is expected that the
functionalization of polyester yarns will gradually increase. One of the main issues in the realization of
the boron policies of Turkey and increasing the competition is that the R&D studies in this field should
be oriented towards the commercialization [1]. The idea of innovation and change with globalization,
which shows its influence in many fields, is increasing its importance day by day. Innovation has been
adopted in developing societies as the key to sustainable development, competitiveness, employment
growth, social welfare, and quality of life. According to the literature studies, there are limited number
of studies on the use of boron and its derivatives in the textile industry. In order to increase the
contribution to the national economy from boron resources; developing new boron products that will
spread their use in technological application areas by producing technological solutions that create
competitive advantage based on boron, finding new areas of use for existing boron products, obtaining
high value-added boron products, developing the industry based on boron in our country, creating new
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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production areas, increasing employment and the domestic consumption values to higher levels should
be increased.
Boron has been utilized in many different fields and has been a material for many industries until today.
Boron, which is in group 3A with the symbol B in the periodic table, possesses an atomic number of 5
and an atomic weight of 10.81 [2-7]. In the stable structure, it is found in nature as 19.1-20.3% B10 and
79.7-80.9% B11 isotope. Boron, accepted as the hardest element after diamond, exists in two different
structures as crystal with a density of 2.33 g/cm3 and amorphous with a density of 2.3 g/cm3 [8,9].
It is not found alone in nature and is always found in compounds with oxygen. Although it is included
in the structure of more than 150 minerals; in an economic sense, boron minerals are found in the form
of hydrate compounds with calcium, sodium, and magnesium elements as an input to many sectors and
technology from glass sector to ceramics, from cleaning sector to agricultural products [10]. Although
Turkey has 73% of the world boron reserve, the use of boron in technology and industry in Turkey
remains very limited [11].
The vast majority of nanomaterials are used in the textile, automotive, aerospace and packaging
industries and different methods are involved in their distribution into polymers. Especially if polyester
nanocomposite filament fibers doped with nanomaterials are to be made to provide functionality in the
textile field, the melt spinning method is one of the most preferred. The fiber melt spinning method is a
preferred method in the production of nanocomposite fibers in terms of its suitability for industrial
polymer processing methods. In addition, this method is the most widely used nanocomposite
production method in practice, as it is inexpensive and environmentally friendly [12].
In this study, it was aimed to create a new generation of boron-based nanocomposite-doped polyester
fibers containing plasmonic nanoparticles and to produce them on an industrial scale. TiNPs@aminefunctionalized GQDs@BNNS nanohybrid (TiNPs: Titanium nanoparticles; GQDs: Graphene quantum
dots; the BNNS: boron nitride nanosheet) doped polyester (PET: Polyethylene terephthalate)
nanocomposite fibers and their filament yarns were produced on an industrial scale in large development
and production machines. Polyester (PET: Polyethylene terephthalate) polymer was selected as the
textile fiber polymer. Since polyester fibers are the most produced and consumed textile fibers in the
world. In addition, polyester fiber plays a leading role in the textile fiber industry as a very popular and
useful textile fiber with many different end-uses. PET (polyethylene terephthalate) POY (partially
oriented yarn) yarns containing varied amount of plasmonic boron nanoparticles additive were
industrially produced via melt spinning process. Then, tenacity, elongation, yarn unevenness, oil pickup etc. properties of PET POY yarns containing plasmonic boron nanoparticles were examined.
MATERIALS AND METHODS
Plasmonic Boron Nanoparticle Production
Synthetic fibers (polyester, polyamide, polyethylene and polypropylene etc.) are widely used in different
fields such as textiles. This widespread use is not only due to the properties of these fibers such as high
strength and low density, abrasion resistance and chemical resistance. In addition, it is possible to obtain
fibers that exhibit properties such as conductivity, thermal resistance, and toughness to be used in some
special applications. For instance, the incorporation of nanomaterials such as graphene into fibers
changes the mechanical properties of the fibers, while providing many of the functionality required for
electrical energy storage and sensor applications [13–16].
Graphene quantum dots (GQDs) are the most important member of nanocarbons. Quantum confinement
has different properties such as unique luminescence, chemical stability and high water solubility [15].
Substitution of heteroatoms in graphene is known to adapt the band gap. To change this situation, it is
necessary to create sizeless graphene quantum dots (GQDs) [16].
In this study, functionalized core-shell nanohybrid nanoparticles (TiNPs@amine- functionalized
GQDs@BNNS nanohybrid nanoparticles) were produced from TiNPs (Titanium nanoparticles), GQDs
(Graphene quantum dots) and the BNNS (Boron nitride nanosheet nanoparticles). Titanium (IV)
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chloride salt was used for the preparation of Ti nanoparticles (TiNPs). The reduction process was carried
out with ascorbic acid. The resulting solution was mixed for 1 hour at a temperature of 15oC. Then, the
resulting precipitate was filtered and washed several times with deionized water. Graphene oxide
obtained by the Hummers method has been converted into GQDs form. The carboxylic acid groups on
the GQDs nanostructures were activated by 249arbodiimide (EDC) and then functionalized with 2aminoethanthiol (2-AET). After mixing the prepared functionalized GQDs nanostructure on TiNPs in a
1:1 ratio, TiNPs@thiol-functionalized GQDs and boron nitride nanotube (BNNS) were obtained.
Obtained BNNS previously prepared TiNPs@thiol-GQDs nanocomposites was treated at 50oC for 2
hours on a water bath on functionalized added during mixing and after washing with deionized water.
Then, TiNPs@thiol-functionalized GQDs@BNNS nanocomposites structure was created and shown in
Figure 1.

Figure 1. Schematic representation of the resulting functionalized core-shell nanohybrid (TiNPs@aminefunctionalized GQDs@BNNS nanohybrid).

Masterbatch Production
Masterbatch was produced with the plasmonic boron nanoparticles and PBT (Polybutylene
terephthalate) (Figure 2) using twin screw extruder (Figure 3) according to the melt mixing method with
the help of PBT carrier polymer. The rate of active substance plasmonic boron nanoparticle in
masterbatch was 10%. (Figure 4).

Figure 2. PBT polymer.

Figure 3. Twin screw extruder.

Figure 4. PBT carrier plasmonic boron nanoparticles added masterbatch.
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Melt Spinning Fiber production
PET POY yarns comprising varied amount of plasmonic boron additive were produced according to the
melt draft method with polyester (PET: polyethylene terephthalate) material which was in the form of
granules. Barmag (Germany) branded industrial fiber melt spinning yarn production machine was
utilized for this purpose. Masterbatch containing plasmonic boron was added to the PET polymer with
a rate of 1% and 2% using the gravimetric dosing system (K-Tron, Germany) and then the resultant dope
were fed to the extruder for melt spinning process. The utilized yarn production parameters are shown
in Table 1. PET POY yarns containing varied amount of plasmonic boron were produced industrially
under the industrial fiber production conditions (Figure 5). As a result, PET fiber POY yarns containing
1% plasmonic boron nanoparticles (PET POY 1) and 2% plasmonic boron nanoparticles (PET POY 2)
were produced. Thereafter, some physical and surface properties of these yarns were investigated.
Table 1. PET POY yarn production parameters.
Production
Parameter

Masterbatch ratio [%]
PET polymer ratio [%]
Extruder zone 1 [Cº]
Extruder zone 2 [Cº]
Extruder zone 3 [Cº]
Heat transfer fluid [Cº]
Winder speed [m/mın]
Godet 1 Speed [m/min]
Godet 2 Speed [m/mın]
Melt Pump Speed [hz]
Oil Pump Speed [hz]
Fiber Cross section

CONTROL PET
POY
(0% BN)
100
285
285
285
285
3250/2500
3110/1900
3240/2250
26.1
58
Round

PET POY 1
(1% BN)

PET POY 2
(2% BN)

1
99
285
285
285
285
3250/2500
3110/1900
3240/2250
26.1
58
Round

2
98
285
285
285
285
3250/2500
3110/1900
3240/2250
26.1
58
Round

Figure 5. Melt spinning PET fiber production.

In addition, the strength, elongation, yarn unevenness, degreasing, etc. properties of PET POY yarns
containing boron-based nanocomposite [Functionalized core-shell nanohybrid nanoparticles
(TiNPs@amine- functionalized GQDs@BNNS nanohybrid nanoparticles)] were examined. Content
measurement of plasmonic boron nanoparticles in PET POY yarns was also performed.
Yarn count Determination
PET POY yarn count control was performed using the Zweigle yarn reel machine according to the DIN
EN ISO 2060 standard.
Tenacity and Elongation Determination
Tenacity and elongation analyses were performed utilizing the Textechno Statimat Me + device
according to the DIN EN ISO 2062 standard. Analyses were carried out with 10 replicates for each
individual yarn sample.
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Oil pick-up Determination
Spin finish oil determination on the PET POY yarns was carried out using Oxford MQA 7020 device
according to NMR Method.
Yarn unevenness Determination
Yarn unevenness analysis was performed utilizing Keisokki Evenness Tester according to DIN 53817
standard.
SEM (Scanning Electron Microscopy)
The examination of the PET POY yarn surfaces was carried out using the Hitachi TM3030Plus SEM
microscope. Before the yarns were analyzed, their surfaces were coated with 2 micron gold palladium.
ICP-MS (Inductively Coupled Plasma Mass Spectrometer)
In this method, after the elements in the sample were ionized in ICP, they were sent to mass spectroscopy
(MS), where they were separated and measured according to their mass/charge (m/z) ratios.
RESULTS AND DISCUSSION
Yarn count, tenacity, elongation, oil pick-up and yarn unevenness properties of PET POY yarns with
(PET POY 1: 1% plasmonic boron nanoparticles and PET POY 2: 2% plasmonic boron nanoparticles)
and without (CONTROL PET POY: 0% plasmonic boron nanoparticles) plasmonic boron nanoparticles
additive, are given in Table 2 and Figures 6-8. Moreover, SEM images of Control PET POY, PET POY
1 and PET POY 2 are displayed in Table 2 and Figure 9. The resultant yarn count values of the Control
PET POY yarn, PET POY 1 yarn and PET POY 2 yarn were 287.6, 289 and 290 decitex, respectively
(Table 2). Furthermore, the percentage oil pick-up values of the Control PET POY yarn, PET POY 1
yarn and PET POY 2 yarn were very close and were measured as 0.6, 0.81 and 0.74 decitex, respectively
(Table 2).
Table 2. Some properties of PET POY yarns with and without plasmonic boron nanoparticles additive.
CONTROL PET POY
(0% BN)
287.6
2.1
132.5
0.6
0.77

Proporties
Yarn count [Decitex]
Tenacity [cN/dtex]
Elongation [%]
Oil pick-up [%]
Yarn evenness

PET POY 1
(1% BN)
289
1.91
121.2
0.81
0.91

PET POY 2
(2% BN)
290
1.86
125.3
0.74
0.85

* Control PET POY (Control without plasmonic boron nanoparticles additive), PET POY 1 (with 1% plasmonic
boron nanoparticles additive), PET POY 2 (with 2% plasmonic boron nanoparticles additive)

The tenacity values of the Control PET POY yarn, PET POY 1 yarn and PET POY 2 yarn were 2.1
cN/dtex, 1.91 cN/dtex, and 1.86 cN/dtex, respectively (Table 2 and Figure 6). Considering these results,
the tenacity decreases as the amount of plasmonic boron nanoparticles added to the PET polymer
increases. More plasmonic boron nanoparticles content in PET POY yarn resulted in more strength
reduction.
Tenacity [cN/dtex]
2,2
2,1
2
1,9
1,8
1,7

2.1
1.91

(PET POY)

(1% BN)

1.86

(2% BN)

Figure 6. Tenacity properties of PET POY yarns with and without plasmonic boron nanoparticles additive.
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The elongation values of the Control PET POY yarn, PET POY 1 yarn and PET POY 2 yarn were
132.5%, 121.2&, and 125.3%, respectively (Table 2 and Figure 7). As can be seen from the obtained
yarn analysis values, in contrast to the strength values of PET POY yarn, as the amount of plasmonic
boron nanoparticles increased, the elongation increased. However, these values were less than the
elongation value of the control PET POY yarn.
Elongation [%]
135

132.5

130

125.3

125

121.2

120
115

(PET POY)

(1% BN)

(2% BN)

Figure 7. Elongation properties of PET POY yarns with and without plasmonic boron nanoparticles
additive.

The yarn unevenness values of the Control PET POY yarn, PET POY 1 yarn and PET POY 5 yarn were
0.77, 0.91, and 0.85, respectively (Table 2 and Figure 8). The lowest yarn unevenness level was
monitored in the case of Control PET POY. Looking at the values measured in the yarn unevenness
measurement, lower values indicate that the yarn is more even, smoother, and therefore better. PET
POY with 1% additive exhibited the highest yarn unevenness value with 0.91 (Figure 8).
Yarn unevenness
0,95

0.91

0,9

0.85

0,85
0,8

0.77

0,75
0,7

(PET POY)

(1% BN)

(2% BN)

Figure 8. Yarn unevenness properties of PET POY yarns with and without plasmonic boron nanoparticles
additive.

Analysis of the amount of B and Ti existence in the PET POY yarns was carried out with the ICP-MS
device. According to the ICP-MS analysis, it was clear that there is no B and Ti element in the Control
PET POY yarn (Table 3). On the other hand, the presence of B and Ti elements was clearly observed in
the results of PET POY 1 and PET POY 2 yarns (Table 3). Higher plasmonic boron nanoparticles content
(1% and 2%) resulted in higher Ti and B presence in PET POY yarn. As a matter of fact, according to
the results of the Ti presence obtained in the ICP-MS analysis, the amount of plasmonic boron
nanoparticles in the PET fiber POY yarn increased approximately 2 times during production with the
doubling of the masterbatch dosage.
Table 3. ICP-MS results of plasmonic boron nanoparticle doped and undoped PET POY yarns.
Properties
B content
Ti content

Control PET
(0% BN)
0
0

PET POY 1
(1% BN)
232
141

252

PET POY 2
(2% BN)
243
205
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The measured yarn unevenness results were in parallel with the obtained SEM images (Figure 9).
Indeed, scanning electron microscope images displayed the presence of some slight deformation and
plasmonic boron nanoparticles material on the surface of the polymer (Figure 9). Plasmonic boron
nanoparticles presence and observed polymer deformation accumulated on the fiber surfaces resulted in
an increase on PET POY yarn unevenness.

Figure 9. SEM images of Control PET POY (Control without plasmonic boron nanoparticle additive), PET
POY 1 (with 1% plasmonic boron nanoparticle) and PET POY 2 (with 2% plasmonic boron nanoparticle).

CONCLUSION
In conclusion, PET POY plasmonic boron nanoparticles doped yarn production was successfully
performed in an industrial scale. The presence of plasmonic boron nanoparticle material in the produced
PET POY yarns was determined using ICPS-MS. Higher boron and titanium content (2% versus 1%)
led to higher B and Ti presence in the PET POY yarn. The amount of plasmonic boron nanoparticles in
the PET fiber POY yarn increased approximately 2 times during the production with the doubling of the
dosage of the masterbatch according to the results of Ti presence obtained in ICPS-MS analysis. On the
other hand, the increase in the amount of plasmonic boron nanoparticles in the PET polymer caused a
decrease in tenacity. In a closer look, the tenacity and elongation values decreased, and the yarn
unevenness values increased with the addition of the plasmonic boron nanoparticles into the PET
polymer when compared to Control PET POY. Moreover, the increased amount of plasmonic boron
nanoparticles (from 1% to 2%) in the PET fiber resulted in slightly lower tenacity and slightly higher
elongation with slightly lower yarn unevenness. SEM images affirmed the measured yarn unevenness
results. Plasmonic boron nanoparticles presence and observed polymer deformation accumulated on the
fiber surfaces resulted in an increase on PET POY yarn unevenness.
Overall, this study has shown that functionalized core-shell nanohybrid nanoparticle (TiNPs@aminefunctionalized GQDs@BNNS nanohybrid nanoparticle) doped PET POY yarns can be successfully
produced under industrial production conditions using the industrial large-scale spinning machines. It is
also important to point out that polyester fiber has become the most produced and the most consumed
textile fiber in the world and the production, consumption and use of polyester fiber is increasing day
by day. Polyester has been used in fashion and home textile production for many years and its production
capacities continue to increase. However, with the rapid developments in technology, different
production areas such as technical textiles also emerge for polyester fibers other than the traditional
application and usage areas.
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ABSTRACT
Shape memory alloys (SMA) represent a category of smart materials and are widely used as actuators
for many applications ranging from aircraft-automotive as vibration dampers to medical stents mainly
because of their high energy density and their ability to generate high actuating forces. One of the
potential applications of use of SMA is in robotics. SMA integrated composites provide a light-weight
solution for conventional grippers but have their fair share of disadvantages such as minimal movements
due to constrained degrees of freedom, less gripping force towards irregular structures, durability
reduction etc. In this work, SMAs are integrated into glass fiber reinforced fabrics with tailored
properties with the help of flat-knitting technology creating an Interactive Fiber Rubber Composite by
infiltrating the fabrics with liquid silicone. To determine the range of force induced, a simulation model
is developed to capture the transduced force of the composite when SMA is activated and the model is
calibrated with respect to a test set-up specifically tailored to determine the force exhibited. The results
obtained are utilized in a future study in determining the twisting behaviour of the composite, which
would further help in a better grip for small and irregular shaped objects.
KEYWORDS
Interactive fiber rubber composite, Flat-knitting technology, Shape Memory Alloy.
MATERIALS AND METHODS
The SMA wires used in this work are Ni-Ti wires obtained in a pre-strained state provided by SAES
Group (USA) with a diameter of 0.3 mm. The SMA wires are able to initiate One Way Shape Memory
Effect (OWSME) by thermal activation. Two-component liquid silicone Polydimethylsiloxane (Sylgard
184™) was used for rubber matrix material and glass fiber (GF) roving with 410 tex and twisted GF
twin-yarns with 2 × 136 tex were used. The characterisation methods for SMA wire are briefly explained
in [2].
Biaxial reinforced multi-layered knitted fabrics with integrated SMAs were manufactured using
Aries.3® flat knitting machine. Glass fabrics were used to create the composite because of their high
thermal stability and commercial availability. Polytetrafluoroethylene (PTFE) tubes were attached on
the fabrics using tailored fiber placement (TFP) technology. SMA wires are inserted into these tubes
and can be varied within the sample. The two layers of the specimen consists each layer of glass fiber
410 tex yarns in weft direction and glass fiber 2 × 136 tex yarns in warp direction as shown in Figure
1(a). The tubes and SMA wire are inserted in subsequent weft rows forming a ‘U’ shaped loop and are
placed in the second layer of the textile eccentric to the neutral axis as shown in Figure 1(b). The
composite specimens are manufactured by Vacuum Assisted Resin Infusion (VARI) process. To avoid
air bubble forming, silicone was degassed and poured on the specimen before infusion process. The
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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cuttings of GF knit (120 × 80 mm2) was cured for 48 hours at room temperature.
The Interactive Fiber Rubber Composite (IFRC) specimen is clamped to a test stand horizontally as
shown in Figure 2. The SMA wires are fixed onto the clamp with the help of screws and ring washers.
A horizontal plate is fixed onto the jigs of tensile testing machine and is fixed in such a way that the
surface of the specimen barely touches but lies very close to the surface of the horizontal plate. The
voltage during heating is set to 14V resulting in a current of approximately 2A for the looped SMA wire.

(a)
(b)
Figure 1. (a) Multilayered knitted fabrics - Biaxially reinforced (b) Graphical representation of SMA
positions in the textile fabric.

Figure 2. Activation test set-up.

SIMULATION MODEL
The model is created in ANSYS with Fiber Rubber Composite (FRC) as silicone block and with
cylindrical and elliptical cavities for SMA and reinforcement fibers. The pressure plate is assigned
structural steel. The cross-sectional areas of two parts of twisted yarn for the specimen are combined
into one neglecting the twist in longitudinal direction. All components are meshed with 3D elements.
Because of the fixation plate in the activation experimental set-up, the wire is modelled 15 mm longer.
Following considerations were made during modelling:





Only weft yarns are modelled.
The modelling of warp yarns was neglected because of their low influence in the deformation
behaviour of IFRC as explained in [2].
The force of SMA during actuation is assumed to be even throughout the width of the specimen
Loop configuration of SMA wires is neglected and the free end is fixed to a small block attached
to the free end of fiber rubber composite specimen.
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The boundary condition for the model is shown in Figure 4. The contact between SMA to its
surroundings is given as frictionless. The composite is fixed at one end and the free end is bonded to
small external block placed at the other end of the beam. Pressure plate is modelled as a rigid body and
frictionless contact is assigned with the rubber. The SMA wire is pre-strained in two preliminary load
steps with an applied load of 20 N in the first step and in the second step, that force is discarded allowing
an elastic deformation leaving the wire in detwinned martensite state. In the next load step, the deformed
wire is given a bonded connection to the external block followed by thermal load step with temperature
ramp from 70-130°C that initiates the contraction of the wire resulting in bending of the composite
structure.

Figure 3. Interactive Fiber Rubber Composite simulation model.

Figure 4. Boundary conditions in the simulation model.

The material model assigned to the SMA wire is based on [1] and [3] which can describe One Way
Shape Memory Effect and the model fabrication can be found in the respective articles. The limitation
to this model is that the pre-strain must be applied in the simulation as an additional step prior to thermal
activation. The free energy potential for stress-induced solid-phase transformations is as follows:
𝝍(𝛜, 𝑻, 𝛜𝒕𝒓 ) =

𝟏
𝟏
𝟐
(𝛜 − 𝛜𝒕𝒓 ): 𝑫: (𝛜 − 𝛜𝒕𝒓 ) + 𝛕𝑴 (𝑻)||𝛜′𝒕𝒓 || + 𝒉||𝛜′𝒕𝒓 || + 𝑰𝛜′𝒕𝒓 (𝛜′𝒕𝒓 )
𝟐
𝟐
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The material parameters are obtained by iterative curve fitting to measurement curves obtained from
thermomechanical characterisation. An isotropic hyperelastic model by [4], which is available in
ANSYS®, is assigned to the rubber block and orthotropic elastic material model is assigned to the
reinforced fibers.
RESULTS AND DISCUSSION
The IFRC simulation model exhibited force of 0.42 N when activated, which is lower when compared
to experimental result of 0.79 N. This is because of the assumption considered in the simulation model
that the force acting is assumed to be distributed evenly throughout the specimen. Additionally, SMA
wire modelled in the specimen is considered straight instead of having a loop because the wire has to be
pre-strained in the simulation by applying tension in the first load step. In the experiment, the middle
fibers are less effected by SMA wires, which are present near the edges of the specimen resulting in
higher deformations at the middle and a curl at the edges making the corner points of the specimen the
only contact with the plate as shown in Figure 2. As the deformation increases, the corners of the
specimen were pushed upward exerting a concentrated force resulting in an excess force applied on to
the pressure plate. The model did not capture this behaviour resulting in the difference between
simulation and experiment.
CONCLUSION
The simulation model and experiment set-up proposed in this paper is inventive in capturing the force
transduced by SMA integrated fiber rubber composites (IFRC). The activation test have shown that the
force transduced at the ends of SMA resulted in curling of the edges generating a concentrated force on
the point of contact of pressure plate. This resulted in excess force being applied onto the pressure plate
logically explaining the difference between simulation and experimental results. The SMA wire
considered in the model is straight instead of a loop, as pre-straining of a loop structure in this model is
a challenging task and with a more advanced model, this limitation can be exceeded. With further
investigations, this model can be utilized in determining the amount of force needed to be transduced to
obtain relative mechanical work.
ACKNOWLEDGMENT
The Authors would like to express appreciation for the support of the sponsors to the DFG research
project 380321452/GRK2430, supported by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation). The financial support is gratefully acknowledged.
REFERENCES
[1] Auricchio F., Petrini L., Improvements and algorithmical considerations on a recent threedimensional model describing stress-induced solid phase transformations, International Journal
for Numerical Methods in Engineering 2002, vol. 55, no 11, pp. 1255–1284. https://doi.org/
10.1002/nme.619
[2] Lohse F., Kopelmann K., Grellmann H., Ashir M., Gereke T., Häntzsche E., Cherif C.,
Experimental and Numerical Analysis of the Deformation Behavior of Adaptive Fiber-Rubber
Composites with Integrated Shape Memory Alloys, Materials (Basel, Switzerland) 2022, vol. 15,
no 2. https://doi.org/10.3390/ma15020582}
[3] Souza A. C., Mamiya E. N., Zouain N. Three-dimensional model for solids undergoing stressinduced phase transformations, European Journal of Mechanics - A/Solids 1998, vol. 17, no 5,
pp. 789–806. https://doi.org/10.1016/S0997-7538(98)80005-3
[4] Yeoh O.H., Some Forms of the Strain Energy Function for Rubber, Rubber Chemistry and
Technology 1993, vol. 66, no 5, pp. 754–771. https://doi.org/10.5254/1.3538343
258

21st World Textile Conference AUTEX 2022
AUTEX 2022 Conference Proceedings

Passion for Innovation

978-83-66741-75-1

June 7-10, 2022, Lodz, Poland

© Lodz University of Technology, 2022

DOI: 10.34658/9788366741751.54

THE CATIONIZATION OF COTTON/POLYESTER BLEND
Ivana Čorak1(*) , Anita Tarbuk1 , Tihana Dekanić1 , Snježana Brnada1 , Lucija Domljan1
1
University of Zagreb Faculty of Textile Technology, Prilaz baruna Filipovića 28a, HR-10000
Zagreb, Croatia
(*)
Email: ivana.corak@ttf.unizg.hr

ABSTRACT
Cotton cellulose can be cationized with amines and quaternary ammonium compounds in alkaline
medium to change fiber surface charge. Such modified cotton adsorbs anionic dyes and auxiliaries due
to attractive forces between fiber and compound. Due to crystallinity of polyester fiber, its adsorption is
low. Polyester is usually modified by alkaline hydrolysis with cationic compounds as accelerators. For
all these reasons, in this paper, the cationization of cotton/polyester blended fabrics was performed. The
change of fabric was studied through interface phenomena – zeta potential, moisture management and
adsorption of anionic optical brightener. Zeta potential confirmed that the surface charge has been
changed. Cationization led to better adsorption of optical brightener and higher capillarity of fabrics.
KEYWORDS
Cationization, cotton/polyester blend, zeta potential, moisture management, optical brightener.
INTRODUCTION
Cationization is a modification with amines and quaternary ammonium compounds, usually of cellulose,
for the purpose of removing salt from the dyeing process. The cationization, agents and techniques
differs, but mainly are used epihalohydrins or commercial long-chain compounds with polyammonium
bonds in alkaline medium. Cationic agents can be applied by the exhaustion and padding as aftertreatment technique, but also during mercerization process. In all cases, it results in a change of fiber
surface charge [1–5]. Polyester is usually modified by alkaline hydrolysis for achieving more surface
active groups. It is performed in 4-20% NaOH at temperatures higher than 100°C for more than 1 hour.
Different cationic surfactants and polymers can accelerate process of alkaline hydrolysis [6–8].
Therefore, in this paper the cationization of cotton/polyester blend was performed on two fabrics in
different weave. The cationization effects were studied through the interface phenomena – zeta potential,
adsorption optical brightener and management of liquid moisture.
MATERIALS AND METHODS
The cotton/polyester 50/50 blended fabrics supplied by Čateks d.o.o. (Čakovec, Croatia) were used.
Fabric in basket weave 2/2 (Label B 2/2) of mass per unit area 150 g/m2, had yarn density of warp
38 threads/cm and weft 17 threads/cm. Fabric in 5-end satin weave (Label 5eS) of mass per unit area
160 g/m2, had yarn density of warp 38 threads/cm and weft 22 threads/cm. Fabrics were scoured and
bleached under industrial conditions.
In this research, fabrics were cationized with cationic reactive polyammonium compound Rewin OS
(CHT-Bezema) by exhaustion on machine for dyeing and finishing Mathis in a bath containing: 50 g/L
Rewin OS, 10 g/L NaOH, with LR 1:10 at 90°C for 45 min. Fabrics were neutralized and rinsed
afterwards, then air dried.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The streaming potential was measured using Electrokinetic analyzer (EKA, Anton Paar, Austria) and
the electrokinetic potential (zeta, ζ, ZP) was calculated according to the Helmholtz-Smoluchowsky
equation [9]. Zeta potential was measured using stamp cell as a function of pH of the 1 mmol/L KCl
and the isoelectric point (IEP) was determined.
For the research of adsorption of anionic compounds, the diamino stilbene disulphonic acid derivative
(C.I. Fluorescent Brightener 113, Uvitex BHT) was applied in wide range of 1, 2, 5 and 10% owf by
exhaustion having LR 1:30 at 100°C for 30 min in stainless-steel bowls (Linitest, Hanau) [10]. Spectral
remission (R [%]) was measured on a remission spectrophotometer Spectraflash SF 300, Datacolor.
Fabric whiteness (WCIE) according to ISO 105-J02:1997, and Tint Deviation (TD) were determined its
coloristic meanings according to Griesser [11] were calculated automatically.
The moisture management test was performed according to AATCC 195-2021 on a Moisture
Management Tester (M290 MMT, SDL Atlas).
RESULTS AND DISCUSSION
The cationization of cotton/polyester blended fabrics, woven in basket (B2/2) and 5-end satin (5eS) was
performed. The cationization effects were studied through the interface phenomena, i.e. the changes in
zeta potential, adsorption of anionic optical brightener and liquid moisture management properties. In
order to compare cotton/polyester fabrics before and after cationization the measurement of
electrokinetic (zeta, ζ, ZP) potential was performed. In Figure 1 the results of zeta potential vs. pH of
electrolyte 0.001 mol/L KCl and isoelectric point are given.
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Figure 1. The zeta potential (ZP) vs. pH of 0.001 mol/L KCl of cotton/polyester fabrics: Basket 2/2 (B2/2)
and 5-end satin (5eS) before and after cationization (C).

Both cotton/polyester fabrics, regardless of weave, have negative zeta potential (<-42 mV) due to
dissociation of negative surface groups. Cotton cellulose has hydroxyl (-OH) groups, but also carboxyl
that revels in chemical bleaching (-COOH). According to the literature [4,5,9] zeta potential of cotton
is around -25 mV. Polyester addition in blend lowers zeta potential due to small number of carboxyl
groups, but more due to its hydrophobic character since it does not have the ability of water adsorption
(hydration) and swelling [9]. Therefore, ZP in pH range 3-9 is negative, from -44 mV at pH 9 to -9 mV
at pH 3. There is isoelectric point at pH lower than 2.5 (Figure 1). Cationization with Rewin OS changes
zeta potential. Ammonium groups (-NH2) from polyammonium compound are present as well, resulting
in positive zeta potential >22 mV in whole pH range. No IEP is present. There is the difference between
fabrics regarding the weave. 5eS has lower number of cross-points than basket 2/2, therefore it can swell
more. For that reason, cationic compound can be adsorbed more to fiber surface, and the resulting zeta
potential is higher.
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Results of the liquid moisture management properties determined according to AATCC TM 195-2021
on MMT M290 are presented in Table 1. It can be seen that all fabrics have the same overall grading in
regard to fabric performance is described as “Fast Absorbing and Quick Drying Fabric”. The wetting
time (WT) is the time period in which the top and bottom surfaces of the fabric just start to get wetted,
and corresponds to the absorbency drop test. It can be seen that is very fast, 2.5s. Absorption rate, which
represents the average speed of liquid moisture absorption for the top and bottom surfaces during the
initial change of water content during a test, stays the same. Accumulative one-way transport capability
(R) represents the difference between the area of the liquid moisture content curves of the top and bottom
surfaces of a specimen with respect to time. It can be seen that it gets lower with cationization, indicating
better capillarity. For basket weave, B2/2-C, it shows negative values indicating that water content top
surface is lower than the one on fabric bottom surface.
Table 1. Moisture management properties of cotton/polyester fabrics: Basket 2/2 (B2/2) and 5-end satin
(5eS) before and after cationization (C).

B2/2
B2/2-C
5eS
5eS-C
Mean
*CV
Mean
*CV
Mean
*CV
Mean
*CV
2.57
0.03
2.53
0.06
2.53
0.10
2.62
0.04
T
WT [s]
2.64
0.08
2.63
0.05
2.57
0.09
2.79
0.03
B
71.78
0.03
67.07
0.03
63.94
0.04
67.47
0.02
T
AR [%/s]
62.35
0.03
61.98
0.02
62.82
0.01
61.84
0.01
B
25
0
22
0.12
24
0.09
23
0.12
T
MWR [mm]
30
0
25
0
26
0.09
25
0
B
6.51
0.04
5.88
0.06
6.52
0.03
6.06
0.09
T
SS [mm/s]
6.94
0.04
6.06
0.02
6.61
0.04
6.06
0.04
B
26.34
0.25
-12.84
1.12
96.92
0.28
4.28
5.25
R [%]
0.48
0.02
0.44
0.04
0.56
0.05
0.45
0.06
OMMC
Fast Absorbing and
Fast Absorbing and
Fast Absorbing and
Fast Absorbing and
Type of fabric
Quick Drying Fabric
Quick Drying Fabric
Quick Drying Fabric
Quick Drying Fabric
Wetting Time - WT, Absorption rate - AR, Maximum wetted radius - MWR, Spreading speed - SS, top surface - T, bottom
surface - B, Accumulative One-way Transport Capability - R, Overall (liquid) Moisture Management Capability - OMMC,
*CV - coefficient of variation
Fabric

For the purpose of determination adsorption of anionic auxiliaries, the adsorption of anionic optical
brightener Uvitex BHT was performed in wide concentration range 1-10% owf. From the results in
Table 2 can be seen that both cotton/polyester fabrics have remission at 700 nm, and whiteness degree
of 78. No appreciable deviation in tint from the white scale can be observed. Uvitex BHT, as stilbene
derivative has high affinity for cotton, but some amount can be adsorbed to polyester component as well.
Treatment with the lowest concentration leads to the significantly higher whiteness (W CIE>130) due to
fluorescence emission at 440 nm, which is the highest whiteness achieved. In higher concentrations
quenching of fluorescence is observed (decrease in whiteness, bathochromic shift of remission, and tint
deviation into green). Layering of Uvitex BHT molecules in high concentration prevents excitation in
all layers, so there is no fluorescence, resulting in the reduction of whiteness. Additionally, the molecules
at high concentrations build dimers that do not have the ability to fluoresce [10]. Both fabrics, regardless
of weave, show same quenching phenomenon.
Cationization results in change of surface charge, so the adsorption of anionic Uvitex BHT is more
enhanced. As can be seen from Table 2, the lowest concentration of 1% is already too much. Achieved
result is similar to the one with 5% to non-cationized fabric. There is the difference in adsorption of
fabrics regarding the weave. 5-end satin has higher positive charge, therefore exhibit higher adsorption
of optical brightener.
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Table 2. Degree of whiteness (WCIE), tint deviation (TD) and max. wavelength of remission () of cotton
fabrics: Basket 2/2 (B2/2) and 5-end satin (5eS) before and after cationization (C), and after optical
brightening with 1, 2, 5 and 10% Uvitex BHT.
Fabric

B2/2
WCIE
TD
78.4
76.9
-C
131.7
-1
129.3
G1-trace
-2
115.9
G3-appreciably
-5
103.2
G4-markedly
-10
113.7
G1-trace
-C-1
108.9
G2-slightly
-C-2
92.5
G4-markedly
-C-5
68.2
GG-tinted
-C-10
G – greener than the white scale

max [nm]
700
700
440
440
440
450
440
440
450
450

WCIE
78.2
76.7
131.4
129.5
114.3
102.3
108.6
107.0
91.1
71.9

5eS
TD

G1- trace
G2-slightly
G3-appreciably
G4-markedly
G2-slightly
G2-slightly
G4-markedly
GG-tinted

max [nm]
700
700
440
440
440
450
440
440
450
450

CONCLUSION
Cationization of cotton/polyester blend can be performed to enhance properties of both components.
Cationization resulted in positive charge of fabrics, and better capillarity. Both fabrics adsorb more of
anionic auxiliary than non-cationized ones. 5-end satin woven fabric swell more and adsorbed more of
cationic compound than basket woven fabric. Therefore, this fabric shows better adsorption.
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ABSTRACT
The polylactide (PLA) is the most common biodegradable material. However, its biodegradation
requires hydrolysis of PLA to oligomers or monomers before microbes can act. Hydrolytic degradation
of PLA depends on temperature, time and relative humidity. It takes months and years until complete
biodegradation. If a catalyst is introduced, i.e. alkali or alcohol, it can be done in weeks. In this article,
the alkaline hydrolysis was performed at low temperatures 40-60°C without and with the addition of
cationic compound as an accelerator for the purpose of saving energy and time for complete PLA
degradation. It has been shown that complete degradation can be achieved in only 10 min at 40°C.
KEYWORDS
PLA, alkaline hydrolysis, cationic surfactant, low temperature.
INTRODUCTION
The polylactide (PLA) or poly(lactic acid) is produced from renewable sources (vegetables, corn, sugar)
and is the most commonly used biodegradable material. It is the most frequently used biodegradable
polyester, due to its good strength, biocompatibility, and biodegradability. However, its biodegradation
requires hydrolysis of PLA to oligomers or monomers before microbes can act in a certain medium.
These monomers are crucial for reducing the necessity of raw materials as well as the environmental
impact related to PLA production and disposal [1–9]. Its degradation depends on the chemical, physical
and biological agents that are used, the molecular and supramolecular structure of the polymer, i.e. the
crystalline form, pH, the rate of hydrolytic degradation, the content of the D-lactide isomer, temperature,
the content of nanomaterials. When chemical/physical processes have been done, hydrolysis is random,
whilst when enzymes are applied hydrolysis occurs at the end of polymer chains. The hydrolysis occurs
in amorphous regions, which results in an increment in crystallinity [6–9].
During hydrolysis the ester linkages on PLA backbone chains are cleaved and the polymer is converted
into soluble oligomers and monomers. The cleavage of ester linkage results in carboxylic and hydroxyl
end-groups on polymer chains (Figure 1).
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Figure 1. The alkaline hydrolysis of ester bond in PLA.

At neutral or alkaline medium, the hydrolytic degradation occurs through backbone of PLA polymer,
while hydrolytic degradation of D, L-lactic acid oligomers in alkaline media show random ester
cleavage. Hydrolysis can take place not only in water and alkali, but also in alcohol and alcoholic
solutions, or acetonitrile solutions [6]. However, in the absence of any catalyst, the hydrolysis of PLA
consumes plenty of energy and time.
According to literature, hydrolytic degradation of polymer structures takes a few weeks and it should be
conducted at the temperature near to the glass transition of the polymer. The time required for PLA
hydrolysis highly depends on the temperature and relative humidity. Testing of PLA in real conditions
lead to the degradation in several months depending on the conditions and the initial material. PLA
degradations carried out in laboratory conditions are artificial weathering, composting, and thermal
degradation. These PLA degradation processes require months and years until complete biodegradation,
i.e. at 4°C needs 2-5 years, at 25°C 1 year, at 60°C 15-30 days [3]. Some researchers [1,3] hydrolyzed
PLA at the temperature of 90°C in distilled water what took 21 days. For quicker degradation, high
temperature is necessary; i.e. more than 95 % of PLA can be hydrolyzed within 120 min at 160–180°C
[4]. Chen et al. [9] studied alkaline hydrolysis at temperature range 40–60°C, and found that for at 60°C
120 h is necessary for 50% degradation.
It is well known that some cationic surfactants and polymers accelerate the process of polyester
hydrolysis [10,11]. Therefore, in this article, the alkaline hydrolysis was performed at low temperatures
40-60°C without and with the addition of cationic compound as an accelerator for the purpose of saving
energy and time for complete PLA degradation.
MATERIALS AND METHODS
The PLA fibers were spun as multifilament in the laboratory at Lodz University of Technology, Łódź,
Poland from IngeoTM Biopolymer 6201D (Nature Works LLC, Minnetonka, USA). Fibers were cut to
5 cm. These staple fibers were needle-punch into the non-woven fabric on Asselin machine (Elbeuf,
France).
The non-woven fabrics were hydrolysed in the Linitest, Original Hanau with LR 1:50 owf. 0.5 g of
fabric was hydrolysed in 1.5 mol/L sodium hydroxide (NaOH) without or with addition of 1 g/l
HDTMAC (hexadecyltrimethylammonium chloride, 25 % aqueous solution, Fluka), cationic surfactant
(Figure 2).

Figure 2. HDTMAC (hexadecyltrimethylammonium chloride).

Fabrics were treated at 40 and 60°C for 5, 10, 15, 20, 30, 45, and 60 min. After hydrolysis, the fabric
was rinsed in hot, warm, and cold distilled water and neutralized in acetic acid then rinsed in cold
distilled water and dried overnight at 102°C and cooled in a desiccator.
Weight loss was determined by measuring the PLA nonwoven fabric before and after degradation using
KERN ALJ 220-5DNM digital scale with a precision of 0.1 g. The weight loss (Δm) was calculated
according to the following equation:
𝑚0 − 𝑚ℎ
𝛥𝑚 =
∙ 100 [%]
[1]
𝑚0
where, m0 is the weight of the PLA before hydrolysis and mh is the weight of the PLA after hydrolysis.
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RESULTS AND DISCUSSION
For the purpose of studying PLA degradation with catalyst and accelerator at low temperature, the
alkaline hydrolysis was performed at 40 and 60°C. NaOH was used as catalyst and cationic surfactant,
hexadecyltrimethylammonium chloride (HDTMAC) as an accelerator, which was proven to accelerate
alkaline hydrolysis of poly(ethylene terephthalate) at low temperatures [11].

Δm [%]

The results of weight loss are calculated and expressed as a function of the time, considering the
temperature of process. The results are shown in Figures 3 and 4.
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Figure 3. The weight loss of PLA non-woven fabric in alkaline hydrolysis with 1.5 mol/L NaOH without and
with addition of cationic surfactant HDTMAC at 40°C.
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Figure 4. The weight loss of PLA non-woven fabric in alkaline hydrolysis with 1.5 mol/L NaOH without and
with addition of cationic surfactant HDTMAC at 60°C.

Alkaline hydrolysis carried out for 60 min at 60°C, results in complete degradation of PLA. Reducing
the time, degradation is low, i.e. weight loss of 22.24 % is achieved after 5 min. Introducing accelerator
to alkaline hydrolysis, HDTMAC, led to complete degradation after only 10 min, while after 5 min the
weight loss was 99.49%.
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Lowering temperature led to lower degradation if only NaOH was used. Weight loss after 60 min was
47.58 %, and after 5 min only 9.19%. However, when HDTMAC was used as accelerator, similar
degradation was observed as at 60°C. After 5 min weight loss was 98.9% and in 10 min it was complete.
CONCLUSION
In this research 1.5 mol/L NaOH was used as catalyst and hexadecyltrimethylammonium chloride
(HDTMAC) as accelerator of PLA hydrolysis. Both catalyst and accelerator significantly help PLA
degradation. When only alkali is used, PLA can be completely degraded in 60 min at 60°C. If HDTMAC
is used as accelerator of alkaline hydrolysis, it takes only 5 min to degrade 99% of PLA, and in 10 min
PLA degradation is complete. It can be concluded that this process saves energy and time, what makes
it more sustainable.
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ABSTRACT
The objective of work was to improve the safety performance of protective footwear by increasing its
service time using next-generation polymeric materials featuring autonomous self-healing mechanisms
capable of repairing mechanical defects in a sole structure without an external intervention. The project
innovation consists of using autonomous self-healing mechanisms in protective footwear to increase its
service time and improve its safety performance in the workplace. Some mechanical defects naturally
occur in the structure of personal protective equipment in the course of its normal use. While initially
those defects are often not visible and difficult to detect, they may compromise polymeric materials and
over time lead to permanent damage and shorter service times. The applied autonomous self-healing
mechanisms (ASMs) have the capacity of immediate material regeneration without the external
intervention. The first ASM involves a micro-encapsulated monomer released in the case of damage to
fill the resulting defect in the sole. The other ASM involves the implementation of a network of channels
supplying the monomer to the damaged area.
KEYWORDS
Protective footwear, self-healing materials.
INTRODUCTION
New achievements in the field of materials engineering now allow the production of innovative polymer
materials with the ability to self-repair and the application of these solutions to the personal protective
equipment used in the work environment, e.g. polymer elements used for the soles of safety shoes or
protective gloves and clothing to increase its service time and improve its safety performance in the
workplace.
Existing knowledge about the end of service life of protective footwear is very limited, because the
degree of their wear (loss of their protective properties) depends on multiple factors associated with
workplaces. The actual level of protection conferred by the sole is affected by many determinants, which
are not evaluated in laboratories for methodological reasons, but which may have a significant impact
on their performance [1].
Laboratory tests conducted according to standards harmonized with Directive 89/656/EEC supply basic
information about the degree of protection provided by footwear, which may be used, e.g., for comparing
products available in the market in terms of their suitability for specific workplace condition [2].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Unfortunately, this information, addressed to workers and employers alike, does not reflect the actual
levels of protection as it does not take into account in a comprehensive manner the effects of external
factors on the footwear or the time of its use in the workplace. Some mechanical defects naturally occur
in the structure of personal protective equipment in the course of its normal use. While initially those
defects are often not visible and difficult to detect, they may compromise polymeric materials and over
time lead to the permanent damage and shorter service times. Products may be affected by various
factors reducing their mechanical or protective properties. These factors originate from the conditions
at the workplace as well as from the interaction between the user and gloves or footwear and mechanical
or chemical stress. Moreover, self-healing polymer materials can minimize economic loss and accidents
in the workplace.
In the literature, there is a division of polymer composites with the ability to self-repair due to the method
of its initiation defined by the chemical structure and the self-healing mechanism: autonomous selfhealing materials (AMS), where the self-healing mechanism starts automatically in response to damage
/ fracture in the material and non-automatic self-healing materials (NMS) requiring an external stimulus,
e.g. temperature, pressure [3–4].
The paper shows innovative research on self- healing materials. The CIOP-PIB conducted exploratory
research on the use of polymers with self-healing properties based on a non-autonomous self-healing
mechanism occurring as a result of an external stimulus, i.e., the temperature in elastomeric personal
protective equipment. Promising results were obtained for self-healing polymeric materials based on
methylvinylsilicone rubber containing hybrid molecules with an inorganic silsesquioxane in the
protective gloves. Evaluation of self-healing process of the elastomeric composite predicted to the
personal protective equipment was performed. For this purpose the assessment of the surface
morphology of materials have been performed before and after the self-healing process. The protective
properties were also confirmed by analysis of permeation resistance before and after the healing process.
The obtained results confirm the possibility of using tested elastomeric composite in the construction of
protective gloves and showed an effectivity of the self-healing process [5–6].
Currently underway work concerning the development of products containing materials characterized
by the ability to immediately regenerate them without any human intervention - i.e., polymers based on
autonomous mechanisms in the safety footwear.
The first ASM involves a micro-encapsulated monomer released in the case of damage to fill the
resulting defect in the sole. The other ASM involves the implementation of a network of channels
supplying the monomer to the damaged area [7–8].
MATERIALS AND METHODS
The study involved soles made of materials widely used in commercially available protective footwear,
namely, poly (ethylene-co-vinyl acetate) (EVA), poly (vinyl chloride) (PVC), and polyurethane (PU).
Then the test results were compared to the results with a sole made of polyurethane with self-healing
mechanisms applied, containing microcapsules (Figure 1a) and polymer microchannels (Figure 1b).

a)

b)

Figure 1. Visualization of polymeric microchannels and microcapsules responsible for the self-repair
process.
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The studied commercially available soles were evaluated in terms of protective parameters (bending
strength and abrasion resistance) as well as physical parameters (density, hardness, morphology of
surface). Samples with self-healing properties were tested before and after the simulated puncture
failure. Samples were acclimatized at (23 2)C and a relative humidity of (50 ± 5)% for 48 h.
RESULTS AND DISCUSSION
The presented preliminary study focused on the abrasion resistance and bending strength of three
commercially available sole materials. Changes in the density and hardness of the examined materials
were evaluated by the following exposure to cyclical factors. Statistical analysis was performed to
identify significant differences between the three types of polymers in terms of abrasion resistance,
density, and hardness. The surface morphology (Figure 2) of the sole materials was examined by means
of scanning electron microscopy.
EVA

PU

Samples after
abrasion testing

Initial samples

PVC

Figure 2. Photomicrographs of the surface morphology of sole samples.

In the case of dry workplaces, the soles are mainly affected by friction processes leading to the abrasion
of the sole surface. The abrasion resistance of sole materials depends on their density and porosity. The
porous structure affects a number of material properties, such as sorption capacity as well as mechanical,
thermal, and electric characteristics. The properties of porous materials depend on the content of open
and closed pores. Other important factors are pore shape (ranging from narrow slits to spherical cavities),
size fractionation, and spatial distribution. In the present study, the lowest density was found for EVA
soles (0.22 g/cm3). Following the abrasion of the external surface, the revealed structure was highly
porous (with open pores). The highest density was recorded for non-porous PVC soles (1.21 g/cm3);
their surface displayed scratches, irregularities, and detaching fragments.
Then influence of self-healing mechanisms in the polyurethane matrix was investigated. Studies on
commercial soles have shown that polyurethane soles have the greatest tendency to crack and wear. The
use of polymeric microchannels and microcapsules filled with a repair agent is aimed at releasing the
repair agent as a result of damage and preventing the material degradation, lowering protective
parameters and extending the end of service life.
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CONCLUSION
Conducted research confirmed the possibility of applying self-healing mechanisms to the construction
of protective gloves and footwear. The self-healing process was also proven effective with gloves and
safety shoes in response to damage. The new approach applied in this work may be a useful tool in
improving the safety of workers using the polymeric protective footwear in the context of sole wear.
Our results constitute the first step towards a better understanding of the effects of self-heling systems
on estimating the service life of soles in all-rubber footwear.
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ABSTRACT
In this study, the chemical modification of cotton fabric to develop UV-protective properties is
presented. For this purpose, TiO2 and a three-component Ag/TiO2/g-C3N4 composite were synthesised
ex-situ and were applied to cotton fabric using a pad–dry–cure method. The presence of the composite
on the cotton fibres was detected using the SEM, EDS and FTIR methods and with a digital microscope.
The results show that the application of TiO2 increased the UV protection of the cotton fabric compared
with the untreated fabric. The combination of TiO2 with Ag and g-C3N4 in the composite further
improved the UV protection of the cotton fabric, as the absorption in the UVA range increased
significantly. This resulted in a large increase in the UPF value, placing the cotton fabric in the excellent
protection category. This proves the cumulative effect of the components in the composite.
KEYWORDS
Cotton, fabric, chemical modification, Ag/TiO2/g-C3N4 composite, functionalisation, UV protection.
INTRODUCTION
Cotton fabrics, which are widely used for the production of light summer clothing, have, in addition to
their advantages, an important disadvantage, namely insufficient UV protection. For this purpose,
various organic and inorganic UV absorbers are used to chemically modify cotton fibres to improve the
fabric’s UV-protective properties [1]. Among UV absorbers, TiO2 has already been proven to be an
effective compound for use in textiles. However, despite the absorption of UV radiation by TiO2 being
excellent in the UVB range, this is not true in the UVA range. Therefore, in order to increase the
efficiency of TiO2 as a UV protection agent, various approaches to the surface and interfacial
engineering have been developed for TiO2, including the formation of complexes with other inorganic
or organic UV absorbers [2]. The aim of our research is to synthesise a novel three-component complex
composed of Ag, TiO2, and g-C3N4 that provides excellent UV protection for cotton fibres.
MATERIALS AND METHODS
Materials
We used alkaline-scoured, bleached, and mercerized plain-weave fabric made of 100% cotton with a
weight of 120 g/m2 (warp density 51 threads/cm; weft density 31 threads/cm) produced by Tekstina
d.o.o. (Ajdovščina, Slovenia). Silver nitrate (AgNO3), ascorbic acid, titanium(IV) isopropoxide, and
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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ethanoic acid were provided by Sigma-Aldrich (St. Louis, Missouri, United States). Graphitic carbon
nitride (g-C3N4) was prepared by the National Institute of Chemistry (Ljubljana, Slovenia).
Chemical modification of cotton fabric
The cotton fabric was chemically modified with a three-component composite Ag/TiO2/g-C3N4 that had
previously been synthesized at 70°C from precursors of AgNO3 (1.0 mM) and titanium(IV)
isopropoxide (3.0 %) in combination with g-C3N4 (0.5 %) in a water/isopropanol solution using ascorbic
acid and ethanoic acid as reducing agents. The chemical modification of the cotton fabric was carried
out via the pad-dry-cure method. After application, the samples were washed and air-dried. For
comparison, a one-component TiO2 and the two-component Ag/TiO2 composite were also applied to the
cotton fabric under the same conditions. The sample codes and their chemical modifications are listed
in Table 1.
Table 1. Sample codes according to chemical modification.
Sample code
Chemical modification
CO(UN)
Sample was not chemically modified
CO(TiO2)
Sample chemically modified with one-component TiO2
CO(Ag/TiO2)
Sample chemically modified with two-component Ag/TiO2 composite
CO(Ag/TiO2/g-CN)
Sample chemically modified with three-component Ag/TiO2/g-C3N4 composite

Analyses and Measurement
The morphological characteristics of the samples were examined using a scanning electron microscope
(SEM) JSM-6060 LV (Jeol, Japan). Prior to the examination, the samples were coated with Au.
Their elemental composition was determined by EDS spectra using an FE-SEM Zeiss SUPRA 35 VP
(Oberkochen, Germany). The samples were coated with a thin layer of C before analysis.
FTIR analysis was performed using a FTIR Spectrum 3 spectrophotometer (Perkin Elmer, UK), and
measurements were performed in the range from 4000 cm-1 to 600 cm-1.
The surface plasmon resonance was studied using a hand-held Dino-Lite Premier AM4113ZT digital
microscope (R3) at 232× magnification.
Optical properties were determined by UV/VIS measurements using a Lambda 850+ UV/VIS
spectrophotometer (Perkin Elmer, UK) in the range from 240 nm to 750 nm. The average transmittance
(T) values of the samples in the UVA (315–400 nm), UVB (290–315 nm), and total UV (290–400 nm)
ranges were calculated. The UV protection factor (UPF) was calculated using the following equation:
UPF =

∑400
290 E(λ) ε(λ)Δ(λ)

[1]

∑400
290 E(λ) ε(λ) T(λ) Δ(λ)

where E(λ) is the solar irradiance, ɛ(λ) is the erythema action spectrum, Δ(λ) is the wavelength interval
of the measurements, and T(λ) is the spectral transmittance at the wavelength λ.
RESULTS AND DISCUSSION
The SEM images and EDS spectra of the studied samples are presented in Figure 1. The SEM image of
the CO(UN) sample shows its unique cylindrical shape as well as its irregular fibre thickness with some
flat twisted band shapes. The application of the Ag/TiO2/g-C3N4 composite increased the surface
roughness of the cotton fibres, and some larger agglomerates of the composite were clearly visible.
The EDS spectra of the CO(UN) and CO(Ag/TiO2/g-CN) samples show the presence of carbon (C) and
oxygen (O), which can mainly be attributed to cellulose. In the CO(Ag/TiO2/g-CN) sample, only the
TiO2 component was identified, which is due to this compound having the highest percentage in the
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composite and the formation of a TiO2 film covering the fibres with Ag and g-C3N4 present in the
coating.
Since the presence of Ag and g-C3N4 could not be detected by EDS analysis, FTIR analysis was
performed to identify g-C3N4, and digital microscopy was performed to identify Ag. Figure 2 shows the
ATR IR spectra of the CO(UN) and CO(Ag/TiO2/g-CN) samples and the g-C3N4 powder. In the g-C3N4
spectrum, the bands that are characteristic of g-C3N4 can be seen at 1534 cm-1 due to Amide II, at 1396
cm-1 due to the C-N vibrations, and at 805 cm-1 due to melamine [3]. The same bands are seen in the
spectrum of the CO(Ag/TiO2/g-CN) sample, confirming the presence of g-C3N4 in the complex.
However, these bands were not able to be observed in the spectrum of the CO(UN) sample.
Digital microscope images of the CO(Ag/TiO2) and CO(Ag/TiO2/g-CN) samples showed the surface
plasmon resonance of Ag, resulting in the pink colouration of the sample surface (Figure 3). As
expected, this phenomenon was not observed for the CO(UN) and CO(TiO2) samples.
CO(UN)

CO(Ag/TiO2/g-CN)

A

B

Figure 16. A–SEM images of untreated CO(UN) sample and chemically modified CO(Ag/TiO 2/g-CN)
sample at 5000× magnification. B–EDS spectra of CO(UN) and CO(Ag/TiO2/g-CN) samples. C–EDS
elemental map of TiO2 on CO(Ag/TiO2/g-CN) sample.

Figure 2. ATR IR spectra of untreated CO(UN) sample (a); CO(Ag/TiO2/g-CN) sample (b); and g-C3N4
powder (c).

CO(UN)

CO(TiO2)

CO(Ag/TiO2)
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Figure 3. Digital microscope images of the CO(UN), CO(TiO2), CO(Ag/TiO2), and CO(Ag/TiO2/g-CN)
samples.

The results of the UV-protective properties of the studied samples are presented in Figure 4 and in
Table 2. The transmission spectra in Figure 4A show that the presence of TiO2 significantly reduced the
transmission of the CO(TiO2) sample compared to the CO(UN) sample throughout entire the UV range.
The transmittance of the CO(TiO2) sample is less than 3% throughout the UVB range and then increases
sharply in the UVA range. For the CO(Ag/TiO2/g-CN) sample, the transmittance in the UVA range is
significantly lower than that for the CO(TiO2) sample, which is due to the presence of the heteroaromatic
structure of g-C3N4 with a conjugated system that is characterised by absorption in the UVA range and
at lower wavelengths in the visible range (Figure 4 A). The same trend was observed in the reflection
spectra (Figure 4 B). These results indicate that the TiO2 and Ag/TiO2/g-C3N4 composite act as UV
absorbers on the cotton fibres. Based on the Australian and New Zealand standard: Sun protective
clothing - Evaluation and classification (AS / NHS 4399: 2017), the CO(UN) sample in the present study
does not provide adequate UV protection (UPF <15); however, the UPF values of the CO(TiO2) and
CO(Ag/TiO2/g-CN) samples exceed 40, which means excellent UV protection (Table 2).

Figure 4. Transmission (A) and reflection (B) spectra of untreated CO(UN) sample and chemically modified
CO(TiO2) and CO(Ag/TiO2/g-CN) samples.
Table 2. Average transmittance (T) values of the samples in the UV, UVB and UVA ranges and the
corresponding UPF values according to the standard SIST EN 13758-1: 2002.
T (%)
Protection
Sample
UPF
UV
UVB
UVA
category*
(290–400 nm)
(290–315 nm)
(315–400 nm)
CO(UN)

3.75

I

30.14

24.68

31.79

CO(TiO2)

40.31

E

11.91

1.18

15.16

CO(Ag/TiO2/g-CN)

46.35

E

6.49

1.38

8.03

*I – insufficient protection, E – excellent protection

CONCLUSION
The results show that the cotton fabric was successfully modified via the application of the threecomponent Ag/TiO2/g-C3N4 composite and exhibited excellent UV-protective properties, as confirmed
by the high absorption in the entire UV range. The individual compounds in the composite have an
additive effect, as confirmed by the higher UPF value of the CO(Ag/TiO2/g-CN) sample compared with
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the UPF values of CO(TiO2), CO(g-CN) and CO(Ag) samples which are 40.31, 9.81 and 4.27,
respectively.
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ABSTRACT
The basic aim of research presented here is to analyse the influence of the incorporated microporous
membrane and the technology of needling process on the functional properties of nonwovens developed
as an insulating layer for protective gloves. The studied nonwovens are produced with carded web
formation and mechanically bonded with needle bonding. The nonwovens studied contain a
microporous membrane of PES with a thickness of 20 µm (samples ST and STL). The experimental part
of the present work deals with the mechanical properties: Breaking stress and elongation as well as
elastic recovery after cyclic loading. The permeability properties (air permeability) and thermal
conduction are also analysed in the experimental part. Research results show that the samples ST and
STL, which contain a microporous PES membrane, have a higher breaking stress than the samples T
and TL without the microporous PES membrane. Samples ST and STL also show higher values of
breaking elongation than samples T and TL. Samples ST and STL are mechanically bonded to the
lamella plate using forked needles and therefore have a structured (ribbed) shape that affects the
improved mechanical properties. The TL and STL samples, which contain a microporous PES
membrane, have higher elastic recovery and lower air permeability than the T and TL samples.
KEYWORDS
Nonwoven fabrics, protective gloves, mechanical properties, elastic properties, air permeability.
INTRODUCTION
The paper deals with the functional properties of nonwoven fabrics for protective gloves. The
nonwovens studied are from two different manufacturers. The nonwovens are produced by drylaid
process (carding) and mechanically bonded with needling. Some of the samples examined contain a
protective film (microporous membrane made of polyester, 20 µm thick). The influence of the inserted
protective film on the functional properties of the nonwoven is investigated. In the theoretical part, the
nonwoven fabrics, the classification of nonwoven fabrics, the web formation, web bonding of nonwoven
fabrics and the finishing, as well as the mechanical and elastic properties, the insulation and the
permeability properties of the nonwoven fabric for protective gloves are presented. The main mechanical
properties include breaking stress and elongation, elastic recovery after cyclic loading, and thermal
conductivity, permeability properties: air permeability. The inner (insulating) layer of the protective
glove is usually made of nonwoven fabrics, which are usually produced by a dry-laid process (carding)
and mechanically bonded (by needling). Protective gloves must provide, on the one hand, mechanical
protection (resistance to wear, resistance to deformation during use), thermal protection (protection
against high and low temperatures), protection against radiation and protection against chemicals. The
nonwovens for protective gloves analyzed in the present study are used as the inner layer of protective
gloves for protection against high temperatures at work [1–7].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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EXPERIMENTAL
The samples studied are a three-layer material, with the inner (insulating) layer consisting of a nonwoven
fabric produced by the carding process (dry-laid process) and mechanically bonded (needlebonded). The
nonwoven in samples T and TL is bonded to the flat base plate (classic base plate), while the nonwoven
in samples ST and STL is bonded to the lamellar base plate and has a structured surface. The top
(1st layer) and bottom layers (3rd layer) of the samples are warp knitted, with the top layer consisting of
knitted plush made of FR cotton fibers. The inner layer (2nd layer) of all analyzed samples is made of
nonwoven fabric, where the nonwoven fabric marked with T and TL is made of a mixture of
PET/CV/WO fibers and has a smooth surface, while the nonwoven fabric marked with ST and STL is
made of 100% PET fibers and has a structured surface (Table 1). The samples labeled TL and STL also
contain a microporous membrane made of PES, which is 20 µm thick. The structural properties of the
investigated samples are listed in Table 2.
Table 1. Raw material composition of analyzed samples.
Sample
T
TL
ST
STL

Raw material composition
2nd layer
3rd layer
Microporous membrane
PES/CV/WO
CO/PA
/
PES/CV/WO
CO/PA
PES
PES
CO/PA
/
PES
CO/PA
PES

1st layer
CO
CO
CO
CO

Table 2. Structural properties of the analyzed samples.
Sample

Mass,
M (g/m2)

Thickness,
h (mm)

Mass of
nonwoven,
Mnonwoven (g/m2)

Thickness
of nonwoven,
dnonwoven (mm)

T
TL
ST
STL

1367.3
1427.6
1195.81
1278.14

8.416
8.350
9.407
9.439

637.7
610.1
307.9
336.9

4.456
4.391
5.301
5.285

Diameter of fibres in nonwoven,
dfibres (µm)
PES
CV
Wo
26.0
28.0
25.0
29.0

18.0
18.0
-

42.0
45.0
-

RESULTS AND DISCUSSION
Results of breaking stress, elongation and elastic recovery
Results of breaking stress, elongation and elastic recovery are shown in Table 3.
Table 3. Breaking stress, elongation and elastic recovery of the analyzed samples.
Sample
T
TL
ST
STL

Breaking elongation, e (%)

Breaking stress, s (N/mm2)

Longitudinal

Transverse

Longitudinal

Transverse

11.02
37.05
98.13
94.12

28.55
24.04
42.57
39.05

0.724
1.272
0.900
1.127

0.842
0.735
0.742
0.824

Elastic recovery, Ee (%)
54.24
60.56
55.95
61.18

The sample ST has the highest breaking elongation in both directions. The breaking elongation in the
longitudinal direction is 98.13% and in the transverse direction 42.57%. The highest breaking elongation
of the sample ST is due to the bonding with the forked needle on the lamellar base plate, which causes
a change in the structure of the base layer and thus an increase in the breaking elongation (the samples
ST and STL have higher values of breaking elongation than the samples T and TL). The breaking
elongation of the samples ST and STL reinforced on the lamellar base plate is higher than that of the
samples T and TL reinforced on the flat base plate. The TL sample has a maximum breaking stress in
the longitudinal direction of 1.272 N/mm2 and 0.735 N/mm2 in the transverse direction, followed by the
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STL sample with a breaking stress of 1.127 N/mm2. It follows that the TL and STL samples containing
a microporous PES membrane have a higher breaking stress than the T and TL samples without
microporous membranes. The statistical analysis One-way ANOVA shows the statistically significant
influence of needling technology process on the breaking elongation (pvalue< 0.05). On the other hand,
the statistical analysis shows statistically non-significant influence of needling technology process and
microporous membrane incorporation on the breaking stress. The highest elastic recovery after
compressive loading is observed for the STL sample, which is 61.18%. This is followed by the TL
sample with an elastic recovery of 60.56%. Both samples contain a microporous PES membrane, which
leads to an increase in elastic recovery. Consequently, samples T and ST, which do not contain a
microporous membrane, have a 10% lower elastic recovery. The STL sample also has the highest
elongation at yield point (39.05%), which means that it also has a larger range where the deformations
are fully reversible. The same is true for the TL sample, which has the elongation in the yield point
(10.00%). Both samples (TL and STL) have a microporous membrane with a diameter of 20 µm.
Statistical analysis One-way ANOVA shows the statistically non-significant influence of needling
technology process on elastic recovery after compressive loading (pvalue< 0.05). On the other hand, the
statistical analysis shows a statistically significant influence of the incorporation of PES microporous
membrane on the elastic recovery after compressive loading.
Results of the air permeability and thermal conductivity
Table 4 shows the results of air permeability.
Table 4. Air permeability results.
Sample
T
TL
ST
STL

Air permeability, Q (l/h)
138.9
48.2
173.4
22.4

Thermal conductivity, W/mK
0.1055
0.1122
0.1288
0.1231

Sample ST has the highest air permeability, followed by sample T, which does not contain the
microporous membrane. The air permeability values for samples T and ST are 138.9 l/h and 173.41 l/
h, respectively. For the TL and STL samples, which contain the microporous membrane PES, the air
permeability is reduced by more than 50% and ranges from 22.4 l/h for the STL sample to 48.2 l/h for
the TL sample. The lowest air permeability was measured for the STL sample (22.4 l/h), which contains
a microporous PES membrane and has a structured surface, affecting the lower air permeability. Thus,
the air permeability of the samples is significantly lower for the STL sample, which contains a
microporous PES membrane and has a structured surface, which has a significant effect on the air
permeability of the samples. The T and TL samples, which have a flat surface (needled on the flat base
plate), also have higher average values for air permeability, both in the case with and without an inserted
microporous PES membrane. Statistical analysis One-way ANOVA shows statistically non-significant
influence of the needling technology process on air permeability (pvalue<0.05). On the other hand, the
statistical analysis shows a statistically significant influence of the incorporation of the microporous
PES membrane on the air permeability. The results of thermal conductivity analysis show that the
sample ST (0.1288 W/mK) has the highest thermal conductivity, followed by the sample STL (0.1231
W /mK). Samples ST and STL consist of fibres that are 100% PES and have higher thermal conductivity
than samples T and TL (0.1055 W/mK and 0.1222 W/mK, respectively), which consist of a mixture of
PES/CV/WO that have lower thermal conductivity than 100% PES fibers. Samples T and TL have on
average a lower thickness than samples ST and STL, but the raw material composition in this case has
a greater influence on the thermal conductivity of the fibers than the structure of the nonwoven. The
microporous PES membrane has an influence on the increase of thermal conductivity (0.1122 W/mK)
only for the TL sample, while it slightly decreases for the STL sample. The ST and STL samples, which
have a structured surface (needlebonded on the lamellar base plate with a forked needle), have higher
thermal conductivity, but the inserted microporous PES membrane has no significant effect on the
change in thermal conductivity for the STL sample (compared to the ST sample). For protective gloves,
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the T sample is the most suitable because it has the lowest thermal conductivity and thus the best
insulating properties compared to the other samples studied. Statistical analysis One-way ANOVA
shows the statistically non-significant influence of the needling technology process and incorporation
of microporous membrane on thermal conductivity (pvalue< 0.05).
CONCLUSION
In the present study, we investigated three-layered samples from two different manufacturers, where the
2nd layer consists of a mixture of PES /CV/ WO fibers (samples T and TL) and has a smooth surface and
uniform structure, while the TL sample has a microporous PES membrane. The ST and STL samples
consist of a structured nonwoven fabric made of 100% PES fibers, and a microporous PES membrane
was inserted into the STL sample. Based on the studies on the functional properties of protective gloves,
it can be argued that the structural needling of the lamellar base layer has an influence on greater
breaking elongation. The ST and STL samples, which have a structured surface, exhibit the highest
breaking elongation. The higher breaking elongation is also influenced by the inserted microporous PES
membrane in the TL and STL samples. The TL and STL samples with the microporous PES membrane
also exhibit higher breaking stress than the T and ST samples. The higher values of elastic recovery
under compressive loading are influenced by the structured surface of the nonwoven fabric of the STL
samples which were needlebonded on the lamellar base plate. The inserted microporous membrane of
the TL and STL samples influences on the one hand the better elastic properties of the nonwovens and
on the other hand the lower air permeability (samples TL and STL). For the TL and STL samples with
the microporous membrane PES, the air permeability decreases by more than 50% and ranges from 22.4
l/h for the STL sample to 48.2 l/h for the TL sample. ST and STL samples have the highest thermal
conductivity, with 100% of the fibers consisting of PES fibers. The T and TL samples, whose fibers
consist of a mixture of PES/CV/WO fibers, have lower thermal conductivity than the ST and STL
samples. The study confirms that the composition of the raw material has a greater influence on the
thermal conductivity than the structure of the sample. In terms of thermal conductivity, the T and TL
samples are more suitable as an insulating layer for protective gloves. From the results of the presented
study, it can be concluded that the content of microporous membrane improves the mechanical
properties and elastic properties of the samples. On the other hand, incorporation of the microporous
membrane results in lower air permeability in the case of the STL sample, which contains a microporous
membrane and has a nonwoven fabric with a structured surface. The structured nonwoven fabric in the
ST and STL samples results in higher thermal conductivity of the samples. The results of the analysis
have shown that the thermal conductivity of the samples is significantly influenced by the raw material
composition of the nonwoven and not by the structure of the nonwoven.
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ABSTRACT
The aim of this study was the synthesis of chitin esters, which at a later stage could be used to produce
antibacterial textiles. The esterification of chitin was carried out using butyric anhydride, succinic
anhydride and methanesulfonic acid as a catalyst. The produced products were analysed by FTIR and
NMR techniques and the dynamic apparent viscosity of the spinning solutions was examined. The
products containing butyl and succinic anhydride in molar ratios 95/5 and 85/15 showed the best
properties.
KEYWORDS
Chitin, chitin esters, synthesis of chitin esters.
INTRODUCTION
Chitin is a natural polymer that belongs to the group of polysaccharides. It is the main component of
invertebrate exoskeletons and also occurs in the cell walls of fungi and yeasts. It is easily accessible as
a by-product of shellfish production [1]. Currently, this polymer is increasing its popularity. Although
it possesses outstanding properties predisposing chitin to medical applications, including non-toxicity,
biodegradability, gel-forming ability and antibacterial properties [2], the major problem regarding this
polymer is its insolubility in well-known solvents [3]. Therefore, it is impossible to manufacture textiles
from it. Nevertheless, chitin derivatives can be successfully used, the most well-known among them
being chitosan, which is easily soluble in acetic, formic and lactic acid solutions [3]. Among the less
known chitin derivatives are its esters. Depending on the substituents used for the synthesis, esters with
different properties and capable of dissolving in many organic solvents can be produced.
Through modification of hydroxyl groups, it is possible to obtain chitin derivatives. Their physical and
chemical properties will differ from the initial polymer. Many attempts have been made over the years
to modify the hydroxyl groups. In 1949 Bourne [4] developed a composition consisting of trifluoroacetic
acid and an organic acid, which could also be used to esterify chitin. The reaction yielded chitin
monoesters and copolyesters with acetylchitin as the major component. Using the solvent combination
proposed by Bourne, it was also possible to obtain butyryl, hexanionic and octanionic derivatives [5].
Research on the preparation of chitin esters has also been carried out in Poland. Researchers from the
Lodz University of Technology under the direction of L. Szostand developed a method of obtaining
dibutyrylchitin [6,7]. The team led by L. Szostland also succeeded in developing a method to produce
mixed chitin esters. The butyryl acetyl chitin esterification reaction was carried out using perchloric acid
as catalyst and a mixture of acetic and butyric anhydrides in an equal molar ratio.
Perchloric acid and methanesulfonic acid are widely used in chitin esterification [8]. They are used to
obtain chitin acetate, propionate and butyrate. The produced derivative is to some extent depolymerised,
however, it is soluble in organic solvents. Derivatives produced in this manner allow the creation of a
spinning solution used in dry or wet spinning [9].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
Synthesis of butyryl succinyl derivative of chitin (BSC)
Chitin ground with a ball mill was used for BSC synthesis. The duration of one grinding cycle was 300
seconds at 600 rpm. The process was repeated several times to obtain higher polymer homogeneity and
to accelerate and increase the reaction efficiency.
In another variant of the synthesis of butyryl succinyl derivative of chitin, methanesulfonic acid was
used as a catalyst. A mixture of chitin, butyric and succinic anhydride and methanesulphonic acid was
placed in a cooled reactor. The reaction was carried out for 4 h at a temperature not exceeding 4°C. After
that time, the polymer was neutralised with ammonia water to remove excessive acid. The neutralised
polymer was then precipitated and drained off using a fritted glass. The reaction was carried out for 4 h
at a temperature not exceeding 4°C. After that time, the polymer was neutralised with ammonia water
to remove excessive acid. The neutralised polymer was then precipitated and drained off using a Schott
funnel. All syntheses were carried out using 25 g of chitin, 100 cm3 of methansulfonic acid and
anhydrides at different molar ratios (Table 1).
Table 1. Amount of butyric and succinic anhydride used in each synthesis.
Butyl anhydride (mol) Succinic anhydride (mol)
Synthesis I
0.95
0.05
Synthesis II
0.85
0.15
Synthesis III
0.75
0.25
Synthesis IV
0.65
0.35

FTIR analysis
Fourier-transform infrared spectroscopy (FTIR) analysis was performed to analyse the chemical
structure. During each measurement, 64 scans were taken.
NMR analysis
The chemical structure of the synthesised polymers was analysed using H NMR spectroscopy. Only
polymer samples obtained from syntheses I and II were analysed, as the reaction yields of syntheses III
and IV were insufficient to obtain sufficient quantity and quality of the product.
Analysis of apparent dynamic viscosity
For the dynamic apparent viscosity study, the polymer, in powder form, was dissolved in
dimethylformamide (DMF). The study was carried out on a rotational viscometer at shear rates of 10,
30, 50, 70 and 100 1/s at 25°C, using an R7 spindle. The obtained measurements were used to plot the
dependence of shear rate on apparent dynamic viscosity using a double logarithmic scale.
RESULTS AND DISCUSSION
The spectrum presented below (Figure 1) shows significant differences between chitin and the chitin
esters obtained.
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Figure 1. FTIR ATR spectra of obtained chitin esters.

In the chitin spectra, signals with a maximum at 3443 cm-1 can be identified. These match the -OH
groups present in chitin. In the case of the maximum at 3280 cm-1, it corresponds mainly to the -NH
group. The broad band visible in the range 3000-2800 cm-1 originates from signals of >CH, -CH2- and
-CH3 groups present in chitin. In the presented spectra intensive signals of amide groups, characteristic
for chitin, are also present, a band with maximum at 1656 cm-1 for amide group I and 1554 cm-1 for
amide group II. The peak at 898 cm-1 represents the characteristic glycosidic bond.
The absorption bands at 3450 cm-1 originate from -OH groups of chitin disappears. The disappearance
is not complete, which may indicate insufficient substitution with butyryl and succinic groups.
Besides FTIR ATR analysis, the obtained chitin esters were analysed by NMR. The analysis was
performed only on the polymer samples from syntheses I and II, as the reaction yields for syntheses III
and IV were found to be insufficient to obtain adequate quantity and quality of the product.
Based on these measurements of proton signals the theoretical degrees of substitution was determined
(Table 2), using of Eq. [1]:
1⁄ 𝐼
𝛾𝐶𝐻3
𝐷𝑆𝑀 = 3
1⁄ 𝐼
6 𝐻2 −𝐻6

[1]

where, 𝐼𝛾𝐶𝐻3 - integer value of signal intensity, originating from protons in methyl group of butyric acid
residue at 0.60 ppm, 𝐼𝐻2 −𝐻6 - integral value of signal intensity in the range 3.0-4.2 ppm, originating from
H2 - H6 protons in glucosamine moiety of polymer.
Table 2. Degree of substitution with butyryl groups and with succinic groups.
Ratio of reagents in the
Degrees of substitution
mixture (mol)
determined by H NMR
Butyric
Succinic acid
acid
DSB
DSS
anhydride
anhydride
Synthesis I
0.95
0.05
1.74
0.05
Synthesis II
0.85
0.15
1.48
0.30

Theoretical degrees of
substitution
DSB

DSS

1.90
1.70

0.10
0.30

For the polymer produced in synthesis I, the degree of substitution calculated with respect to butyryl
groups is 1.74, while in the case of total substitution it should be 1.9. However, the degree of substitution
calculated with respect to succinyl groups is 0.05, and at the assumed anhydride content it should be
0.1. In the case of the polymer produced in synthesis II, the degree of substitution calculated with respect
to butryl groups is 1.48, and at the assumed anhydride content it should be 1.7. The degree of substitution
calculated with respect to succinyl groups is 0.3, and this is its maximum value at the assumed anhydride
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content. On the basis of integration, the degree of deacetylation of chitin was also calculated, which in
this case was 0.25.
To verify whether it would be possible to form fibres from the produced polymers, the apparent dynamic
viscosity of the solutions was examined (Table 3). 10% solutions of polymers from syntheses I and II
in dimethylformamide were tested for apparent dynamic viscosity. The solutions were also tested after
14 days. After 1 day there are no significant differences between the viscosity values. However,
solutions of polymer from synthesis I are characterised by a lower value of dynamic apparent viscosity.
Table 3 Values of dynamic apparent viscosity of polymer solutions from synthesis I and II.
Shear speed (rpm)
10
30
50
70
dynamic apparent viscosity (mPa·s)
day 1
485
636
681
715
Synthesis I
day 14
627
838
880
901
day 1
701
708
727
762
Synthesis II
day 14
633
735
764
779

100
741
918
777
805

However, after 14 days, the dynamic apparent viscosity increased in both cases. This was possibly
caused by evaporation of the solvent. In the case of another chitin copolyester, BAC, the following
conditions need to be met to obtain porous fibres by the wet solution method: the concentration of the
spinning solution should be between 10.6-12.8% and the apparent dynamic viscosity should be between
22700-26500 mPa·s. Therefore, it can be concluded that for BSC the concentration of the spinning
solution could be higher.
CONCLUSION
In the case of synthesis III (75/25) and IV (65/35), the yield was insufficient, which made further
analysis impossible. Thus, it can be concluded that:








The synthesis of chitin copolyesters using methanesulfonic acid, butyric and succinic anhydride
is possible. However, it is crucial to maintain the correct ratio of anhydrides.
FTIR ATR analysis shows a different structure of the produced polymers compared to chitin.
In all spectra obtained for chitin esters, new intense absorption bands appear, originating from
carbonyl bond >C=O in ester groups at 1740 cm-1.
H NMR analysis confirms that in the majority of cases the degree of substitution with butyryl
and succinic groups does not reach its maximum value.
The values of dynamic apparent viscosity of the solutions of the produced chitin copolyesters
enable to conclude that there would be a possibility to produce fibres from them using the wet
solution method.
The products made of the obtained polymer could find application in the medical industry, due
to their excellent antibacterial, anti-inflammatory and haemostatic properties. Moreover,
compared to chitin, they are characterised by better solubility in organic solvents, which would
significantly improve their processing.
Using different ratios of butyric and succinic anhydrides could lead to an even better polymer
property and higher reaction efficiency.
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ABSTRACT
This paper examines the effect of sole material on the plantar pressure for different skin aging conditions
of a diabetic foot. A fully parametric finite element model, based on a 3D bio-model, was developed,
and used to evaluate the effect of various combinations of sole materials and skin stiffness on the
developed plantar pressure distribution for three main gait phases. The results reveal the significant
effect of sole on the reduction of plantar pressure and how it varies for different skin aging conditions
and gait phase.
KEYWORDS
Diabetic foot, plantar pressure distribution, sole materials, foot bio-model, gait.
INTRODUCTION
The foot carries the weight of the body, provides support to the body, and is used as a lever to promote
the body in gait and running. It consists of 26 bones, 33 joints, ligaments, and tendons as well as soft
tissues such as muscles, blood vessels and nerves. The high loading of the foot leads to the development
of significant plantar pressures and high stresses in the bones. High loading is a serious problem for the
foot, causing ulcers or calluses in areas where there is a high concentration of forces on the plantar area
while interacting with the ground or footwear. In recent years there has been ongoing research to
evaluate and reduce foot loading using the finite element method (FEM) and bio-models of the foot. A
bio-model or 3D medical model is a model that simulates a copy of the geometry and morphology of a
human biological structure. Bio-models are used in many fields of diagnosis, treatment, and medical
research [1].
Footwear, which is considered a part of the foot-footwear (sole)-ground system, helps to reduce the
strains in the plantar area and to avoid injuries. The plantar forces resulting from standing or during gait
are distributed on the respective contact surface of the foot, footwear sole and ground system. Footwear
typically consists of two parts, the upper and the lower [2]. The lower part usually consists of three
layers: the insole that is in contact with the foot, the mid-sole that is under the insole, and the outer sole
that is in contact with the ground. The lower structure is the so-called sole.
Chen et al. [3], studied plantar pressures, soft tissue plantar displacements, and stresses. Their results
showed that large stresses occur in plantar soft-tissue which are in contact with geometrically irregular
bony structures, thus internal stress distribution within the plantar soft-tissue was dramatically
influenced by bony prominences due to stress concentration. Guiotto et al. [4] investigated the role of
foot morphology associated with diabetes and peripheral neuropathy in changing foot movement and
plantar pressure during gait. Their results showed the important role of foot morphology in changing
both kinematic and plantar pressures in patients with diabetes.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The distribution of plantar pressures in the areas of the metatarsal heads in the push-off phase was
examined by Actis et al. [5], who studied the design and construction of orthotics based on foot structure,
tissue mechanics, and external loads of the diabetic foot. In vivo experiments combining motion
recording systems and a foot pressure measurement platform to validate the 3D finite element model of
the human foot were performed by Tao et al. [6].
The goal of this work is to evaluate the effect of the sole materials on the distribution of plantar pressure
for different skin aging conditions of the diabetic foot. To this end, a fully parametric 3D finite element
model was developed based on a foot bio-model.
MATERIALS AND METHODS
The 3D foot bio-model consists of soft tissue, bones, and articular cartilages [7]. It was reconstructed
from CT scan images of a healthy adult male using MIMICS software [8]. Using the macro-language of
ANSYS, a parametric model of a flat sole is developed. The input parameters include the number of
sole layers (up to three), material properties and thickness of each layer.
The gait phases simulated in the finite element analyses are the heel-strike, the mid-stance and the toeoff (Figure 1). The FE model was developed parametrically in terms of loads and materials. The Young’s
modulus of the bones was 7300 MPa, for the soft tissue 1.15 MPa, and for the cartilage 73 MPa. The
coefficient of friction between the soft tissue and the sole was set to 0.5. The model consisted of
approximately 60000 elements, including foot, sole and contact elements between foot and sole. A
gradual vertical displacement of the lower surface of the sole (corresponding to the ground) was applied,
while the upper surfaces of the tibia, fibula bones and soft tissue were fixed [9]. The displacement step
was 0.1 mm and at each step the vertical reaction force at the fixed areas was evaluated from the analysis.
The analysis ended when the vertical force exceeded 1000 N (100 kg).

(a)

(b)

(c)

Figure 1. The three gait phases examined: (a) heel-strike, (b) mid-stance, and (c) toe-off.

In the case of skin aging due to diabetes, the behavior of the foot bio-model was studied according to
the skin aging rates in the three basic gait phases at 500N load. Skin aging rates used for testing and
comparing the stresses, displacements and pressures were 0%, 32%, 57%, 76% and 120% [10, 11]
indicating the percentage increase in the modulus of elasticity of the soft tissue due to diabetes.
RESULTS AND DISCUSSION
The sole’s materials properties and thickness used for the presented results are shown in Table 1. The
results focus on the effect of skin aging and sole material on the maximum plantar pressure and are
summarized in Figure 2. The two diagrams present the maximum plantar pressure as a function of skin
aging rates for the three basic gait phases, when the foot interacts with the ground (left) and a sole with
three layers, i.e., natural rubber, EVA and composite leather (right). In both cases and for all skin aging
rates, maximum plantar pressures are observed at heel-strike. With the use of sole, plantar pressures
have been significantly reduced⸱ for skin aging rate 120%, a decrease of 36% in mid-stance, 53% in toeoff and 15% in heel-strike was found. It should be noted that for 57% and 76% aging rates, redistribution of plantar pressure was observed, which led to increase or decrease of maximum plantar
pressure for the toe-off and mid-stance gait phases.
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The histograms of Figure 3 show the results of the maximum plantar pressures of the three basic gait
phases with skin aging rates, which are compared with ulcer challenge control values. The lowest value
of a skin ulcer according to Veves et al. [12], is 0.5 MPa and the highest is 1 MPa [13]. In the histogram
on the left, when the foot interacts with the ground, it is observed that at skin aging rate of 120% ulcers
can be caused in all three basic gait phases. While in the histogram on the right, when the foot interacts
with a three-layer sole, a reduction of plantar pressure is observed and at the skin aging rate of 120%
ulcers can be only caused at the heel-strike gait phase.
Table 1. Properties for concrete and sole materials [9].

MATERIAL
STIFF MATERIAL
(CONCRETE)
EVA
NATURAL RUBBER
COMPOSITE
LEATHER

YOUNG’S
MODULUS
(MPA)

THICKNESS
(MM)

40000

40

25
2

5
5

100

5

Figure 2. Comparison of maximum plantar pressures values according to skin aging rates, using stiff
material (left) and a combination of sole materials (natural rubber-EVA-composite leather) (right).

Figure 3. Histogram of the relationship between maximum plantar pressures and skin aging rates for a load
of 50 kg of the three basic gait phases for ulcer challenge control, using stiff material (left) and a combination
of sole materials (natural rubber-EVA-composite leather) (right).
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CONCLUSION
The results showed that sole material and the change in the mechanical properties of the soft tissue due
to diabetes significantly affect both the stiffness of the whole system and the distribution of plantar
pressures. The heel-strike gait phase has the highest absolute/cardinal plantar pressure value and the
mid-stance the lowest value of plantar pressure, for all skin aging rates. With the use of sole and for skin
aging rate 120%, a significant decrease in max pressures was observed for all three basic gait phases.
Without the use of sole, it was found that ulcers can be caused at all gait phases for a load of 50 kg. For
the sole material combination examined, only the heel-strike gait phase seems to cause ulcers. Further
research is being conducted to evaluate these effects for different sole material combinations.
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ABSTRACT
The production of materials that will provide the high-performance properties required by today's
technology is important for many sectors. Apart from meeting clothing and shelter needs, there is a
direct or indirect rising need for the use of advanced textile materials in many different areas. Compared
to the conventional materials, aerogel materials attract attention due to their ultra-lightweight structure
with superior properties such as high specific surface area, high porosity, low density, low dielectric
constant, excellent sound, and heat insulation. In addition, for the functional use of aerogel materials in
the industry, mechanical properties such as modulus of elasticity, tensile-compressive strength, shear
modulus, and impact strength are also important. When the literature on aerogel since the early 1930s is
examined, it is seen that the studies mostly focused on application areas and more economical production
ways. Although the most established application of aerogels in textiles is to improve thermal insulation,
it is seen that they are also used in water repellency, air and water permeability, acoustic insulation,
prevention of electromagnetic radiation, protection against chemicals, flame retardancy and treatment
of textile process wastes. In this article, besides general information about aerogel, current aerogel
application examples in textile materials are also included.
KEYWORDS
Aerogel, textile, organic, inorganic, functional materials.
INTRODUCTION
Aerogels are nanoporous lightweight structures with great sound and heat insulation, as well as high
specific surface area, high porosity, low density, and low dielectric constant. Samuel Stephen Kistler
discovered aerogel in the 1930s while attempting to demonstrate that it was feasible to make a solid gel
of the same size and shape without collapsing the gels' structure. Kistler succeeded in generating the
first aerogels in 1931 by separating the liquid from the wet gel using the supercritical drying method
without altering the porosity or skeletal structure. Even though aerogels were discovered early when
compared to standard materials, the macroscopic forms of aerogel materials have minimal usage since
they lack acceptable properties for specific textile application areas, such as apparel fabrics. The use of
various precursors, the production of composites with aerogel additives, the production of new types of
aerogels other than silica, and the modification of aerogel structures by adding chemicals have all been
studied to provide the desired functional properties and mechanical strength to the aerogel [1–3].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Although the area where aerogels are most used in textiles seems to be thermal insulation, it seems that
they are also used in water repellency, air and water permeability, acoustic insulation, electromagnetic
radiation prevention, chemical protection, flame retardancy and treatment of textile process wastes [4].
LITERATURE REVIEW
The most suitable method for the preparation of aerogels is the Sol-Gel method. This method is also the
most suitable method for obtaining inorganic and organic-inorganic hybrid polymers. First, the sol
(solution) is obtained by forming colloidal particles and polymers. As a result of the subsequent
reactions, a gel is formed. Gel formation is followed by aging and drying steps. The most challenging
process encountered during the preparation of aerogels has remained unchanged since the discovery of
the aerogel. In this context, drying is one of the most important steps to remove the liquid solvent from
the gel without disturbing the nanoporous aerogel structure, thus preventing subsequent shrinkage and
cracking of the dried gel. Four basic approaches used to dry wet gels or remove solvent from the gel are
drying by supercritical fluid extraction, freeze-drying, drying under atmospheric pressure, and drying
by evaporation. Depending on the drying method and drying conditions of the wet gels, the density can
be changed systematically and by changing the drying conditions; aerogel, xerogel, cryogel and ambigel
structures can be produced [1–3].
When the existing textile applications of aerogels are examined in the literature, it is frequently
encountered that the inclusion of aerogels in melt polymer structures in granular form, thin-film coating
on fabric surface by adding aerogels in powder form to resins, and organic/inorganic hybrid material
studies. Production of aerogel yarn and structures called blankets to draw attention in current studies.
Wet reaction spinning, extrusion/injection, freeze spinning, and wet coaxial spinning methods can be
used to produce aerogel fibers. Some examples of these applications are briefly summarized
below [2,5–9].
Polypropylene Foam/Silica Aerogel composite sheet was developed in the study performed by Sotashi
et al. Due to the skin layers of the polymer-foam composite, silica aerogel flaking, which has been a
concern in practical applications, is very low in this composite. A supercritical drying technique for
rolled sheets of the material is also detailed for large-scale manufacture. Simulations of 2-propanol
extraction from a silica alcogel demonstrated that rolled composite sheets with small gaps between the
sheets can dry in an acceptable amount of time. Despite the inclusion of a large volume of silica aerogel
(97%), the composite showed high flexibility. In addition, it was stated in the study that it showed a
thermal conductivity of 0.016 W/(m⋅K) at 298 K, similar to the monolithic aerogel [6].
In firefighting apparel, phase change material (PCM) improves both safety and comfort. Wearing
protective equipment containing PCM while battling a fire provides a direct risk to the user because
most PCMs are combustible. Shaid and colleagues attempted to solve the problem by combining aerogel
with phase-change materials. The weight of the aerogel-containing lining fabric was less than the PCMcontaining lining, the flame spread was less than the just PCM-containing fabric, and the aerogel-coated
lining had higher heat resistance, according to the results of the study [10].
Lee and colleagues created a hydrophobic halochromic aerogel sensor impregnated with complicated
halochromic dyes in a hydrophobic porous silica aerogel that is stable even when exposed to varied
external environments and responds to acids and bases in another work. In the security and industrial
domains, a halochromic sensor that can visibly and swiftly monitor information regarding human body
exposure to dangerous substances is useful [11]. Textiles using halochromic dyestuffs can be used in a
variety of applications. They can be used as protective clothing in the presence of acid vapor in the
environment, to observe color changes in the healing process of wounds, to control the pH value of the
soil during plant growth, or to determine the effect of the pH level of the water when determining the
filter performance [12].
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Glass fiber was employed to improve the weak mechanical characteristics of silica aerogels in a work
by Huang et al. The glass fiber reinforced aerogel blanket has a modulus of elasticity of 12 MPa and
thermal conductivity values of 0.026 W/(m⋅K), according to the study. In terms of performance, the high
modulus of elasticity compared to silica aerogels and low thermal conductivity values compared to
typical thermal insulation materials are both good developments [13].
In the domains of adsorption, filtration, catalysis, and sensing, porous materials having a high specific
surface area are required. Due to the numerous advantages of fiber materials, such as increased surface
areas, it is expected that their working would be improved when they are translated into fibers. Wet
reaction spinning was used by Meng et al. to create hollow and hierarchical silica aerogel fibers. Because
of their unique architectures, silica aerogel fibers generated using this method have at least 25% more
adsorption capacity and ultra-high adsorption rates than other commercial adsorbents, according to the
study. According to the findings, silica aerogel fibers, which have a stable chemical structure, a large
specific surface area, and good mass transport capabilities, can be employed in catalysis and sensing
[14].
Bhuiyan et al. investigated the effect of PU/Silica Aerogel coating on cotton fabric surfaces in order to
develop a protective covering with increased breathability, chemical and water resistance. As indicated
by the water contact angle and water repellency results, the Aerogel/PU coated fabrics outperformed the
PU coated fabrics alone in terms of protective performance and water resistance. Without entering the
clothes, the liquid chemicals were absorbed by the porous aerogel layer. The overall findings of this
study point to the potential use of silica aerogel particles with PU covering as a new strategy to
manufacturing protective apparel that is both breathable and chemically resistant [15].
In the textile industry, wastewater recycling is becoming a growing environmental concern. To improve
colorfastness in textile reactive dyeing, dyed materials must be rinsed numerous times in the wash-off
process. As a result, repeated washing operations significantly increase freshwater consumption while
also producing large waste rinsing effluents. Hu et al. suggested a novel approach to recycling
wastewater to reduce the amount of freshwater used in the washing process. The researchers created a
carbon aerogel (CA) containing a bimetallic hybrid material (Ag–Fe2O3@CA) and employed it as a
catalyst in ozonation operations to degrade dyes left in waste rinse wastes. When the study's findings
are evaluated, it is discovered that adding Ag–Fe2O3@CA to the mix raises the percentage of chemical
oxidation demand removed by 30%. In addition, after catalytic ozonation with Ag–Fe2O3@CA, the
effluent was successfully recovered. It is also acknowledged that, in terms of color difference and
colorfastness, the matching materials can be reused without losing color quality to reduce the
consumption of freshwater during the washing process [16].
CONCLUSION
Research on the use of aerogels in the production of textile materials that will provide the highperformance properties demanded by today's technology has increased especially in the last 20 years.
Most of them seem to be limited to inorganic aerogels. We think that it will be possible to produce
hybrid membranes to be used in heat and acoustic insulation, and purification applications; flame
retardant materials and textile materials with many admirable functional properties in the industry,
thanks to the transfer of aerogels to textile materials while preserving their superior properties and
existing skeleton structure. The primary issue we should focus on for the future research should be the
improvement of mechanical properties such as modulus of elasticity, tensile-compressive strength, shear
modulus, impact resistance, in addition to specific properties for the functional use of aerogel materials
in the textile industry. Two critical issues also need to be investigated in the production process that
prevents large-scale production; these are ageing and drying processes. The fact that the process is long
in those steps and the inability to make large-scale production causes an increase in production costs. It
is also known that the specific properties of the aerogel dramatically change with the chosen drying
method, and therefore aerogel structure types are named according to the drying method. Solvent
selection and matrix compatibility are the critical points in the ageing process step. It is believed that it
will be soon possible to shorten the ageing process by emphasizing the studies on this research field. It
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is necessary to create large-scale systems by making necessary developments with performing basic
research on the thermodynamics and kinetics of the drying process. In addition, testing substances with
lower critical temperatures and pressures can be an improvement in the drying step. As a result, the use
of aerogels may answer the demands of industries for not only today’s but also the future’s highperformance materials, in a sustainable eco-friendly way. Within the scope of this project, monolithic
and hybrid aerogels will be applied to the textile material and their thermal and acoustic insulation
performances will be investigated.
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ABSTRACT
Currently, a major challenge in conventional ring spinning is to increase productivity. This is essentially
due to friction between the twisting elements. An innovative approach to the solution is the use of
frictionless twisting system based on superconducting magnetic bearing (SMB) system. However,
previous studies with the SMB system were mainly restricted to an angular spindle speed of up to 30.000
rpm because of: instabilities caused by the non-stationary process forces originating from the nonuniform ring rail movement, complex interactions between the yarn dynamics and the bearing properties
of the SMB, aerodynamical subsonic flow regimes of the rotating yarn balloon etc. The ring-rail
movement must be taken into account especially at higher angular spindle speed, as a ring-rail cycle
occurs every few rotations of the spindle and results in fast-periodic variation of the balloon form, which
in turn leads to extreme yarn tension peaks. In this study, metrological investigations were conducted
considering the ring rail movement at different angular spindle speeds with the SMB twisting system to
understand the influence of the ring rail movement on the spinning stability, dynamic yarn path during
spinning process, balloon form etc. Moreover, a concept using servo motor driven lifting mechanism is
presented to solve the problem of non-uniform ring rail movement.
KEYWORDS
Ring spinning, twisting system, productivity, superconducting magnetic bearing, non-stationary yarn
path and ring-rail movement
INTRODUCTION
The Institute of Textile Machinery and High-Performance Materials Technology (ITM), Technical
University of Dresden (TU Dresden) and the Leibniz-Institute for Solid State and Materials Research
(IFW Dresden) have developed a friction-free superconducting magnetic bearing (SMB) twisting system
in the ring spinning process [1–6]. The high performance ring spinning tester as shown in Figure 1 can
run up to an angular spindle speed of 50.000 rpm, which can be achieved through the development of
driving and control technology in an existing ring spinning tester. Spindle motor, spindle, spindle driving
belt etc. were modified or partially redesigned in collaboration with the ring-spinning manufacturer
SER.MA.TES. s.r.l.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The SMB system is integrated on the right side of the high performance ring-spinning tester (Figure 1a).
At the beginning of the spinning process, the permanent magnet (PM) made of NdFeB is coaxially placed
over the cryostat with non-magnetic spacers to fix the levitation distance between PM ring and
superconductor, situated in the cryostat (Figure 1b). Subsequently, the superconductor is cooled down with
liquid nitrogen (LN2) supplied from a dewar below its superconducting transition temperature (Tc). For the
implemented superconducting material i.e. YBa2Cu3O7-x (YBCO), Tc = 91 K. In the superconducting state,
the PM ring levitates, thus freely rotating over the superconductor ring. During spinning, the PM ring can
rotate even up to an angular speed of 50.000 rpm (Figure 1c) through the spindle via the yarn, which is
threaded through a guide attached to the PM ring, to impart yarn twist.

Yarn balloon

Yarn guide
Balloon
control ring

Yarn guide
Permanent magnet (PM)

Yarn guide
Permanent
magnet (PM)

Superconductor

Bath cryostat

(a)

Cop

(c)

(b)

Figure 1: (a) Superconducting high performance ring spinning tester, (b) SMB twisting system with bath
cryostat, and (c) principle of SMB system.

The friction free SMB system is an alternative to replace the existing twisting system and to alleviate
crucial friction respectively frictional heat, thus at least doubling the productivity of ring spinning.
Contactless and self-stabilizing levitation from standstill up to the highest relative velocities are the
salient features of this bearing, which result in benefits such as wear-free, redundancy of the control and
sensor units as well as high reliability.
However, the spinning process especially at higher angular spindle speed over 30.000 rpm causes the
following challenges [7–9]:






Non-uniform ring-rail movement
Yarn tension peaks at the reversal points of ring rail movement
Vibration of the rotating magnet in the SMB system
Frequent end-breakages
Unstable spinning process

The above-mentioned challenges are investigated in the article. In order to understand the problem of the
of ring rail movement, the yarn tension measurement was carried out at different angular spindle speeds
up to 30.000 rpm to understand the relation between ring rail movement and spinning parameters.
Moreover, a concept using a servo motor driven lifting mechanism for the ring-spinning tester is presented
to solve the problem of non-uniform ring rail movement.
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MATERIALS AND METHODS
100% cotton were used to conduct the metrological investigation. As the speed of ring rail movement
increases with respect to the angular spindle speed, two different optimum settings of ring rail increment
were used for cop formation. The detailed process parameters are described in the following Table 1.
Table 1. Process parameters with SMB twisting element.

Process parameters
Material properties
Staple length (HVI)
Micronaire values (HVI)
Average fiber tensile strength (HVI)
Spinning parameters
Yarn count
Yarn twist
Twisting element
Angular spindle speed
Delivery speed, m/min
Ring diameter
Spinning conditions

Ring rail increment for cop formation
Increases every number of run (one run means
two cycles of raising and lowering of ring rail):
Spool increment (increasing of ring rail
position)
Needful yarn (at each cycle of raising and
lowering of ring rail):

Values
100% cotton (combed)
36 mm
3.9
42 g/tex
20 tex
850 TPM
SMB twisting system
15.000 - 30.000 rpm
20.7 - 41.5
45 mm
Temperature: 23% and relative humidity: 70%
Setting 1
Setting 2
(Spindle speed
(Spindle speed
15.000-20.000 rpm)
20.000-30.000 rpm)
1 [n°]

1 [n°]

7 [mm/10]

40 [mm/10]

5 [m]

6 [m]

In order to measure the yarn tension and yarn tension peaks at different angular spindle speeds, a sensor
with one measuring roller from Tensometric Messtechnik GmbH between delivery rollers and yarn
guide was integrated in the high performance ring spinning tester with the SMB twisting system
(Figure 2a). The sensor was connected with a data acquisition system (DAS), recorded with National
Instrument (NI) SignalExpress and further evaluated with NI DIAdem Software.
Delivery rollers

Sensor

Yarn guide

(a)
(b)
Figure 2. (a) Set up of yarn tension measurement, (b) measured yarn tension with SMB system at different
angular spindle speeds from 15.000 to 30.000 rpm.
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As it is discussed in the ‘Results and discussion’ part, the yarn tension peaks mainly originated from
non-uniform ring rail movement especially at a higher angular spindle speed of 30.000 rpm. The nonuniform ring rail movement was caused by:



Existing driving system for the lifting motion
Unbalanced force distribution due to asymmetrical position of SMB system along the ring rail

In comparison to the conventional ring/traveler system, the current SMB system is much heavier, for
which the driving system of the existing lifting motion is not suitable. The speed of the ring rail
movement is also 2-3 times higher at an angular spindle speed of 30.000 rpm compared to 20.000 rpm
for optimum cop formation. As a consequence a more frequent reversal of the ring rail occurs within a
shorter time interval during the cop formation process. Moreover, the downwards speed is higher than
the upwards speed of the ring rail movement for forming cross winding, so that the yarn can be easily
unwound in the subsequent process. Due to all these factors, the ring rail has to be controlled actively
during the spinning process. That’s why a new concept for a uniform and controlled lifting motion is
developed as described below.
In the current construction of the lifting mechanism, the holders for yarn guide, balloon control ring and
ring rail are connected to a servomotor through a gearing mechanism with a simple bearing support. In
the new lifting concept, the gearing system of the ring rail is separated from that of the yarn guide and
the balloon control ring. The ring rail is connected to two load bearing linear guiding systems for
balanced support of the SMB system. An upward and downward motion of the yarn guide, balloon
control ring and ring rail is provided centrally by a servo motor, but the yarn guide and balloon control
ring move much slower than the ring rail for a constant angular spindle speed, which is achieved by
corresponded transmission gears. The program of the controlling panel is changed accordingly.
The advantages of the new concept of the lifting mechanism are as follows:








Uniform lifting motion through the two load bearing linear guiding systems even up to an
angular spindle speed of 50.000 rpm
Elimination of the disparity such as stoppage during ring rail inversion in the ring rail motion
during continuous operation
Active control of ring rail movement especially at the reversal point
Different settings of the speed ratio of ring rail movement both up and down direction during
cop building process
Reduction of the yarn tension peaks during reversal point of ring rail movement
Reduction of vibration in the magnet of the SMB system
Ensuring stable spinning process

RESULTS AND DISCUSSION
Figure 2(b) illustrates the yarn tension at different angular spindle speeds up to 30.000 rpm using the
SMB twisting system in the conventional lifting system of ring rail. The yarn tension increases with
respect to angular spindle speeds. Although the yarn tension at the angular spindle speed of 30.000 rpm
was measured ca. 85 cN, yarn peaks up to 120 cN were observed, especially at the upper reversing point
of ring rail movement, which caused frequent end breakages. As per the new concept of the lifting
motion of the ring rail, the rail can move uniformly with SMB system by integrating the load bearing
linear guiding system.
In Figure 3, the effect of the new concept of ring rail movement is schematically shown. It is expected
that the ring rail movement especially at the upper reversing point can be controlled actively in
comparison to that of the existing lifting mechanism, which should minimize the yarn tension peaks.
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Existing lifting
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New concept of lifting
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height
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Time

Figure 3. Effect of existing and new concept of lifting at the reversing point of ring rail motion.

CONCLUSION
As the frictional problem between ring and traveler can be solved using the friction free SMB twisting
system, it shows the potential to increase the productivity of ring spinning process. However, this
potential could only be utilized up to angular spindle speeds of 30.000 rpm so far due to non-stationary
effects of the ring rail movement. As a result, extreme yarn tension peaks were found according to the
yarn tension measurement especially at the upper reversing point, which also influences the yarn quality.
To solve this problem, the concept of a lifting motion is presented for a smooth and uniform movement
of ring rail even at higher angular spindle speed up to 50.000 rpm.
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ABSTRACT
Electrospinning of polymer nanofibers has been studied extensively and has shown to be possible via
stable, reproducible and controllable processes. The development of more inert nanofibers with higher
thermal and chemical resistance extends the application field towards challenging purification and
separation obstacles of today. By direct electrospinning of a tetraorthosilicate (TEOS) based sol–gel
solution, without a sacrificing carrier polymer, dense ceramic silica nanofibers can be produced. A
humidity or temperature induced wettability-switch from highly hydrophobic after electrospinning to
superhydrophilic makes the resulting silica nanofibrous membranes ideal for fast gravity-driven
separation, especially upon tuning the surface chemistry and the functionalization. This is showcased
for the separation of immiscible liquids and the photocatalytic degradation of organic micro-pollutants.
KEYWORDS
Electrospinning, Ceramic fibers, Silica Nanofibrous veil, Separation, Purification.
INTRODUCTION
Over the past decades, global awareness with respect to environmental problems has increased
significantly. There is an overall scientific agreement that a global temperature increase well below 2°C
is required to prevent a climate change that fundamentally alters the current environment, and structural
measures to pursue efforts to keep it to 1.5°C are needed [1,2]. To grapple this challenge, research and
development in advanced materials for process intensification of various technologies in all important
sectors contributing to the high greenhouse gas emissions of today needs to be undertaken. Therefore,
there is a high demand for the development of more light-weight advanced materials, and materials that
can withstand harsh environments, such as highly acidic streams and extreme temperatures. Nanofibrous
membranes are light, flexible structures, unique in respect to their high surface to volume ratio, high
porosity and high interconnectivity of the pores [3]. These properties make them ideally suited for
advanced separation and purification applications in various sectors [4–6]. The use of a polymeric
electrospun membrane as microfiltration membrane for particle size based separation is already used in
the industry today. The addition of functionalities extends the scope of potential applications. Despite
the fact that organic polymeric membranes have proven to be efficient for many high-end applications,
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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their chemical and thermal stability is mostly rather limited. To produce more stable polymeric
membranes, harmful solvents are typically required. This has encouraged research to develop ceramic
nanofibers, which have much better chemical and thermal resistance and keep the benefits of polymeric
nanofibers in terms of porosity and high surface to volume ratio. By direct electrospinning of a ceramic
precursor solution, namely a sol-gel solution of a tetraorthosilicate (TEOS) precursor, dense silica
nanofibers with superior mechanical properties are made [7,8]. These ceramic fibers have a smooth and
even surface, and allow for a simple, more tunable material design. After electrospinning, the silica
nanofibrous membrane is highly hydrophobic, with a water contact angle above 140°. Storage under dry
conditions preserves this property. Conversely, a superhydrophilic membrane is obtained by storage
under high relative humidity (month scale). This switch is caused by the reaction of ethoxy groups,
present due to incomplete hydrolysis of the precursor, with moisture in the air, resulting in an increased
amount of silanol groups [9]. This transition can be accelerated to hour scale by applying a heat
treatment, with the additional increase in cross-linking density for temperatures above 400°C, enabling
applications that make use of hydrophobic and hydrophilic membranes by tuning the functionalization.
The present work focuses on the use of this wettability switch from water repellent to highly waterabsorbing for purification and separation applications, combined with their excellent thermal (up to
1100°C) and resistance in acidic environments. Upon designing the water repellent or absorbing nature
of the silica nanofibrous membranes, fast gravity-driven membrane separation of immiscible liquids in
a single-unit operation can be achieved [9].
MATERIALS AND METHODS
The sol–gel precursor (TEOS, reagent grade 98%) was obtained from Sigma-Aldrich and used as
received. The catalyst, hydrochloric acid (HCl, 37%) and solvent, absolute ethanol, were also supplied
by Sigma-Aldrich. The sols used for electrospinning were prepared by modifying the procedure reported
by Choi et al [10]. The silica sol was prepared from a mixture of TEOS, ethanol, distilled water and HCl
at molar ratios of 1:2:2:0.01. First, TEOS was mixed with ethanol. Secondly, aqueous HCl solution was
added to the TEOS/ethanol solution under vigorous stirring with a magnetic stir bar. This solution was
heated under stirring at 80°C until the volume decreased to approximately 1/4th of the initial volume and
the desired viscosity was reached. Finally the solution was cooled down to room temperature resulting
in a viscous sol. Prior to electrospinning, the viscosities of the solutions were measured using a
Brookfield viscometer LVDV-II. The electrospinning experiments were executed on a mononozzle
setup. The tip-to-collector distance was fixed at 15 cm, the flow rate at 1 mL h−1, and the voltage was
adjusted between 20 and 25 kV to obtain a stable electrospinning process. All the experiments were
executed at room temperature of 20°C ± 2°C. The morphology and the diameters of the nanofibers were
examined using an FEI Quanta 200F SEM at an accelerating voltage of 20 kV. Prior to analysis the
samples were coated using a sputter coater (Emitech SC7620, Au coating).
The separation of heterogeneous azeotropes was tested using methanol (> 99.9%) from Carl Roth and
hexane (99%, ACS reagent) from Acros organics, all used as received. For the 1H-NMR experiments,
deuterated acetone 99.9 atom% D was obtained from Sigma-Aldrich and used as solvent and used as
received. The extension towards other solvent mixtures was achieved using diethyl ether (≥99,5%) from
Carl Roth, and butyl acetate (≥99,5%), chloroform (≥99,8%) and ethyl acetate (≥99,5%) from Sigma
Aldrich. All solvents were used as received. The separation of the heterogeneous mixtures was
performed by pouring a mixture of the heterogeneous azeotrope on top of a hydrophobic and heat treated
(500°C 3h) silica nanofibrous membrane, similar to a dead-end filtration system. Depending on the
nature of the membrane, one of the phases will pass through the membrane, while the other will stay on
top. Samples of each phase were taken for 1H-NMR analysis after waiting for 1 minute till the last
droplet of liquid passed through the membrane. The purity was analyzed by 1H-NMR. The spectra were
recorded at 400 MHz and ambient temperature with deuterated acetone as solvent, using a Bruker
Avance II spectrometer equipped with a Broadband Observe (BBO) probe. For the separation of toluene
and water, following peaks are observed: (C7H8), 2.32 ppm (s, 3H, CH3), 7.1-7.2 ppm (m, 3H, CH
(o/p)), 7.1-7.2 ppm (m, 2H,CH (m)); (H2O), 2.84 ppm (s, 2H), 2.81 (t, HDO). For the separation of
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methanol and hexane the peaks are: (n-hexane, C6H14), 0.88 ppm (t, 6H, CH3), 1.28 ppm (m, 8H, CH2);
(CH3OH) 3.31 ppm (s, 3H, CH3), 3.12 ppm (s, 1H, OH). In both cases, deuterated acetone was used as
solvent, corresponding to 2.09 ppm (s, 6H, CH3).
RESULTS AND DISCUSSION
In general, the components of a mixture (mainly of liquids or liquids-solid mixture) are separated using
distillation, where the physical separation of components of the mixture is achieved by using selective
boiling and condensation of the different components. Thus, the process makes use of the differences in
relative volatility/boiling points of the mixture’s components. In the chemical industry, distillation is a
widely used process of utmost importance. An azeotrope, also called “constant-boiling mixture”, is a
liquid mixture with the same vapor phase and liquid phase composition at the azeotropic temperature
[11,12]. Hence, complete separation of these specific liquid mixtures with conventional distillation is
impossible, urging the need for other separation techniques. Within the framework of this work, focus
is on the separation of one type of azeotropes, namely heterogeneous binary azeotropic mixtures, into
the two pure phases. The separation of these type of mixtures in its pure forms, and more in general that
of two immiscible liquids into two separated phases, is an important assignment in the field of oil
refining, water purification, drug manufacturing, alcoholic beverage production, recycling of oils and
solvent, and many others.
Using the wettability switch of directly electrospun silica nanofibrous veils, it is illustrated how these
(super)hydrophobic or -hydrophilic membranes were conceptualized for the separation of two
immiscible liquids in a single-unit operation by using the difference in capillary forces acting on the two
phases with fast gravity driven separation, see Figure 1.

≥ 400 C

Water repellent membrane

Water absorbing membrane

Immiscible solution

Immiscible solution

Polar part

Nonpolar part

Nonpolar part

Polar part

Figure 1. Silica nanofibrous membranes produced via direct electrospinning of a TEOS-based sol-gel system
allows the tenability of the wettability from water repellent just after electrospinning, to water absorbing
after an additional thermal treatment to remove hydrophobic ethoxy groups. In this way, two routes to
allow gravity-driven separation of heterogeneous azeotropes (and thus also immiscible liquids) are created.

This is exemplified using the heterogeneous azeotrope methanol – n-hexane, employing a heat treated
membrane (3h at 500°C). In case of complete saturation of the methanol – n-hexane mixture, the nhexane-rich phase consists of 85% n-hexane and 15% methanol, and the methanol-rich phase consist of
58% methanol and 42% n-hexane. After separation with the silica nanofibers, a purity above 99.5 mol%
for both the methanol and n-hexane phase were measured with 1H-NMR (Figure 2), resulting in two
separated solvents. Note that the focus is placed on the physical separation of the heterogeneous
azeotropic mixture into two liquids with high purity, not a complete separation on the molecular level.
To further confirm that silica nanofibrous membranes showcase a large potential for the separation of
heterogeneous liquid mixtures, four other heterogeneous mixtures with a diverse polarity index
difference (ΔP) were tested, namely water – diethyl ether (ΔP = 6.2), water – butyl acetate (ΔP = 5.1),
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water – chloroform (ΔP = 4.9), and water – ethyl acetate (ΔP = 4.6). In all cases, an untreated
hydrophobic membrane is able to separate both phases with high purity.

Figure 2. 1H-NMR spectrum of (a) the methanol phase and (b) the hexane phase after separation of the
heterogeneous azeotrope methanol – n-hexane over a heat treated silica nanofibrous membrane. In both
cases, the purity is higher than 99.5%. (B: water, D: de-acetone, E: CH3 methanol, F: OH methanol, G: CH2
n-hexane, H: CH3 n-hexane)

CONCLUSION
(Super)hydrophobic or hydrophilic electrospun membranes allow separation of two immiscible phases
in a single-unit operation with fast gravity driven separation. A simple, energy efficient separation
technique to allow for process intensification is therefore created, replacing more intensive techniques
such as centrifugation, chromatography, and decantation.
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ABSTRACT
Phase change material (PCM)-incorporated fabrics have been developed for personal temperature
regulation. To avoid leakage of melting PCMs from the fabric, various methods have been developed,
including microencapsulated PCM (MPCMs), form-stable PCMs (FSPCMs) and solid-solid PCMs
(SSPCMs). However, the poor physical property and the limited thermal behavior of such materials are
found. To keep the thermal behavior of PCM-incorporated fabrics without leakage as high as possible,
a multi-layer PCM fabric consisting of PEG-coated viscose fabric and PA 6-laminated fabric was
proposed in this work. The leakage and thermal buffering effect of the multi-layer laminated fabric
containing PEG were investigated. As a result, the PA 6-laminated fabric successfully resisted against
the melting of PEG and no leakage was found. Correspondingly, the thermal buffering effect was found.
We propose that this work provides a facile method to fabricate PCM fabrics and extends the application
of laminated fabrics.
KEYWORDS
PCM, PEG, laminated fabric, thermal buffering effect.
INTRODUCTION
Phase change materials (PCMs) are one group of materials which can store/release thermal energy and
keep temperature in a small range during the phase transition process [1]. Since the solid-liquid phase
transition of suitable PCMs for textile is found, the leakage of melting PCMs is unable to be avoided if
there were not any other solutions. Three main solutions have been proposed to avoid leakage of melting
PCMs, including microencapsulated PCM (MPCMs) [2], form-stable PCMs (FSPCMs) [3] and solidsolid PCMs (SSPCMs) [4]. MPCMs are the most common materials for the incorporation into textiles.
However, the poor physical property of MPCMs limited their coating on fabrics. For FSPCMs, it is
usually to fabricate by incorporation PCMs into porous materials. However, the thermal behavior of
FSPCMs was weaken by comparing with pure PCMs because of confined crystallization of PCMs in
the porous materials [5]. For SSPCMs, it is feasible to graft PCMs on the surface of fabrics and the
PCM-grafted fabrics are considered as SSPCMs. However, the thermal behavior of SSPCMs was
strongly reduced since there is a strong limitation of the molecular movement and the soft segment
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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percentage (PCMs) [6]. Therefore, how to keep the thermal behavior of PCM-incorporated fabrics
without leakage as high as possible remains to be solved.
In our previous work, a multi-layer PCM fabric structure containing PCM-loaded layer, barrier layer
and protection layer was proposed. However, the pores in the protection layer allowed the penetration
of melting PCMs through the whole multi-layer fabric, which resulted in the failure of avoiding leakage
[7]. The lamination fabrics are the one where the polymer-based film is adhered on the surface of fabric
[8]. The nonporous property of the lamination fabrics is proposed, which is available to resistance
against the penetration of the melting PCMs through the lamination fabric.
In this work, the multi-layer lamination fabric containing PCMs was proposed. The two lamination
fabrics were used as protection layer to cover the whole PCM-loaded layer. The melting tape was used
to fix the designed multi-layer fabric structure stable. The thermal behavior and leakage of the multilayer lamination fabric containing PCMs were investigated.
MATERIALS AND METHODS
The polyamide 6 (PA 6)-laminated fabric (5g/m2) and viscose fabric (47g/m2) were provided from
Faculty of Textile Engineering, Technical University of Liberec. Poly(ethylene glycol) (PEG)
(Mw=6,000) was purchased from Aldrich Sigma.
Figure 1 schemed basic structure of a multi-layer laminated fabric containing PCMs. In details, two
laminated fabrics as protection layer well kept the PCM-loaded layer inside and the melting tapes were
used to fix the designed fabric structure stable. The PCM-loaded layer was prepared according to
previous published work [9] and consisted of 90wt% PEG and 10wt% viscose fabric. The PCM-loaded
layer was characterized with melting peak point of 62.37oC, solidifying peak point of 44.70oC, melting
enthalpy value of 137 J/g and solidifying enthalpy value of 133 J/g.
Since the morphology and thermal behavior of PCM-loaded layer was also described in previous
published work [9], some results of PCM-loaded layer were not discussed in this work. The morphology
of laminated fabric was characterized via scanning electronic microscopy (SEM) with voltage of 20kV.
The T-history of multi-layer PCM fabric was characterized by using a custom setup and the parameters
were same as one in previous published work [9]. The leakage test of the multi-layer PCM fabric was
measured by using optical camera after the multi-layer PCM fabric had a final stable temperature during
heating process.

Figure 1. Basic structure of a multi-layer laminated fabric containing PCMs.

RESULTS AND DISCUSSION
Figure 2 provided the morphology of PA 6-laminated fabric. The fabric structure characterized as porous
was on one side and the polymer-based film characterized as nonporous was attached on another side.
Figure 3 provided the final leakage situation of the designed multi-layer laminated fabric containing
PCMs. It was found that the melting PEG was well kept in the multi-layer fabric structure. By taking
morphology of laminated fabric into consideration, the PA 6-laminated fabric had no pores for melting
PEG to penetrate through. Figure 4 provided the T-history curve of multi-layer PA 6-laminated fabric
with or without PEG. Obviously, the better thermal buffering effect was found in the multi-layer PA 6laminated fabric with PEG by comparing with reference fabric without PEG. It took approximate 60s
for the multi-layer PA 6-laminated fabric with PEG to reach 60oC during heating process and
approximate 120s to reach 40oC during cooling process. Besides, it was found that the sample with PEG
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had higher final stable temperature during heating process than the reference sample. The main reason
was that there was an amount of still air in the reference sample.

Figure 2. Morphology characterization of polyamide-laminated fabric (Left: fabric side of PA 6-laminated
fabric and Right: polymer coating side of PA 6-laminated fabric).

Figure 3. Leakage test result for multi-layer PA 6-laminated fabric with PEG as PCM.

Figure 4. T-history curve for multi-layer PA 6-laminated fabric with or without PEG.
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CONCLUSION
In this work, we provided a facile method to construct the PCM fabric without leakage. The multi-layer
fabric was successfully prepared, consisting of PA 6-laminated fabric as protection layers and PEGcoated viscose fabric as PCM-loaded layer. No leakage of melting PEG was found during
heating/cooling cycles since there were no paths for melting PEG to penetrate. In addition, the thermal
buffering effect was found because of the existence of PEG in the multi-layer fabric. We propose that
the sample in this work can be directly applied in fabric via sewing method. Besides, this work extends
the application of laminated fabric.
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ABSTRACT
Recent studies have shown that pile loop knit fabrics hold promise for being used in tissue engineering
in addition to their usual application areas (e.g., sportswear). Understanding the air permeability
property of fabrics would be of importance in terms of time and cost when designing new fabrics. This
study develops a Fuzzy Logic (FL) model with type-2 fuzzy inference system for predicting the air
permeability of pile loop knit fabrics. For this purpose, pile loop knit structures with different areal
densities were produced by using textured polyethylene terephthalate (PET) yarns from four different
filament fineness. FL model with type-2 sytem analysis was performed. The root mean square error
(RMSE) of the developed model was compared with those of the Multiple linear regression (MLR), FL
model with type-1 system, and Artificial Neural Network (ANN) model from the previous study. The
RMSE of the MLR, FL model with type-1, and type-2 sytems, and ANN were found to be 14.93, 12.41,
11.58, and 2.42 respectively. Thus, the FL model with type-2 system gave less RMSE in comparison to
the MLR, and FL model with type-1 system. However, the ANN model provided superior performance
over the MLR and FL models in predicting air permeability.
KEYWORDS
Pile loop knit fabric, air permeability, fuzzy logic with type-2 fuzzy inference system.
INTRODUCTION
Pile loop knit fabrics have attracted great attention in the field of tissue engineering as well as their usual
application areas (e.g., sportswear, home textiles) [1]. According to the current literature, further studies
are needed to understand the morphology of pile loop knit structures.
Anand & Lawton [2] stated that the stitch length of the ground yarn and the relaxation state of the pile
loop knit fabric were key elements in modelling the dimensional parameters (e.g., wale density, course
density, stitch density) of the fabric. Ucar & Karakas [3] reported that tightness of fabric, fiber type, pile
type, dry relaxation, and wash and dry relaxation were important factors in forming the physical
properties of pile loop knit fabrics. Uyanık & Unal [4] showed that the pile loop knit structure became
stiffer and less water absorbent when the pile loop height increased.
Understanding the air permeability or porosity of textile fabrics is a difficult phenomenon as structural
parameters of fiber, yarn, fabric, and their interaction effects lead to irregular porous systems. Here,
Artificial Intelligence (AI) methods are favorably used to solve non-linear textile engineering problems.
Alsayed et al. [5] modeled the air permeability of multifilament polyester woven fabrics utilizing Fuzzy
Logic (FL) with type-1 fuzzy inference system. Their FL model gave better predictions in comparison
to the regression analysis [5]. However, based on the existing literature, there has not been any
publication utilizing FL with type-2 fuzzy inference system on prediction of fabric air permeability.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The ability of managing the air permeability beforehand in the design of new structures would reduce
development time, production cost, and waste products. In this study, a Fuzzy Logic (FL) model with
type-2 fuzzy inference system was developed to predict the air permeability performance of pile loop
knit fabrics. For this purpose, full pile loop and half pile loop knit structures were manufactured by using
textured polyethylene terephthalate (PET) yarns from four different filament fineness. It is called as full
pile loop when pile loops join the formation of knitting at every round on the machine, and half pile
loop when pile loops are produced one in two rounds [6]. Conventional air permeability test was done
to obtain the air permeability values of the fabric samples. FL model with type-2 sytem analysis was
performed. The predicition performance of the developed model was compared with those of the
Multiple linear regression (MLR), FL model with type-1 system, and Artificial Neural Network (ANN)
model obtained in the previous study [7].
MATERIALS AND METHODS
The 100 denier drawn textured polyethylene terephthalate (PET) yarns (DTYs) including nonintermingled (N) and intermingled (I) were used as raw materials. Four full pile loop and four half pile
loop knit structures were produced in loose construction, on a circular knitting machine of 20 gauge, 34
inches in diameter, and 1.8 mm pile loop height. Following the knitting process, the fabrics were washed
with water at 60ºC for 20 min, and then subjected to heat setting at 150 ºC. The mean values of the
physical parameters of the sample fabrics are given in Table 1. In Table 1, the first, second, and third
symbols of the sample code indicate number of filaments (48, 96 or 144), intermingling situation of the
yarns (non-intermingled (N) or intermingled (I)), and knit structure type (full pile loop (F) and half pile
loop (H)), respectively.
Table 1. Physical parameters of the samples [7].
Sample code #

48NF

48NH

48IF

48IH

96IF

96IH

144IF

144IH

Measured filament diameter
(micron)

20.7

20.7

19.4

19.4

11.64

11.64

9.1

9.1

1.34

1.15

1.30

1.17

1.17

1.02

1.28

1.15

133

101

123

98

111

87

120

94

Fabric thickness (mm)
(ASTM D1777-96)
Areal density (g/m2)
(BS EN 12127)

The filament diameters of the yarns were measured by ImageJ software from SEM images of filaments,
where 10 measurements were done for each yarn.
The air permeability of samples was measured according to the ASTM D737 (2018) [8] using TEXTEST
FX 3300 air permeability tester. The testing area was 38 cm2, and a 125 Pa air pressure was applied
during the test. Five specimens for each sample were measured, and the test results were recorded in
cm3/(cm2/s). A total of 40 values from eight fabrics were used in this study as the dataset.
The Fuzzy Logic (FL) model with type-2 fuzzy inference system was developed via MATLAB 9.11
(R2021b) mathematical software.
In FL model with type-2 fuzzy inference system, a type-2 membership function consists of upper
membership function (UMF) and lower membership function (LMF), type-2 fuzzy sets, where the area
between the UMF and LMF is called the footprint of uncertainty (FOU) [9]. At this point, two classes
of fuzzy inference systems are generally used: Mamdani and Sugeno. In type-2 Mamdani fuzzy
inference system, both the input and output membership functions are defined by type-2 fuzzy sets [9].
However, in type-2 Sugeno fuzzy inference system only the input membership functions include type2 fuzzy sets, where the output membership functions for a type-1 and a type-2 Sugeno system are the
same [9].
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In this study, the triangular membership function was utilized for both inputs and output, which can be
calculated as follows:
0
𝑓(𝑥; 𝑎1 , 𝑎2 , 𝑎3 ) =

𝑥−𝑎1
𝑎2 −𝑎1
𝑎3 −𝑥
𝑎3 −𝑎2

𝑥 ≤ 𝑎1
𝑎1 ≤ 𝑥 ≤ 𝑎2

[1]

𝑎2 ≤ 𝑥 ≤ 𝑎3

{0

𝑎3 ≤ 𝑥

Furthermore, Mamdani fuzzy inference system, and the “karnikmendel” type reduction method were
applied for FL model with type-2 system.
The input variables were the filament diameter (9.1-20.7 µm) and the areal density (87-133 g/m2), and
the output varible was the air permeability (173.736-403.86 cm3/(cm2/s)). In total, 34 set of fuzzy rules
were developed for the 34 experimental results when building the models. While creating the if-then
rule statements the values of the 6 specimens were not used for validating the developed FL model. This
6 test data was the same as those of the MLR, FL model with type-1 system, and ANN model from the
previous study [7].
The type-2 fuzzy sets of the inputs and the output are shown in Figure 1.

(a) Type-2 fuzzy set of filament diameter

(b) Type-2 fuzzy set of areal density

(c) Type-2 fuzzy set of air permeability
Figure 1. Type-2 fuzzy sets of inputs and output.
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Figure 2 shows the relationship of air permeability as an output variable versus filament diameter and
areal density as input variables for the FL model with type-2 system.

Figure 2. Surface plot of FL model with type-2 system for air permeability versus filament diameter and
areal density.

RESULTS AND DISCUSSION
Table 2 shows the experimental and predicted results of the air permeability values of the developed FL
model with type-2 system, and the MLR, FL model with type-1 sytem, and ANN model from the
previous study [7] for 6 data used for testing.
Table 2. Comparison of experimental and predicted values for air permeability.
Air permeability values (cm3/(cm2/s))

Specimen No.

Filament
diameter
(µm)

1
19.4
2
11.64
3
9.1
4
11.64
5
20.7
6
19.4
Root mean square error (RMSE)

Areal
density
(g/m2)

Experimental

123
111
120
87
133
98

235.71
231.14
186.94
276.35
182.37
376.94

Coefficient of regression (R2)

Multiple
Linear
Regression
(MLR)

Fuzzy
Logic With
Type-1

Fuzzy
Logic With
Type-2

Artificial
Neural
Network
(ANN)

235.05
234.21
189.28
312.50
179.59
379.84
14.93

229.44
226.60
196.64
287.01
181.15
351.35
12.41

229.26
227.36
196.03
286.81
180.89
353.39
11.58

231.86
230.78
187.37
277.32
180.53
372.99
2.42

0.967

0.978

0.980

0.999

The RMSE and the coefficient of regression (R2) of the FL model with type-2 system were found to be
11.58 and 0.98, respectively, which signifies the superiority of the FL model with type-2 system over
the MLR and FL model with type-1 system in predicting the air permeability property. However, the

ANN model gave 99.9% accuracy for the testing, and reached the RMSE value of 2.42 during
the testing, which was the minimum RMSE value found by the trial and error method [7]. Figure
3 shows the comparative graph for the experiemental air permeability (AP), MLR AP, FL model with
type-1 system AP, FL model with type-2 system AP, and ANN AP value.
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Figure 3. Comparative graph for experimental versus different predicted values of air permeability.

As can be seen from Figure 3, the ANN model predicts more precisely compared to the MLR model,
and FL model with type-1, and type-2 systems, which can be attributed to the ability of ANN to explain
complex and non-linear relationships appropriately. Furthermore, the results confirmed that both the FL
model with type-1, and type-2 systems, and ANN could be used as Artificial Intelligence (AI) methods
for prediction of air permeability of pile loop knit fabrics.
CONCLUSION
The performances of the developed FL model with type-2 system, MLR, FL model with type-1 sytem,
and ANN model were evaluated in predicting the air permeability of pile loop knit fabrics. Accordingly,
all of the methods had high accuracy, where the values of R2 were 0.967, 0.978, 0.980, and 0.999 for the
MLR, FL model with type-1 system, FL model with type-2 system, and ANN model, respectively. The
RMSE of the MLR, FL with type-1, FL with type-2, and ANN were obtained as 14.93, 12.41, 11.58,
and 2.42 respectively. Thus, it was revealed that the ANN model yielded more successful prediction
results compared to the FL model with type-1, and type-2 systems, and MLR model. On the other hand,
the RMSEs of the FL model with type-1, and type-2 systems were less than that of the MLR model,
which indicated that FL models could solve complex relations better than regression equation. To sum
up, when designing new fabrics efficiently in terms of time and cost, it can be concluded that the
developed ANN and FL with type-1, and type-2 systems could be used as mathematical models due to
their satisfactory prediction performances in predicting the air permeability of pile loop knit fabrics. The
results of this research would also contribute to the development of new knitted structures for medical
applications.
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ABSTRACT
Woven fabrics produced from high tenacity (HT) polyester/polyamide 66 yarns are most widely used to
reinforce conveyor belts in the mechanical rubber goods industry. The tensile property of the conveyor
belt is primarily dependent on the property of fabrics used to reinforce the belt. During the production
process of the conveyor belt, the textile-rubber reinforcement undergoes a vulcanization process at high
temperature to provide compulsory physio-mechanical properties of the belt by adhering the woven
fabric with a rubber. Subjecting textile materials to high temperatures for the vulcanization process has
an influence on the mechanical properties of the woven fabric. The main aim of this work was to
investigate the effect of thermal aging on the tensile property of HT polyester yarn and woven fabric
which is intended to reinforce conveyor belt. An extensive experiment on HT polyester yarn and the
woven fabric was conducted by subjecting the textile materials to various aging temperatures.
Additionally, the tensile property of fabrics after the vulcanization process of the conveyor belt was
conducted to fully understand the effect of vulcanization temperature on the properties of woven fabric.
The experimental test results of polyester yarn, woven fabric, and fabrics removed from the conveyor
belt revealed that vulcanizing of the textile reinforced conveyor belt at high temperature(220 °C) can
diminish the tensile strength and increase the elongation at break of the yarn and fabric.
KEYWORDS
Conveyor belt, yarn, elongation, fabric, tensile strength, thermal aging.
INTRODUCTION
Conveyor belts are used to transport general goods to continuous bulk materials in various industries.
The invention of the conveyor belt is dated back to the late nineteenth century when Thomas Robbins
designed the primitive conveyor belt system for Thomas Edison's Ore-Milling company to transport
coal and ore. Subsequently, in 1905, mining engineer Richard Sutcliffe introduced the first underground
conveyor belt made of cotton and rubber. Since then, many scholars have modified the design,
properties, and materials used for conveyor belt production depending on the application areas.
Nowadays, the increase in demand for transporting bulk materials in mining, construction, agriculture,
and other industries with higher efficiency and affordable transportation costs accelerates conveyor belt
technology improvement. Moreover, the invention of vulcanized rubber and thermoplastic fibers
significantly contributed to the development of the textile reinforced conveyor belt sector. Thus, the use
of textile materials for the reinforcement of heavy-duty conveyor belts is significantly increasing due to
their light weightiness, high tensile property, energy efficiency, flexibility, and corrosion resistivity
[1– 4].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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During the vulcanization process, the reinforcement is subjected to a high temperature under pressure
to adhere the textile fabric with rubber material in order to provide the necessary mechanical and
physical properties of the conveyor belt required for the intended application. Hence, vulcanization
temperature, time, and pressure are the most crucial parameters that determine the vulcanization process
of the conveyor belt and the properties of the belt. The adhesion between the plies of the belt and the
weave structure of the fabric substantially influences the belt's performance, safety, and durability [5],
[6]. For the textile reinforced conveyor belt, the effect of these conditions is immense because most
fabrics used for the carcass of conveyor belt are produced from polyester yarn in a warp and polyamide
66 in the weft direction, the property of these textile yarns are quickly diminished under high
temperature [7]. The reliability of the entire conveyor belt system is dependent on the belt properties.
Improper design and insufficient strength of a conveyor belt can cause its rupture and consequent
downtime due to repair and replacement thereof. The rupture of a conveyor belt represents an
unacceptable risk in the operation of a belt. Even though many researchers have conducted some
prominent research in the field of conveyor belts, the effect of vulcanization process parameters on the
textile carcass of the belt that determines the belt's tensile strength property has been left behind. This
research aims to investigate the effect of thermal aging on the tensile strength and percentage elongation
of the high tenacity polyester yarn and woven fabric intended for the reinforcement of heavy-duty
conveyor belts.
MATERIALS AND METHODS
Materials
A woven fabric dipped in resorcinol–formaldehyde–latex (RFL) which was woven from a pre-activated
high tenacity polyester in the warp and polyamide 66 yarn in the weft direction were supplied from
Kordárna Plus a.s. company, Czech Republic. The detailed properties of the high tenacity polyester yarn
and woven fabrics are provided in Table 1 and Table 2, respectively.
Table 6. Properties a pre-activated high tenacity (HT) polyester yarn [7].
Property

Yarn Type

Linear Density Breaking Force
(tex)
(N)

Breaking Tenacity
(cN/tex)

Elongation at
Break (%)

Thermal Shrinkage
@177.7°C for 2 min(%)

HT Polyester

110

81.00

13.50

5.50

89.90

Table 7. Properties of EP woven fabrics.
Fabric Type

Warp Yarn Weft Yarn

Warp Count
Ends/cm

Fabric Properties
Weft Count
Mass per unit Area Crimp of
Picks/cm
(g/m2)
Warp (%)

Weave
Type

EP 200 Polyester
PA 66
9.10 ± 0.25
4.50 ± 0.15
631 ± 10
2.50
Plain weave
Dipped
* E-polyester yarn in the warp direction, P-polyamide 66 in the weft direction, 200-nominal strength of the fabric in kNm−1.

Methodology
In order to analyze the effect of vulcanization parameters on the tensile strength of textile fabrics that
are used to reinforce conveyor belts, the study was conducted on HT polyester yarns, and woven fabrics
dipped in the RFL. First, HT polyester yarn and EP woven fabric were subjected to thermal aging under
140, 160 and 220 °C of aging temperature for thirty-five minutes of aging duration in an industrial oven.
Following that, a multi-layer conveyor belt reinforced with textile fabric was produced under the same
temperature and duration of time. Finally, textile layers were removed from the conveyor belt. The
tensile property of yarns and fabrics pre-and post-thermal aging were tested in accordance with ISO
2062:2009 [8] and ISO 13934-1:2013 [9]. The tensile property of high tenacity polyester yarn was
tested on a Zwick/Roell tensile testing machine of a 2.5 kN load cell with a constant rate of extension
of crosshead speed of 250 mm/min and a gauge length of 250 mm, while the fabric's tensile strength
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was also tested on Zwick/Roell tensile testing machine of a 150 kN load cell with a mechanical
extensometer and a testing speed of 100 mm/min under standard laboratory conditions. The specimens
of 50 mm fabric width and 250 mm length between the clamps have been used to test the tensile strength
of the fabric.
RESULTS AND DISCUSSION
High Tenacity Polyester Yarn Tensile Property Results
In the tenacity vs. percentage elongation curve shown in Figure 2, the result of HT polyester samples
aged under different temperatures signifies that all yarn samples had shown similar characteristics in the
curve's elastic range regardless of the aging temperature. However, in the plastic range, an increase in
aging temperature has significantly incremented the elongation of the yarn and reduced the tenacity of
the yarn. This indicates that the aging of polyester above its glass transition temperature can reduce the
tenacity of the yarn while it increases the yarn's percentage elongation at break.

Figure 20. Stress-strain diagram of unaged and thermally aged 110 tex of high tenacity polyester yarn.

Tensile property of EP dipped fabric
The influence of thermal aging on the tensile strength and percentage elongation of woven fabric has
shown in Figure 3. The results revealed that the increases in aging temperature decreased the tensile
strength of the fabric. Moreover, the aging of the fabric at high temperature (220 °C) significantly
decreased the tensile strength of the fabric. Nevertheless, the elongation of samples aged at 220 °C is
49.78% higher than the samples aged at 140 °C. From these results, it can be concluded that the
mechanical properties of the EP fabric are dependent on the aging temperature and the fabric's fiber
composition.

Figure 21. Effect of thermal aging on the tensile property of RFL-dipped EP woven fabric.
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The effect of vulcanization temperature on the tensile properties of woven fabric has been analyzed by
removing fabric ply from the conveyor belt post vulcanization process. As shown in Figure 3, the tensile
strength and elongation of the fabric removed from the conveyor that was vulcanized at 220 °C were
almost entirely destroyed. In comparison to the results of fabrics aged in an industrial oven (Figure 2),
the tensile strength and elongation at break of the fabric vulcanized with the rubber were diminished.
This arose from the fact that fabrics aged in the oven were aged under no pressure, but the fabric used
as the carcass of the conveyor belt was subjected to thermal aging under high pressure; this influences
the property of the vulcanized fabric.

Figure 22. Tensile property of EP woven fabric removed from the conveyor belt.

CONCLUSION
In this work, the effect of aging temperature on the tensile property of textile material at yarn, fabric,
and post vulcanization of conveyor belts was investigated. The study revealed that vulcanizing
polyester/polyamide fabric [EP fabric] reinforced conveyor belt at 220 °C or above can destroy the
tensile property of the conveyor belt, and this temperature cannot be recommended. However, the
optimum tensile property of textile reinforced conveyor belts can be obtained by vulcanizing the
reinforcement at 160 °C for 35 min.
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ABSTRACT
The aim of the study was to develop methods for modifying chitosan nonwovens in the gas phase
(application of acid vapors). Organic and inorganic acids were used in the research. The time of treating
chitosan nonwovens with acid vapors ranged from 10 to 120 min. The conducted research has shown
that it is possible to modify chitosan nonwovens with the use of acid vapors (organic and inorganic). It
was found that the action of acid vapors does not have a destructive effect on chitosan fibers (SEM
tests), which means that the developed method can be applied to various forms of chitosan materials,
while the modification is carried out on the finished form.
Microbiological tests were used to investigate the activity and growth of the microorganisms, which
were related to the acids in the modified nonwovens. Only materials modified with acetic acid and
hydrochloric acid were found to have bacteriostatic properties against S. aureus and E. coli (gramnegative and gram-positive bacteria). It was also found that chitosan formate significantly reduced the
number of colonies of S. aureus.
KEYWORDS
Chitosan; surface modification; bacteriostatic activity; protonation of the amino group; ammonium salt.
INTRODUCTION
Chitin, is a polysaccharide most commonly found in the natural environment. It can be found in the
structure of sponges, corals, the shells of marine invertebrates, insects, and fungi cell walls [1–4].
Chitosan is a derivative of chitin and is obtained by chemical or enzymatic deacetylation of chitin. The
difference between chitin and chitosan is in the degree of deacetylation. Chitosan is considered as a
biofunctional polymer used in the health care sector due to its antimicrobial properties, film formation,
and bio-adhesive characteristics. Additionally, the special properties such as non-toxicity, anti-bacterial
activity, biodegradability, and excellent biocompatibility render widely use of chitosan in the biomedical
applications as a drug carrier antimicrobial, antioxidant, antitumor, and a wound dressing agent [5].
The mechanisms of chitosan's action on bacteria and fungi have been studied and described in many
articles. The main antimicrobial activity of chitosan is electrostatic interactions between this cationic
molecule and the negatively charged cell walls [6,7]. The antimicrobial properties of chitosan can be
improved by chemical modification of chitosan structure. The two reactive sites -NH2 and -OH present
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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in chitosan open enormous opportunities for its chemical modification. These groups allow to carry out
the sulfonation, amination, and carboxymethylation [8–10] reactions.
The aim of the study was to develop methods for modifying chitosan nonwovens in the gas phase
(application of acid vapors). It was planned to use various acids for the research: acetic, propionic,
butyric, and valeric organic acids, as well as hydrochloric acid. It was expected that this would allow
testing the applicability of this type of modification. As part of the research, it was also planned to
perform pilot tests of the antibacterial activity of modified chitosan materials in order to select the most
optimal chitosan ammonium salts for further research on the use of various forms (nonwovens, films,
spheres, and others) of modified chitosan. The antibacterial activity was planned to be determined
against E. coli and S. aureus.
MATERIALS AND METHODS
Material
The chitosan fibers were a commercial product of Hismer Bio-technology Co., Ltd, China. Fibers of
2.02 dtex with a strength of 12 cN/tex and a relative elongation of 1.5% were used. The chitosan-based
nonwoven was obtained according to standard nonwoven fabric manufacturing procedure, by using a
carder machine and needling process. After the needling process, the final product from elementary
fleeces has obtained a surface weight of 120 g/m2 per sheet.
Modification of chitosan nonwovens using vapors of various acids (gas-phase modification
process)
For gas-phase modification hydrochloric, acetic, butyric, valeric, propionic, and formic acids were used.
All chemicals were from Avantor Performance Materials Poland POCH Polish Chemicals Reagents.
The procedure of modification of chitosan nonwovens was multi-stage. In the first step, Petri dish
containing 20 mL of acid solution was placed in a vacuum to desiccator with a 3 dm3 capacity. The
closed desiccator with acid solutions was left for 24 h in order to slowly fill the desiccator with acid
vapors (saturation). After this time, 10 g of nonwoven sample was placed in a desiccator filled with acid
vapors. The samples were exposed to acid vapors for 10 to 120 min. In the next stage, chitosan fibrils
treated with acid vapors were placed in a vacuum desiccator with potassium hydroxide granules to
remove excess acids for 24 h and then degassed under reduced pressure. Additionally, the nonwoven
was dried in an oven at 40°C for 2 h.
SEM analysis
The effect of acid gas modification on the chitosan fiber morphology was examined by using the SEM
method. Nova NanoSEM 230 scanning electron microscope (SEM) from FEI Company (Eindhoven,
The Netherlands) was used in the study. For the SEM measurement, the nonwoven samples were
prepared by fixing the parts of the samples to an SEM holder using conducting carbon adhesive tape.
The studies were carried out using a low-vacuum mode and beam energy of 10 keV, which eliminated
the requirement to cover the sample with a conductive material such as gold.
Antimicrobial activity
Modified chitosan samples were cut into 1 cm2 piece. Two microbiological assays were conducted to
evaluate the antimicrobial properties of the tested materials.
Susceptibility to microbial colonization
Samples of the modified chitosan-based nonwovens were placed in 24-well flat-bottomed plates
containing Mueller Hinton II Broth. The chitosan fragments were incubated for 24 h at 37 °C to observe
the growth of bacteria. After incubation, 10 µL of medium from each well was seeded on the agar plates.
After 24 h of incubation, the appearance of colonies was evaluated.

322

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

Bactericidal activity
The second assay was performed similarly to that described above, with the difference that this time
bacterial inoculums were used. Modified chitosan nonwoven samples were soaked in 0.5 mL of bacterial
suspensions with a density of 0.5 McFarland. Two reference strains were used: Staphylococcus aureus
ATCC 25923 and Escherichia coli ATCC 25922. The samples were incubated for 24 h at 37°C. After
incubation, 10 µL of medium from each well was seeded on the agar plates and the number of colonies
was observed.
RESULTS AND DISCUSSION
In the first stage of the research, chitosan nonwovens modified with acid vapor (gas phase modification)
were obtained. The following C1-C4 carboxylic acids were used in the study: formic, acetic, propionic,
butyric and valeric acid. Additionally, hydrochloric acid was used. During the modification, the amine
groups of chitosan are converted to the corresponding ammonium salts. It is generally believed that the
antibacterial activity of chitosan derivatives is due to the presence of positively charged ammonium
groups. It was expected that the use of this pool of acids would provide a response regarding the
influence of the anion structure in the ammonium salt on the antimicrobial activity of the final materials.
In addition, the use of carboxylic acids with a different number of carbon atoms should affect the nature
of the hydrophilic-hydrophobic ammonium salts of chitosan, which in turn should also affect the ability
of materials to interact with bacteria. The time of treating chitosan nonwovens with acid vapors ranged
from 10 to 120 min. The nonwovens treated with acid vapors were analyzed by SEM to assess the effect
of the acid on the morphology of the fibers. Figure 1a shows sample SEM pictures of chitosan nonwoven
before acid treatment, and Figure 1b shows an SEM picture of a nonwoven exposed to acetic acid vapor
for 60 min.

Figure 1. SEM images, a) unmodified chitosan, b) chitosan nonwoven treated with acetic acid vapor for
60 min.

In any case, the negative influence of the acid vapors on the fibers, and thus their destruction, resulting
in the loss of the mechanical properties required for the fibrous materials, was not found.
Initial attempts were made to assess the antibacterial effect of chitosan nonwovens modified with acid
vapor (gas phase modification).
Table 1. Effects of modification on microbial growth for nonwovens modified by acid vapors.
Sample
Valeric acid
Propionic acid
Formic acid
Butyric acid
Hydrochloric acid
Acetic acid

S. aureus ATCC 25923
Growth
Growth
Growth – 5 colonies
Growth
No growth
No growth
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E. coli ATCC 25922
Growth
Growth
Growth
Growth
No growth
No growth
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Table 1 shows the effects on microbial growth of modifying with acid vapors of chitosan nonwovens.
Antimicrobial activity was observed for materials treated with hydrochloric acid and formic acetic acid
against S. aureus (decreasing numbers of bacterial colonies or no growth). For E. coli, antibacterial
activity was found for chitosan hydrochloride and chitosan acetate.
CONCLUSION
The conducted research has shown that it is possible to modify chitosan nonwovens with the use of acid
vapors (organic and inorganic). It was found that the action of acid vapors does not have a destructive
effect on chitosan fibers (SEM tests), which means that the developed method can be applied to various
forms of chitosan materials, while the modification is carried out on the finished form.
Microbiological tests were used to investigate the activity and growth of the microorganisms, which
were related to the acids in the modified nonwovens. Only materials modified with acetic acid and
hydrochloric acid were found to have bacteriostatic properties against S. aureus and E. coli (gramnegative and gram-positive bacteria).
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ABSTRACT
In this study, we proposed a knowledge-based intelligent approach for pattern design of personalized
garment toward mass customization using support vector machine modelling. This approach has been
described and validated in the scenario of personalized legging design. The proposed models have been
set up by learning from quantitative relationships between garment structure lines and controlling points,
and then simulated for pattern parameters prediction. Finally, the performance of the presented approach
was compared with the traditional grading method. From the experimental results, the design effect of
the proposed approach is equivalent to the existing grading method. It indicates that our approach
provides a feasible and valuable solution for promoting the personalized garment pattern design and
facilitating the process of garment mass customization.
KEYWORDS
Garment pattern design, mass customization, artificial intelligence, machine learning, support vector
machine.
INTRODUCTION
Mass customization (MC) has become a critical branding strategy for many fashion companies facing
fierce international competitions [1–4]. Garment pattern design, the linkage between fashion design and
garment manufacturing, is key to the success of the implementation of MC in the clothing industry
[5–7]. However, the design of quality personalized garment patterns precisely and promptly remains a
knowledge-intensive and challenging issue in the context of garment MC [8,9]. In this regard, innovative
technologies, such as artificial intelligence (AI) and machine learning (ML), have been broadly
developed and implemented as a powerful tool to enhance the improvement of pattern design process.
As a matter of fact, the personalized garment pattern design is rather complicated involving the precise
control and adaptation of the structural lines and points in the patterns. Unfortunately, previous studies
rarely deal with the complex relationships between the structural lines and the corresponding points in
the process of developing personalized garment patterns. In this context, contributing to its outstanding
advantages in treating the problem of function approximation [10–12], we adopted the support vector
machine to model the design rules of garment patterns by quantitatively characterizing the relationships
between the structural lines and the corresponding controlling points. Finally, based on these modeled
relationships, a new personalized garment pattern design approach toward mass customization was
proposed.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
Materials
As keeping healthy and active has been increasingly concerned in public worldwide at present, the
constantly rising number of people engaging in sports activities has driven the growth of consumers'
demands for activewear. Due to the versatility in most sporting scenarios, such as jogging, hiking, and
cycling, and so forth, the leggings have gained great popularity in the public [13]. Therefore, we adopt
a case of legging to interpret the general principles of the present pattern design approach for
personalized garment. Due to the length limitation of the article, only the legging with elastic fabric was
discussed. However, the general modelling principles can be extended to other garment styles with
various fabrics, such as shirts, raincoats, skirts, and so on. The involved legging and its corresponding
patterns in this study was illustrated in Figure 1.

Figure 1. The garment flat and patterns of the legging involved in this study.

Method
Acquisition of the learning datasets
To create the mathematical models for personalized legging pattern design, the process of learning
datasets acquisition was described as follows:
First, we decomposed each pattern of the legging shown in Figure 1(b), and then extracted a series of
structural lines (SLs), keeping the status of the SLs in original patterns, including length, direction,
angle, and radian, etc. We take Pattern 1 (𝑃1 ) for instance.

Figure 2. The learning dataset acquisition of Pattern 1 (𝑷𝟏 ).

The decomposition of 𝑃1 could be seen in Figure 2(a). Afterwards, for all the extracted structure lines,
we defined the movement directions of the corresponding controlling points (CPs) in the same
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coordinate system, including horizontal and vertical directions (see Figure 2).Ultimately, as illustrated
in Figure 2(b), for each extracted structural line (𝑠𝑙𝑖 ) and its corresponding controlling points
(𝑐𝑝𝑣 , 𝑐𝑝𝑣+1 ) , we acquired the movement data of the two CPs including 𝑑𝑥𝑐𝑝𝑣 , 𝑑𝑦𝑐𝑝𝑣 , 𝑑𝑥𝑐𝑝𝑣+1 , and
𝑑𝑦𝑐𝑝𝑣+1 under different moving scenarios firstly, and then record the corresponding length variation data
𝑑𝑙𝑠𝑙𝑖 of the structural line 𝑠𝑙𝑖 . These data constituted the learning dataset for establishing the
mathematical models for personalized legging pattern design.
Establishment of the models between the structural lines and the corresponding controlling points
In this section, we modelled the relationships between the SLs and the corresponding CPs in our study
using the regression methodology based on support vector machine. For extracted SL, we created five
SVR models. There were four inputs and one output for each SVR model. The five variables in the
learning dataset were defined as the output alternatively, with the other four variables as the inputs. We
take the structural line (𝑠𝑙𝑖 ) illustrated in Figure 2 for instance. The five variables for creating the SVR
models include 𝑑𝑙_𝑠𝑙𝑖 , 𝑑𝑥_𝑐𝑝𝑣 , 𝑑𝑦_𝑐𝑝𝑣 , 𝑑𝑥_𝑐𝑝𝑣+1 , and 𝑑𝑦_𝑐𝑝𝑣+1 . One of the SVR models was
constructed by using the 𝑑𝑙_𝑠𝑙𝑖 as the output variable and the remaining four variables as the inputs.
RESULTS AND DISCUSSION
The standard sizing system which includes classic and traditional garment pattern design and adjustment
knowledge, has been broadly applied in the clothing industry. In this section, we compare the adjustment
effects between the proposed method and the traditional grading method (see Figure 3).
The comparison scenario was assumed as follows. A consumer would like to purchase a well-fitted
legging. After try-on multiple legging repeatedly, he found that only legging A could meet his fit
requirements relatively except for the crotch that was a little tight, while the crotch of legging B can fit
him correctly. If the difference of the crotch between legging A and B is 1 cm, the task of legging pattern
adjustment was to modify the crotch from size A to B by adding up to 1 cm. The adjustment results were
shown in Figure 3. From Figure 3, it can be seen that 𝑑𝑙_𝑠𝑙1(𝐺𝑟𝑎𝑑𝑖𝑛𝑔) and 𝑑𝑙_𝑠𝑙1(𝑆𝑉𝑅) are 1.12 and 1.00 cm,
respectively, meaning that the adjustment effects of the two methods are rather closed. From the
experimental results, the adjustment effects based on the two methods are equivalent generally, which
indicates that the proposed method is a feasible solution for realizing automatic and intelligent design
and adjustment of the legging patterns.

Figure 3. Design and adjustment effects comparison between the proposed method and the traditional
grading method.

CONCLUSION
In this study, we put forward a support vector machine-based approach of pattern design of personalized
garment toward mass customization. The proposed approach was validated by a real case of personalized
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legging pattern design. From the experimental results, it can be seen the pattern design and adjustment
effects between the proposed method and the traditional grading method are rather close, indicating that
our present method provided a valuable solution for realizing the pattern design of personalized garment
precisely, intelligently, and fast. Certainly, due to the length limitation of the paper, different garment
styles (e.g. shirts, pants, skirts, and raincoats, etc.) with various fabrics will be taken into account in our
future research work.
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ABSTRACT
This research work was carried out for the green in-situ synthesis of ZnO nanoparticles onto the 100%
cotton fabric. Zinc nitrate hexahydrate [Zn(NO3)2.6H2O] was used as precursor and the Neem
(Azardirachta Indica) leaf extract was used as reducing agent. Scanning electron microscopy (SEM) and
X ray diffraction (XRD) were done to investigate the surface morphology and characteristics of
developed samples. Moreover the ultraviolet protection factor (UPF), UVA blocking %age, UVB
blocking %age, and antibacterial properties were examined. The SEM and XRD confirmed the
deposition of ZnO NPs onto the fabric having crystalline structure. The evaluated samples showed very
excellent results for, UPF rating, UVA blocking %age, UVB blocking %age, and antibacterial
properties.
KEYWORDS
Zinc oxide, Green synthesis, Antibacterial, UV protection, Azardirachta Indica, Nanoparticles.
INTRODUCTION
Zinc oxide nanoparticles have acquired great importance in the field of material science due to their
exceptional properties and prominent uses. ZnO is very interesting material because of its conductivity.
Its crystalline structure has wurtzite shape, having mixture of both ionic and covalent bonding [1]. ZnO
NPs are white in color with low production cost, with vast band gap (3.37ev), and (60 meV) binding
energy. In textile industry ZnO NPs are used for antibacterial, UV protection and self-cleaning
properties. The nano structure of ZnO NPs release ions which cause the destruction of proteins present
in the cell, resulting in the death of bacterial cells. ZnO NPs have the ability to absorb, deflect, scatter,
and obstruct the UV rays. So the coating of ZnO NPs on textile fabrics can protect human beings from
UV radiations and various types of bacteria [2]. Green synthesis of nanoparticles using plant extract has
gained remarkable attention, because it’s low cost, simple eco-friendly as well as having fast synthesis
rate [3]. Neem (Azardirachta Indica) plant is well known for its medical significance and easy
availability in South Asia [4]. Its leaf extract contains many organic molecules which have a great
oxidative activity that allows it to be used for reduction of large zinc molecules into its very small
nanoparticles [3]. In this research study, insitu synthesis of ZnO NPs onto cotton fabrics was done by
the leaf extract of Neem (Azardirachta Indica) plant as a reducing agent and Zinc nitrate hexahydrate as
precursors. After synthesis antibacterial and UV protection properties were investigated.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
Cotton fabric having plain weave with 27 ends per inch and 23 picks per inch was obtained from
Department of Material Engineering, Technical University of Liberec, Czech Republic. Zinc nitrate
hexahydrate [Zn(NO3)2.6H2O] was purchased from Sigma Aldrich. Neem (Azardirachta Indica) leaves
were collected from crescent sports club Sheikhuppura road Faisalabad, Pakistan.

Figure 1. Shade dried neem leaves.

Neem (Azardirachta Indica) leaves were washed several time with distilled water to remove dust and
any type of contamination, then dried under shade at room temperature. Dried leaves were ground by
coffee grinder. 20 grams of ground leaves was added in 100 ml of deionized water and boiled on hot
plate for 30 minutes to get extract. 0.1 molar solution of zinc nitrate hexahydrate [Zn(NO3)2.6H2O] was
made in 100 ml of deionized water. Then the (1010cm) of cotton fabric was immersed in 0.1 molar
solution of zinc nitrate hexahydrate [Zn(NO3)2.6H2O]. After that Neem (Azardirachta Indica) leaves
extract was added drop wise in 0.1 molar solution of zinc nitrate hexahydrate [Zn(NO3)2.6H2O] under
continuous magnetic stirring at room temperature. Then the temperature was raised to 90°C for
120 minutes under continuous magnetic stirring. The fabric samples were dried in oven at 90°C for 1
hour.
The surface morphology of treated fabric was investigated by SEM TS 5130 Vega 3 Tescan Czech
Republic.
The XRD patterns were obtained with X- ray diffractometer (ARL X’TRA powder X-ray diffraction
system Thermo scientific USA).
Antibacterial efficacy of the treated fabric samples was investigated against E.coli (gram negative) and
S.aureus (gram positive) according to AATCC 100-2012 test method.
Ultraviolet protection factor (UPF) of treated fabric samples was examined according to AATCC 1832000 standard, using UV-vis NIR spectrophotometer (UV-3101 PC) in the range of 280 nm-400 nm.
RESULTS AND DISCUSSION
SEM analysis
Surface morphology examined by scanning electron microscope (SEM) is shown in Figure 2. It is
revealed from the SEM images that ZnO NPs on the surface of treated fabric. While untreated fabric has
clean surface. SEM image at high resolution shows that zinc oxide particles are deposited on the surface
of fabric at nano scale.
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Figure 2. SEM images (A untreated, B ZnO NPs deposited sample, C ZnO NPs deposited sample at high
resolution).

XRD analysis
The Figure 3 shows the XRD patterns of untreated cotton fabric and ZnO NPs coated cotton fabric. It
can be seen that untreated fabric has only characteristic peaks of cellulose [5], while treated sample has
additional characteristic peaks of hexagonal wurtzite ZnO structure [6].

Figure 3. XRD patterns (a) untreated fabric (b) ZnO coated fabric.

Antibacterial activity
Figure 4 and Figure 5 show the antibacterial activity of untreated and treated fabric samples against
E.coli and S.aureus bacteria respectively. It can be seen from the Figure 4 and Figure 5 ZnO loaded
samples showed the 100% reduction for both E.coli and S.aureus bacteria. The antibacterial activity of
ZnO NPs loaded fabric is due to the disruption of the bacterial membrane by ZnO NPs [1], [2].

332

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

Figure 4. Antibacterial activity against E.coli (A) untreated fabric (B) ZnO NPs coated fabric.

Figure 5. Antibacterial activity against S.aureus (C) untreated fabric (D) ZnO NPs coated fabric.

UV protection ability
The UPF, UVA blocking %age and UVB blocking %age values of treated and untreated samples are
shown in Table 1. It is clear from the Table 1 that untreated fabric has UPF only 4.57 and UVA blocking
%age and UVB blocking %age 72.81 and 78.69 respectively. On the other hand ZnO NPs coated fabric
has UPF value 114.73. While UVA blocking %age and UVB blocking %age values are 98.41 and 99.02
respectively. This blocking behaviour of coated fabric can be explained as UV absorbance by ZnO NPs
[1].
Table 1. UV protection behaviour of untreated fabric and treated fabric.

UNTREATED FABRIC
TREATED FABRIC

UVA BLOCKING
% AGE
72.81
98.41

UVB BLOCKING
%AGE
78.69
99.02

UPF
4.57
114.73

CONCLUSIONS
In this research work Zinc Oxide nanoparticles were insitu synthesized and loaded onto the surface of
100% cotton fabric by green method, using Neem (Azardirachta Indica) leaf extract. Scanning electron
microscopy and XRD analysis confirmed the presence of zinc oxide nanoparticles onto the surface of
the 100% cotton fabric. Moreover treated samples showed very excellent antibacterial and UV
protection ability.
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ABSTRACT
Although the great potential of carbon fibers for use in lightweight applications has been demonstrated
in the past, their cost and environmental impact remain a barrier to their widespread use [1]. Recycling
of carbon fibers from end-of-life components and combining them with thermoplastic fibers to form
hybrid yarns addresses both issues. Due to the stochastic nature of hybrid yarns in terms of recycled
carbon fiber (rCF) length and orientation [2], their influence on drapability and performance of rCF
composites needs to be investigated. In this paper, a micromechanical model for analysing the dry and
composite properties of yarns made from rCF is presented. By using a self-developed framework for
generating representative volume elements (RVE) based on parameters such as fiber length, orientation,
waviness, and fiber volume content, a variety of idealised random yarn geometries is created. A
subsequent simulation step of the compaction of the RVE assures a more realistic RVE geometry. The
models are validated by carrying out virtual tests and comparing the results with real tensile tests. The
modelling approach can be used for further analyses.
KEYWORDS
Finite element method; hybrid yarns; micromechanical model; recycling carbon fibers.
INTRODUCTION
Due to their superiority over conventional material in terms of lightweight construction, carbon fiber
reinforced plastics (CFRP) are applied in a wide range of industries, such as automotive, energy, and
aerospace. Increasing demand is accompanied by an increase in carbon fiber waste, which negatively
affects carbon fiber as a viable alternative, both economically and ecologically. Therefore, there is an
urgent need for reliable recycling methods of carbon fibers.
The current industrially established processes use carbon fibers in randomly oriented nonwovens and
injection moulded parts, which are only used in non-structural applications due to their limited
mechanical properties [1]. Therefore, new processing strategies for recycled carbon fibers (rCF) that
assure CFRP with high fiber orientation need to be explored. One of the most promising approaches
uses the process chain of conventional spinning, which consists of carding, drawing and roving, and
combines the rCF with thermoplastic fibers to spin hybrid yarns [3]. One of the main issues in this
approach is the handling of CF during the processing. Due to the sensitivity of CF to transverse loads,
partial damage is likely to occur during the processing steps. Therefore, the resulting fiber lengths in
CFRP occur in form of a distribution [4], which both affects the drapability of textiles and the composite
properties.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The evolution of CFRP has been accompanied by research into methods for predicting drapability and
composite properties. The most advanced approaches describe composites at the micro-scale by
modelling each fiber or a representative number of fibers. These approaches are used for continuous
fibers [5,6] or short fiber composites [7,8]. A promising approach to model yarns made of long fibers
with a low numerical effort is the Digital Element Approach (DEA), where a chain of beam elements
approximates each fiber [9]. This approach has proven its capabilities in multiple cases [10,11]. There
is a need to describe the mechanical behaviour of composite and textiles made of hybrid yarns based on
flyer and DREF friction spun technology, taking into account the geometric properties of the elements.
In the following work, an approach to model the idealised geometry of two types of hybrid yarns is
presented. By modelling geometry at the fiber level, conclusions are drawn from micro geometry to the
textile and composite behaviour. The results are compared to various tests to validate the model.
MATERIALS AND METHODS
In order to represent the yarn geometry in a representative volume element (RVE), a framework is
developed to describe each fiber path. Each RVE is generated by giving information on their dimensions
and shape. Components are added with information on their volume fraction as well as fiber length,
orientation, path, and cross-sectional parameters. Similarly to the random adsorption algorithm [12], a
nearest neighbour search algorithm assures no overlap between the fibers in the model. Fibers crossing
the boundaries of the RVE are split at the boundary and moved to the opposite side of the boundary,
ensuring periodicity of the unit cell. The algorithm can be run sequentially so that multiple types of RVE
with different fiber geometries can be combined, enabling the generation of hybrid yarns. The feasibility
of the described approach is exemplified for the geometries of flyer spun and friction spun yarns
(Figure 1).

Figure 1. Examples of generated ring spun yarn (left) and DREF friction spun yarn (right).

For the ring spun yarn geometry, the composite properties were investigated. To limit the numerical
effort, only one hybrid yarn is studied instead of modeling the entire composite of multiple yarns. A
helix function [13] provides the idealized filament trajectory. An RVE length of 100 mm is chosen to
assure that the full trajectory of each fiber is included. The diameter of the yarn model is chosen
accordingly to measurements from real yarns.
The fibrogram method is used to obtain the fiber length distribution [4]. In order to obtain a more realistic
geometry, further steps are carried out. To reproduce the yarn geometry in the composite, a compaction
simulation is carried out using the explicit solver LS-DYNA. The final composite is then generated by
coupling the compacted yarn in a solid matrix mesh with kinematic constraints [14] and applying
periodic boundary conditions to nodes at the RVEs boundary. Finally, virtual tensile tests are carried
out by applying a displacement on the model boundaries in the yarn axis direction, while constraining
the remaining boundaries. The stresses and strains are homogenized and compared to real tensile tests.
With the validated model, different parameter studies investigating the influence of fiber length and yarn
twist are carried out.
For the friction spun yarn geometry, the influence of different processing parameters on the yarn
deformation is investigated. The friction spun yarn is made of three different main components: an
oriented core containing continuous thermoplastic filaments, a second core with staple carbon fibers,
and a sheath structure made of thermoplastic fibers. The described geometry is modelled with an
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idealized unit cell geometry based on micrographs. The sheath structure is approximated by a helix
structure. Its pitch taken from measurements of the mean fiber orientation based on images of the yarn.
The initially generated uncompressed geometry is compacted by applying a fictitious thermal load to
the sheath geometry, causing is to shrink and compact the yarn. An instantaneous tensile test ensures
that the frictional contacts, which are important for the behaviour of the yarns, can take place correctly.
RESULTS AND DISCUSSION
Figure 2 displays the model processing steps and an exemplary real yarn. When excluding peaks at the
model boundaries, the maximum filament stresses occur near the fiber ends. Because the composite
failure is dominated by failure of the fibers, the overall failure also occurs at the same location. In Figure
3, a comparison between experimental and simulation data is shown. Compared to the experimental
data, the simulation results agree well at low twists. At higher twist levels, the difference in tensile
modulus increases, indicating a limitation of the idealized approach of the fiber geometry.

Figure 2. Modeling of the ring spun yarn geometry (Top: comparison of model with microscopic images,
bottom left: composite model, bottom right: Axial stresses in each filament of spun yarn at the last time step
before composite failure).

Figure 3. Comparison of virtual tensile tests and experimental data (left: strength, right: tensile modulus).

For the friction spun yarn geometry, the RVE geometry is reproduced by applying the thermal strain,
resulting in a morphology closer to reality (Figure 4). Because of the idealized modelling of the sheath
fibers, a more realistic RVE could not be achieved. Nevertheless the used approach is assumed to be
sufficient to model the yarn deformation, which is dominated by the carbon fiber contact geometry.
In the next step, the influence of fiber contact geometry on its tensile properties is investigated.
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Figure 4. Comparison of friction spun yarn model results with microscopic images (left: model with scale
in mm; right: real yarn)

CONCLUSION
In conclusion, the capability of micromechanical models to describe the geometry and mechanical
behaviour of hybrid yarns and composites made of rCF is shown. The developed framework enables the
creation of random RVEs made of fibers with a fiber length distribution based on process parameters,
reducing the need of extensive tests. Mechanical properties of composites based on these thermoplastic
hybrid yarns can be calculated with the developed framework. Results provide good correlation to
experimental test, thus, enabling the models to be used for further analyses.
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ABSTRACT
For preventing nano material from coming into contact with skin to generate a toxic effect, Nano TiO 2
is prepared by a sol-gel method. The appearance, the crystal form and particle size of TiO2 are researched
through a scanning electron microscope (SEM) , an X-ray diffraction (XRD) and other instruments. PUTiO2 coating is prepared, the coating is uniformly coated to an outer layer of semen cassiae. Local pipes
are formed on weft-wise front surface and back surface of woven fabric through a special process. By
taking the local pipes with good sealing performance as carriers, semen cassiae is filled in the pipes.
Two-ply silver-plated polyester/cotton (65/35) yarns are used as the raw material of warp and weft of
the fabric, for providing special health care and protection functions for the fabric. An average particle
size of the semen cassiae is 2.54 mm by testing, and all technological parameters are calculated to obtain
a best number of semen cassiae particles added at the tubular structure. By testing, the results show that
the ultraviolet protection factor (UPF), the transmittance(UVA), the maximum SE, the minimum SE,
the heat preservation rate, bacteriostatic rate against escherichia coli and staphylococcus aureus of the
designed fabric was 48.9, 2.92%, 51.3 (dBm),32.32 (dBm), 33.2%, 92.2%, 95.3%, respectively.
KEYWORDS
Nano material, local tubular, woven fabric, fill, carrier, PU-TiO2 coating, silver-plated polyester/cotton
yarn, multi-function.
INTRODUCTION
A combination of the textile fabric and the nano functional material can provide better functionality for
the fabric, and currently is realized mainly through a coating method or weaving by fibers doped with
the nano material, etc. Because the nano material in the fabric is in direct contact with human skin, the
nano material is easy to penetrate through human skin's defensive line to enter the hematological system
to generate a certain degree of toxicity or anaphylactic reaction, causing a limitation to application and
popularization of nano functional textile in some fields [1,2].
In this paper, nano TiO2 is prepared by a sol-gel method. The PU-TiO2 coating is prepared by a coblending method. The coating is uniformly coated to the outer layer of the semen cassiae to form
functional particles. Local pipes are formed on weft-wise front surface and back surface of the woven
fabric through a special process. In the front pipe or back pipe having a three-dimensional structure and
two closed ends, functional semen cassiae particles with the PU-TiO2 coating are added to prevent nano
material from coming into contact with skin to generate a toxic effect, the safety, ecology and durability
of the fabric are greatly enhanced, which provides a new idea for the combination of nano materials and
textiles.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
Design of Fabric Structure
As shown in Fig. 1, the fabric is composed of three parts: a plane structure, a weft-wise front pipe and a
weft-wise back pipe. In the same weft direction, the front pipe and the back pipe appear according to
beautiful and practical principles. The sizes of the front pipe and the back pipe can be regulated by
controlling the number of picks at the tubular structure. The greater the number of the picks is, the larger
the three-dimensional pipe is [3].

(a) Local Structure Chart
(b) Integral Structure Chart
Figure 1. Weft-wise local tubular fabric structure chart.

Plain weave is adopted at the plane structure of the fabric, so as to provide excellent strength for fabric
and also save heald frame. Reinforced twill weave is adopted on front pipe, so that fabric appearance is
glossy and generates a helical 3-D effect. The structure of the second part is shown in Fig. 2(a), and the
structure of the third part is shown in Fig. 2(b).

(a) Back pipe structure
Figure 2. Design of carrier surface fabric structure.

(b) Front pipe structure

Preparation of PU-TiO2 Coating Functional Particles of Semen Cassiae
Experiment Material
C16H36O4Ti (tetrabutyl titanate), C2H6O (absolute ethyl alcohol), glacial acetic acid, triethanolamine,
ammonium hydroxide, nitric acid, polyurethane (PU), N,N-dimethyl formamide (DMF) and sodium
hexamet, analytical reagents as material and semen cassiae particles (full).
Test Instrument
(JSM-6510) scanning electron microscope, D8-ADVANCE X-ray diffractometer, BT-2003 laser
particle size distribution instrument and ultrasonic oscillation agitator.
Preparation and Characterization of Nano TiO2 Powder
Nano TiO2 is prepared by a sol-gel method. The preparation process flow is shown in Fig. 3.

Figure 3. Process flow chart for preparation of nano TiO2 powder.

Two clean and dry beakers are taken. A solvent of absolute ethyl alcohol of 10 mL and an inhibitor of
glacial acetic acid of 0.6 mL are successively added to the beaker A, and the beaker A is put on the
agitator for agitating. Meanwhile, tetrabutyl titanate of 7.0 mL is slowly dripped and is magnetically
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stirred for 0.5 h to prepare solution A. Absolute ethyl alcohol of 19 mL, deionized water of 1.8 mL, two
drips of triethanolamine and 12 drips of concentrated nitric acid are successively added to the beaker B.
The beaker B is ultrasonically oscillated on an ultrasonic cleaner for 10 mins for uniformly mixing the
above materials to prepare a solution B. After 30 mins from continuous agitating of the solution A,
solution B is slowly dripped into the solution A with a burette, and the pH of the sol is adjusted as 3.0.
After continuous agitating for 2 h, yellow sol is generated and then aged for 15 h to obtain gel.
The gel is put in a vacuum drying oven and dried, and then baked in a vacuum oven at 80 ℃ for 1 h.
After dried, the gel is put into a dryer. Then, the gel is ground with agate, then put into a muffle furnace,
roasted, calcined at 450 ℃, and is ground again after dried to obtain TiO2 [4–6]. Appearance and
structure, aggregation condition and surface continuity of the nano TiO2 powder are observed by SEM.
Image analysis is performed by the X-ray diffractometer to determine powder crystal of the sample.
It can be seen from Fig. 4 that, TiO2 particles prepared by the sol-gel method present granular. Some
agglomerates appear in the figure, and are distributed unevenly. It indicates that the samples are very
easy to aggregate mutually due to large specific surface area of the particles and very high specific
surface energy.

(a)

(b)

Figure 4. Stereoscan photograph of TiO2 powder (a) 50000X, (b)100000X.

XRD can intuitively show peak shapes and d values under different conditions. The TiO2 crystal form
can be determined through the d values. It can be seen from Fig. 5 that four characteristic peaks are
respectively d=4.0993, d=2.8823, d=2.3493 and d=1.4439, corresponding diffraction angles (2θ) are
21.661, 31.000, 38.280 and 64.481, and the characteristic peaks belong to diffraction peaks of anatase
crystal plane. Thus, after calcining at 450℃ for 2h, the crystal form is anatase form.

Figure 5. XRD diffraction pattern of nano TiO2.

Particle size and interval distribution tests are performed on the TiO2 particles by BT-2003 laser particle
size distribution instrument. Pure water is taken as a medium. The refractive index is 1.333, and the light
refraction index is 5.21. Data processing follows mie scattering theory. Test results are shown in Fig. 6.
It can be known from the test results that the prepared TiO2 particles have an average particle size of
27.46 nm and a median particle size of 25.31 nm, and a particle size range of main bodies is from
13.76 nm to 55.36 nm.
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Figure 6. TiO2 particle size distribution chart.

Preparation of Anti-UV Coating
1) Polyurethane (PU) particles of 15 g are uniformly poured into a 200ml dissolving cup containing
DMF, and are agitated while pouring to completely dissolve the polyurethane particles [7].
2) Nano TiO2 powder of 5 g is uniformly poured into 100 ml dissolving cup containing DMF, and
agitated by the ultrasonic oscillation agitator to uniformly disperse the powder in the DMF solution.
3) The mixed liquor obtained in 2) is poured into the PU sol obtained in 1) and is agitated to uniformly
mix the mixed liquor.
Functional Particles of Nano TiO2 Coating of Semen Cassiae and Particle Size Tests
1) A small quantity of anti-UV coating is added to the semen cassiae particles and uniformly agitated to
ensure that the semen cassiae particles are separated without bonding.
2) The semen cassiae particles are dried with an oven.
The semen cassiae and sorted particles are shown in Fig.7.
It can be seen from Fig. 7a that the appearance of the semen cassiae presents rhombic like a horseshoe.
The semen cassiae has a length of 5-8 mm and a width of 2.5-3.0 mm. The surface is yellowish brown
or green brown and is smooth and glossy. Both sides have a protruded brown ridge. Both sides of the
ridge have a light-color line pattern slightly sunken. The semen cassiae is hard and not easy to fragment.
It is observed from Fig. 7b and Fig. 7c that a layer of continuous coating is covered on the shell of the
semen cassiae. In the coating, nano TiO2 is uniformly dispersed over the film. A small part is
agglomerated. Irregular gaps appear in the coating to facilitate release of the health care function of the
semen cassiae particles.

(a)
(b)
(c)
Figure 7. Semen cassiae and electron microscope chart of functional particles of nano TiO 2 coating of semen
cassiae (SEM) (a) Semen cassiae particles; (b) Electron microscope chart of functional particles of PU-TiO2
coating of semen cassia; (c) Enlarged internal structure of the coating.

The particle size of the semen cassiae is tested by the BT-2003 laser particle size distribution instrument.
Pure water is taken as a medium. The refractive index is 1.333, and the light refraction index is 1.56.
Data processing follows mie scattering theory. Test and analysis results are shown as follows (Fig. 8).
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Figure 8. Semen cassiae particle size distribution chart.

It can be known from the above that the semen cassiae particles filled in the pipes have an equivalent
spherical volume mean particle size of 2.54 mm.
Production Process Design of Fabric
The tubular health care fabric is designed by filling the semen cassiae particles in the front pipe of the
local tubular structure as an example. In this design, the optimum position for filling the semen cassiae
particles is at a middle pipe with the best sealing performance. The pipes at both sides only perform a
decorative effect. Weaving process parameters of the middle local tubular part of fabric is shown in
Tab. 1.
Table 1. Process parameters of fabric at local initial pipe.
Weaving
Parameters

Number of
Yarns

Density/
(number (10 cm)-1)

Linear Density /

warp
weft

120
50

380/2（190）
250

28（14×2）
28（14×2）

（tex）

Warp yarns and weft yarns selected in this paper are two-fold polyester/cotton blended yarns, wherein
polyester is silver-plated polyester filament, and the actual warp density of this fabric is 364 yarns/10
cm. Because the warp yarn is divided into two components which are arranged in accordance with 1:1,
the number of warp yarns and warp density at the initial pipe are 1/2 of the actual warp density of the
fabric.
To ensure that the pipe is full and uniform without accident drafting after the semen cassiae is filled in
local tubular structure, the best number of the semen cassiae filled in each pipe shall be calculated
according to the volume of the middle pipe. as shown in Fig. 9.

Figure 9. Local tubular structural schematic diagram of filled semen cassiae particles.

A circumference of the middle pipe: C 

50
10  2 r , r  0.318cm
250

A volume of the middle pipe: V   r 2 h   r 2 (120 10)  2.011cm3
190

A volume of the semen cassiae particles used in this experiment is:

V 

4
4
3
r 3  （0.254）
 0.0686cm3
3
3

V

The number of the semen cassiae particles: n = ' = 29.3 particles
V
An integer value of 29 particles is taken.
To increase the filling number of the semen cassiae particles, the length and the width of the middle pipe
can be increased, i.e., the number of warp yarns and the number of weft yarns [8].
In order to improve the weaving efficiency in the industrial production process, the weft pipes with two
ends connected can be woven on the common equipment for centralized filling of functional particles
and stitching of the selvage.
When the plane structure is woven for the functional health care fabric, the warp yarns are not
partitioned, while in weaving the front pipe and the back pipe, the warp yarns are partitioned. The
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arrangement proportion of two groups of warp yarns is 1:1. Therefore, two warp beams are needed. The
fabric weaving diagram is shown in Fig. 10.

Figure 10. Fabric weaving diagram.

Weaving is made on a Y208S pneumatic sample weaving machine improved in both shafts. Fig. 11
shows a side sectional view of the middle pipe of the fabric. The warp yarns and the weft yarns at the
tubular structure are interwoven in accordance with a law of reinforced twill weave with two upper yarns
and two lower yarns. In addition, one group of warp yarns is located on a back surface of the tubular
structure and exists in a form of floats. After the weaving of the tubular part is completed and the
weaving of the main fabric is started, the prepared small pocket containing the semen cassiae particles
is put into the middle pipe. Then, a long weft yarn is placed and tightened with force. The floats on the
back surface are tensioned and disappear. The semen cassiae particles are tightly sealed in the middle
pipe. See Fig.12 for a sample fabric of the functional health care fabric. The second one in Fig.12 is a
health care fabric with a special appearance effect, obtained by designing patterns through a jacquard
technique at the middle pipe and simultaneously matching colors of the warp yarns and weft yarns
through a color pattern skill.

Figure 11. Side sectional view of functional fabric: 1-first beam; 2-second beam; 3-weft yarn; 4-first warp
yarn; 5- second warp yarn; 6- semen cassiae particles.

(a)
(b)
Figure 12. Sample fabric: (a) Ordinary Pipe; (b) Fancy Pipe.

RESULTS AND DISCUSSION
Anti-UV Performance
A YG902C anti-UV and sunscreen protection tester is used for performing an anti-UV performance
index test on the fabric based on GB/T 18830-2009 (China). Test results are shown in Fig. 13.
According to calculation by a test system: an UV protecting factor of the fabric UPF=48.9, UVA
transmittance T(UVA)=2.92%. As specified by GB18830-2009 (China), when sample's UPF>40 and
T(UVA)<5%, the fabric can be called as an "anti-UV product". In combination with the test results, the
product conforms to requirements of the anti-UV products. Because TiO2 is coated on the semen cassiae
particles, the fabric can scatter and absorb UVs of different wavelengths. Meanwhile, the fabric has a
tubular concave-convex structure, so that the fabric has a better anti-UV effect [12,13].

345

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

Figure 13.Anti-UV performance of fabric.

Anti-Electromagnetic Radiation Performance
DR913 fabric anti-electromagnetic radiation performance tester (Wenzhou Darong Textile Instrument
Co., Ltd) is used for performing full-frequency (a radiation frequency scope of 25MHz to 1.3GHz) antielectromagnetic radiation performance tests according to SJ 20524-1995 (China). Test results are shown
in Fig. 14.

Figure 14. Anti-electromagnetic radiation performance of fabric.

As specified by SJ 20524-1995 (China), electromagnetic radiation shielding effectiveness SE=10lg
(P0/P1). It is known from the test results that the maximum shielding effectiveness of the fabric SE=51.3
(dBm), and corresponding frequency is 95 MHz, and minimum shielding effectiveness of the fabric
SE=32.32 (dBm), and corresponding frequency is 200 MHz. In the silver plating process of the silverplated polyester fiber, a multi-target magnetron sputtering flexible coating technology and a composite
plating technology are adopted. A layer of dense, uniform and firm silver coating is cladded on the fiber
surface. Because the conductivity of silver is largest in nature, the conductivity of the silver-plated
capron fiber is good (4 Ω/cm). The warp yarns and the weft yarns in the fabric are interwoven by this material,
and a tubular concave-convex structure is used, so that a closed continuous conductive network is formed.
This network can produce reflection and drainage for electromagnetism, and produce current and
magnetic pole opposite to those of a source electromagnetic field in the silver coating, so that
electromagnetic radiation is blocked in the outer layer of the fabric. Therefore, the fabric has excellent
anti-electromagnetic radiation performance.
Thermal Insulation Performance
A YG(B)606E fabric thermal insulation performance tester (Wenzhou Darong Textile Instrument Co.
Ltd) is used for performing a thermal insulation performance test on the fabric. A warmth retention
ratio is 39.6%. A fabric with the same raw material and similar warp density and weft density and gram
weight is taken for a comparison test, and a warmth retention ratio of the fabric is only 16.3%. Analysis
suggests that a heat transfer coefficient is low and a warmth retention property is good because much
still air is accommodated in the weft-wise pipe of the fabric.
Antibacterial Activity Performance
An antibacterial activity test is made on the fabric with reference to GB/T20944.3-2008(China), bacteria
inhibitive rates of escherichia coli and staphylococcus aureus are respectively 91.3% and 95.1%. As
specified by the standard, when the bacteria inhibitive rates of the sample for two strains are greater than
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or equal to 70%, it indicates that the sample has an antibacterial effect [10-13]. Because the surface layer
of the silver-plated polyester fiber is coated with silver, the fiber has a good antimicrobial action.
Meanwhile, nano TiO2 can inhibit bacterial growth and viral activity, so the fabric has an apparent
antibacterial capability.
CONCLUSION
The special structure of the weft-wise local tubular fabric makes it serve as a carrier of the functional
health care fabric. Before the functional particles of the PU-TiO2 coating of the semen cassiae are filled
in the tubular structure, reasonable structural design shall be made on the local tubular fabric.
Meanwhile, the number of the semen cassiae particles filled in each middle pipe shall be optimized in
combination with the weaving process of the fabric, so that the middle pipe is full and may not cause
destructive friction to the fabric, thereby performing the health care function of the fabric to the greatest
extent. Because nano particles are cladded in the pipe, direct contact between the nano material and skin
is avoided to prevent toxicity and the durability is enhanced. Thus, a new idea is provided for
development and application of nano functional textile. The fabric can be formed by one step on the
weaving machine, so production and processing are simple. Regular or irregular patterns are used to
arrange the front pipes and the back pipes, and the arrangement of the structures of the front pipes, raw
material and color yarns is flexibly changed. Therefore, gloss, appearance effect and functionality of the
front pipes can be enhanced. The fabric is suitable for manufacturing health care garments, cushions and
bedclothes with health care function, etc. In addition, if luminescent fibers, LED and other materials
with special function are added to the front pipes, textile with special function can also be obtained.
Therefore, the fabric has a wide application prospect.
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ABSTRACT
Melt-spinning is the most widely used polymeric multifilament yarn production method. It’s easy to
scale and it is highly productive. Using this method can be formed multifilament yarns with various
functionalities, using additives. The aim of this research is to investigate the formation of melt-spun
multifilament polypropylene (PP) yarns modified with 10% ethanolic myrrh resin extract. In this study,
multifilament yarns were successfully formed from PP with a myrrh resin by melt-spinning at two
different drawing ratios (1.5; 2.5). It was indicated that processing parameters have a significant
influence on the multifilament linear density (tex), tenacity (cN/tex) and tensile strain (%). Modification
of PP with ethanolic myrrh extract has a significant influence on the mechanical properties of the melt
spun multifilament yarns.
KEYWORDS
Polypropylene, melt-spinning, myrrh resin, multifilament yarns.
INTRODUCTION
Fibrous materials have already been successfully used for many years in a variety of applications
(medical, electronic, packing, etc.) due to their functional performances, offered by modified engineered
fibers and filament yarns [1]. Melt-spinning is one of the most widely used processes compared to wet
or dry-spinning to produce polymeric filaments. The melt-spinning process is productive and cost
effective yarns formation process [1–5]. There are two main advantages of melt-spinning: 1)solvents do
not need to be used in the production of polymer yarns 2), it is possible to use additives and form
multicomponent yarns with various functionalities [6,7].
The formation of multifilament yarns with the melt spinning process can use two or more polymers of
different chemical composition [7]. The important process variables of melt spinning are extrusion
temperature; mass throughput per spinneret hole; cooling conditions; size and shape of the spinneret
holes; spin line length and take-up velocity of the filaments, or filament drawing ratio. These process
variables influence the structure and properties of melt-spun filaments [8,9].
Many polymers can be used in melt-spinning processes, such as polyesters, polyurethanes, polyolefins,
polyamides, and biopolymers [7].
PP is a strong, nonbiodegradable, thermoplastic material. The high thermal stability of PP makes it
suitable for medical parts that have to be frequently sterilized, which require relatively high temperature
treatments. It is suitable for a good thermostability used for medical applications. PP sutures, hernia
meshes have good resistance, stability, and low-tissue reaction [10–12].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Natural compounds from plants demonstrate antibacterial, antifungal, and antioxidant activity.
One of them is myrrh resin, which has long been used as a medicine and wound dressing. It has good
antimicrobial effects. Compositionally, myrrh consists of alcohol-soluble resins (25–40%), volatile oils
(3–8%) and a water-soluble gum (30–60%) [13–16].
In a previous study[17], was estimated possibility of forming PLA biodegradable multifilament yarns
with high concentration pine rosin was estimated. The aim of this research is to investigate the
possibilities of forming melt-spun multifilament PP yarns with 10% myrrh resin. To investigate the
influence of myrrh extract on the PP melt spinning process, at different drawing ratios were analyzed.
In this investigation, the influence of myrrh extracts on the structure and mechanical properties of PP
melt-spun yarns were investigated.
MATERIALS AND METHODS
Materials
Polypropylene (PP) granules which grades is H253 FF/3 was purchased from (Sibur International
GmbH, Vienna, Austria). This type of PP granules are intended for the production of multifilament
yams. Myrrh resin was imported from India (Ekokolekcija, Vilnius, Lithuania).
Methods
Preparation of myrrh ethanolic extract and modification of PP granules are the same conditions and
procedure as described in previous work [18]. The modification procedure was repeated four times,
while bicomponent PP/Myrrh extract granules of 90/10 wt/wt were formed.
Multifilament yarns of pure PP and PP/Myrrh resin were manufactured by single screw extruder
equipment COLLIN® CMF 100 (Dr. Collin Gmbh, Germany) with seven heating zones, where the
temperature during the experiments was set to 220 °C. The average extruder speed was set to 29 rpm.
Circular spinnerets with 24 holes (diameter 0.45 mm) were used during these experiments. Cooling of
the filaments achieved with cross-flow air quenching at a temperature of 14 °C. The temperature of the
stretching rolls was as follows: S1 – S4 = 75 °C in all experiments. Multifilament yarns from polymers
were formed changing melt-spinning parameters. Which are given in Table 1.
Table 1. Parameters for the spinning step to obtain multifilament yarns.
Stretching rolls linear speed m/min
Code
Samples
S1
S2
S3
S4
A
PP
100
116
139
150
B
PP + 10% Myrrh
A1
PP
100
150
204
251
B1
PP + 10% Myrrh

Drawing
ratio
1.5
2.5

Methods of estimation of linear density and multifilament yarn mechanical properties
The linear density of the yarns was measured based on the previous work method [18]. The structure of
PP multifilament yarns was determined using a scanning electron microscope SEM S-3400N (Hitachi,
Tokyo, Japan (beam voltage: 3 kV, magnification: 50×, scale bar: 1 mm)). The diameter of the fiber was
evaluated using SEM images and the software NIS-Elements D (Nikon Corporation, Tokyo, Japan).
Mechanical properties (tenacity (cN/tex) and tensile strain (%)) of PP and PP/Myrrh multifilament yarns
were determined according to the EN ISO 2062:2009 standard. Universal testing equipment
Zwick/Roell (Zwick GmbH & Co. KG, Germany) with the testXpert® operating program was used. The
length between the clamps was 100 mm and the stretching speed was 500 mm/min and a pretension of
0.5 cN/tex. The number of tensile tests for the package was 35.
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RESULTS AND DISCUSSION
Were successfully formed PP and PP modified with myrrh extract multifilament yarns by melt-spinning
process. From the images presented in Figure 1 it is possible to state that modification of the PP granules
with myrrh (Figure 1b) do not have a visual influence on the yarn surface – there are no cracks or myrrh
derivatives.
Linear density, tensile tests on the formed polymeric multifilament yarns were analysed in order to
determine how the mechanical properties were influenced by the presence of 10% myrrh resin in PP
when multifilament yarns were formed at 1.5 and 2.5 drawing ratio (DR). Data of linear density (tex),
mechanical properties: tenacity (cN/tex), and tensile strain (%) of pure polymers PP and PP/Myrrh resin
multifilament yarns are presented in Table 2 and the typical stress–strain curves are presented in
Figure 2.

(a)
(b)
Figure 1. SEM images of (a) multifilament PP yarns formed at 2.5 draw ratio; (b) PP with 10 % myrrh
resin multifilament formed in the 2.5 draw ratio.
Table 2. Mechanical properties of the formed multifilament yarns.
Code of
Linear density of multifilament
Tenacity, (cN/tex)
sample
yarns (tex)
A
96.9 ± 1.6
9.1 ± 0.4
B
85.2 ± 2.1
9.5 ± 0.3
A1
54.9 ± 1.1
14.1 ± 0.4
B1
50.2 ± 1.2
15.9 ± 0.5

Tensile strain,
(%)
651.1 ± 46.8
562.9 ± 37.5
413.0 ± 25.0
277.0 ± 15.6

The linear density (tex) of multifilament yarns PP yarns depends on the technological parameters of
melt spinning, the viscosity of melt. The increase of drawing ratio from 1.5 to 2.5 resulted in
approximately 40% decrease of melt spun yarns linear density. Modification of PP with 10% ethanolic
myrrh extract has an influence on multifilament yarns linear density too. Linear density of PP/Myrrh
yarns at DR 1.5 decrease approximately 12%, at DR 2.5 - 9%.

Figure 2. Typical stress–strain curves of the multifilament yarns formed A – pure PP – DR = 1.5; B –
PP/Myrrh -DR=1.5; C - pure PP DR=2; D - PP/Myrrh DR=2; E – pure PP DR=2.5; F PP/Myrrh DR=2.5.
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Analysing mechanical properties of melt spun yarns were investigated tenacity (cN/tex) and tensile
strain (%) of pure PP and PP with myrrh resin extract. When the drawing ratio increased from 1.5 to
2.5, tenacity of multifilament yarns increased approximately 1.7 times. Significant influence of myrrh
resin modification on PP was notice analysing tenacity of multifilament yarns at DR 2.5. - tenacity
increase approximately 13%. The draw ratio had a significant influence on the properties of the meltspun yarn due to changes in the microstructure (polymer alignments and crystallinity) and mechanical
properties [9]. It can presume, that myrrh resin increase the PP chain’s mobility, which improves
multifilament yarns drawability. When drawing ratio increase from 1.5 to 2.5, tensile strain pure PP
multifilament yarns decrease approximately 37% (A and A1) and 51% (B and B1) modified PP
multifilament yarns. Comparing results at the same drawing ratio indicated that multifilament PP with
myrrh yarns have an approximately 14% (DR 1.5) and 33% (DR 2.5) lower tensile strain nor pure PP .
This can explain slightly increased molecular orientation in PP polymer [19].
CONCLUSION
Multifilament yarns from pure PP and PP with myrrh were successfully melt-spun. It was estimated that
the increase of draw ratio from 1.5 to 2.5, had influence on tenacity and tensile strain of yarns.
Multifilament yarns at higher drawing rate have 35-40% higher tenacity and 37-50% lower tensile strain.
PP multifilament yarns with 10% myrrh extract have slightly higher (about 13%) tenacity and lower
(14-33%) tensile strain nor pure PP multifilament yarns. It is possible to state, that myrrh resin increases
PP drawability.
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ABSTRACT
In our recent work, we investigated the validity of the newly proposed whiteness formula by Robert
Sève [1] for our LCAM whiteness datasets under a LED light source of correlated color temperature
(CCT) 5000K combined with Wood's UV-A lamp.We compared the CIE whiteness formula, the Ganz
whiteness formula, and the Séve proposal to the results of visual assessment of forty white samples
assessed by ten observers with normal color vision under experimental light source. Because the Sève
proposal was derived from the CIE formula for whiteness considering whitespace, we were interested
to see its impact on our datasets under test lighting different from D65.We have found that the Sève
whiteness formula can predict maximum whiteness as a function of saturation for light conditions other
than CIE D65, but visual observations of whiteness lead to an assessment of a significant drop in
whiteness for materials with saturation between - 40 and -70 and luminance factor between 70 and 90.
As expected, both the CIE whiteness formula and the Ganz formula correlated strongly with visual
observations. In the case of the CIE equation, a high correlation coefficient of 0.84 was measured
compared to the newly proposed W2,n equation where a value of 0.71 was found. In other words, with a
very intense UV source, the intensity of which is above the UV fraction of the corresponding CIE
illuminations D, the colouration of the samples containing FWA is highly saturated. This fact is not
taken into account in the case of the CIE equation. Dr. Sève's new proposal addresses this problem, but
sufficient new visual experiments need to be set up so that the parameters of this equation can be
optimised.
KEYWORDS
CIE Whiteness, Sève whiteness formula, Ganz formula, Correlated Color Temperature.
INTRODUCTION
In a way, whiteness is a difficult term to explain easy. In the physical sense, a white surface is a perfect
diffuse reflector. In reality, however, no such surface exists. Whiteness, on the other hand, is something
different and indicates the degree to which a surface is white. The white point in the CIE xy chromaticity
diagram corresponds to the correlated color temperature of the reference illuminant (D65 or D50). The
line connecting the (x, y) point of the reference illuminant and the spectrum locus at a dominant
wavelength at 470nm indicates the CIE whiteness direction. An orientation to this direction with an
angle corresponds to the whiteness or saturation and perpendicular orientation to this direction line
corresponds to tint [2]. As a result, the white point changes when viewed under different light sources.
Many formulas have been developed to characterize whiteness perception including the Ganz whiteness
formula [3], the Commission Internationale de l’Eclairage (CIE) whiteness formula [4], and the Sève
whiteness formula [1]. During formulation, different rotation angles were considered such as: Berger
chooses θ = 54.5°, Ganz, θ = 55.1°, Vaeck θ = 55.2° and the CIE θ = 57°. Judd [5, 6], Hunter and Selling
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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[7] developed their formulas where whiteness were expressed as a color difference from the standard
white point. Unfortunately these formulas were inappropriate for measuring whiteness of optically
whitened samples. Many formulas were also proposed without any standard white point such as: Hunter
[8], Croes [9], Berger [10], Stensby [11] etc. Ganz linear whiteness formula [3] or hyperbolic whiteness
formula [12] failed to give appropriate solution for materials with higher blue saturation. In 1986, the
CIE proposed the CIE whiteness formula WCIE based on a large number of published whiteness formulas
[4].The limits specified by the CIE whiteness metric are narrower such that in many cases a perceptible
white material is neglected. In addition, the CIE whiteness metric is only defined for CIE illuminant
D65.
In order to overcome the limitations of the CIE whiteness formula and to develop a user-friendly, simple
and flexible solution for whiteness formula, Dr. Sève proposed new whiteness formula considering the
CIE angle θ = 57° as in Eq. [1]:
Wn = WCIE

K(0) 1
K( S ′) H(T)

where, WCIE = Y - 1.861 S ′ - 0.215TCIE ; K(S ′) = 1 + [

[1]
TCIE - TCIE,1 8
S ′ - S1′ 6
]
] and H(T) = 1 + [
TCIE,0
S0′

Here, Y is the luminance factor; S′1 is the saturation value for which the saturation function K(S)=1; TCIE,1
is the tint value for which the tint function H(T)=0; S′0 is the proportionality factor for K(S) and TCIE,0 is
the proportionality factor for H(T). K(0) is the quantity for K(S) at zero saturation.
To completely characterize the whiteness appearance of the materials, a new relation for saturation i.e.
Eq. [2] and solutions as in Eq. [3], Eq. [4] and Eq. [5] together with Eq. [1] were proposed:
S ′ = 1000[0.545( x - xn ) + 0.838( y - yn )]

[2]

(Y - 1.861S ′)[1 + (0.0149Y - 1.496) 6 ]
Wn,1 =
[1 + (0.020 S ′ + 0.0149Y - 1.496) 6 ] [1 + (TCIE / 5) 8 ]

[3]

Wn , 2 =

(Y - 1.861S ′)[1 + (0.0197Y - 1.949) 6 ]
[1 + (0.020 S ′ + 0.0197Y - 1.949) 6 ] [1 + (TCIE / 5) 8 ]

[4]

Wn ,3 =

(Y - 1.861S ′)[1 + (0.0089Y - 1.319) 6 ]
[1 + (0.020 S ′ + 0.0089Y - 1.319) 6 ] [1 + (TCIE / 5) 8 ]

[5]

Since it is claimed that the new formula can accurately characterize the appearance of whiteness for any
light source, we were interested in verifying our LCAM (Laboratory Colour and Appearance
Measurement) datasets for a CCT 5000K blue-pumped 2-phosphor NWB white-emitting LED (Lightemitting diode). We compared the results obtained from the new formula with the results calculated
from the CIE whiteness formula [4] and Ganz whiteness formula [3].We made two hypotheses: (i) the
whiteness given by the new formula compares well with the CIE and Ganz whiteness formula when the
saturation is between -40 and -70 and the luminance factor is between 70 and 90, and (ii) the new formula
achieves a good correlation with visual observations.
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MATERIALS AND METHODS
To study the Séve formula for whiteness, a typical blue-pumped 2 phosphor white emitting NWB-LED
with a color rendering index 95 and CCT 5000K was chosen that can be used as CIE D50 simulator. A
set of forty white samples was prepared for this experiment. Pre-treated fabrics were whitened with
fluorescent whitening agents in different concentrations. A panel of ten observers, aged 22 to 58 years
(mean age 31 years and SD 13.01), all with normal color vision according to the Ishihara test, were
recruited. In conducting the visual assessment, the observers were asked to evaluate and match the
sample with CIBA-GEIGY plastic white scale. A total of 4000 assessments were recorded in five
consecutive sessions.
RESULTS AND DISCUSSION
Fig. 1 shows the influence of the saturation S' (according to Eq. [2]) on the Sève whiteness formula (Eq.
[4]) for our experimental lighting condition that can be used as a CIE D50 simulator. We were dealing
with a luminance factor between 70 and 90. The saturation S' ranged from -40 and -70. A strong
correlation (R2 = 0.84) was found between the S' and Sève whiteness formula.

Figure 1. Left side: Saturation (S’) according to the Eq. [2] and luminance factor Y between70 and 90. Right
side: Correlation between whiteness according to the Eq. [4] and saturation S’.

As seen in Fig. 1, for S' around -40 we have reached maximum whiteness and then begin to steadily
decrease following a linear trend. We compared three whiteness formulas i.e. CIE whiteness formula,
Ganz whiteness formula and Sève whiteness formula (Eq. [4]) with visual datasets and found R2 = 0.90
for CIE whiteness, R2 = 0.716 for Ganz whiteness, while we obtained a very poor correlation for Sève
whiteness. We can conclude that the Sève whiteness formula can predict maximum whiteness as a
function of saturation S' for light conditions other than CIE D65, but visual observations of whiteness
lead to an assessment of a significant drop in whiteness for materials with saturation between - 40 and 70 and luminance factor between 70 and 90.
The graphs in Fig. 2 then document the correlation between the visual and instrumental evaluation of
whiteness according to the CIE equation and the equation proposed by Dr. Sève [4]. It is evident that
due to the restriction of highly saturated tones in the case of equation [4], the whiteness values are
significantly lower than in the case of the CIE equation. On the one hand, this is a conceptual advantage
of the new equation; on the other hand, the correlation coefficient turned out to be 15% lower than in
the case of the CIE equation.
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Figure 2. Left side: Correlation graph of whiteness based on CIE Eq. Right side: Correlation graph of
whiteness based on Eq. [4].

CONCLUSION
The Sève whiteness formula can predict maximum whiteness as a function of saturation for lighting
conditions similar to the CIE D50 simulator, but visual observations of whiteness lead to an estimate of
a significant drop in whiteness for materials with saturation between -40 and -70 and luminance factor
between 70 and 90 under the experimental light conditions. In the case of the CIE equation, a high
correlation coefficient of 0.84 was measured compared to the newly proposed W2,n equation where a
value of 0.71 was found. In other words, in the case of a very intense UV (Ultraviolet) source whose
intensity is above the UV fraction of the corresponding CIE illuminations D, there is a high saturation
of the colouration of the samples containing FWA. This fact is not taken into account in the case of the
CIE equation. Dr. Sève's new proposal addresses this problem, but sufficient new visual experiments
need to be set up so that the parameters of this equation can be optimised.
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ABSTRACT
The paper presents tests of vibration damping in anti-vibration gloves with knitted spacers. The research
was carried out at the Lodz University of Technology, Faculty of Materials Technology and Textile
Design. Measurements of the anti-vibration properties of the gloves were made on two types of vibration
generating devices - a hammer drill and an orbital sander.
Two gloves with spacer knitted inserts with different physico-mechanical parameters and one standard
available on the market were tested. The conducted research shows that all gloves have vibro-insulating
properties to a different degree.
KEYWORDS
Vibrations, spacer, anti-vibration glove, OSH.
EFFECT OF VIBRATIONS ON THE HUMAN BODY
Mechanical vibrations are defined as low-frequency vibrations spreading in solid media and transmitted
to the human body through a specific part of the human body in direct contact with the vibrating medium
[1].
The long-term effect of vibrations on humans may have multiple consequences, even in the form of an
occupational disease called vibration disease, which causes a number of extensive changes in the body.
Symptoms accompanying exposure to vibrations include increased motor reaction time, increased visual
reaction time, disturbances in coordination of movements, excessive fatigue and insomnia [2]. In a
person exposed to vibration, mechanical injuries (damage to the flexible connections of organs) can
occur in individual organs or parts of the body. When the vibration damping capacity of organs, muscles
and other tissues, peritoneal fluid, and the air and gases in the organs is insufficient to ultimately
suppress resonant vibrations in internal organs, mechanical injuries occur [3–5]. Examples of the
frequency of bastards and the corresponding disease entities for selected occupational activities are
presented in Table 1 [6].
The human body is often exposed to vibrations from power tools and industrial machinery, and from
vehicles such as trains and cars. Such vibrations are transferred to the human body during direct contact
with the machine [7].

© 2022 by the authors. This article is an open access article distributed under
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Table 1. The type of disease depends on the frequency of vibrations.
Activity
Operator of a manual mechanical tool, e.g. a
hammer drill
Operator of the machine for whipping the
ground
Operator of an orbital sander
Air hammer operator
Helicopter pilot

Machine operator for excavation and drilling

Disease

Frequency[Hz]

Osteoarticular changes

10 – 130

Abnormalities in the circulatory system

above 30

Disorders in the muscular system
Paroxysmal finger skin whitening
Weakness of vision, blurred
Angioneurotic problems
Raynaud syndrome
Keratosis of the skin
Sensation problem

50
above 30
18
40 – 300

There are vibrations that are transmitted:



through the lower limbs, back or pelvis - called general vibrations,
through the upper limbs - called local vibrations.

The effects of whole-body vibration can cause back pain, sciatica, digestive disorders, urogenital
problems, and hearing damage. Long-term exposure to hand-transmitted vibrations creates the risk of
hand vibration syndrome, a well-known example of which is the white vibrating finger. Therefore, it is
very important to measure and reduce vibrations at the workplace. Mechanical vibrations are common
in various areas of human activity, especially professional, and are classified as harmful physical factors
of the work environment. Most of all, drivers, tram drivers, train drivers, operators of soil compaction
machines, construction and road machines are exposed to mechanical vibrations with a general effect
on the body.
MATERIALS AND METHODS
Vibrations should be prevented, first of all, by constructing and using such tools, which do not generate
vibrations with parameters exceeding the permissible standards, or by equipping the manual handles of
these machines with shock-absorbing elements [4,8]. Currently, anti-vibration seat cushions and gloves
made of damping materials such as polymer foams, rubbers, gels and air bubbles are used to reduce
exposure to vibration. However, these materials, despite their advantages, cause problems with recycling
[9]. Therefore, it is desirable to develop breathable and recyclable materials with good vibration
isolation. An alternative to the typical upholstery materials used for seats can be 3D distance knitted
fabrics (Fig. 1), as vibro-isolating inserts.
A spacer knitted fabric made in accordance with the guidelines was used [10]. The knitted fabric
structure is shown in Figure 1, and the basic physical parameters of the component yarns are shown in
Table 2.

Figure 1. Scheme of the structure of 3D knitted fabric; upper outer layer of spacer knit; fasteners; bottom
layer of spacer knit.
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Table 2. The linear mass of component monofilaments yarns of spacer knitted fabrics corresponding with
Figure 3.
Yarn no.
linear mass

Yarn 1

Yarn 2

Yarn 3

Yarn 4

Yarn 5

Yarn 6

tex

tex

111

111

tex
50

tex
50

tex
111

tex
111

Gloves prototypes were made. The diagram of the arrangement of individual layers is shown in Fig. 2.

Figure 2. The layout diagram in the prototype of an anti-vibration glove with a spacer knitted fabric insert.

METHODOLOGY AND CONDUCTED RESEARCH
For the tests, a laboratory stand was constructed (Fig. 3) by simulating the work of an operator of a
manual mechanical tool, with the use of a Metabo KHE 2444 hammer drill, a Metabo FSR 200 Intec
orbital sander and a VM-54 Rion meter with a PV 62 Rion vibration sensor, which enables the
measurement of vibration acceleration in three axes.
123456-

hand
accelometer
handle
drill
vibration meter
oscylating
machines
7- wall
Figure 3. Scheme of the measuring stand; Coordinate systems used to measure hand vibration (ISO 5348).

The tests were carried out for prototype gloves with a knitted vibro-insulating insert and commercial
antivibration gloves in accordance with the [11] standard, where the RMS values of vibration
acceleration of the sensor on the handle of the tool were measured in three different axes.
Four people participated in the tests, taking 3 measurements for each variant within 1 minute.
Measurements were also made using an anti-vibration glove available on the market. All variants of
measurements are described below:




Measurement without the use of an anti-vibration glove;
Measured using a standard commercially available anti-vibration glove;
Measurement using a prototype anti-vibration glove with spacer knit materials.
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RESULTS AND DISCUSSION
The measurement results of acceleration in three directions x,y,z, are presented in Table 3.
Table 3. Measurement acceleration in three directions x,y,z.
X RMS , m/s2

Y RMS , m/s2

Z RMS , m/s2

Without anti-vibration gloves

0.263

0.111

0.324

Comercial anti-vibration gloves

0.258

0.084

0.336

Prototype anti-vibration gloves

0.291

0.086

0.308

To assess the damping quality, a dimensionless SEAT index (Seat Effective Amplitude Transmissibility)
was proposed and defined as the ratio of the weighted vibration acceleration determined at the station
(without damping inserts) to the weighted vibration acceleration determined at the station with the use
of knitted damping inserts (Table 4).
SEAT = ARMS/ ARMS, D

[1]

where: SEAT - effectiveness of protection indicator, ARMS - the effective value of weighted vibration
acceleration without the suppression (damping inserts), ARMS, D - the effective value of weighted
vibration acceleration with the suppressing (damping inserts) characteristic.
Table 4. Calculated Seat coefficient in three directions x,y,z.
SEAT, x

SEAT, y

SEAT, z

Commercial anti-vibration gloves

1.020

1.317

0.962

Prototype anti-vibration gloves

0.905

1.293

1.049

CONCLUSION
The paper presents the research and construction of prototype anti-vibration gloves. The selected
material for the construction of the damping system is a spacer 3D material. A very important factor,
from the structure of the ant vibration gloves point of view, is the choice of a proper knitted material
with the best possible damping properties. The selected material had a very good SEAT vibration
damping coefficient of 2.3. Connectors in the 3D material play the role of flat springs with a linear
characteristic (dependence of the elastic force on the deflection of the spring and the equilibrium
position).The authors analyzed the the SEAT vibroinsulation coefficient measurement in three axes x,y,z
for prototype antivibation gloves and commercial one. The test was done according to the ISO standard.
Damping vibration properties in all x, y and z directions is similar, which confirms the possibility of
using 3D inserts in the construction of anti-vibration gloves. The condition is that the appropriate 3D
material is selected.
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ABSTRACT
The aim of this study was to investigate the binding success of chitosan to cotton and polyester/cotton
materials via 2,3-dihydroxy butanedioic acid with prior leaching in 8% NaOH. Microwave energy was
used in the preparation process, which due to its low energy potential, does not cause direct changes in
the structure of the material but contributes to the speed of chemical reactions [1,3,4]. Samples were
analyzed by spectroscopy with Fourier transform of infrared spectrum in the ATR technique.
Determination of breaking force and elongation of the fabric was tested according to the HR EN ISO
13934-1:2013. The antimicrobial efficacy of all samples was tested according to the AATCC 147.
KEYWORDS
Chitosan, polyester/cotton, pre-treated in NaOH, 2,3-dihydroxy butanedioic acid.
INTRODUCTION
Chitosan is increasingly used for the development of functional fabrics. Chitosan treatment of cellulose
and polyester material and its blends were applied with dissolved chitosan usually in hydrochloric or
acetic acid or, in the form of nanoparticles. The possibility of binding to the carboxyl group of cellulose
via the free amino group of chitosan results in achieving multifunctional properties of cellulosic
materials that are not resistant to multiple washes [1,2]. Previous research indicates the successful
binding of chitosan to cellulose by environmentally friendly polycarboxylic acids as crosslinkers.
Crosslinking cellulose with chitosan through 1,2,3,4-Butanetetracarboxylic Acid was successfully
provided but is quite expensive. Citric acid is much cheaper but did not show such good crosslinking
properties [3]. Due to all the above, the possibility of using tartaric acid to dissolve and bind chitosan to
cellulosic material with prior activation of the sample surface by leaching and microwaves to accelerate
the reaction and stable binding of chitosan was investigated. The obtained results indicate the direction
of further research for better antimicrobial efficacy and less mechanical damage to such treated cotton
and polyester/cotton fabrics.
MATERIALS AND METHODS
The studies were performed on a standard cotton/polyester blend in a ratio of 65% / 35%, WFK 20 A.
Samples were pre-treated in 8% NaOH with the addition of 2 g/l Subitol for 1 minute at room
temperature, then rinsed in hot water, neutralized, and rinsed in cold water until pH7. After then, samples
were treated in a bath containing 15 g/l 2,3 dihydroxy butanedioic acid, 10 g/l Sodium hypophosphite
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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monohydrate (SHP), 15 g/l chitosan, and 2 g/l nonionic surfactant (NF-9) dissolved in deionized water.
The bath was prepared in the ratio of 1:20 by the weight of the material.
After being treated, the samples were aged for 24 hours in a bath at room temperature, treated in a
microwave oven for 5 minutes at a power of 100 W, and squeezed on approximately 100% wet pick up.
After padding, it is cured at 180°C for two batches of 2.5 minutes each. Part of the samples was subjected
to maintenance cycles with 20 g/l of standard detergent (ECE1_288_659) at 60 °C for 60 minutes
according to ISO 6330: 2012 in the Wascator industrial washing machine. The list and labels of the
samples are shown in Table 1.
Table 1. List and designations codes of polyester/cotton fabrics (PES/CO).
Code sample

Meaning of codes

CO // PES/CO

Untreated cotton and polyester/cotton fabric.
cotton and polyester/cotton blends were pre-treated in an
impregnated with chitosan
cotton and polyester/cotton blends were pre-treated in an
impregnated with chitosan, subjected to one washing cycle.
cotton and polyester/cotton blends were pre-treated in an
impregnated with chitosan, washed three times.
cotton and polyester/cotton blends were pre-treated in an
impregnated with chitosan, washed ten times.

CO_K1 // PES/CO_K1
CO_K1_1W// PES/CO_K1_1W
CO_K1_3W // PES/CO_K1_3W
CO_K1_10W // PES/CO_K1_10W

alkaline bath and
alkaline bath and
alkaline bath and
alkaline bath and

The obtained changes at the physicochemical level of treated and treated washed samples were
performed by Fourier transform infrared spectroscopy in the Attenuated Total Reflection measurement
technique (FTIR-ATR). For each sample, 4 scans were recorded at a resolution of 4 cm-1 between 4000
cm-1 and 380 cm-1, and the processing of the obtained spectra was done in the software Spectrum 100,
Perkin Elmer. Changes in spectral properties were also determined by evaluating the whiteness and
yellowing using a spectrophotometer Spectraflasf SF 600 PLUS-CT, Datacolor whose spectrum is in
the wavelength range from 390 to 700 nm. The mechanical properties of the samples were tested using
the MesdanLab Strength Tester laboratory dynamometer according to EN ISO 13934-1: 1999. Testing
of antimicrobial efficacy of the samples was performed in accordance with the standard AATCC TM
147-2016, Antibacterial Activity Assessment of Textile Materials: Parallel Streak Method.
RESULTS AND DISCUSSION
Table 2 shows the results of measuring the whiteness and yellowing index of untreated and treated
samples of cotton (CO) and polyester/cotton (PES/CO) blends before and after maintenance cycles
Table 2. Results of CIE whiteness and yellowing index in light D65/10 for untreated and treated samples
before and after maintenance cycles.
Sample
untreated

CO
73.4

…K1
…K1_1W
…K1_3W
…K1_10W

-22.1
1.7
11.3
31.1

CIE whiteness
PES/CO
74.8
-30.1
2.9
26.1
25.2

WCIE - whiteness according to CIE

Yellowing index
CO
PES/CO
4.37
3.28

37.38
28.71
25.39
19.01

39.5
27.85
20.2
17.57

From the results of the whiteness measurements for CO and CO/PES samples before and after washing,
it can be seen large deviation of whiteness in all samples compared to the standard sample, which is to
be expected due to the composition of the baths and the pre-treatments in the alkaline medium. An
increase in whiteness was also observed with an increase in the number of wash cycles. The results show
that the values of the yellowing index are higher for treated and treated washed samples compared to
the untreated sample. The highest yellowing index is visible in the treated sample, which is due to
residual unbound substances on the surface. After ten washes, the yellowing index decreased. From the
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obtained results, it can be concluded that whiteness is disturbed in all samples, which may be caused by
the heat during thermal condensation in addition to the previously mentioned reasons, but it can also
indicate the durability of the treatment.
Table 3 shows the statistical results of the measurement of mechanical properties after treatments and
washing cycles conducted on 5 test tubes in each thread direction (warp, weft). The obtained values
show a decrease in strength in all tested samples in the direction of the warp and weft threads, but
significantly less in relation to different cellulose treatments using polycarboxylic acids. The loss of
strength is attributed to the crosslinking of the ester between polycarboxylic acid and cellulose, as well
as to the acid degradation of cellulose.
Table 3. Results of tensile strength (F) and elongation (ε) for cotton and polyester/cotton untreated and
treated samples before and after the washing cycles.
Sample
CO
CO _K1
CO _K1_1W
CO _K1_3W
CO _K1_10W
PES/CO
PES/CO_K1
PES/CO_K1_1W
PES/CO_K1_3W
PES/CO_K1_10W

warp
726
471
480
436
400
1225.7
955
895.67
887.5

F, N

657.5

weft
803
472
424
471
414
1052.7
704.5
742.5
735.67
579.5

warp
8.40
10.90
13.59
12.80
13.34
17.40
23.55
20.9
20.7
50.4

ɛ, %

weft
21.80
23.40
23.21
21.50
20.30
28.30
33.3
33.6
33.4
37.95

In addition to the above, the thermal condensation process itself also reduces the strength of textile
materials. Both samples, regardless of the raw material composition, have the equal loss of breaking
strength, and their use is possible only for the medical or wellness textile linings.
Figure 1 shows the spectra of treated and treated wash cotton and polyester/cotton samples compared to
untreated polyester/cotton samples.
PC

897
PC_8_NaOH_K1
T, %

3256
PC_8_NaOH_K1_3w

14071336 1239
947872
1098
1712
1076
1049
996

PC_8_NaOH_K1_10w

4000,03600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800
ν, cm-1

a

600

380,0

b

Figure 1. Spectral bands of cotton (a) and polyester/cotton (b) samples before and after 1, 3 and 10
maintenance cycles.

The appearance of peaks at 3256 cm-1 is due to symmetrical vibration in NH and NH2 groups belonging
to primary amines, which indicates the binding of chitosan to polyester/cotton material. Changes in the
wavelength range 1712 cm-1 indicate binding between polyester/cotton fabric and chitosan via 2,3dihydroxy butandionic acid. The ester peak characteristic of polyester at 1712 cm-1 significantly reduced
the intensity after treatment and even after washing cycles the appearance of the spectral ribbon in this
area remains unchanged, which indicates a permanent modification of the polyester/cotton materials.
The peak in the area of the wavenumber 1407 cm-1 is due to the bending of the CH bond, but its intensity
is also significantly reduced after the treatment. Changes in the intensity of the peaks in the
wavenumbers 996 cm-1 and 1049 cm-1 indicate increased stretching within the CO group in all samples.
In the spectral bands of the treated CO sample, before and after washing cycles, there was a decrease in
the intensity of peaks from the wave number from 1640 to 900 cm-1, which indicates changes in the
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physico-chemical level. The peaks at 1330.34 and 1312.66 cm-1 show multiple stretching formed by an
amide group (–NH2) which indicates the existence of strong and weak intramolecular and intermolecular
hydrogen bonds between -OH and -NH2 groups [4].
The results of antimicrobial properties are shown in Table 4 and Figure 2. From the results shown in
Table 4, it is clear that partial antimicrobial efficacy was achieved only on gram-negative Escherichia
coli (Ec) while gram-positive Staphylococcus aureus (Sa) and Candida albicans (Ca) had no effect.
Table 4. Results of antimicrobial properties untreated (CO, PES/CO) and treated before and after washing
cycles.
Sa
Ca
PES/CO
PES/CO
CO
CO
Sample
untreated
…_K1
…_K1 _1W
…_K1 _3W
…_K1 _10W
Meaning of labels: + antimicrobial activity, +/− partial antimicrobial activity (zone of inhibition
colonies beneath), − no antimicrobial activity

Ec
PES/CO
+
+/+
+/+
+/+/+/cannot be observed, but no
CO

Figure 2. Inhibition zone of treated fabrics samples before and after washing .

The unwashed treated CO sample did not develop an inhibition zone, but after 1 and 3 wash cycles the
zone of inhibition is visible (Fig. 2). PES/CO treated samples before and after 1, 3, 10 washing cycles
did not develop an inhibition zone but it is evident that E. coli was not present on the sample and below
it (Fig. 2).
CONCLUSION
Based on the presented results, we can conclude that chitosan was successfully bonded to cellulose in
CO and PES/CO fabrics. The IR spectral curves of both treated samples before and after washing cycles
indicate persistent physicochemical changes in the treated samples. In all tested samples, there was a
reduction in the breaking force in warp and weft threads directions due to treatment in an acidic medium
and high condensation temperature, but the material still retains its useful properties. Antimicrobial
efficacy was confirmed in treated CO samples after 1 and 3 washing cycles on E.coli where a zone of
inhibition of 1 mm around the sample is visible, while in other samples there is partial efficacy, and no
bacterial (E.coli) growth occurred on the surface of the samples and below them. Considering the results,
we can conclude that such a way of functionalization contributes to the binding of chitosan to the
cellulosic material. Namely, materials prepared in this way after dermatological and toxicological tests
could be used as textile coatings for medical and wellness purposes, while further development of
methods of application and thermo- condensation in order to achieve greater antimicrobial efficacy and
less mechanical damages would expand the application of such treated fabrics in the hospital
environment.
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ABSTRACT
The textile industry is traditional for Europe, with a centuries-old history, offering high quality and
innovative products. It is leading sector in the EU. Some facts: according to EURATEX 2018 Annual
report, the EU-28 is the world's largest market for textile and clothing products with household
consumption of € 520 billion; its turnover is 178 billion; the industry exports to outside EU amount to
€ 50 billion; in the Textile and clothing industry (TCI) are employed 1.7 million within 171,000
companies, 99% of which are small and medium-sized (SMEs) niche players focusing on quality,
innovation, creativity and outstanding customer service [1].
As the entrepreneurial education in Textile Universities often is not given into the priority in the study
programs, the paper aims to present specific requirements of the entrepreneurial process in the Textile
and clothing industry that have to be uploaded into the existing study programs in textile universities.
Thus, the paper is focused on basics of entrepreneurial process in TCI (paragraph 1) and entrepreneurial
mapping and clustering in TCI (paragraph 2 and 3). Some recommendations for entrepreneurial training
in Textile universities are given at the paper conclusion.
KEYWORDS
Entrepreneurship, innovations, textile and clothing industry.
INTRODUCTION
The best example of entrepreneurs can be seen in fashion and apparel industry where some are reforming
manufacturing practices to make them eco-friendly, some in fulfilling the fashion needs of the young
generation, while others are supplying these products to the masses on time and in a cost-effective
manner. Thus, the entrepreneurial process in the Textile and clothing industry (TCI) is placed on the
level of supporting innovation idea development, and respectively – to commercial application of
innovative ideas in the TCI.
The fashion entrepreneurial business is widely acknowledged as an accessible market. Its low entry
barriers, both in terms of needed capital and skills, allow for a very diverse range of motivations and
backgrounds among fashion entrepreneurs, and is one of the causes behind the large number of startups entering fashion [2–5].
Thus, two major theses on entrepreneurial and innovations mind-set in TCI are found [6-8]: the
entrepreneurship in TCI is related to fashion design; the focus of TCI development is given to accepting
of ecological dimension of sustainability or/and the technological fibre industry dimension. Both theses
explore the knowledge ownership and new knowledge development in textile and apparel production.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

The main reason that is given is that the apparel and textile industries are labour-intensive industries and
traditionally they are driven by costs minimisation.
ENTREPRENEURIAL MAPPING AND CLUSTERING IN TCI
Entrepreneurial mapping is the process of proposing a MAP of different entrepreneurial decisions of the
existing textile and clothing business based on the main reasons for those businesses' establishment, for
example: new textile and/or clothing design; new textile fibres or materials; new textile and/or clothing
production equipment/machinery, techniques or technologies.
The map will allow to recognize the entrepreneurial premises. Our assumption is that in different sectors
of TCI there are quite different preconditions for entrepreneurship. Thus, the entrepreneurial knowledge,
especially for internal entrepreneurial needs, will be enforced differently. Additionally, the map will be
developing the source of the entrepreneurial ideas: students, business staff: workers and managers,
special innovation / research teams, competitors or customers.
In summary, Entrepreneurial mapping is based on understanding the entrepreneurial process and its key
elements.
As the entrepreneurial business is close to the new idea rise-up in practice, some examples of mapping
could be very useful (Figure 1).

Figure 1. Entrepreneurial map [9].

Entrepreneurial clustering [10] is the process of development and proposing a ROADMAP to enforce
entrepreneurship in different TCI sectors. The roadmap sets the needed support for development and
growth of new start-up businesses in the Textile and clothing industry. The roadmap reveals the “stops”
of the entrepreneurial idea from the very beginning to the growth of the TCI business. For example, the
TCI entrepreneurial Academy / education could be the common stop / crossroad for each different textile
cluster. It is based on the in Figure 1 proposed Environmental set of the Model of Entrepreneurial process
Map and includes the innovative idea seed funding.
MAIN STOPS ON THE TCI ENTREPRENEURIAL ROADMAP
According to the importance of textile SMEs for EU economy, there are some important stops of the
entrepreneurial ROADMAP.
1. NEW MATERIAL RESEARCH CENTRES
As there is reported, due to an intense competition from low-wage countries, the European textile
industry is under a lot of pressure for product innovation. As many of the TCI companies are SMEs,
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they are mostly outsourcing research and development and overall TCI innovation is often fragmented.
Nevertheless, the fashion SMEs need innovation to fight against:




Customisation and consumer co-production: company allows the customer to personalise a
range of design elements for sports shoes.
Smart Textiles and Product Innovation: Success may be contingent upon effective collaboration
(e.g., with other sectors, universities, etc.)
Digital manufacturing technologies: Textile organisations could support developments in the
area of digital manufacturing by highlighting opportunities for SMEs and improving their
capacity to develop strategies.

Summarizing the main textile organizations that support textile and apparel innovations are following:






University Textile Research Centres (TRC): independent research centres working in the field
of textiles and apparel
(Textiles) Research Institutes: applied and application-oriented research in the field of special
textiles, especially smart textiles. Based on the conventional textile technology as well as on
flexible materials, the institute is continuously developing high-tech textiles in order to create
new materials.
Journals of the Textile industry: These journals publish impactful papers that shapes the
discipline, publication studies on clothing, textiles, and related topics across the discipline.
Textile and apparel associations: focuses on effective textile and apparel research, innovation
and skills development, sustainable textile and apparel supply chains.

2. ENTREPRENEURIAL LEARNING IN APPAREL AND TEXTILE
Fashion and apparel companies require the aspiring people to be introduced to the fashion
entrepreneurship and fashion entrepreneurial traits, based on specific TCI entrepreneurial education
such as:





Entrepreneurial education for the enterprise: This includes important knowledge and skills
required to start and grow the enterprise. It includes entrepreneurship education through a
program of action learning that deals with real-world problems and adopts many of the
entrepreneurship education principles [11, 12]
Entrepreneurial education through the enterprise: This includes education using the new venture
establishment process. This would help the trainees to acquire a business understanding and
skills required to run a particular TCI enterprise.
The entrepreneurial traits, required for the enterprise such as: creativity; innovation; identifying
opportunities in a climate of change; practice of entrepreneurship and characteristics of
entrepreneurs needs, to be a part of the curriculum. Spotting innovative opportunities and
making them happen should be the focus of entrepreneurial training that would prepare the
trainees for the real TCI enterprise.

3. TCI START-UP CENTRES
The development of TCI Entrepreneurial business needs supports from the other related industries. The
main textile and apparel new-starting companies follow the main changes of the environment:
digitalization. Thus, some main challenges for supporting TCI start-ups are found as follows [13]:



Virtual Supply chains: it flexible on market chain of independent suppliers that has control
ability of chain nodes integration.
Green textile and apparel: modern automated textile plants and large amount of textile finishing
consumption as well as apparel production, should cover not just the increasing demand but also
the increasing of the global green effect. Thus, TCI start-ups have to follow the greener line of
textile and apparel production.
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Summarizing, 3 main role-players could help development of the textile start-up establishment: (1)
Apparel Incubation Centres; (2) Textile Start-ups platforms (angel.co/textiles); (3) Start-up Textile
Grand Challenge Programmes support.
For example, role-players of TCI Roadmap could be found at Figure 2.

Figure 2. Example roadmap of TCI entrepreneurial business [14].

CONCLUSION
Introduction of innovations needs additional entrepreneurial skills as one of the key elements of the
common breakthrough technologies in TCI. The technological changes as well as very fast development
of ICT means more freelancers work. This new approach to entrepreneurship needs a specific
entrepreneurial knowledge and skills of the common and future staff (students) of the textile companies.
In addition, Entrepreneurial education in Textile Universities has to be fully fitted to the augmented
needs of innovations and entrepreneurial knowledge and skills in TCI. In addition, the entrepreneurial
study should be interactively prepared in order to fulfil of the study behaviour of the common Textile
trainees. Furthermore, the Entrepreneurial study in textile has to be based on the common mapping and
clustering of entrepreneurial and innovation skills that are needed and required to foster innovations
through the Textile Universities in EU.
Finally, the training of entrepreneurial skills in Textile universities should be well enough universal, but
nevertheless, they should be differing according to the needs for specialized skills (resp. process
specialization) in Textile and clothing industry, incl. answer of the next challenges:



What should be the main topics of entrepreneurial training in textile Universities that force up
academic start-ups from University co-creation teem /working areas/ to the University Start-up
centre.
How to establish entrepreneurial potential /by training/ of University Textile Start-ups to allow
an early pre-seed financing in Textile and clothing industry.

How to set entrepreneurial training indicators of University Textile Start-ups to provide competitive
transition from University /University TCI start-up HUB/ to Society /Open business start-up HUBs/.
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ABSTRACT
The goal of this research was to learn more about how heat is generated during cyclic deformation of
highly conductive knitted composite fabric. The heating materials in this investigation were silver (Ag)
coated polyamide (PA) yarn knitted into a pattern. At various time intervals, the temperature generated
on the fabric surface was measured. An Instron tensile testing machine was used to perform the cyclic
stress strain in the course direction of the developed fabric. The temperature on the conductive fabric
surface increased rapidly for the first two minutes, then slowly afterward, eventually levelled off at a
specific point. Heat generation is negatively influenced by stretching and cyclic deformation. Heat
generation was also affected by the amount of conductive yarn used in the knitting design. The materials
developed in this work could be employed in orthopaedic compression support to offer sufficient
heating.
KEYWORDS
Electro-conductivity, Heat generation, Knitted fabrics, Orthopaedic compression support.
INTRODUCTION
Medical applications such as orthopaedic supports, electrotherapy, clinical covers to maintain patient
internal heat level, strain sensors, movement tracking gadgets; technical products such as motorbike
gloves, household use such as heating pads, leisure and sport wears, and so on are constructed using
heating textiles [1–3]. Many studies have been conducted on the design, characteristics, and behaviour
of knitted compression structures used in orthopaedic supports. The bulk of orthopaedic compressions
are prepared, then integrated structures with elastomeric inlay-yarns are made. Furthermore, any extra
stiff elements used in orthopaedic supports for medical or wear comfort purposes are known to have a
significant impact on the compression imposed by the support [4–6]. Few studies have been published
on the topic of electro-conductive knitted fabrics.
Heat treatment actively works to relieve pain and stiffness in the joints. Heat reduces body pain by
regulating the release of pain metabolites, as well as improving blood flow, muscle and connective tissue
pliability, joint flexibility, and stiffness. Knee therapy should take place at a temperature of 40-45°C
[7,8]. There are, however, flaws in the research on heated compression supports used for orthopaedic
therapy during cyclic deformation that has been published.
The goal of this study was to create a knitted compression support structure with integrated metal (Ag)
coated polyamide yarns and explore the influence of cyclic deformation on heat production
characteristics. To assess the feasibility, the temperature changes over time and the applied voltage
function were evaluated. The effect of yarn linear density, conductive yarn amount, and metal coated
yarn distribution in the knitting pattern on the heating profile was also investigated.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
Six different specimens depending on the amount and distribution of electro-conductive yarn in the
knitted structure along with two types of linear density of electro-conductive yarn were developed. The
ELITEX (Imbut GmbH, Germany) yarns of 66 tex and 235 tex linear density were used as conductive
yarns. The specimens were knitted on a flat double needle-bed 14E gauge knitting machine CMS
340TC-L (STOLL, Germany) in combined half-Milano rib structure with elastomeric inlay-yarn
inserted into every course of the knitted structure. Two copper plates were tied to a DC power source
and positioned on the opposing sides of the knitted composite. An Instron (model 2519-107) tensile
testing machine was used for stretching the specimens in transversal (along courses) direction. The fluke
561 HVACPro infrared thermometer was used to determine the surface temperature by measuring the
amount of infrared energy radiated by target’s surface. Infrared specifications of this thermometer are
stated as like as temperature measurement range: -40°C to 550°C; spectral range: 8 to 14 microns;
accuracy: ± 1% or ±1°C; response time (95%): 500 ms. The single point laser was used on the
thermometer and wavelength was 630 to 670 nm. The properties of conductive fibres, their interconnection within a fabric and to external circuitry, and the geometry of the fabric collectively contribute
to the electrical resistance of a fabric piece. Surface resistance of the fabric specimens were measured
by using signstek UNI-T UT71D True RMS multimeter. The amount of yarn used in the pattern and
structure are mentioned in previous work [3]. Temperature was measured after each 10 s during the first
minute of observation, and after each 20 s starting from the first minute till the end of experiment, i.e.
till 600 s. 2.5 V is sufficient to reach the goal temperature for CF_LY group specimens, while 1.5 V is
sufficient for CF_HY group specimens. All experiments were carried out in a standard atmosphere for
testing according to Standard LST EN ISO 139:2005.
Table 1: Main characteristics and resistance of electro-conductive knitted fabrics.

Sample code

Area
density,
g/m2

CF_LY1
CF_LY2
CF_LY3
CF_HY1
CF_HY2
CF_HY3

336±2
323±2
325±2
357±2
340±2
340±2

Wale Pv and course Ph density (cm-1)
Technical face side Technical back side
Pv
Ph
Pv
Ph
6.7±0.2 12.7±0.3 6.7±0.2 6.7±0.2
6.9±0.2 12.7±0.3 6.7±0.2 6.7±0.2
6.7±0.2 12.9±0.2 6.9±0.2 6.7±0.2
6.7±0.2 13.3±0.3 6.9±0.2 6.3±0.2
6.9±0.2 13.3±0.3 6.9±0.2 6.3±0.2
6.5±0.2 13.0±0.3 6.7±0.2 6.2±0.2

Resistance,
Ω
0.64
1.04
1.24
0.14
0.34
0.34

RESULTS AND DISCUSSION
An electric current is transmitted across the conductive substances when electrodes are connected to the
power source and heat is produced. For orthopedic supports, at least 40°C temperature has to be reached.
The cyclic deformation of the compressive composite knitted fabric has a negative effect on the heat
generation. The highest temperature is obtained on the surface of CF_LY1 and CF_HY1, which are
knitted with metal coated yarns in each second course of the knit, as seen by thermal pictures. Due to
the greater distance between courses with and without metal coated yarn, the temperature unevenness
on the surface of the composite knitted constructions was shown for CF_LY2, CF_LY3, CF_HY2 and
CF_HY3. And this unevenness is more pronounced in fabrics with lower conductive yarn linear density.
The investigation results also revealed a temperature differential between the edges of the heating
surface and the center. Significant heat loss by radiation and air convection on the edge compared to the
central position caused this scenario.
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Figure 2. Temperature changes of (a) CF_LY1, (b) CF_LY2, (c) CF_LY3, (d) CF_HY1, (e) CF_HY2 and (f)
CF_HY3 structured electro-conductive composite weft-knitted fabric during the 600 s period by applying
2.5 V on a-c and 1.5 V on d-e samples in different cyclic deformation (0-300 times) at 20% stretch level.

CONCLUSION
The reported work revealed the possibility of using knitted composite textile structures with metal coated
yarn inserted for heat generation in orthopaedic compression supports. Silver coated polyamide yarns
were inserted into a combined half-Milano rib structure plated by the PA6.6 yarn to protect the structure
from mechanical destruction. The temperature of the heated specimens rises rapidly for the first two
minutes and then gradually decreases until it reaches a steady state. The general stable heating
temperature of 40°C was achieved in around 2-3 minutes, depending on the structure and voltage
supplied. The stretch of the specimen has been observed to have a negative impact on heat generation
as a result of the increased surface area. The proposed composite structure produced in this work can be
used to deliver appropriate heat to orthopaedic compression supports; however, due to the higher linear
density of the metal coated yarn, a lower voltage energy source is required to achieve the desired 40°C.
Both the temperature and the time it takes to attain the required temperature are affected by the cyclic
stretching. The deformation stretch has a slightly smaller effect on the CF_LY group made with
66 tex/12 filaments than it does on the CF_HY group made with 235 tex/34 filaments. As a result, when
designing a system, the influence of cyclic stretch on the reduction in heat generation must be
considered.
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ABSTRACT
Sizing is necessary for the weaving preparatory process involving coating warp yarns with a sizing agent
like PVA. The sizing agent improves the weavability during the manufacturing of the cotton fabric.
Before dyeing and printing the fabric, removal of the natural or added impurities is essential. Desizing
is the initial step in the pretreatment of the cotton fabric, where the sizing chemicals are removed.
However, desizing is a water and energy-intensive process. A green methodology is employed here for
desizing PVA-sized cotton fabric using UVC in the presence of potassium persulfate as a photocatalyst
to replace the hazardous chemicals used in the conventional approach. The eco-friendly technology used
in this article saves time, water, and energy by 79%, 67%, and 84% of the conventional process with
better efficacy of desizing.
KEYWORDS
Textile, Pretreatment, Desizing, Photocatalytic degradation, Sustainability.
INTRODUCTION
Cotton yarns are sized by applying a coating to improve yarn abrasion strength and eliminate protruding
fibres. Sizes on the yarn's surface assist the weaving by providing a covering that protects the yarn
from abrasion and snagging during the weaving process [1]. Sizing of synthetic and natural yarns is
done chiefly with starch-based products. The most commonly used semi-synthetic and synthetic sizing
agents are CMC (carboxymethyl cellulose) and polyvinyl alcohol (PVA). PVA is used mainly for sizing
natural or synthetic yarn blends, but they are also frequently used as a secondary sizing agent to starch
for cotton yarns [2]. The sizing agent hampers the subsequent dyeing and finishing processes in wet
processing. Sizing chemicals are removed before the coloration of fabric in desizing. The conventional
desizing processes like hydrolytic and oxidative desizing result in considerable environmental pollution
due to the high demand for chemicals, water, and energy [3]. An intense washing with water at boiling
temperatures is essential to remove size from PVA-sized fabrics effectively. Also, it is difficult to
completely remove PVA size, which affects ensuing processes such as scouring, bleaching, and dyeing.
This is due to PVA's ability to gel and tenaciously redeposit on the fabric [4]. The application of plasma
treatment was studied as a desizing technique to remove PVA [5, 6]. However, using atmospheric
plasma to uniformly desize the fabric and designing electrodes for bulk processing would be a significant
challenge [7].
Almost 33.5% of the pretreatment water consumption is spent on desizing. As desizing is an energy
and water-intensive process, it is necessary to develop a more efficient and sustainable strategy for
cotton fabric desizing. Photocatalytic desizing has not been studied in the literature. UVC-assisted
desizing method has been explored in this research. A UVC cabinet was designed and made in-house to
carry out the experiments. The samples were characterized for weight loss, wicking, whiteness, color
strength, and tensile strength.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
Fabric (EPI=128, PPI=72, GSM=120) woven from 100% cotton yarn and polyvinyl alcohol was
procured from the industry for the sizing. CI Red 195, Black 5, and Yellow 145 reactive dyes
(Colourtex), soda ash, acetic acid, and nonionic soap were used for dyeing. The cotton fabric was sized
with a 2-dip and 2-nip process using a 10% (w/v) PVA and 0.5 to 3 mM of potassium persulfate at 100%
wet pickup to obtain a 10% add-on. UVC treatment for 5 min was given between two sets of UVC
lamps (λ = 254 nm) by keeping the fabric and lamps 80 mm apart. The desizing of the control sample
was prepared by washing twice at 100°C for 30 min and followed by a cold wash. UVC exposed samples
were desized at 60°C for 10 min. After desizing control, UVC treated and untreated samples were
conditioned at a standard condition (20 ± 2°C, RH 65 ± 5%) for 24 hours before characterization.
Desizing efficiency was calculated according to Equation 1. CIE whiteness index was obtained using
Color-Eye 7000A spectrophotometer using AATCC Test Method 110-2007 [8]. Fabric breaking
strength was assessed with the Tinius Olsen tensile tester ASTM D 5035 raveled strip method [9]. For
measuring wicking height from 3 × 25 cm2, strips were vertically suspended in a 0.5% potassium
dichromate solution, with the lower end dipped in the solution. After 30 minutes, a steel ruler was used
to measure the height of yellow coloration caused by capillary rise [10]. Dyeing was carried out in dark,
medium, and light shades using the pad-steam method [11].
Desizing efficiency (%) = (w2-w3)*100/(w2-w1)

[1]

where, w1 = oven-dry weight of fabric before sizing, w2 = oven-dry weight of fabric after sizing,
w3 = oven-dry weight of fabric after desizing).
RESULTS AND DISCUSSION
The size removal of the fabric is expressed as desizing efficiency. The desizing efficiency for the control
sample desized with the conventional process was 92%, and the wicking height was 87 mm. The
desizing efficiency and wicking height of UVC-treated fabric increase as the concentration of potassium
persulfate increases (Figure 1). The application of potassium persulfate in sizing helps in the faster
degradation of the PVA when exposed to UVC to obtain the desirable desizing efficiency.

Figure 1. Effect of catalyst concentration on desizing efficiency and wicking height.

An increase in catalyst concentration of more than 1.5mM decreases the tensile strength of the fabric,
as shown in Figure 2. The tensile strength of fabric processed with 1.5 mM of catalyst was found to be
higher than the control sample strength. The CIE whiteness index of the control fabric was 60.5, whereas
it was 59.6 for the UVC-treated desized fabric. Both control and UVC-treated samples were dyed in
light, medium, and dark shades. Based on the K/S value, the relative color strength of the dyed fabric
379
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was calculated. Figure 3 shows UVC-treated desized materials have higher color strength than the
control. The lower color strength for conventional desized samples is due to the presence of PVA on
fabric. Taking into consideration of the bench-scale study, time, water, and energy consumption were
calculated. The time and utility consumption are shown in Figure 4. It was found that the new technique
using photocatalytic degradation saves time by 79% compared to the conventional process. Similarly,
water and energy-saving were 67% and 84% of the traditional desizing process route.

Figure 2. Effect of catalyst concentration on tensile strength of the fabric.

Figure 3. Relative color strength of UVC-treated desized fabric.

Figure 4. Comparison of time and utility consumption for both processes.
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CONCLUSION
Conventional desizing of PVA-sized fabric requires an intense washing at boiling temperature. Also, it
was found that the complete removal of PVA was not obtained. Using photocatalytic degradation of
PVA, 100% desizing efficiency was obtained in 10 min of washing at 60°C. The results from dyeing
showed a lower color yield on the fabric desized with the conventional process due to the presence of
PVA. This novel desizing method saves a considerable amount of time, water, and energy. The textile
industry will be benefited from adopting this technique as the UVC lamp arrangement may not be very
expensive.
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ABSTRACT
Users with reduced mobility, who are bedridden or in wheelchairs for long periods, are prone to several
changes in the main human body systems. Clothing as an essential item for these users, will be in direct
contact with the skin, also for long periods. The adopted posture will influence the interaction with
clothing, and consequently, will have an effect on the body. Understanding these body changes, namely
the changes in anthropometric measurements according to the adopted posture, becomes relevant, given
the impact on total comfort, especially in its ergonomic variable. The objective of this study is to
identify, quantify and compare users body changes for the main resting positions adopted throughout
their day, as a condition of reduced mobility, in particular in the situation of lying down, in dorsal and/or
lateral decubitus, as well as the resting situation in the sitting position.
KEYWORDS
Ergonomic comfort, Anthropometry, Body posture, Body measurements variation.
INTRODUCTION
The movement of the human body is only possible through the joint and coordinated action of bones,
muscles and joints. The size of the muscle and its efficiency are directly related to its use or activity, so
in users with reduced mobility, there is a tendency to lose body mass and consequently decrease the
value of their body measurements. The body at rest for long periods, enhances the action of clothing on
the skin. Ergonomic and anthropometric studies have a major impact on the comfort of these people
Bedridden people have specific needs that are directly reflected in the use of clothing. For example, by
staying too long in the lateral decubitus position, with the knees flexed and consequently increasing the
measurement value, will suffer from the non-accommodation of the ergonomic pattern design and/or
textile material.
In general, the construction of clothing is designed for people without limitations, who carry out their
daily activities considered within “normality” and who spend most of their time, standing or active. In
addition to the poor ergonomic pattern design, misfits related to the assembly of the garments, internal
seams, raw material and textile structure used, finishings and trimmings, can pose serious problems to
the health of these users [1,2].
The existing anthropometric studies are still far from satisfying the specific groups or target population,
since the first and most detailed studies, in terms of anthropometric measurements, were carried out with
military populations, in the US and German populations [3]. There are many limitations to apply the
data collected from the human body measurements collected in a growing number of anthropometric
studies, as their target population differs from the population studied in this study, considering also
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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variables affected by time and space, in addition to the most common dimensioning system, being
representative, for the most part, of static postures [4]. Regarding the carried-out studies in terms of
comparing body changes between the resting decubitus lying down positions, they are quite deficient or
non-existent, with a lack of research focusing on anthropometry and ergonomics.
Comparative anatomical studies between the standing and sitting positions were subject of research,
noting the existence of changes in body shape and size. For example, the increase in the abdomen and
hips when moving to a sitting position [5]. Another factor to be considered is the most appropriate place
to measure certain parts of the body, due to the difficulty of identifying girth measurements. For
example, the hip region, which can be defined between the waist line and the low hip line, presents
complexity due to the variation of body shapes [6]. Knowledge of human anatomy is necessary,
particularly to accurately identify the anthropometric points for a closer approximation of the
dimensions of the studied body, and from there, design clothing with the collected data [7].
The impact of body measurements from the postural changes of users with reduced mobility, will
determine the distortions of clothing related to body movements, restricting or intensifying the comfort
condition [8].
For this study, anthropometric measurements were collected from eleven participants, in a geriatric
residency and also in a medical and rehabilitation clinic. Participation in the study was voluntary, with
the informed consent of the user and/or his/her guardian. The sample of eleven participants is composed
of eight females and three males, aged between 55 and 94 years.
MATERIALS AND METHODS
Measurements took place between 12/15/2021 and 01/26/2022 and were carried out by a team composed
of two people. Seventeen anthropometric dimensions were defined, and their measurement values
recorded in three different resting positions: Supine position (Position 1); Lateral decubitus position
(Position 2); and Sitting position (Position 3), according to the representation in Figure 1.

Supine position
Lateral decubitus position
(Position 1)
(Position 2)
Figure 1. Resting positions used to obtain body measurements.

Sitting position
(Position 3)

The seventeen variables selected for the study were defined, considering the main lines of the trunk and
body members, with impact on clothing pattern design process. For the direct method, where there is
physical contact with the participant, measurements were obtained manually, using a flexible tape
measure and a caliper. As for the indirect method, where there is no direct physical contact, threedimensional images were captured using the 3D Structure scanner and a photographic camera to record
and study the resting positions.
The data analysis process was performed using IBM® SPSS Statistics software v27 and Microsoft®
Excel 2016 spreadsheet. Data normality was verified using the Shapiro-Wilk test. For the variables that
obeyed the normal distribution, the average (Avg) and standard deviation (SD) values were used. On
the other hand, for variables that showed a behavior not normally distributed, the median (Md) and the
interquartile range (IQR) were used. For the variables that followed the normal distribution, the
differences were obtained through the one-sample t-test (with a 95% confidence interval). In the case of
variables that followed a non-normal distribution, the one-sample Wilcoxon test was used.
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RESULTS AND DISCUSSION
The mean age for women was 83.25 ± 12.54 years and for men 78.00 ± 9.53 years. Table 1 shows the
global results of anthropometric data obtained in this study, which include average values (Avg) and
standard deviation (SD). From the evaluated body dimensions, five of them had a non-normal
distribution, NBC_Dsupine, SB_Sitting, CH_Dlateral, HH_Sitting and SL_Sitting. Regarding the
difference between the body dimensions studied (n=17) and the resting positions (n=3), a significant
difference was observed between HC_Dsupine and HC_Sitting; KN_Dsupine and KN_Sitting;
EC_Dsupine and EC_Dlateral; EC_Dsupine and EC_Sitting; SB_Dsupine and SB_Dlateral;
SB_Dsupine and SB_Sitting; SB_Dlateral and SB_Sitting; TFL_Dsupine and TFL_ Sitting;
TFL_Dlateral and TFL_Sitting. Of the fifty-one measurements considered (17 dimensions and 3
positions), nine measurements (17.65%) showed changes due to the adopted position.
Table 1 - Anthropometric dimension, abbreviation, Avg and SD considered and collected in this study.
Position
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Anthropometric Dimension
Abbreviation
Neck base circumference
NBC
Chest circumference
CC
Waist circumference
WC
Abdomen circumference
AC
Hip circumference
HC
Upper thigh circumference
UTC
Middle thigh circumference
MTC
Knee circumference
KN
Upper arm circumference
UAC
Elbow circumference
EC
Hand circumference
HC
Shoulder breadth
SB
Crotch height
CH
Outside length (trousers length)
OT
Hook height
HH
Sleeve length
SL
Total front length
TFL
(Neck-Bust-Waist)

Average
410.91
1021.82
968.64
1001.82
1033.18
505.91
424.55
388.64
310.91
261.82
212.73
110.45
594.09
924.55
330.45
591.36

SD
48.90
116.21
143.16
134.94
1055.00
518.64
68.79
42.31
55.46
25.13
20.03
11.48
67.58
61.21
60.74
32.75

363.64

42.24

Table 2 Anthropometric dimension, position, Min, Max, Avg, SD, Md and IQR. Measurements are given in mm
Variables Min Max
360
500
NBC
870
1250
CC
770
1230
WC
820
1210
AC
880
1170
HC
340
630
UTC
310
520
MTC
340
450
KN
225
380
UAC
230
300
EC
190
250
HC
95
130
SB
510
720
CH
830
1040
OT
250
395
HH
560
640
SL
280
440
TFL

Supine position
Lateral decubitus position
Sitting position
Avg
SD Md IQR Min Max Avg SD Md IQR Min Max Avg SD Md IQR
411

47

390

75

350

480

407

49

390

100

350

480

405

46

385

95

1022

124

1010

210

860

1220

1005

969

152

990

290

755

1180

969

116

990

200

890

1340

1054

141

1040

220

143

1000

240

790

1290

1024

157

1030

1002

127

980

210

820

1240

240

1019

135

1010

250

880

1340

1081

138

1080

1033

93

1040

160

920

160

1220

1055

93

1060

115

950

1250

1104

102

1085

180

506

96

525

150

425

65

445

105

365

660

519

99

520

150

380

690

535

104

550

200

340

550

432

69

445

125

350

555

448

72

450

389

37

380

150

60

350

470

405

42

400

85

350

500

425

49

400

311

53

100

300

90

230

380

312

55

290

110

210

360

297

54

285

90

262
213

23

260

50

255

340

292

25

290

25

240

310

278

23

280

40

18

220

20

190

250

213

20

210

30

180

260

211

24

210

35

110

11

110

20

80

120

98

11

100

15

110

140

119

9

120

10

594

64

565

100

525

750

607

68

570

100

540

760

618

65

590

100

925

65

920

100

860

1050

943

61

930

115

850

1060

941

66

930

105

330

57

360

110

260

415

336

61

365

130

245

400

323

59

355

115

591

24

590

40

555

660

595

33

590

35

560

630

587

22

580

30

363

44

365

60

310

450

374

42

370

60

210

400

328

49

330

60

Table 2 displays a more detailed anthropometric data organizing by position (Supine, Lateral ecubitus
and Sitting position) containing Min, Max, Avg, SD, Md and IQR values. Due to the lack of a significant
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number of males and females in this sample (males = 3, females=8) the dimensions were not analyzed
separately for men and women.
CONCLUSION
The results obtained demonstrate that when posture changes, significant variations occur in the values
of the main body measurements, with impact on the clothing pattern design process. Some body
measurements showed considerable differences, such as those related to shoulder measurements,
between the sitting and lying resting positions. This is due to the positioning adopted by the arms up or
down, while in the supine position, and the elbows flexed, while in the lateral decubitus position and in
the sitting position, with relevant changes in their angular position, occurring a decrease in the width
and distance of the shoulders.
Another notable variation occurred in the measurements of trunk girths, mainly in the hip and abdomen,
with an increase in volume when the body assumes the sitting position.
The thigh circumferences (in the upper and middle positions) also showed higher measurement values
for the seated position, with muscle mass redistribution by the interference of the support surface.
In the area of the knees and elbows, it was found that due to the flexion of both, required for the adopted
resting positions, especially in the lateral decubitus position, there was an increase in the value of the
measurements when compared to the other positions. The variable total length of the front, which
comprises the distance between the base of the neck and the waist line, showed a considerable change
between the three assumed postures.
The significance of the quantified differences, demonstrated in this study, according to the changes in
the users' resting postures, and the need to stay for long periods, resulting from their reduced mobility,
will have an impact on the interaction between clothing and the body, being directly related to comfort,
especially to ergonomic comfort.
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ABSTRACT
In this paper, fabric growth of elastic full plaited single jersey knitted fabric were investigated. Full
plaited fabric knitted were produced from combed yarn 35 Ne at 2.9 mm and five levels of spandex
weight percent (4, 5, 6, 7, 8%). For comparison, 100% cotton fabric was produced at the same yarn
count and loop length. Flexi-frame was designed according to ASTM D2594–04 to measure fabric
growth and stretch, as investigated below. The fabric growth of elastic samples were less than 100%
cotton samples and fabric growth in wales direction (FGW) was less than fabric growth in course
direction (FGC) for both 100% cotton and elastic knitted fabrics.
KEYWORDS
Elastic single jersey knitted fabric, full plaited, fabric growth.
INTRODUCTION
Knitted fabrics are characterized by comfort compared to woven fabrics due to their high extensibility
(compression and elongation of individual stitch), air permeability, and heat retention, but the
dimensional stability after repeated washing especially single jersey knitted fabrics (SJKF) is considered
the main disadvantage [1]. To enhance the dimensional stability and maintain the dimensions during use
and after repeated stresses of knitted fabrics, the additional spandex (full and half plaited) and core-spun
yarn are used. Spandex proportion is one of the most important parameter of single jersey plaited fabrics
and influences fabric characteristic [2]. Elastic fabrics are used for outer and under wear according to
their extensibility, body fit and free body movement [3]. The amount of stretch and the elastic recovery
determine the suitability of knitted fabrics for specific uses [4]. The body skin can be extended by a
simple body movement 50% and the fabric have to easily accompany the stretch and recover on
relaxation. Involved hard movements in active sports may require even greater garment stretch. Drastic
differences between skin and fabric movement result in restrictions of movement to the wearer [5].
The elastic recovery of fabrics knitted from natural and mercerized carded and combed cotton yarns was
determined by means of hysteresis loops of stress-strain curves by using adapted machine used for
measuring breaking strength and elongation of yarns [4]. The results showed that elastic recovery of
fabric knitted from mercerized cotton yarn was greater than for those knit of natural cotton yarn, also,
the fabric knitted from combed cotton had greater elastic recovery than fabrics of carded cotton. Elastic
properties of full plaited knitted fabric at three different levels of spandex input tension, loop length and
spandex yarn count were studied [5]. Full plaited fabrics have a better recovery from deformation than
normal fabric without spandex. The spandex yarn input tension, the cotton yarn loop length and the
spandex yarn linear density had a significant effect on the elastic properties of spandex/ cotton plaited
plain knitted fabrics.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Stretch fabrics improves comfort by freedom of body movement by providing the necessary elasticity
for a garment to respond to every movement of the body and return to its original size and shape [5][6].
So, more research is needed to evaluate the fabric growth and fabric stretch of elastic knitted fabric and
this paper considered a step in this way.
MATERIALS AND METHODS
Five full plaited single jersey knitted fabrics were produced at loop length 2.9 mm with five levels of
spandex weight percent 4, 5, 6, 7, 8 %. Spandex yarns are incorporated by plaiting technique as shown
in Figure 1 and the adjustment of elastane percentage is obtained by adjusting and optimizing the speed
of elastane delivery system. For comparison, 100% cotton sample was produced at the same loop length.
All samples were produced from combed cotton yarn 35 Ne on VIGNONI SJ-B (number of feeders: 57,
diameter: 19-inch, machine gauge: 24 needles/inch), and were treated according to elastic knitted fabric
finishing recipe. First, heat setting at 185 °C was applied, followed by dyeing at 95 °C and finally
compacting at 90 °C. Spandex count is 30 dtex for full plaited respectively to get the same spandex
weight percent (SWP).

Plaiting roll

Guide eye of cotton
yarn

Guide eye of
elastane yarn

Latch needle

Figure 1. Plaiting technique in knitting machine [7].

Fabric growth were measured according ASTM D2594 – 04 [8] as follows:
Felxi-frame was designed according to the standard as shown in Figure 2. Fabric samples were cut with
dimensions of 125 mm*400 mm, folded in half lengthwise forming a loop and sewed, then bench marks
100 mm were placed on samples. Fabric sample was hanged on rods of flexi-frame as shown in Figure 3,
then extensions 15% and 30% were applied in wales and course direction respectively by moving a
movable board down. After extension was applied for 2 hrs ±5 min, the sample was free from flexiframe and put on table, then the length between bench marks was measured after 1 min and 60 min by
ruler. The Fabric growth was calculated as follows:
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C-A
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where, A is the original distance between bench marks (100 mm), B is the distance between bench marks
measured after 1 min of tension force release, C is the distance between bench marks measured after 60
min of tension force release.

Displacement
monitor
Fixed board

Timer

Rods

Movable board
Pin to fix
movable board

Magnetic strip to
measure distance

Slider slot

Figure 3. Hanged sample.

Figure 2. Flexi-frame.

RESULTS AND DISCUSSION
Figures 4 and 5 shows the fabric growth after 1 and 60 min of relaxation time in wales (FGW) and
courses (FGC) directions respectively at loop length 2.9 mm for both 100% cotton fabric and elastic
fabrics at 5 levels of SWP. In both directions, the 100% cotton fabric growth was higher than elastic
fabric because of the presence of spandex.
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100% cotton

4%

5%

6%

7%

8%

5

Fabric Growth in Courses dir. (%)

Fabric Growth in Wales dir. (%)

100% cotton
5
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4

4

3

3

2

2

1

1
0

0

1

60

60

Relaxation Time (min)

Relaxation Time (min)
Figure 4. Fabric growth in wales direction.

1

Figure 5. Fabric growth in courses direction.

FGW was lower than FGC. Approximately 95% and 99% of extension in wales direction were recovered
after 1 and 60 min respectively while in 100% cotton the recovery percent were 79 and 89 % after 1 and
60 min respectively. The effect of SWP was insignificant on the growth of elastic fabric.
CONCLUSION
The fabric growth of 100% cotton and elastic full plaited single jersey knitted fabric were investigated.
Full plaited fabrics were knitted from combed yarn 35 Ne at 2.9 mm and five levels of SWP. For
comparison, 100% cotton fabric was produced at the same yarn count and loop length.. Flexi-frame was
designed according to ASTM D2594 – 04 to measure fabric growth and stretch. It was concluded that
fabric growth of elastic samples were less than 100% cotton samples and FGW was less than FGC. The
effect of SWP is insignificant on the growth of elastic fabric.
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ABSTRACT
In this work, cotton waste-derived hydrochar was prepared via copper salt-assisted hydrothermal
carbonization. The morphology the as-obtained copper-doped hydrochar was examined by SEM. The
resistive heating properties of the hydrochar was studied by applied various voltages. In addition,
characteristics parameters were calculated by fitting data from the heating and cooling section. The
relevance between temperature and the corresponding required electrical power was also established.
The results showed that copper-doped hydrochar exhibited excellent resistive heating range and
electrical energy efficiency.
KEYWORDS
Cotton fiber wates, hydrothermal carbonization, copper salt, resistive heating.
INTRODUCTION
Textile waste is increasing year on year with the rise of fast fashion and the rational disposal of textile
waste is becoming a global issue to be faced. Currently, only 25% of textile waste is recycled, while
75% is landfilled with other solid waste [1]. Landfilling of textile waste is an unsustainable form of
waste disposal and therefore various textile waste reuse technologies need to be innovated over time.
Cotton fibers are the most commonly used staple fibers in the textile industry. The main component of
cotton fibers, cellulose, is rich in carbon content, enabling it to be an ideal precursor for carbon materials.
Pyrolysis and hydrothermal carbonization (HTC) are the main technologies used to convert cotton fibers
into carbon materials. Among them, HTC has the advantages of low cost, simple operation and nonpollution. The conversion of cellulose to hydrochar by HTC methods has been extensively reported [2].
Various additives, including AlCl3, CaCl2, LiCl, MgCl2, have also been used to further improve the
hydrolysis efficiency of cellulose in the HTC process [3]. However, there are few reports on the addition
of copper salts to the hydrothermal process. In this work, copper-doped hydrochar was obtained by
adding copper salts to the HTC process and the resistance heating behaviour of the resulting hydrochar
was investigated.
MATERIALS AND METHODS
Materials
Cotton and polyester waste fabrics were collected from local textile markets. Cupric Acetate
Monohydrate (Cu(CH3COO)2·H2O) was purchased from Sigma-Aldrich. Copper sulphate pentahydrate
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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(CuSO4·5H2O) was purchased from Lach-Ner, Ltd. (Czech Republic). All chemicals were used without
further purification.
Copper-doped hydrochar prepared via hydrothermal carbonization
The copper-doped hydrochar was prepared via hydrothermal carbonization. Typically, 1 g of cotton
fabric was cut into small pieces and mixed with 10 g of copper salt and deionized water. The mixture
was transferred into a 150 mL stainless steel Teflon lined autoclave. Then, the autoclave was heated in
an oven to the target temperature of 260 °C at a heating rate of 10 °C min −1 for 4 h. After cooling to
room temperature, the solid product (hydrochar) was filtered out and rinsed repeatedly with water. Later,
the hydrochar was dried in oven at 65 °C for further characterization. The hydrochars were labeled as
CO_x, where x was the type of metal salt used. Especially, the hydrochar obtained with only cotton and
water was marked as CO.
Characterization
The surface of prepared porous carbon was observed using TS5130-Tescan scanning electron
microscope (SEM). The resistive heating behavior of carbon sample under applied voltages of 0–30V
was examined using a homemade test setup consisting of power supply and infrared camera (FLIR E6).
Carbon pellet was obtained by compressing prepared carbon powder into a specified size and adding
PVA to retain the shape. The power supply was connected to carbon pellet at two edges and maintained
the electrodes distance of 1 cm. The infrared camera was placed 10 cm above the surface of the carbon
pellet and recorded the temperature at the center during the heating process.
RESULTS AND DISCUSSION
Morphology
The SEM images of the hydrochar sample are shown in Figure 1.

Figure 1. SEM images of the obtained hydrochar, (a-c) CO, (d-f) CO_Ac and (g-i) CO_CuSO4.
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The carbon microspheres could be clearly found on the surface of sample CO. The same phenomenon
has been reported by other researchers [4]. The attachment of copper particles was found on the surface
of the samples where copper salts were used. Unfortunately, the copper particles were not as uniformly
dense as carbon microspheres in their coverage of the hydrochar surface. By comparing the two different
copper salts it can be seen that the CuAc sample produced a higher coverage of the hydrochar with
copper particles. In contrast, a large amount of bare hydrochar was observed in the CuSO4 sample.
Resistive heating
As mentioned above, the hydrochar obtained with incorporation of copper salts has copper particle
adhering to its surface and therefore can be used as a conductive material. Therefore, the electrical
conductivity and resistive heating properties of the prepared hydrochars were studied. Hydrochar pellets
were obtained by compressing the hydrochar powder into a specified size and adding less PVA to retain
the shape. The surface resistance of hydrochar incorporated with CuAc and CuSO4 was 1.86 Ω and
15.4 Ω, respectively. For resistive heating performance, the CuAc assisted hydrochar can be heated up
to 100 °C under applied voltage of 15 V and the maximum temperature reached was 165°C. In contrast,
the sample prepared with CuSO4 was much inferior. A maximum temperature of nearly 80 °C can be
noted at the voltage of 30 V. This reveals the greater suitability of CuAc as an assistant salt in the
hydrothermal carbonization process to obtain hydrochar with better electrical properties.
To further analyze the characteristics related to the temperature response rate of the resistive heating
behavior, two parameters were defined as characteristic growth time constant τg and characteristic decay
time constant τd. As shown in Figure 2, the time-dependent temperature curves can be divided into three
sections: the temperature rising section (0-35 s), the steady-state maximum temperature section
(36-60 s), and the cooling section (61-100 s). The equations used to empirically estimate the
characteristics parameters were mentioned in previous work [5]. The characteristic growth time constant
τg can be empirically estimated by fitting data from the first section of the time-temperature curves,
while characteristic decay time constant τd can be calculated by fitting data from the third section of the
temperature versus time plots.

Figure 2. Resistive heating behavior of hydrochars at different applied voltages.

All the calculated τg, and τd of hydrochar samples were summarized in Table 1. The τg values represent
the response rate of the material temperature to the applied voltage. For all hydrochar samples, the τg
values were found to decrease with increasing the applied voltages. Comparing the constants obtained
for the two copper salts, sample CO_Ac was apparently less than sample CO_CuSO4. This can be
explained by more copper particles were deposited in sample CO_Ac, providing more conductive
pathways on the hydrochar surface and thus reducing the respond time for the hydrochar pellet to the
applied voltage. It can also be observed from Table 1 that the values of τd were significantly greater
than the τg value for each hydrochar samples, indicating that longer cooling time was required than
heating. However, the effect of different salts on this constant was not noticeable.
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Table 1. Caption heading for a table should be placed at the top of the table and within table width.
Voltage(V)
τg(s)
τd(s)
CO_CuSO4

15
20
25
30

18.6±5.5
20.7±6.2
8.9±2.5
12.5±2.5

44.5±26.1
31.7±20.9
31.5±15.4
28.7±13.5

CO_CuAc

15
20
25
30

19.4±3.4
10.5±2.6
10.7±4.2
8.1±3.7

37.1±13.8
38.4±17.8
38.9±17
31.9±5.7

The temperature variation of hydrochar with different copper salts as functions of the applied voltage
and electric power were presented Figure 3. As the load voltage increases, the sample temperature rises
due to the Joule effect. The temperature rise of CO_CuAc was more significant, showing a greater range
of temperature variation. In addition, a relevance between temperature and the corresponding required
electrical power was established, as shown in Figure 3 (b). From the temperature versus electrical power
curves of the hydrochar CO_CuAc and CO_CuSO4, it can be noticed that at the same electrical power
consumption, the temperature of sample CO_CuAc was much higher than that of sample CO_CuSO4.
This indicating that CO_CuAc had better electrical energy efficiency in reaching higher maximum
temperatures with the same electrical power applied.

Figure 3. Resistive heating behavior of hydrochars at different applied voltages(a) and power(b).

CONCLUSION
In this work, copper salt-assisted HTC was employed to prepare cotton waste-derived hydrochar. The
morphology the as-obtained copper-doped hydrochar was examined. The resistive heating properties of
the hydrochar was studied by applied various voltages. Both copper-doped hydrochar exhibited electrothermal conversion behaviour, while the sample obtained with copper acetate showed a greater
temperature range. In addition, characteristics parameters were calculated by fitting data from the
heating and cooling section. A relevance between temperature and the corresponding required electrical
power was established. The result indicated that CuAc-assisted hydrochar had better electrical energy
efficiency in reaching higher maximum temperatures. By examining the resistive heating properties of
hydrochar, this work expands an application for HTC products.
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ABSTRACT
Knitting technologies have contributed to the production of textile footwear not only to reduce waste,
but also to increase their physiological comfort. In this study, the functional properties of twelve
commercially available knitted uppers and two footwear leathers were identified. For each of the tested
variants, the following parameters were determined: thickness, mass per square meter, air and water
vapor permeability, and selected parameters related to the thermal insulation and moisture sorption. On
the basis of conducted research, it was shown that the best parameters were characteristic for knitted
fabrics with jacquard weaves produced on cylindrical crocheting machines of large diameters.
KEYWORDS
Footwear, comfort, footwear uppers, microclimate, knitted fabrics.
INTRODUCTION
The outside parts of footwear (uppers) are now more and more often produced in the form of fitted
textile elements. The need for an innovation in this area has created new opportunities for the knitting
industry, which is the only potential producer of textile footwears in the world. The upper is, next to the
sole, the main construction element of each shoe. Its main tasks include stabilizing and positioning the
foot in relation to the sole [1]. In addition, it has a protective and ventilation function by the
thermoregulation and moisture removal.
The production of the upper in the form of a fitted textile element allows the use of structures with
a heterogeneous structure (anisotropic) for individual functional areas of the foot [2]. Knitted fabrics of
this type can be produced on flat, warp and cylindrical knitting machines of large and small diameters.
The aim of this study was to analyze the functional properties of physiological comfort of textile and
leather materials used in the commercially produced footwear from Puma, Reebok, Under Armor, The
North Face, Adidas or Nike.
MATERIALS AND METHODS
The subject of research were twelve different fully fitted uppers made in knitting technologies (variants
numbered 1-12) and two variants of shoe leather (variants numbered 13 and 14). The first four variants
were produced using the Mayer & Cie cylindrical crocheting technology. The first variant (Fig. 1) with
a weave of modified, incomplete four-color double-crop jacquard with a weft filling in each row was
made of polyester yarns with a linear density of 167 dtex and 330 dtex. The yarns that were used in the
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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second variant with a two-color full two-color jacquard weave, which in some areas has a jacquard with
a modified structure causing an openwork effect, are polyester 167 dtex and elastane 44 dtex. The third
variant is an incomplete four-color double crop jacquard, which is also made of 167 dtex polyester yarn.
The fourth variant has an incomplete three-color jacquard weave. The raw material in this variant is also
polyester 167 dtex. The fifth variant was made of polyester on a small diameter cylindrical crochet
machine, i.e., on the so-called sock and hosiery machine. The weave of this variant is a striped jacquard,
characterized by the alternating stripes of the left-right and jacquard weave. The next five variants (610) are fitted knitted fabrics, which were produced on flat knitting machines by the Stoll company. The
yarns used in their production are mainly polyester 167 dtex with the addition of Elastane 156 dtex or
Lycra 156 dtex. Variant number six is a double-layer knitted fabric with a tuck stitch system. The
seventh variant is a two-layer knitted fabric composed of three systems of weaves: jacquard, openwork
and tuck stitches. The eighth and ninth variants are two-layer knitted fabrics with openwork weave areas.
The tenth variant is a two-layer knitted fabric composed of jacquard and openwork weave systems. The
eleventh and twelfth variants are fitted textile elements obtained from commercial footwear from
"Adidas" and "Sprandi", respectively. The upper of the variant number 11 is composed of a system of
two knitted fabrics connected with each other with an embroidery thread, the top of the package is a
double-layer knitted fabric joined with tucks, and the bottom is an interlock knit. Variant number 12 is
a double-layer knitted fabric combined with an openwork weave. The thirteenth and fourteenth variants
are leathers representing traditional footwear materials.

Figure 1. View of the right and left side of the upper part of the footwear produced on a large diameter
cylindrical crochet machine (option 1).

The following structural parameters were determined for the analyzed variants:










thickness (g),
mass per square meter (Mp),
The physiological comfort performance parameters measured are:
air permeability (P),
thermal conductivity (Λ),
thermal resistance (r),
relative water vapor permeability (RWVP),
cumulative one-way transport index (R),
overall moisture management capability (OMMC).

The thickness (g) of materials was determined according to PN-EN ISO 5084: 1999, the mass per square
meter (Mp) according to the PN-P-04613: 1997 standard, while the air permeability (P) was determined
according to the PN-P-04618: 1989 standard for the size a pressure difference of 10 daPa.
Thermal conductivity (Λ) and thermal resistance (r) were measured using the Alambeta instrument. The
Alambeta device is a two-disc device, in which the upper plate simulates a dry human skin [3]. The
method of its operation is based on the mathematical processing of the course of heat flowing through
the material in time under the influence of the temperature difference between the plates of the device
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(the phenomenon of steady heat exchange). The upper plate heats up to 32˚C, while the lower plate
maintains a temperature of around 20˚C. After placing the sample between the plates of device, the
upper head falls on the sample, then the computer processes the data on the heat flow and as the final
result shows the interpretation of thermophysical properties of the tested material on the display.
Relative water vapor permeability (RWVP) was determined using the Permestest device, which is a
measuring device used to determine the water vapor permeability of textiles [4]. The principle of
operation of the device is based on the concept of the ‘artificial skin model’. It relies on measuring the
water vapor resistance of the material by creating a one-way flow of heat flux. The tested sample is
placed in a ventilated chamber on a membrane-covered heating plate simulating wet skin. Then, based
on the measurements of the plate temperature as well as the temperature and relative humidity in the
chamber, the results are presented.
One way cumulative transport index (R) and overall moisture management (OMMC) are parameters
closely related to the sorption properties of materials. These parameters were measured on the M290
Moisture Management Tester by SDL Atlas according to the AASTCC standards [5-6]. In order to
measure the dynamic process of moisture transport, a material sample is positioned horizontally between
two sensors. A solution representing human sweat is then applied to the center of the upper sensor.
Measurement results are given on the basis of changes in the electrical resistance as the sample wets.
RESULTS AND DISCUSSION
The obtained results of structural and functional parameters of the analyzed variants are summarized
in Table 1.
Table 1. Test results of selected structural and functional parameters.

Nb
1
2
3
4
5
6
7
8
9
10
11
12
13
14

g
mm

Mp
g/m2

P
dm /(m2 · s)

1.91
1.56
1.70
1.48
3.55
3.18
3.15
3.44
3.48
3.49
2.42
2.47
1.80
1.45

729.7
371.9
487.5
348.4
973.4
1218.6
1023.7
984.3
1173.4
1088.6
915.3
1146.9
1009.4
904.7

417.355
1422.800
1014.930
1588.790
275.075
882.135
1688.390
882.135
1432.285
264.640
986.475
327.245
0
0.855

3

Λ
10-3
W · m-1 · K-1
51.2
42.4
55.6
48.8
55.3
59.0
51.9
53.2
50.9
66.3
51.4
47.0
55.1
56.1

r
10-3
-1
W · K ·m2
47.6
36.1
31.0
31.3
76.2
55.1
69.3
79.2
93.6
52.8
54.0
98.8
28.6
25.2

RWVP
%

R
-

OMMC
-

41.4
61.0
52.1
56.1
22.7
51.0
33.2
31.1
22.7
24.2
28.0
29.5
0
31.1

-45.5656
261.5708
129.8662
13.6217
9.4215
-936.6894
-29.6734
-941.8987
97.7320
6.7166

0.076
0.420
0.315
0.362
0.100
0
0.023
0
0.298
0.06

The thickness (g) of tested variants ranged from 1.55 mm (variant 14) to 3.55 mm (variant 5). The leather
variant turned out to be the thinnest, while the thickest variant of the knitted fabric was due to the twolayer structure. The variants of knitted fabrics produced on flat knitting machines (variants 6-10) were
characterized by similar thickness values.
The obtained mass per square meter (Mp) of tested materials ranged from 348.4 g/m2 to 1218.6 g/m2.
The tested variants can be divided into three groups: low mass per square meter - below 700 g/m2,
average mass per square meter - below 1000 g/m2 and high mass per square meter above 1000 g/m2.
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The variants with the low mass per unit area included variants: 2, 3 and 4, while variants with the
medium mass per unit area were variants: 1, 5, 8, 11 and 14. The variants with the high mass per unit
area were variants: 6, 7, 9, 10, 12 and 13.
The lowest value of air permeability (P), equal to 0, was obtained for the variant 13, and the highest for
variant 7. The obtained results indicate a low ‘breathability’ of leathers and their low porosity. For textile
variants, better air permeability results were obtained for knitted fabrics with openwork weaves.
The highest value of thermal conductivity (Λ) was characteristic for the variant 10, while the lowest was
for the variant 2. It should be noted that the values of thermal conductivity were at a very similar level
and ranged from 42.4·10-3 to 66.3·10-3 W / (m·K). The thermal conductivity of textile materials is similar
to that of leather materials.
The thermal resistance (r) is expressed as the ratio of the variant thickness and the conductivity
coefficient. The highest value of thermal resistance was shown in the variant 12, while the lowest was
in the variant 14. Variant 12 was characterized by the highest thermal insulation among the tested
materials. The leather variants (13 and 14) dissipate heat to the outside best.
The values of the relative water vapor permeability (RWVP) of tested materials ranged from 0 to 61%.
It was shown that the leather variant number 13 does not have the ability to transmit water vapor. Variant
14, on the other hand, was characterized by a relative air permeability of 31.1%, which is due to the
porous structure of this skin. Among textiles, the best results were obtained for items produced on large
diameter cylindrical crocheting machines.
The cumulative one-way transport index (R) is used to evaluate a material for one-way transport of
moisture from the inside to the outside. The higher the value of this parameter, the better the material
drains away sweat. The obtained results of the cumulative one-way transport index can be divided into
positive and negative. The variants: 2, 3, 4, 5, 12 and 14 were characterized by positive values, while
the negative values were for: 1, 8, 9 and 11 variants. Based on this division, it can be assumed that the
variants with positive results are materials that transport moisture well. The best option from the point
of view of transporting sweat from the inner to the outer layer is the variant 3.
The tested materials in terms of general moisture management can be divided into good and poor
OMMC materials. Materials with a good general moisture management capacity are variants 2, 3, 4 and
12. The remaining variants are materials with poor overall moisture management capacity.
CONCLUSION
Among the analyzed variants of textile uppers and natural leathers, knitted fabrics 2, 3 and 4 produced
on large diameter crochet machines deserve an attention, because they showed the most desirable
functional characteristics. Their values of mass per square meter were the lowest, while maintaining the
high air and water vapor permeability and good moisture transport properties from the inner to the outer
layer.
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ABSTRACT
The subject of the paper is the analysis of the dynamic thread stretching process under extreme
conditions of the excitation speed with the physical phenomena described in terms of rheological
models. The analysis was carried out using three basic models relating to viscoelastic bodies,
i.e. the Maxwell, Kelvin-Voigt and Standard 2 models. The relationships between the reaction forces of
the stretched threads and the input parameters of the process were included both in an analytical form
and in a numerical model. The theoretical analysis was related to the experimental tests carried out on
polyester threads with a linear mass of 84, 110 and 334 dtex, assuming the tensile speed ranging from
0.6 to 1.5 m / s. The experiment was carried out on a custom designed test stand.
In the conclusion of the obtained research, it can be stated that the most appropriate model
for the description of the analysed thread stretching process is the Standard model 2 and it should
be emphasized that the traditional analysis based on analytical relationships coincides with the results
of numerical analysis. This proves the correctness of the adopted numerical model with specific
boundary conditions.
KEYWORDS
Thread stretching dynamics, rheological models, equation of state, numerical analysis.
INTRODUCTION
Research on rheological properties is extremely important in many fields of science, including process
engineering, materials engineering, biotechnology and bioengineering [1].
The continuous development of textile technologies leads to the improvement of their efficiency
parameters, and thus to an increase in the speed of operation of the loop-forming elements of knitting
machines, elements introducing weft on a loom and machines used in the processes of confectioning
textile products. A linear textile product, which is a thread, is subjected to loads during various textile
processes, as well as during the use of finished products. The phenomena occurring in the threads
require defining their mechanical properties, which can be described using rheological models.
In the case of textiles, two- and three-parameter viscoelastic models as well as integral models are used,
which are a combination of the Hooke's body (spring) and the Newton's model (dashpot) [2]. More
complex models are also built, taking into account nonlinear-elastic bodies and friction elements, which
allow for a better representation of the behaviour of real bodies.
The 3-element Zener model [3] was used in the description of the influence of the yarn heterogeneity
on the forces occurring when the threads are pulled through a friction barrier. The stretching behaviour
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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of heterogeneous polyester monofilaments was based on a modified Żurek model taking into account
the non-uniformity of their linear mass [4]. The rheological models of Vangheluwe, Żurek and Manich
were analysed in the Matlab environment in order to assess their behaviour in comparison to cotton
yarns with elastane added [5]. Due to tensile tests of core yarns with elastane, coefficients of nonlinear
equations of rheological models were found.
The scientific goal of the research presented in the paper is the theoretical and empirical analysis of the
thread stretching process in the context of dynamic excitations in knitting technologies.
MATERIALS AND METHODS
The research material consisted of polyester yarns with a thickness of 84, 110 and 334 dtex, which
are most often processed on cylindrical crocheting machines and warp knitting machines with medium
needle counts. The yarns were subjected to a stretching process on a designed and constructed test stand
that allowed the speed to be changed in the range V = 0 ÷ 10 m/s. The device was built on the basis of
a rotating disk with a pin placed on it, which, when pulled out at the right moment, allowed the thread
to be picked up and extended to a length of Δl = 24 mm. The length of the stretched sections of threads
was in the range l = 400 ÷ 1000 mm. The following stretching speeds were assumed V = 0.66; 1.10;
1.48 m/s. The dependences of force as a function of time P = f (t) obtained as a result of the experiment,
were compared with the model characteristics (Fig. 3). The analysis was performed on the basis of three
linear rheological models, i.e. the Maxwell, Kelvin-Voigt model and the Standard model 2 (Fig. 1),
which are most often used to describe the mechanical properties of textiles.

dε
1
1 dP
=P∙ +
∙
dt
η Edm dt

P = EV ∙ ε + η ∙

dε
dt

(E1 + E2 ) ∙ P + η ∙

dP
dε
= E1 ∙ E2 ∙ ε + η ∙ E1 ∙
dt
dt

Figure 1. Rheological models: a) Maxwell; b) Kelvin-Voigt; c) Standard 2 [2].

The numerical simulation of the yarn stretching phenomenon was carried out in the Autodesk® Inventor®
Professional 2022 environment. The dynamic simulation module of this program, through the use of the
ANSYS WORKBENCH environment, enables the simulation of solutions to ordinary differential
equations using the Runge-Kutta convergence method [6]. An equivalent mechanical system consisting
of three junctions (Fig. 2a) was built to simulate the operation of the Kelvin-Voigt rheological model.

Figure 2. Equivalent mechanical model created in Inventor®: a) visualization; b) diagram - example for
the Standard model 2.
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The system allows to obtain an approximate solution of each of the tested rheological models
by substituting zero values of the coefficients of the appropriate (unused) blocks. An example
for the Standard model 2 is shown in Fig. 2b.
In order to perform the FEM simulation of the thread stretching process, the values of individual
coefficients were introduced (Table 1). The constructed model also takes into account the length of the
stretched section of the yarn and the speed of their stretching (V). For individual variants, the actual
times of thread stretching were also declared, t = 0.0364; 0.0218; 0.0162s.
Table 1. Parameters of rheological models.
VARIANT

SPRING COEFFICIENT
DETERMINED AT DYNAMIC
THREAD LOADS, ED
(DESIGNATION IN FIG.1)

SPRING COEFFICIENT
DETERMINED DURING
KINEMATIC EXCITATION, EK

VISCOSITY
COEFFICIENT, Ƞ

N

N

N·s

MAXWELL
MODEL (M)

1
2

60 (Edm)
12 (Edm)

KELVINVOIGT
MODEL (K-V)

1

25

2.0

2

50

3.5

ZENER
MODEL (Z)

1
2

35
70

1.5
2.5

1.5
3.0

44 (Edz)
88 (Edz)

The spring coefficient for the kinematic excitation EK at the thread stretching speed dε /dt → 0 was
determined by the method of tangents to the characteristics P = f (ε). The length of the stretched yarn
was l = 500 mm. The dynamic spring coefficient Ed occurring in the Maxwell and Standard 2 models
was determined according to the following formula:
Ed =

Pmax
Ɛ

, N,

[1]

and for the Zener model from the formula:
Edz =

Pmax
-EK
Ɛ

, N,

[2]

where, Pmax – maximum force, N, ɛ – elongation, EK - spring coefficient for kinematic excitation, N.
The values of the force Pmax and elongation ε were read from the files of the measured force values as a
function of time during the dynamic stretching of the yarn.
Viscosity coefficient η was determined from the formula:
η=

Pmax EK ∙Ɛ
,
ω
ω

N·s

[3]

where, Pmax – maximum force, N, ε – elongation, EK – spring coefficient for kinematic excitation, N,
ω – speed of increment of relative elongation, 1/s; ω = ε/t (where t – stretching time, s).
The analysed models were verified in analytical and numerical terms in the Excel environment.
RESULTS AND DISCUSSION
A comparative analysis of the actual and model characteristics has shown that in most cases the model
that best describes the process of polyester thread stretching is the Standard model 2. The example
diagram (Fig. 3) shows a comparison of the thread stretching process recorded in real conditions
and modelled on the basis of the state equations (Fig. 1).
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Figure 4. Model characteristics of the thread
stretching process obtained as a result of numerical
simulation in Inventor® and calculations in the
Excel environment (l=700 mm, V=1,1 m/s).

The verification of the correctness of the numerical simulation is presented in Fig. 4 with reference
to three selected rheological models: the Maxwell, Kelvin-Voigt and Zener model. The presented
characteristics of the analytical and numerical calculations coincide, which proves the correctness of the
assumptions of the numerical model of the thread stretching process.
CONCLUSION
In the final summary of the obtained test results, it can be stated that the Standard model 2 is the most
adequate model in the description of the thread stretching process. The correctness of the assumptions
of the numerical model with specific boundary conditions was also proven in relation to the traditional
analytical results of the considered models.
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ABSTRACT
The purpose of the research is to counteract the negative impact of electromagnetic waves on the human
body by using knitted textile barriers. Four variants of knitted fabrics with plain weft stitches were
designed and manufactured from electrically conductive yarns with resistance of 490 ohms. The variants
of the knitted fabrics differed significantly in structural parameters, including loop density – varying
from 15 to 0.9 thousand loops and fabric cover from 64 to 33%. The barrier properties against reflected
waves at frequencies from 2 to 7 GHz ranged from 10 to 64 dB. It has been proven that shielding
effectiveness SE depends on stitch geometry and structural parameters of the knitted fabric. It is a good
starting point for further research on the optimization of the performance of knitted barriers against
electromagnetic waves
KEYWORDS
Electromagnetic field EMF, knitted electromagnetic wave shields, shielding measurements and
shielding effectiveness SE.
INTRODUCTION
Electromagnetic field is a natural phenomenon which people constantly experience in everyday life
conditions. With the development of technology, apart from natural sources of radiation, new manmade artificial sources tend to appear, including X-ray generators, nuclear reactors, electrical devices,
radio and telecommunication systems, and power installations [1,2]. Electromagnetic radiation can be
divided into high-frequency ionizing radiation and non-ionizing radiation with relatively low wave
energy. Over years medical research has emphasized negative impact of electromagnetic field on the
human body [3]. Particular anxiety is caused by radiation from mobile telephony due to the application
of new technologies based on higher frequencies, including 5G and 6G networks [4,5]. Speculations
arise that electromagnetic waves used in telecommunications increase the risk of neoplastic diseases of
the brain, head and neck area [6] and have a negative impact on fertility in both men and women [7–9].
It has been proven that radiation may disturb the speed of biochemical processes in cells of living
organisms [10]. The International Agency for Research on Cancer (IARC) has developed a classification
of carcinogenic agents and substances, which shows that radiation emitted by cellular telephony belongs
to potentially dangerous factors. Various methods of attenuating electromagnetic fields are used to
reduce the exposure, including shielding, which is the most common method of radiation protection.
The briefly signaled evidence concerning negative impact of electromagnetic waves on the human body,
inspired the authors to undertake research on the technology of knitted elastic electromagnetic shields
which can be applied in clothing for people requiring special care, including newborns and children,
pregnant women and seniors. The principal scientific goal of the presented research was to analyze the
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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influence of structural and electrical properties of shielding fabrics on their effectiveness of
electromagnetic wave attenuation.
MATERIALS AND METHODS
For research purposes, four variants of knitted fabrics with plain weft stitches were made from
electrically conductive yarns. The yarn used was a multi-filament silver-plated thread from Shieldex
company with a linear density of 150 dtex (Fig. 1a). Linear resistance of the thread over the length of
100 cm equalled 490 Ω. The produced knitted fabrics differed in structural parameters, including course
and wale density, surface density, thickness, thread length in the loop, run-in ratio, linear, surface and
volume fabric cover. Using the original Textil-Studio measuring system, surface porosity of the knitted
fabric was measured with optoelectronic method, consisting in digital comparative analysis of the
knitted fabric binary images and its actual view, using hysteresis function of the background pixels and
knitting threads. The measured parameters of the knitted fabrics are summarized in Table 1, while
Figures 1b and c present photographs of knitted fabrics differing in loop density. The four analysed
variants of the knitted fabrics were produced on weft-knitting machines, variants 1 and 2 on a circular
weft-knitting machine with needle gauge E14, and variants 3 and 4 on a flat
machine with needle gauge E12. No difficulties were encountered while processing the metallized thread
during the manufacturing process.

a

Thread diameter D = 0.23mm

c

b

Figure 1. a –microscopic image of SHIELDEX thread, 150dtex b i c –fabric images variants 1 and 4, fabric
face.

The produced knitted fabrics differ significantly in structural parameters- the first two variants are
characterized by high loop density ranging from 15.6 thousand up to 11.7 thousand, surface density
from 84.3 to 67.5 g/m2 and fabric cover ranging from 64.3 to 59.6%. The structures of stitches in variants
3 and 4 are much "looser" and their loop density varies from 5.0 thousand. up to 0.93 thousand loops.
Surface density is also lower- 47.5 and 15.5 g/m2 and fabric cover equals 41.4 and 29.2%. It can be
briefly concluded that the first two variants of knitted fabrics are characterized by quite "normal"
properties typical for fabrics used in the clothing industry, while variants 3 and 4 are a-jour structures,
also known as openwork fabrics.
Table 1a. Performance parameters of barrier knitted fabrics.
Loop
Fabric
Course
Wale
Loop shape
density
variant density, Pr density Pk,
factor, C
Prk,
course/10cm wales/10cm loops/1dm2
151
103
15553
0.72
1
129
91
11739
0.73
2
3
4

74
32

68
29

5032
928

0.92
0.91
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Fabric
thickness
g
mm
0.45
0.40

Thread
length in
the loop, lr
mm
3.08
3.78

Wale
take-up
Wk
3.18
3.44

0.38
0.28

5.03
11.14

3.42
3.23
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Table 1b. Performance parameters of barrier knitted fabrics.
Course Surface
Surface
Fabric
Linear cover
take-up density
cover factor
variant
factor Zl
Wr
Mp
Zp
g/m2
loops/1dm2
151
103
15553
0.72
1
129
91
11739
0.73
2
74
68
5032
0.92
3
32
29
928
0.91
4
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Volume cover
factor Zo

Surface
porosity

Surface
resistance

0.45
0.40
0.38
0.28

%
3.08
3.78
5.03
11.14

Ω
3.18
3.44
3.42
3.23

In order to test barrier properties of the knitted fabrics, a measuring system was used, consisting of
Rohde & Schwarz analyzer and basic TE 10 waveguide modes. In such type of waveguides the electric
field is parallel to the shorter side and energy propagates along the shortest possible path (Fig. 2). The
two-port vector circuit analyzer allows the measurements of vector networks with frequency ranging
from 10 MHz to 14 GHz. The signal source is placed on one side of the device and the power meter is
installed on the other.

Figure 2a. Analyzer of electromagnetic
waves attenuation.

Figure 2b. Placing the sample in
the measuring head.

Figure 2c. Waveguide 4 –
7GHz.

Two types of waveguides were used for the measurements, the first one with border frequencies from 2
to 4 GHz and the other from 4 to 7 GHz. For each variant of the knitted fabric, measurements were made
in both frequency ranges, along the wales and courses.
The basic parameter describing shielding properties of a given material is its shielding efficiency (SE).
It is attenuation indicator of electromagnetic field at a given point in space, which is caused by
introducing a shielding material between that point and the source of electromagnetic field. For the
tested knitted fabrics shielding efficiency was expressed in decibels (dB). This unit is mainly used in
radio engineering and telecommunications.
RESULTS AND DISCUSSION
Significant differences can be noticed in the measurements results of barrier properties of the tested
knitted fabrics, depending on their structural parameters, what showed the Figures 3, 4, 5 and 6.
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Figure 3. Attenuation along courses, frequency
range 2–4 GHz.

Figure 4. Attenuation along courses, frequency
range 4 –7 GHz.

Figure 5. Attenuation along wales, frequency
range 2–4 GHz.

Figure 6. Attenuation along wales, frequency
range 4–7 GHz.

The conducted attenuation measurements showed that in the whole range of tested frequencies, the
selected variants of shielding fabrics are characterized by good attenuation properties. It was observed
that the shielding effectiveness decreased slightly with the increasing wave frequency, which was
especially apparent for high frequencies. These attenuation properties were also affected by the fabric
direction in relation to the waveguides.
In case of measurements taken in full frequency range from 2 to 7 GHz, the best shielding properties
were demonstrated by variants 1 and 2 (full cover) for which the SE indicator takes average values from
68 to 36 dB for electromagnetic wave attenuation along the courses, and from X to Y for attenuation
along the wales. For a-jour fabrics (openwork structures), variants 3 and 4 the attenuation properties are
much worse and in the direction of the courses SE equals from 50 to 11DB, while in the direction along
the wales it is from 54 to 18DB. An interesting case which is worth a more thorough analysis is variant
3, which demonstrates good shielding effectiveness for high frequencies from 4 to 7GHz. These results
are within the SE limits for knitted fabrics with high cover factor- variants 1 and 2. It can be explained
by specific loop geometry, where the coefficient C = 0.92.
CONCLUSION
Based on the conducted research, it was found that:



Variants with high loop density resulting in higher cover factor are characterised by about 44%
better shielding efficiency against electromagnetic waves,
The arrangement of courses and wales in relation to the radiation source has a significant impact
on shielding effectiveness. Better shielding properties were observed for knitted fabrics
arranged so that the direction of the courses was parallel to the shorter side of the waveguide,
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Generally, all the produced and tested knitted fabrics with plain stitches made of threads
characterized by high electrical conductivity demonstrated good screening properties, and for
low frequencies within 2 - 4GHz SE rates are very good (71 - 58db),
-The obtained research results are quite promising and can be a good starting point for further
design and modelling projects concerning optimization of barrier properties of knitted fabrics
applied in protective clothing for people with special needs.
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ABSTRACT
For people with visual impairments, daily activities such as mobility, communication, shopping or
clothing may refer to a challenge or a process that cannot be managed independently. The whole process
of clothing, which covers all phases from shopping to using and combining the purchased garments may
cause many difficulties for those with moderate and complete blindness. The main difficulties
encountered in this process are determined as recognizing the color, pattern, design details, price,
instructions for use of the garment without any help, and not being able to match the clothes
independently in daily life. As a solution, technological innovations have provided positive
contributions in terms of assistive technologies (often abbreviated as AT). In this study, based on the
user-centered design approach, and considering the possible innovations that can be integrated in the
ATs, a smart glove concept was created. Under the Smart Glove Concept, a bidirectional user scenario
was constructed and a smart glove was conceptually developed for people with visual impairments.
KEYWORDS
Assistive Technology, Visual Impairment, Wearable Technology, Clothing and Design, User Scenario.
INTRODUCTION
For individuals with moderate to total blindness, daily activities such as mobility, communication,
education, clothing and shopping may be challenging. In particular, for the clothing area individuals
have many difficulties starting from the shopping process to the use and maintenance phase of the
product purchased, and sometimes they need an outside view and help. According to a survey by SullerZor and Vuruskan (2019), the problems generally encountered in shopping and clothing, such as not
being able to read price and product information or inability to determine the color harmony of clothes,
were highlighted by the majority of participants [1]. Such results demonstrate the necessity for a more
sophisticated assistive technology for visually impaired people throughout apparel shopping. Constant
technological improvement in terms of devices, applications or production systems has changed the
nature of interaction amongst people and with environment. These improvements have positive
outcomes for Assistive Technologies (often abbreviated as AT), which are items, equipment, software
or product system used to improve the functional capabilities of individuals with disabilities.
In terms of AT, some projects and applications have been developed that could enable independent
shopping, recognition of objects and identification of colors. BlindShopping is one of them that was
developed as a research project to assist shopping by using entirely off-the-shelf technology. The
application processes the RFID data received via Bluetooth, products are recognized by pointing a QR
code reader, and results are transmitted as the verbal navigation commands [2]. SightPlus by Give
Vision Company is a portable wearable headset for people with low vision that is suitable for stationary
activities. Users can magnify objects, see faces clearly, watch TV with comfort and can read text [3].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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LCW Sense by LCW clothing company was one of the commercial examples which can be freedownloaded from Appstore or Google PlayStore to mobile phones as an application. The application
promises users the freedom to shop alone and provides information of the LCW products. It identified
clothes by scanning the product barcode [4]. Assistive Clothing Pattern Recognition System, is a
research project output composed of a camera, microphone, computer, and Bluetooth earpiece. This
camera-based prototype system can recognize clothing patterns in four categories (plaid, striped,
patternless, and irregular) and identify 11 colors [5]. According to our review of ATs, it was observed
that the examples are mostly related with navigation and object identification functions, while AT
research and commercial examples on clothing field are rather limited, some of which are mentioned
above. Additionally, existing mobile applications may remain restricted, and product prototypes may
not be ergonomically suitable for the user. In this respect, we believe that there is a gap for wearable
assistive technologies that are user-oriented, have a user-friendly interface, satisfy the user aesthetically,
and provide comfort to the user. Within this context, considering the mentioned challenges confronted
by visually impaired people in the clothing field, and the capabilities that could be provided with
technological improvements, this research aims to develop a concept for a “Smart Glove” through “twoway user scenario”.
MATERIALS AND METHODS
Considering the obstacles faced by the people with visual impairment, in terms of clothing, it is noticed
that “clothing” is not just clothing one’s body, but it is a rather long process starting with going to a
store, choosing a product (identifying its color, model, pattern etc.), combining garments, purchasing,
and up to caring/ washing the product according to the given instructions. All of these can be configured
as user scenarios. In order to create these scenarios for our Smart Glove Concept, this study adopted
user-centered design approach, which refers to a multidisciplinary approach based on understanding of
user, task required, iteration of design and evaluation [6]. The bidirectional user scenario in this paper
shows how users can act to achieve the goal of the smart glove, and provides understanding for the
user’s needs, barriers [7] and interaction with the smart glove in their daily life, specifically for the
clothing process. The first scenario refers to in home usage (Fig. 1) and the second scenario refers to the
processes throughout shopping (Fig. 2). For building up the user scenarios, initially, a user persona,
which represents the participants and their expectations [8] from the smart glove, was created based on
one of the participants’ anonym information in the survey conducted by Suller-Zor and Vuruskan (2019)
[1]. The name of the user persona of this study is defined as Denise who is 40 years old and has a
bachelor degree. She works as a teacher. She gives importance to the design and aesthetic notion in her
appearance in terms of social communication. She is nearly blind, and the most problematic point in
home usage is not being able to perceive the colors of the garments and not being sure when combining
them. In addition, she cannot trust salesperson every time, and desires to shop independently. In this
study, based on the scenarios created for Denise, smart glove concept is developed. Possible hardware
and software requirements are also investigated in order to improve comfort by minimizing the glove
dimensions.
RESULTS
User Scenarios: In the first scenario (Fig. 1), when Denise is ready for dressing up, she puts on the
glove, and picks up a top/ bottom piece from her wardrobe, lays it onto a flat surface, and switches up
glove’s camera via audio path “open the camera”. She keeps the glove at a determined distance, so the
camera on the glove takes the picture of the garment by automatically separating from the background;
similar to capture a QR code. Subsequently, the image of the garment is processed, and the garment is
defined with its main category (e.g. top– shirt/ blouse or bottom– pants/ skirt etc.), and sub categories
(e.g. its silhouette, color, pattern etc.) by matching with the pre-defined dataset. If she wants to continue
with the combination suggestions, she can optionally follow one of the two directions (Fig. 1). She can
pick a piece from bottoms now if the previously defined piece is from top or vice versa. Again she takes
the picture of the garment via glove. The Smart Glove matches the top and bottom pieces’ with their
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pre-defined codes in the system and finds this new code among the dataset of style combinations.
Afterwards, the system gives feedback for a suitable occasion for this combination. On the other
direction, she can demand a possible match with initially defined garment for her selected occasion. The
system can offer predefined general top 5 combination suggestions according to the selected garment
category from the dataset in the Smart Glove.

Figure 1. User scenario1: in home usage.

As another option, the Smart Glove can offer combinations by matching the garments in her own
wardrobe. For instance, Denise selects a blouse from her wardrobe, and she asks with which trousers
she can combine that blouse for an office wear. This time, the system offers combination suggestions
specifically from her own wardrobe. In the second -in shopping- scenario (Fig. 2), Denise goes to a store
for shopping, and she lays a garment onto a table in the store. She switches on the glove’s camera and
follows the same steps as in the scenario 1 to identify the garment. After the glove recognizes the
garment, she can ask for combination suggestions through similar procedures.

Figure 2. User scenario2: in shopping.

Smart Glove Concept: The initial working principle of the Smart Glove is based on image processing
and object recognition in order to inform the user about the garment by taking its photo with the nano
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camera on the glove. Therefore, first step of constructing the smart system of the glove is creating the
database comprising (pre-defining) the main clothing categories (i.e. basic clothing categories: blouse,
shirt, trousers, skirt etc.), silhouette (e.g. neck type, leg type, skirt type, fit etc.), colors and pattern
definitions (e.g. plain, floral, leopard etc.). When creating the dataset, each category refers to a code, so
that a garment can be identified via its code. Also, some main occasions such as casual, office wear,
evening wear etc. are determined for styling suggestions. At this point, combination suggestions are
prepared by experts such as stylists. Also, through using deep learning algorithms, the smart system can
learn the taste of the user and can provide style recommendations in the shopping process. On the other
hand, the main components of the system consists of the glove itself, camera, processor, feedback unit
and battery, and a mobile application interface is used to give feedback to the user. The first component,
the glove itself, should provide ergonomic comfort, so it can be produced with seamless knitting
technology in such a way that fingertips are free. Yarns like Coolmax® Fresh FX, which breathes and
provides moisture control can be used as material. Considering the care of the technological materials
to be used, including the glove, and for maximum data acquisition, the materials should be selected
properly and correctly positioned on the glove. Finally, the dimensions of the hardware components of
the glove can be minimized as much as possible. In this concept, a nano camera which replaces the
curved lenses in a regular camera with a metasurface technology [9] is used to capture the photo of a
garment. The other component, processor is chosen as nano scale being inspired from IBM’s invention
[10]. In addition, one of the most space-consuming components in AT and wearable technologies is
battery, so in order to minimize the dimensions and provide flexibility of movement to user, stretchy
and washable battery is used [11].
CONCLUSION
In this research, in order to develop the concept of the Smart Glove, assistive technology examples in
terms of shopping and garment identification were analyzed. Subsequently, user scenarios were
designed by creating a persona. In order to realize the actions in the user scenarios, recent technological
innovations were investigated to be integrated in the Smart Glove. Those innovations such as nano
camera, nano processor and stretchy and washable battery can minimize the scale of technical materials
of the smart glove, abate its weight, provide flexibility and give an aesthetic look. In further work, the
Smart Glove concept will be realized as a working prototype, so it can lead to positive outcomes for
visually impaired people in social responsibility manner.
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ABSTRACT
Skin protects human body from negative external influences; however, it has property to be injured.
There are a lot of different types of medical dressings, nevertheless, electrospun materials for medical
applications are on demand due to nonwoven materials properties, such as large surface area, specific
porosity, polymers suitability. Natural polymers for wound dressings are highly investigated not only
for their antimicrobial and anti-inflammatory properties, but for electrospinning feasibility as well. The
aim of this research is to develop bioactive polymer/gelatin coating from animal waste and investigate
its feasibility for medical dressing. Polyvinyl butyral (PVB) and polyvinylpyrrolidone (PVP) as
polymers were chosen due to their adhesive properties, solubility in various solvents and
biocompatibility. Gelatin as bioactive polymer was chosen due to its anti-inflammatory properties.
Natural Symphytum officinale (SO) extract in compositions was used. Electrospun polymeric
nano/microfibers were coated with gelatin compositions. Nano/microfibers diameters and gelatin
compositions droplets sizes were evaluated. It was determined that composition modification with SO
has influence on used polymers nano/microfibers diameter. Plant extract addition to polymer solution
induces thinner nano/microfibers. Consequently, it was ascertained that gelatin and SO composition
forms high quality droplets both on PVB/SO and PVP/SO nanofibers surface.
KEYWORDS
Electrospinning, nano/microfibers, polyvinyl butyral, polyvinylpyrrolidone, gelatin, Symphytum
officinale.
INTRODUCTION
The skin as the largest human organ protects internal organs and tissues from physical, chemical, and/or
biological influences. However, skin has property to be injured, therefore fast regeneration of skin
tissues and restoring security barrier is obligatory [1]. Nonetheless, wound healing is a very complex
process when unsuccessful treatment may have objectionable consequences on human life. To facilitate
and accelerate wound healing different types of medical dressing are used. Bioactive dressings are made
from natural or artificial biomaterials (collagen and/or alginate) and ensure biocompatibility and nontoxicity. Bioactive dressings (collagen) initiate the synthesis of fibroblasts and accelerate endothelial
migration, what determines more rapid wound healing [2].
A lot of miscellaneous types of medical dressings are used – films, hydrogels, foams, hydrocolloids,
nanoparticles, etc. Tissue engineers still pay high attention to natural intercellular matrix investigation
and imitation creation to produce medical dressings. Therefore, electric spinning as one of leading
technologies is highly on demand due to feasibility to form a nonwoven fabric from polymer solution.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Nonwoven fabric can absorb extensive amount of wound secreted exudate and protect wound from
dehydration as well due to large specific surface area. High porosity surface ensures air and moisture
permeability and protects wound from microorganisms. Furthermore, the feasibility to use different
combinations of polymers solutions is one of the main advantages of this method [3].
Natural polymers extracted from plants, animals or microorganisms are desirable for the electric
spinning process due to their practical application, durability, chemical and physical stability and low
antigenicity. Collagen, gelatin, and/or hyaluronic acid have antimicrobial and anti-inflammatory
properties, therefore are particularly valued in the medical industry [4].
The aim of this research is to develop bioactive polymer/gelatin coatings from animal waste and
investigate its feasibility for medical dressings.
MATERIALS AND METHODS
Polyvinyl butyral (PVB), Mowital B60T from Kuraray, and polyvinylpyrrolidone (PVP),
Mw=1300 000 LS purchased from Sigma Aldrich, Germany, as carrier polymers for electrospinning
were used. The gelatin (GEL) with the high concentration of collage of type I-III (collagen protein
content 71.5%) obtained from the anatomical parts of organically reared bulls was obtained from MB
Kulagenas. Comfrey (Symphytum officinale or S. officinale, SO) root extract in ethanol (C=10%) was
prepared by Lithuanian Research Centre for Agriculture and Forestry and uses as bioactive additive in
polymer compositions.
Polymer solutions were prepared by dissolution of polymers in ethanol (96.6%) by constant stirring
(PVP – 3 h, PVB – 24 h) with magnetic stirrer to obtain homogeneous solutions. PVB and PVP
compositions used are listed in Table 1.
Table 1. Polymer compositions.

PVB,
%

PVP,
%

GEL,
%

10
10

PVB
PVB/SO
GEL
GEL/SO
PVP
PVP/SO

SO,
%
2

20
20

10
10

ETHANOL,

2
1

%

DISTILLED
WATER, %

90
88
48
47
90
89

32
31

Electrospun micro/nanofiber mats were formed using electrospinning machine „NanospiderTM“
(Elmarco, Check Republic) equipped with rotating spinneret (distance between electrodes 130 mm) at
ambient conditions. The operating voltage was 35–45 kV and 40–50 kV for PVB and PVP, respectively
(Table 2).
Table 2. Electrospinning (electrospraying) settings.

PVB(35)
PVB(45)
PVB/SO(35)
PVB/SO(45)

VOLTAGE,
KV

SPINNING
TIME, MIN

35
45
35
45

4
4
4
4

PVP(40)
PVP(50)
PVP/SO(40)
PVP/SO(50)

VOLTAGE,
KV

SPINNING
TIME, MIN

40
50
40
50

3
3
3
3

GEL and GEL/SO solutions (C=20%) were heated to 30-35 °C before electrospinning on electrospun
PVB and PVP mats at 55 kV voltage for 10 min.
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The structure of micro/nanofibers were analysed by scanning electron microscope S-3400N (SEM). The
diameters of 100 micro/nanofibers were calculated using Nis-Elements D 4.50.00 (Nikon) from SEM
images.
RESULTS AND DISCUSSION
SEM images and diameter distribution histograms of electrospun PVB, PVB/SO PVP, PVP/SO mats
are presented in figure 1. As can be seen, diameter of PVB and PVB/SO micro/nanofibers increase as
operating voltage increases (diameter range of 131 nm – 915 nm at 35 kV and 279 nm – 1757 nm at
45 kV). The addition of S. officinale extract slightly reduces PVB/SO micro/ nanofibers diameter (to the
range of 292–856 nm at 35 kV and 406–1091 nm at 45 kV). PVP micro/nanofibers diameter is almost
independent on voltage (282–1216 nm at 40 kV, 263–1187 nm at 50 kV). S. officinale extract also
decreases diameter of PVP/SO micro/nanofibers leading to larger number of micro/nanofibers with tiny
diameter.
(a)

(b)
60

Relative frequency, %

PVB(35)

50

PVB(45)
PVB/SO(35)

40

PVB/SO(45)
PVP(40)
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PVP/SO(50)

10
0
0-200
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600-800
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1000-1200
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1400-1600

1600-1800

Nano/microfibers diameter, nm

Figure 1. Polymer composition and operating voltage influence on micro/nanofibers diameter distribution:
a – SEM images, b – histograms.

In this study attempts were also made to obtain a gelatin mat by electrospinning. However, gelatin
exhibits poor electrospinnability due to hydrogen bonding [5]. Therefore, it was not possible to obtain
nanofibers from gelatin solution. Nevertheless, during electrospinning gelatin spraying process take
place and droplets were formed on PVB and PVP micro/nanofiber mats (Fig. 2). As in the case of PVB
and PVP micro/nanofibers, the droplets size of gelatin also depends on operating voltage – increase of
voltage value results on the increase of droplets main diameter.
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Figure 2. Composition and electrospinning voltage influence on gelatin droplets quality (SEM pictures).

From Fig. 2 is evident, addition of S. officinale extract into both polymer and gelatin compositions
increase droplets density on the PVB/SO and PVP/SO micro/nanofibers.
CONCLUSION
Addition of bioactive Symphytum officinale extract to PVB and PVP compositions lead to the formation
higher number of micro/nanofibers with smaller diameter.
Due to poor electrospinnability of gelatin only gelatin droplets were sprayed on PVB and PVP
micro/nanofibers mats. The density of gelatin droplets formation can be increased by the addition of
bioactive Symphytum officinale extract.
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ABSTRACT
Hydrophobic and conductive cotton (CO) fabric was prepared by coating with silver nanowires
(AgNWs) and mixture of two silanes: 3-aminopropyltriethoxysilane (APTES) and
diethoxydimethylsilane (DEDMS). New functionalization method was developed in which the silanes
mixture was applied to the previously deposited AgNWs layer. The AgNWs/silanes modified fabric
showed hydrophobic properties. The water contact angle was 130 ± 1deg. The surface free energy was
approximately 16 ± 1 mJ/m2, while for unmodified fabric it was 42 ± 1 mJ/m2. Unmodified fabric was
nonconductive, the electrical surface (Rs) and volume (Rv) resistances was 3.9  1011 ± 3.4  1010 Ω and
2.2  1010 ± 1.7  109 Ω, respectively. After AgNWs/silanes modification it decreased to 7.5  102 ± 3.6
 101 Ω and 7.0  102 ± 1.0  101 Ω, respectively. Hydrophobic and conductive cotton fabric has the
potential to use in new specific purposes.
KEYWORDS
Cotton fabric, silver nanowires, silanes, hydrophobic, surface free energy, conductivity.
INTRODUCTION
Recently, textile structures combined with nanoscale materials have attracted much attention for their
use in wearable electronics, power storage or biomonitoring, etc. Silver nanoparticles, including
nanowires (AgNWs), are one of the most commonly used nanomaterials due to their excellent
conductive properties [1]. Thanks to the conductive properties, it is possible to create conductive paths
between elements in textronic products and to protect electronic components against electrostatic
discharge (ESD). The silica functionalized coating consisting of mixture of 3aminopropyltriethoxysilane (APTES) and diethoxydimethylsilane (DEDMS) allows to obtain cotton
(CO) fabric a hydrophobic properties [2]. Fabrication of highly hydrophobic surface on CO fabric is an
object of research interest, due to the benefits of this functionalization, e.g. self-cleaning, stain removal,
antibacterial, antifungal or anticorrosion, etc. [3].
The aim of the studies was to develope hydrophobic and conductive cotton fabric, using AgNWs and
two silanes 3-aminopropyltriethoxysilane (APTES) and diethoxydimethylsilane (DEDMS).
The combination of functional properties of both silanes and AgNWs causes, that cotton fabric can be
used in many areas, e.g. to monitor life functions, special clothing, technical solutions, etc.

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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MATERIALS AND METHODS
Materials: 100% CO woven fabric with a plain-weave and mass per unit area of 108 g/m2 was studied.
Synthesis of silver nanowires (AgNWs) colloid. The AgNWs synthesis was described in a previous work
[2]. In brief, the synthesis was carried out in a Radleys 1l Reactor-Ready (Radleys, UK) reactor. The
polyol process was used in which silver nitrate (AgNO3, 99.9%, Sigma Aldrich, UK) was reduced with
ethylene glycol (EG, C2H6O2, Avantor, Poland) in the presence of polyvinylpyrrolidone (PVP, 55000
g/mol, Sigma Aldrich, UK). The obtained AgNWs colloid concentration was 4000 ppm, the length and
the diameter of the AgNWs was about 10 ± 2 µm and 42 ± 3 nm, respectively.
Preparation of silanes sol. Silanes sol was prepared by mixing 5.00 g of APTES (Unisil, Poland), 0.37
g of DEDMS (Sigma Aldrich, UK), and 1.31 g of 1 M HCl (Avantor, Poland). The silanes mixture was
shaken for 30 min. Next, ethyl alcohol (EtOH, C2H6O, 99.8%, Avantor, Poland) was added with the
ratio 1:2 (silanes sol: EtOH).
Polydopamine (PD) modification of cotton fabric. CO fabric was immersed in the dopamine solution
with a concentration of 2 g/L for 24 h. The dopamine solution was prepared by dissolving dopamine
hydrochloride (Sigma Aldrich, UK) in distilled water. The pH of the solution was adjusted to 8.3 by
adding tris/glicyne buffer (BIO RAD, Poland) (Figure 1). Next, all samples were rinsed with distilled
water three times and then dried for 24 h at 25 oC.

Figure 1. The scheme of the CO fabric modifications.

Preparation of AgNWs and silanes (Ag/S) functionalized CO fabric. First, CO fabric was dipped in the
AgNWs colloid for 1 min and dried at 25 oC (Figure 2). The AgNWs colloid application was repeated
5 times. Next, silanes sol was applied on fabric with AgNWs by the dip-coating method and modified
fabric was dried at 100 °C for 1 h (Figure 1). The mass per unit area for AgNWs coating is 21 g/m2 and
for silanes layer is 21 g/m2.
Characterization methods
Microscopis analysis of fabrics was performed using a scanning electron microscope (SEM) VEGA 3
(TESCAN, Czech Republic) with an EDS X-ray microanalyzer INCA Energy (Oxford Instruments
Analytical, UK) with a magnification of 10000. Three EDS spectra were recorded for each sample,
and mean values of the weight percentage of the elements were determined.
The surface properties of fabrics were studied using the goniometer PGX (Fibro System AB, Sweden).
To determine the surface free energy (γs), three standard liquids were applied: water (distilled) (γl =
72.8 mJ/m2, γld = 21.8 mJ/m2, γlp = 51.0 mJ/m2); formamide (99.5%, Sigma-Aldrich, UK) (γl = 58.0
mJ/m2, γld = 39.0 mJ/m2, γlp = 19.0 mJ/m2); n-hexane (cz.d.a., Avantor, Poland) (γl = 18.4 mJ/m2, γld =
18.4 mJ/m2, γlp = 0.0 mJ/m2). The drop of liquid with a volume of 5 µL was applied. Three repetitions
for each sample were used. The γs values were determined according to the Wu model (Eq. [1]), which
is based on the assumptions of the Owens-Wendt model [4]:
γl(1+cosθ) = 4((γldγsd)/ γld + γsd + γlpγsp/γlp + γsp) and γs = γsd + γsp

[1]

where, γsd and γsp are the dispersive and polar components of a solid, respectively, and γld and γlp are the
dispersive and polar components of a liquid, respectively.
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The electrical surface (Rs) and volume (Rv) resistance of fabrics was determined using a set of standard
electrodes and a 6206 teraohmmeter (ELTEX, Germany). The fabrics were conditioned for 24 h in the
HCZ 0030 L(M) chamber (Heraeus, Germany) at a temperature of 23.0 ± 2.0 °C and a RH of 25.0 ±
5.0% and were tested in the same conditions.
RESULTS AND DISCUSSION
SEM image shows that the surface of unmodified CO fibers (Figure 2a) is uneven, what is characteristic
for such fibers. The modification with polidopamine (PD) resulted in an increase in surface unevenness
(Figure 2b). On the CO/PD/Ag/S fibers surface (Figures 2c) AgNWs coating with a thin layer of silanes
(Ag/S) is observed.

Figure 2. SEM images of the CO fibers surface a) unmodified, b) with PD, c) with AgNWs and silanes.

EDS analysis of the unmodified CO fabric shows the presence of C and O (Table 1) which content
amounts 47 wt.% and 53 wt.%, respectively. For CO/PD/Ag/S fabric the C and O content is lower by
13% and 25%. The Ag and Si content amounts 13 wt.% and 6 wt.%, respectively.
Table 1. The mean values of the weight percentages of the elements with standard deviations for
unmodified and modified CO fabrics.
Weight percentage of elements, wt.%
Fabric

CO
CO/PD/Ag/S

C

O

Ag

Si

47 ± 1
41 ± 2

53 ± 1
40 ± 1

13 ± 1

6±1

For the unmodified CO fabric, the ΘW value is 55 deg (Figure 3a). After PD application it decreases
by 16%. It is due to the presence of active polar functional groups on the surface, such as –OH, –N=,
or –NH and the increase in surface roughness what was also observed by Liu et al. [5]. CO/PD/Ag/S
fabric is hydrophobic, the ΘW value is 130 deg.
The value of the surface free energy (γs) for the CO fabric is 42 mJ/m2 (Figure 3b). Modification with
PD resulted in increase in the γs values by 21%. For CO/PD/Ag/S fabric the γs value decreased by 62%
in relation to the unmodified fabric.
The γsd value of the CO fabric is 14 mJ/m2. For CO/PD fabric γsd value increases by 14%, because of
the increase of fibers surface roughness after the PD layer deposition [5]. For CO/PD/Ag/S the γsd value
is higher by 7% than for CO fabric, as a result of uneven Ag/S coating surface.
The value of γsp for CO fabric is 28 mJ/m2 and after PD deposition it increased by 25% as result of the
presence of polar functional groups –OH, –NH2, or –NH. For CO/PD/Ag/S fabric the γsp value is lower
by 96% than for CO fabric, because of the nonpolar Ag/S coating surface.
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Figure 3. Surface free energy (γs) of unmodified and modified cotton fabrics (γsd—dispersive component,
γsp—polar component).

Figure

4.

Electrical

surface

resistance

of

unmodified

and

modified

cotton

fabrics.

CO fabric is nonconductive and its Rs and Rv values are 3.9  1011 ± 3.4  1010 Ω (Figure 4a) and 2.2 
1010 ± 1.7  109 Ω (Figure 4b), respectively. After modification with Ag/S coating the Rs and Rv values
decreased by 9 and 8 orders of magnitude, respectively and fabric became conductive.
CONCLUSION
Cotton fabric functionalized by AgNWs and a mixture of 3-aminopropyltriethoxysilane (APTES) and
diethoxydimethylsilane (DEDMS) coating is characterized by hydrophobicity (contact angle of 130 ± 1
deg), low surface free energy (16 ± 1 mJ/m2) and conductive properties (Rs = 7.5  102 ± 3.6 x 101 Ω,
Rv = 7.0  102 ± 1.0  101 Ω). This kind of modification reveals a promising potential to prepare
hydrophobic and conductive coatings which can be used for many purposes.
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ABSTRACT
Hybrid yarns consisting of rCF and thermoplastic fibre offer a good potentials to improve mechanical
properties of carbon fibre reinforced composites due to high fiber length, homogeneous mixing and high
rCF content [1]. However, the twisting of the yarn in conventional spinning processes leads on one hand
to the damage in rCF during spinning because of its high brittleness and sensitivity to shear forces. On
the other hand, mechanical properties e.g. tensile and flexural strengths of composites decrease
significantly with the increase of twist as a result of low fibre orientation [2]. On the contrary, the yarn
strength and the stability of the spinning process are strongly dependent on the level of yarn twist. In
our previous paper [3], the development of low twist hybrid yarns (75-30 T/m) consisting of rCF and
polyamide 6 (PA6) fibre for high performance thermoplastic composites has been reported. However,
hybrid yarns with low twist levels suffer from low spinning stability and poor yarn strength, which limits
their further processablity in weaving or knitting processes. Therefore, the focus of this work is the
development of a method to reduce yarn twist but still ensuring a stable spinning process, high yarn and
composite strengths.
KEYWORDS
Recycled carbon fibre; hybrid yarn; spun fibre yarn, thermal stabilization.
MATERIALS AND METHODS
For the development of hybrid yarns, rCF with an average fibre length of 100 mm and PA 6 fibre of
80 mm is used. These fibre materials are mixed with a mass ratio of 60:40 and a continuous sliver is
produced using a carding and a draw frame machine modified for the processing of rCF. Tensile
properties of fibre materials, fineness and evenness (termed as CV1m - coefficient of variation of 1 m)
of draw frame sliver used for the development of low twist hybrid yarns are summarized in Table 1.
Further information regarding carding and drawing are provided in [1].
Investigations regarding spinning of low twist hybrid yarns based on the produced draw frame sliver are
carried out on a roving frame. In staple fiber yarns, fibres are usually held to one another in a formfitting manner by means of twisting in order to impart strength. As a rule, yarn strength usually increases
with increasing yarn twisting up to a critical twist level. Too low yarn twists cause instability in spinning
process and deliver yarn with poor strengths. As a result, further processing of yarns with too low twists
cannot be guaranteed in fabric manufacturing processes. Therefore, for a stable spinning process and for
further processing of staple fiber yarns, a minimum yarn strength is necessary, which can only be
realized with a defined yarn twist. Hence, for the development of low twist hybrid yarns with sufficient
strength and with a stable spinning process, an innovative approach based on an online thermal
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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stabilization method is followed in this work. For this purpose, besides employing a low level of twisting
in the spinning process, partial melting of PA6 fibre integrated into the yarn structure is simultaneously
carried out by means of a thermo-stabilization module. Yarn strength, unlike in the conventional process,
is formed by two factors - by bonding between rCF and partially melted PA6 fibers as well as by formfitting through twisting. As a result, spinning stability and yarn properties can be improved at low yarn
twists using this new process.
Table 1. Tensile properties of fibre materials and properties of draw frame sliver used for the development
of low twist hybrid yarn.

Fibre
Type

Properties of drawn
sliver

Tensile properties of single fibre
Fineness
(dtex)

Strength
(GPa)

rCF

0.45 ± 0.11

3.36 ± 0.63

227.50 ± 40.13

1.70 ± 0.26

PA 6

3.57 ± 0.12

0.54 ± 0.05

1.40 ± 0.03

59.70 ± 5.44

E-Module (GPa) Elongation (%)

Fineness
(ktex)

CV1m (%)

1.9

5.2

For the realization of thermally stabilized hybrid yarns, a thermo-stabilization module is designed,
developed and integrated in a spinning process. The thermo-stabilization module consisting of a short
wave infrared (IR) heating unit IRDS 250G (Optron GmbH), an electrical control unit and a Pyroview
380L compact IR camera (DIAS Infrared GmbH, Germany) is installed between drafting system and
wing crown on a roving frame (Figure 1). Using the implemented thermo-stabilization module, the
hybrid yarn can be thermally stabilized online during spinning in a defined manner via output power.
Three different levels of power such as 60, 120 and 180 Watt are used to vary the temperature for
thermo-stabilization. For measurement of the temperature at the yarn section under the IR heating unit,
the data recorded by the IR camera is evaluated using “Pyrosoft” software. Average measured
temperature for 60, 120 and 180 Watt is 150 ± 15, 180 ± 15 and 215 ± 15°C, respectively. The typical
temperature profiles for different wattage are shown in Figure 2.

Figure 1. Online thermal stabilization of hybrid yarns on the roving frame.

During the spinning of the hybrid yarns, it can be observed that the stability of the spinning process
increases with the increase of the temperature of thermo-stabilization. The tendency of yarn breakage
with the use of IR heater decreases significantly. Through different modifications of the machine and
adjustment of machine parameters, it is possible to ensure a stable spinning process at a twist level of
20 T/m. The nominal linear density of the hybrid yarns is 1000 tex (i.e. 1 g/m).
In order to characterize hybrid yarn evenness, the linear density of the hybrid yarns is determined based
on the gravimetric method. For this purpose, the weight of 1 m of the hybrid yarns is measured. Ten
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specimen are taken for each hybrid yarn variation. From the average and standard deviation of the
determined values, the coefficients of variation of 1 m (CV1m) are calculated. Tensile tests of the
developed hybrid yarns are carried out according to ISO 3341 using a tensile strength testing device
Zwick type Z 2.5 (Zwick GmbH and Co., Germany). Samples of 250 mm yarn length are used and 20
measurements are taken to get the average value for each type of hybrid yarn.

60 Watt

120 Watt

180 Watt

Figure 2. Temperature profile of hybrid yarns during online thermo-stabilization on the roving frame with
varying wattage.

RESULTS AND DISCUSSION
Typical strength elongation curves of hybrid yarns developed with the same level of twist and by varying
the temperature of thermo-stabilization are illustrated in Figure 3.

Figure 3. Strength elongation curves of hybrid yarns produced with varying wattage.

With the increase of thermo-stabilization temperature, yarn strength and Young’s modulus increases
gradually due to a partial melting of PA6 and bonding with rCF. The comparison between the yarn
structure without and with thermo-stabilization using 180 Watt is shown exemplarily in Figure 4. In
Figure 4 (right), the partial melting of PA6 can be seen. The highest average tensile strength and Young’s
modulus of 2.9 ± 1.2 cN/tex and 3.3 ± 1.1 GPa, respectively can be achieved with hybrid yarns
stabilized with 180 Watt. However, tenacity of the hybrid yarns stabilized using 60 Watt is found to be
lower than that of hybrid yarns without thermo-stabilization. This can be attributed to the unevenness in
the yarn structure caused by shrinkage of PA6 fibre. Due to low temperature (150±15°C), no melting of
PA6 takes place in this temperature range. As a result, yarn strength decreases in this temperature range.
The required yarn strength can be achieved with a thermo-stabilization starting from 120 Watt.
Elongation of hybrid yarns decreases generally with thermo-stabilization compared to that of without
thermo-stabilization. As a result of bonding between rCF and PA6, the fibre to fibre cohesion increases
and the sliding of fibres under tensile tension is impeded. Elongation at break of hybrid yarn decreases
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by 53% in case of thermo-stabilization using180 Watt compared to that of hybrid yarns without thermostabilization. The tensile properties and evenness of the developed yarns are summarized in Table 2.

Figure 4. Microscopic image of hybrid yarn without (left) and with thermo-stabilization with 180 Watt
(right).
Table 2. Tensile properties and evenness of the developed hybrid yarns.

Thermostabilization
without thermostabilization
With 60 Watt
With 120 Watt
With 180 Watt

Young’s
modulus
(GPa)

Yarn
strength
(cN/tex)

Elongation at
maximum force
(%)

Elongation
at break
(%)

CV1m (%)

1.0 ± 0.3

2.2 ± 0.8

7.6 ± 1.1

21.7 ± 4.1

5.6

1.3 ± 0.5
1.8 ± 0.8
3.3 ± 1.1

1.5 ± 0.6
2.0 ± 0.9
2.9 ± 1.2

4.5 ± 2.3
3.9 ± 2.4
2.0 ± 1.2

17.2 ± 6.3
14.2 ± 6.8
10.2 ± 6.2

5.0
3.4
3.8

CONCLUSION
In this work, a new method of manufacturing of low twist hybrid yarns consisting of rCF and PA6 by
integration of a thermo-stabilization module on a roving frame is presented. With this method, it is
possible to carry out online thermo-stabilization of hybrid yarns and to improve yarn strength
significantly. As a result, a stable spin process at low twist levels can be guaranteed. By variation of
temperature in thermo-stabilization process, it is possible to produce hybrid yarns with scalable
modulus, strength and elongation properties. Hence, tensile and draping behaviour of the semi-finished
products based on these hybrid yarns can be adjusted to a wide range. Further advantages of thermosstabilized hybrid yarns are low hairiness and low risk of dust formation during textile processing. It is
expected that the process chain developed for production of thermally stabilized hybrid yarns from rCF
can thus contribute to the broad adoption of recycled based fibre based composites on the market and
will make a very high contribution to environmental protection and sustainability.
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ABSTRACT
In this study 100% cotton 29.5 tex yarn was used to develop hybrid knitted structures with a combination
of knit, tuck and miss stitches. A single jersey circular weft machine (FUKUHARA, Japan, 1992) with
diameter 30 inches and gauge 20E was used to develop the samples. The samples were scoured,
bleached, dyed, and treated with softener. The physical properties of the samples, e.g. area density,
thickness, and wale and course density were determined according to the standard test methods. It was
concluded from the analysis of results that fabric area density and thickness were found to depend on
the percentage of different stitches in the fabric structure.
KEYWORDS
Weft knitting, cotton, tuck, miss, single jersey, physical properties.
INTRODUCTION
Row after row of intermeshed stitches is knitted together to form knitted structures. The
interconnectedness of each stitch to its neighbours on either side and above and below it determines the
features of a knitted construction. Knitted fabrics have distinct properties, because they are made by
different machines under different conditions to generate different types of cloth [1].
Salvia Rahman and Shamima Akter Smriti [2] studied the effect of stitch length on area density of
knitted fabrics and found that tuck stitches have been found to have an effect on fabric area density. It
was clear from the observations that the area density of all fabrics increased as the stitch length
decreased. Tuck stitches were discovered to improve air permeability, area density, width extensibility,
and length-wise shrinking in a given construction. The tuck stitch also provides moderate drape,
thickness, and reduces stretchability in terms of length. The drape ability, width-wise extensibility,
fabric weight, length-wise shrinkage, thickness, and the density of the area are all affected by the miss
stitch. It has less width-wise extensibility and recovery than single jersey and single pique. High bending
rigidity, bulkiness, and a smoother fabric surface are all advantages of the miss stitch. The air
permeability, the area density, and the thickness of the fabric are not affected by the knit stitch.
Renu Sing and Dr. Ritu Pandey [3] showed in their study that the low stitch density indicates the low
covering power. It has a higher fabric weight, but a lower abrasion resistance, wicking ability, and
moisture content, indicating that cloth with this stitch is less durable and comfortable to wear in hot
weather. The results showed that plain knit stitch fabrics have a higher abrasion resistance and crimp
percent. The cloth will be sturdy and resistant as a result of these features. The tendency to produce
fewer pills will improve the aesthetic properties of the tuck fabric. The tuck stitch was the most beautiful
and decorative stitch, according to visual examination.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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The aim of this research work is to study the effect of the percentage of knit stitches on the physical
properties of weft knitted fabrics.
MATERIALS AND METHODS
100 % cotton yarn 29.5 tex was used to develop seven hybrid knitted structures to study the effect of
percentage of knit stitches on the fabric physical properties. Circular weft knitting single jersey machine
(FUKUHARA, Japan, 1992 FXC-3S) with 4 tracks, diameter 30 inch, 20E gauge, 90 feeders and 1884
needles was used to develop hybrid knitted samples. The details of the samples with physical appearance
are given in Table 1.
After development, all specimens were conditioned according to Standard ASTM D 1776. Area density
of all specimens was calculated according to Standard ASTM D 3776 and the densities of the courses
and wales were calculated by following Standard ASTM D 8007. Standard ASTM D-1777 was used to
determine the fabric thickness.
Table 1. Parameters of developed weft knitted samples.
Sample code
Design
Knit stitch
Tuck stitch
name
ratio (%)
ratio (%)

Miss stitch
ratio (%)

K100T0M0

Single
Jersey

100

0

0

K75T25M0

Single
Pique

75

25

0

K66.6T33.3M0

Double
Pique

66.6

33.3

0

K50T50M0

Polo
Pique

50

50

0

K75T0M25

Weft
Lock knit

75

0

25

K66.6T0M33.3

Double
Miss

66.6

0

33.3

K50T0M50

Bird eye

50

0

50

Notes: K – knit stitch; T – tuck stitch; M – miss stitch
100, 75, 66.6, 33.3, 25, 0 denotes the percentage of different stitches in the structure.
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RESULTS AND DISCUSSION
Physical properties of all knitted specimens were calculated after finishing of the fabric. A summary of
the physical properties of the fabric, and statistical analysis are given in Table 2.
Table 2. Results of developed weft knitted samples.

Sample Sample code
No.
K100T0M0
1
K75T25M0
2
K66.6T33.3M0
3
K50T50M0
4
K75T0M25
5
K66.6T0M33.3
6
K50T0M50
7

Wale,
cm-1
31
22
22
27
26
27
33

Courses,
cm-1
55
39
36
38
38
36
41

Stitch
density, cm2
1705
858
792
1026
988
972
1353

Area density,
g/m2
214.0
232.5
208.1
241.7
203.8
208.0
172.3

Thickness,
mm
0.63
0.81
0.96
0.96
0.64
0.84
0.93

Figure 1 showed that with the change in stitch type the thickness also changed. Single jersey showed
the lowest thickness due to single thread interlooping. It was concluded that with the increase in missstitch percentage the thickness is also increasing due to crossing of miss behind the stitch legs. Tuck
stitches are passing of two needle loops together from old stitch. Due to overlapping of heads of stitches,
it shows the highest thickness. The thickness of sample K66.6T33.3M0 and K50T50M0 is equal due to
the fact that 2 tuck stitches pass together and overlap needle loops.
1,50

Thickness (mm)

1,00

0,63

0,81

0,96

0,96
0,64

0,84

0,93

0,50
0,00

Sample code

Figure 1. Thickness of the developed hybrid knitted fabrics.

In Figure 2, area density depended on the type of stitches used in the fabric structure. Area density of
fabric was dependent on tightness factor of fabrics. In the fabric, yarn consumption per unit area was
minimum due to miss without attaining stitch shape. During formation of the tuck stitch, the needle pulls
the previous stitch more to pass two stitch heads together. This mechanism increases the weight of fabric
due to accumulation of yarn at tucking places.
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208,0

172,3

100
0

Sample Code

Figure 2. Area density of the hybrid knitted fabrics developed.

CONCLUSION
It was concluded that the physical parameters of knitted fabrics changed with the change in percentage
of stitch type used for development of hybrid knitted fabrics. From the results it was found that thickness
increases with increase in miss stitch percentage. Effect of percentage of knit stitches changes the area
density.
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ABSTRACT
As more and more attention is paid to the thermal comfort of clothing, academic research on the heat
transfer properties of textile materials is becoming more and more important. In recent years, the
application of simulation software to analyze the heat transfer properties of fabrics has become a
research hotspot. In this paper, the ANSYS workbench simulation software is used to simulate the heat
transfer property of a kind of sandwich fabric. The results obtained by establishing different models
show that the application of single-layer fabric with different thermal resistances in the sandwich fabric
will lead to greatly different thermal resistances of sandwich fabric; the same material has different
thicknesses, and its thermal resistance will increase with the thickness; the same single-layer fabric with
different combination positions will cause the thermal resistance of the sandwich fabric to change. At
the same time, the software simulation values are compared with the actual measured values. It can be
found that the two sets of data have the same trend, but the data of the former is significantly higher than
the latter. The reason is that the model's porosity is much smaller than the actual sample.
KEYWORDS
Sandwich fabrics, heat transfer property, thermal resistance, ANSYS workbench, Alambeta.
INTRODUCTION
With the improvement of living standards, people begin to pay attention to the comfort of clothing,
among which the thermal comfort of fabrics has an important impact on the wearing comfort of fabrics
[1]. Traditionally, textile design and its basic performance analysis are mainly optimized through a large
number of experiments. The disadvantage of this method is that the process is complicated, the cycle is
long, and the process cannot be controlled. Based on the continuous progress and development of
numerical simulation research, the application of relevant software to simulate and analyze the heat
transfer performance of fabrics has become a research hotspot in today's textile field. In addition, this is
also one of the important research methods to save resources, reduce production costs and realize
intelligent products [2]. This paper uses the simulation software ANSYS workbench to simulate and
analyze the heat transfer performance of a kind of sandwich fabric, which will be a material for winter
clothes and has an anti-electromagnetic radiation function. The simulation software was used to explore
the influence of different fabric thicknesses, different fabric materials, and different fabrics position
changes on the heat transfer performance.

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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MATERIALS AND METHODS
Material of sandwich fabrics
From Table 1 presents the basic information of the sandwich fabrics. It has different layers, including
anti-electromagnetic inference layer (Meftex10 [3]), insulation layer (Nonwoven1 and Nonwoven2),
surface layer and lining layer (Woven1 and Woven2).
Table 1. Basic information of single-layer fabrics.
Name

Meftex10

Sample description

Area density
[g/m2]

Thickness under
200Pa [mm]

nonwoven

13

0.05

Woven1

100% polyester with copper
and nickel coating
100% polyester

woven

52

0.06

Woven2

80%cotton/20%polyamide

woven

88

0.2

Nonwoven1

100% polyester with acrylic
binder
100% polyester with acrylic
binder

nonwoven

100

5

nonwoven

300

15

Nonwoven2

Method for Alambeta
Alambeta is used to measure the heat transfer properties of fabrics, including thermal conductivity,
thermal resistivity, thermal diffusivity, thermal absorptivity and sample thickness under 200 Pa pressure
[4]. The equipment has two test boards with heat flow sensors located at the top and base of the
instrument. When testing, the sample will be placed on the measuring plate at the base, and then the top
plate measuring head will descend and touch the sample. The equipment will measure the transient heat
flow on contact and obtain different parameters of the sample through photoelectric sensors [5].
Method for simulating heat transfer property by ANSYS workbench
This paper is based on simulating the heat transfer performance of textile materials, and the "steadystate thermal" module can be selected in the ANSYS workbench software [6]. The model of the sample
is then designed in the "geometry" module, which is completely based on the different combinations of
the samples (Figure 1). Then to define material properties for the designed model and perform mesh
division. The next step is to set the boundary conditions, and this paper assigns the boundary
temperature. Finally, the data and images of temperature distribution and heat flux distribution are
obtained through the software's own simulation and the thermal resistance value is solved by using these
obtained simulation values.

Figure 1. Data and image of temperature (left) and heat flux (right) by ANSYS workbench.
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RESULTS AND DISCUSSION
The thermal resistances of sandwich fabrics with different combinations by Alambeta and ANSYS
workbench can be seen from the table 2. In general, the two sets of data show the same trend. However,
it can be clearly seen that the actual test data is lower than the simulated data, because the porosity of
the actual samples are much larger than that of the simulated models. In addition, the following
conclusions can be drawn from the comparison of different groups of samples: (1) The higher the
thermal resistance of the single-layer fabric obtained from the comparison of sample 1 and sample 2
will directly lead to the higher thermal resistance of the sandwich fabric; (2) It can be seen from the
comparison of sample 2 and sample 3 that the thicker the thickness of the fabric, the higher the thermal
resistance of the fabric; (3) The comparison of sample 3 and sample 4 shows that the same single-layer
material placed in different position will also lead to the sandwich fabric's thermal resistance is different.
Table 2. Thermal resistance of different sandwich fabrics by Alambeta and ANSYS workbench.
Name

Sample description
(Fabrics sequence is from human body to
external environment.)

Thermal resistance by
Alambeta
(K.m2/W)

Thermal resistance by
ANSYS workbench
(K.m2/W)

Sample 1

Woven1+Meftex10+Nonwoven1+ Woven1

0.11639

0.14341

Sample 2

Woven2+Meftex10+Nonwoven1+ Woven2

0.12367

0.15241

Sample 3

Woven2+Meftex10+Nonwoven2+ Woven2

0.26101

0.33508

Sample 4

Woven2+Nonwoven2+Meftex10+ Woven2

0.26444

0.37649

CONCLUSION
Based on the actual measurement of Alambeta and the simulation software using ANSYS workbench,
this paper analyzes the influence of different fabric types, different fabric thicknesses, and different
fabric positions on the heat transfer performance of sandwich fabrics by establishing different fabrics
models. The specific research conclusions are as follows: The thermal resistance data from Alambeta
and ANSYS workbench show the same trend, but the actual test data are lower than the simulated data
because the porosity of the actual samples is much larger than that of the simulated models; The
application of single-layer fabric with different thermal resistances in the sandwich fabric will lead to
greatly different thermal resistances of sandwich fabric; The same material with different thicknesses
will bring about its thermal resistance will increase following the thickness; The same single-layer fabric
with different combination positions will cause the thermal resistance of the sandwich fabric to change.
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ABSTRACT
Polyolefins, mainly polyethylenes (HDPE or LDPE) and polypropylene (PP) are major types of
thermoplastics used in a wide variety of applications throughout the world. Polypropylene is used in a
wide variety of products, ranging from packaging materials to textile products like carpets, and one of
the major contributors to environmental pollution, which calls for the development of effective and
efficient recycling methods. The aim of this study was to investigate the leaching behavior of waste
carpets’ components in the proprietary solvent designed for selective dissolution of PP in order to
determine the pre-processes required to obtain PP-rich feedstock material and high purity recycled PP
polymer.
KEYWORDS
Circular economy, recycling, waste carpet, polypropylene, solvent-based, textiles.
INTRODUCTION
The use of plastics has remarkably increased over recent years as they are inexpensive, lightweight and
durable materials, which can be easily converted into a wide range of products. However, the rapid
development of plastics has coincided with the equally dramatic rise of environmental pollution
problems. Recycling stands as one of the most important actions to reduce the use of petroleum-based
raw materials, carbon dioxide emissions and the amount of waste disposal [1].
Polypropylene (PP) is a commodity polymer, which is extensively used in a wide range of applications
such as packaging, electronics, automobile interiors, consumer plastics and carpets, as a result it is one
of the massive contributors to the environmental pollution. Making up 17.6% of PP product market, a
significant contributor to environmental pollution is waste carpet. Although efficient scenarios for PP
recycling have been shown in the literature [2-4], carpets with their multicomponent structure require a
more complex recycling process that would involve pre-processes for the removal of non-PP materials
and pre-concentration of PP content. In solvent-based recycling of PP from waste carpets, the presence
of non-PP components is likely to affect the quality of the recycled PP polymer as some additives and
dyestuff material will be leaching out even if the material does not completely dissolve.
The aim of this study was to investigate the leaching behavior of carpet components in the proprietary
solvent designed for selective dissolution of PP in order to determine whether a pre-process such as
flotation would be required in the recycling route to remove non-PP materials and obtain high purity
recycled PP polymer.

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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MATERIALS AND METHODS
Waste carpet samples with PP pile yarns were kindly provided by Axion Recycling Ltd. A proprietary
solvent, which was specifically designed for the selective solubility of PP, was used for the leaching
studies performed to study the leaching of additives and pigments from PP yarns. Waste carpet samples
were analysed regarding their compositions using FTIR spectroscopy and the main components of the
carpet samples were determined. Then different components making up the carpet structure were chosen
and taken out of the waste carpets. They were chopped and mixed into the solvent. Two sets of samples
were prepared, one of which was subjected to leaching at 90 ℃ for 6 hours and the other at 110 ℃ for
6 hours. In order to investigate the leaching behaviour of non-PP components while PP was dissolving,
the latter set of mixtures were heated up to 140 ℃, at which PP dissolves. Test samples were weighed
before and after leaching in order to determine the weight reductions during the leaching process. The
solid particles were separated by centrifugation while precipitation and filtration were conducted for the
separation of dissolved leachates. Leachates (both suspended and dissolved) were characterized by FTIR
spectroscopy.
RESULTS AND DISCUSSION
Natural fibers such as wool, jute, cotton and synthetic fibers such as polyamide (PA), polyethylene
terephthalate (PET), polyethylene (PE), and polyacrylonitrile (PAN) were identified in the waste carpet
samples while polyurethane (PU), styrene butadiene rubber (SBR), LDPE nonwoven layers, paper
layers, PET sewing yarns and PET nonwoven layers were detected in the backing part of the waste
carpets. These carpet components were investigated in terms of their leaching behaviour. Photographs
of the tested carpet components and the solvents recovered after the leaching process performed at
90 ℃ for 6 hours are shown in Figure 1. Colours of solutions, in which leaching occurred, changed as
seen in Figure 1.

(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
(j)
(k)
(l)
(m)
Figure 1. Photographs of the tested carpet components and the solvents recovered after the leaching process
performed at 90C for 6 hours: (a)Jute, (b)Cotton, (c)PE, (d)PET, (e)SBR, (f)Wool, (g)PAN, (h)PP, (i)PET
nonwoven, (j)PU, (k)SBR, (l)Paper, (m)PA.

Various components and compounds such as defoamers, silicone antifoam, emulsifiers, wax dispersions
and PE were identified in the suspended leachates while short aliphatic compounds such as verbenone,
neodecanoic acid, erucic acid were identified in the dissolved part. Disperse dyes which were used in
dyeing of PET also leached out. PU and SBR were the components with the highest weight reductions
values. Besides, their leaching continued increasingly as the temperature was increased to 140 ℃ at
which PP dissolved showing the increasing risk that they would mix into the PP solution and affect the
quality of the recycled PP. While the weight reduction observed for PET was not very high, disperse
dyes, leaching out of the PET yarns, significantly affected the colour of the recycled PP polymer.
CONCLUSION
Leaching behaviour of different carpet components, which exist in carpet structures together with PP
yarns, were investigated with an attempt to understand what leaches out of waste carpet during a
leaching process and also during the dissolution of PP. A sink and float process, which separates
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materials based on their densities, was found to be necessary in order to remove non-PP materials prior
to the dissolution to obtain recycled PP with high purity.
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ABSTRACT
In the course of promoting e-mobility, there is currently a high demand for functionalized fiberreinforced plastics (FRPs). In particular, adaptive FRPs with structurally integrated actuators have a
high innovation potential, since conventional motion mechanisms are usually based on external
kinematics with high energy consumption. Even though actuators based on shape memory alloy (SMA)
can be easily processed by mean of textile techniques, only few studies use the weft-knitting technology
for the realization of adaptive FRPs with integrated actuator networks. This study aims at the
development of functionalized weft-knitted fabrics with integrated in-situ actuator networks for the
realization of adaptive FRPs. Therefore, functionalized reinforcement fabrics with integrated SMA
actuators were developed and produced by weft knitting. The production of the composite infused by
means of a thermosetting resin system. Afterward, the functional properties of adaptive FRPs were
characterized and evaluated. In summary, this study highlights the suitability of the weft-knitting
technology for the integral manufacturing of functionalized reinforcement fabrics with integrated in-situ
actuator networks for the realization of adaptive FRP composites.
KEYWORDS
Adaptive fiber-reinforced plastics, shape memory alloys, weft-knitting technology, functionalization.
INTRODUCTION
Functionally integrated, active and precisely deformable fiber-reinforced plastics (FRP) have steadily
gained in importance in recent years for increasing performance and energy efficiency and are a
promising alternative to mechanically complex constructions made of conventional isotropic metalbased materials. Such mechanisms are usually very space-extensive, hardly suitable for lightweight
construction and require a linear coupling of several flexure hinges and decentralized actuation
mechanisms with high energy consumption in order to realize complex movement tasks with several
degrees of freedom. In contrast, adaptive structures with integrated actuators that enable specific
modifications of their geometric configuration and physical properties offer a great potential to
overcome these drawbacks. Therefore, the mass inertia and thus the energy consumption of such
kinematic systems can be significantly reduced and the dynamics of the whole system can be
considerably increased.
Due to their higher energy density (107 J/m³) compared to other actuator materials, such as shape
memory polymers, magnetostrictive or piezo-electric materials, shape memory alloys (SMA) are most
suitable actuators for the development of adaptive FRPs [1]. They have the property of recovering their
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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original shape (so-called shape memory effect) after permanent plastic deformation below a certain
critical temperature by heating above their phase transition temperature.
In principle, several textile processes are suitable for the development of adaptive FRPs with integrated
SMA actuators. Numerous scientific studies have described the textile integration of SMAs into
reinforcement fabrics by means of tailored fiber placement (TFP) or weaving technology [2, 3], but only
few studies have so far explored the advantages of the weft knitting technology [4, 5]. In order to
overcome these shortcomings, this study presents the development and realization of functionalized
weft-knitted reinforcement fabrics with integrated SMA actuator networks for the realization of adaptive
FRPs with thermoset matrix. Major objective of the study is analysis of the deformation behavior and
thus the adaptive potential of suchlike FRP structures.
MATERIALS AND METHODS
For this research study, glass fiber rovings type EC17-1200-350 (PD Glasseiden GmbH) were used as
reinforcement yarns in course and wale direction for the production of weft-knitted fabrics. In order to
reduce the bending properties of the FRPs in the deformation areas, a thin glass fiber roving type
EC 410-PP3 (PD Glasseiden GmbH) was used in wale direction. As stitch yarn, a glass fiber twisted
yarn type EC-9 68x2 S150 1383 (Culimeta Textilglas-Technologie GmbH & Co. KG) was used. A
commercially available SMA wire (SAES Getters) with a diameter of 0.3 mm and a maximum transition
temperature of 98°C was selected, mainly due to its good processing capability on textile machines and
its high contraction coefficient of approximately 4 % due thermal-induced phase transition [6]. As
electrically conductive yarn, a steel filament twisted yarn Steel-tech®100 (Amann & Söhne GmbH &
Co. KG) was used. Due the large number of steel filaments, this twisted yarn is not that sensitive to
abrasion and preserve a comparatively low electrical resistivity of 60 Ω/m, even after processing on flat
knitting machines. A flat knitting machine Steiger aries.3D Technology with a gauge E7 was utilized
for the production of functionalized weft-knitted reinforcement fabrics. Different variants of weftknitted reinforcement fabrics with integrated SMA actuators were developed and realized. The variants
are distinguished by the configuration of the deformation area and the connection between SMA and the
conductive yarn as shown in Table 1. To ensure a free and even mobility of the SMA wires in the FRPs
and, thus, fully exploit the deformation capability of the actuators, it is necessary to minimize adhesion
between the actuator and the composite structure. Therefore, the SMA wire was coated with a release
agent DexCoat 8 (TAG Chemicals GmbH) before the integration in the knitted structure. In order to
ensure good electrical interconnections between SMA and the conductive yarn, both carbon black and
silver varnish based conductive adhesives were used respectively and applied by hand locally on the
functionalized fabrics at the connection point before infusion.
Table 1. Overview of the developed variants of functionalized weft-knitted fabrics for the realization of
adaptive FRPs – red enlightened: SMA actuator; blue enlightened: conductive yarn.
Section#1
Section#2
Section#3
rigid section
deformation area
Section layout
8 layers, warp 1200 tex,
2 layers, warp 1200 tex,
2 layers, warp 1200 tex,
weft 1200 tex
weft 1200 tex
weft 410 tex
Contact#1
Contact#2
Contact#3
with carbon black
without conductive agent
with silver varnish
conductive adhesive
Contacting
method
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For the production of the FRP, the Vacuum-Assisted Resin Infusion (VARI) process was used for the
infusion of the thermoset resin-hardener system Hexion MGS® RIMR 135 and RIMH 137 in a ratio of
10:3. It exhibits good thermal stability at elevated temperatures without significant shrinkage, which is
essential especially for thermally activated SMA actuators. In the subsequent flexure hinge areas of the
adaptive FRP structure, Hexion Heloxy® Modifier WF was added in a ratio of 9:1 to decrease bending
stiffness of the thermoset matrix. After resin-infusion in the functional-knitted reinforcement fabrics,
the FRP was annealed for 15 h at 50°C and then demolded for the preparation of specimens. For the
characterisation of the mechanical and deformation behavior of the adaptive FRPs, tensile and bending
tests were performed on a universal testing machine Z100 (Zwick GmbH & Co. KG) considering the
standards DIN EN ISO 527-4 and DIN EN ISO 14125.
Finally, to determine the best contacting method, it is necessary to measure the electrical resistance of
the interconnection between SMA and the conductive yarn. Therefore, the surface temperature of
adaptive FRPs was characterized by means of an infrared camera type FLIR E95 (FLIR Systems Inc.).
A laboratory power supply unit type BT-305 (Basetech) was employed for the thermal-induced phase
transition of SMA actuator via the conductive yarn.
RESULTS AND DISCUSSION
The results of the development and integration of functionalized reinforcement fabrics have shown that
it is possible to integrally manufacture weft-knitted fabrics with integrated SMA actuator networks.
Thereby, the the connection of the SMAs with electrical conductive yarns could be directly achieved
during the knitting process by contacting methods, as shown in Table 1. Figure 1 (left) shows the tensile
test and Figure 1 (right) the bending test results, respectively. Compared to the rigid section (section#1),
the deformation area (section#2 and section#3) exhibits both reduced tensile and flexural strength.
Especially section#3 show very low flexural strength of 63.90 MPa in weft direction compared to
313.81 MPa for section#1. Hence, it can be concluded that section#3 is much suitable for the layout of
the deformation area acting as a flexure hinge in FRPs with improved deformation capability.

Figure 1. Tensile strength as well as young’s modulus (left) and flexural strength and flexural modulus
(right) of FRPs in both warp and weft direction.
Table 2. Electrical resistance as well as surface temperatures achieved for different contacting methods and
example of temperature distribution on adaptive FRPs with Contact#3 (rigth).

Resistance (Ω)

Contact#1

Contact#2

Contact#3

-

25.2

22.6

Voltage (V)

32

32

32

32

Current (A)

0.5

0.6

0.5

0.6

Temperature (°C)

80.0

108.0

48.3

65.0
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The surface temperature achieved by activating the SMA actuators via the conductive yarn for different
contacting methods are presented in Table 2. The results show that without conductive agent (contact#1),
there is no reliable connection between SMA and conductive yarn. For the contacting methods with
carbon black based conductive agent (contact#2) and silver varnish (contact#3), an increase in the
electrical current from 0.5 to 0.6 A leads to a higher surface temperature, thus indicating a better
connection between SMA and the conductive yarn.
However, the images captured with the infrared camera reveal that the temperature of the conductive
yarn in FRP is much higher than the temperature of the SMAs, as shown in Table 2 (right). This is
mainly due to the large difference between the electrical resistance of the single SMA wire (5 Ω/m) and
the conductive yarn (60 Ω/m). The conductive yarn is a twisted thread consisting of 100 steel filaments.
Therefore, the conductive yarn is heated up quickly and the conductive agent fuses at the connection
area before the SMA actuator reached its activation temperature at approximately 90°C.
CONCLUSION
The main goal of this study was the development of functionalized weft-knitted fabrics with integrated
in-situ actuator networks for the realization of adaptive FRPs. For this purpose, functionalized
reinforcement fabrics with integrated SMA actuator networks were developed and realized in a onestep-process on a flat knitting machine. Subsequently, they were infused by means of a thermoset resin
system and, at last, the mechanical properties of adaptive FRPs were characterized and evaluated.
Test results prove that it is possible to manufacture weft-knitted fabrics with integrated SMA actuator
networks. Since the weft-knitting technology is one of the most flexible textile processes, both a direct
fixation of the SMAs in the textile reinforcement fabrics as well as the integral connection of the SMAs
with electrical conductive yarns are achievable in only one process step. The layout of FRPs with
reduced flexural strength and thus improved deformation capability within the deformation area is also
achievable. However, solutions are required for the minimization of the adhesion between SMA actuator
and FRP. Therefore, a compromise has to be found between the free movability of the SMAs within the
FRP on the one hand, which is necessary for the exploitation of the full deformation potential of the
actuators, and a strong fixation of the SMAs within the anchoring section on the other hand.
Furthermore, suitable conductive yarns, which exhibit a very low electrical resistivity, are essential for
the activation of SMAs. Further works will focus on the development and fitting of appropriate
simulation models for the design and optimization of highly deformable 3D flexure hinges based on
adaptive FRPs.
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ABSTRACT
The present research work was aimed to investigate and study the effect of coatings of different
concentrations and pH of aqueous casein solutions on thermo-oxidative properties, flame retardant
performance, and intumescent char formation phenomenon of cotton fabrics. The flame retardant
behavior of fabric samples was found to increase with an increase in the concentration of casein solutions
in both alkaline and acidic pH conditions. The casein solution of acidic pH was found to yield more char
residue than the alkaline casein solution, which evinced their better thermo-oxidative properties. The
SEM micrographs of char residues also revealed the formation of stronger and coherent char with the
presence of intumescence. Furthermore, the phenomenon of intumescence was largely observed in the
case of cotton fabric samples coated with acidic casein solution.
KEYWORDS
Casein, cotton, thermos-oxidative stability, flame retardants, char residue.
INTRODUCTION
Cotton; a cellulosic fiber is one of the most important biopolymers in the world due to its availability in
large quantities, good mechanical properties, biodegradability, and hydrophilicity. However, for further
applications in transportation, automotive, protective garments, military, furniture upholstery, bed linen,
and nightwear, it is necessary to improve the thermal degradation, ignition, and burning behavior of
cotton based textile materials [1]. In recent years, intumescent flame retardant systems are considered
the most performing solution available to withstand the fire threat. The term intumescence refers to the
substances which can grow and increase in volume against the heat. Nowadays, the searches for
environment-friendly flame retardants that ensure fire performances comparable to the conventional
flame retardant compounds have gained significant importance [2]. This is because of the persistent,
bioaccumulative, and environmentally toxic nature of some molecules employed in the formulation of
traditional flame retardants. To overcome the limitations of intumescent flame retardant systems,
searches for alternative environmentally-friendly intumescent materials containing all three components
altogether (i.e. acid source, carbon source, and blowing agent) became important. In this context, the
effectiveness of different biomacromolecules (whey proteins, caseins, hydrophobins, and
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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deoxyribonucleic acid) has been assessed for textiles recently [3]. Among them, the application of casein
as flame retardant could be an attractive solution for the valorization of the dairy industry by utilization
of its by-product/waste. Casein is the major milk protein (80%) and is obtained as a co-product during
the production of skim milk and cheese. The casein protein macromolecules are polyamino acids bearing
several phosphate groups in their micellar structure [4]. While, the amino acids are ampholytes; i.e.,
they contain both the acidic and basic groups and exhibit amphoterism, i.e., amphoteric ionic behavior
[5]. However, the amino acids are basic building blocks of proteins, hence, the amphoteric ionic
behavior has also been considered one of the characteristics of proteins and attributed to the presence of
amino (–NH2; a basic group) and carboxyl (–COOH; an acidic group) groups in the side chains of the
polypeptide chain. Contextually, to exploit this demeanor, casein was dissolved in water at alkaline and
acidic pH conditions to prepare the solutions of different possible concentrations. Then these casein
solutions were applied to cotton fabrics through the coating method to evaluate the comparative
performance of flame retardant and char formation properties in conjunction with an intumescent
phenomenon of casein coated cotton fabrics.
MATERIALS AND METHODS
Materials specifications: A bleached 100% cotton woven fabric having 145 g/m2 areal density,
purchased from Licolor, Czech Republic, was used in this research work. Bovine milk casein (technical
grade) was received from Sigma-Aldrich, Czech Republic with approximate composition (g/l) of: -s1
12-15, -s2 3-4,  9-11, and  2-4, as specified in the product information sheet. Sodium hydroxide
(pearls, 99%) and hydrochloric acid (aqueous solution, 35%) of analytical grade were obtained from
Lach-Ner, Czech Republic.
Preparation of casein solutions: The aqueous solutions of casein were prepared, under alkaline and
acidic pH conditions, at three different concentrations such as 50, 100, 150 g/l. At first, the calculated
quantity of casein powder was added to distilled water under continuous magnetic stirring/agitation (300
rpm) at room temperature for 10 min. Then, the temperature of the mixture was raised slowly and it was
heated to 80°C in a thermostatic bath. Meanwhile, the pH was adjusted to 3 and 9 with a dropwise
addition of 1M HCl and 1M NaOH respectively, under continuous magnetic stirring (600 rpm). The
process was later stopped when the casein was completely dissolved in water.
Application of casein solutions on cotton fabrics: The coatings of different concentrations of casein
solutions (prepared at alkaline and acidic pH conditions) were applied on cotton fabric by a coating
method using the lab-scale bar/roller coating unit in a climatic chamber (30°C and 30% R.H.). After
mounting the fabric sample over the frame, the casein solution was spread over the fabric sample with
a spatula. While an excess of the solution was removed by pressing gently with a rotary bar. Casein
solution coated fabric sample was then dried at 100C in the lab-scale hot air dryer (stenter frame dyer)
for uniform drying. The process was repeated to produce the replicas of coated cotton fabrics for each
casein solution respectively. Then, the uptake (add-on/weight-gain) of casein for coated fabric samples
was calculated according to the gravimetric principle from the oven-dry weight of fabric samples before
and after coating.
Characterization and testing: Uncoated and casein coated cotton fabric samples were characterized
and tested for ATR-FTIR, SEM, P content, TG analysis, flame retardancy, limiting oxygen index,
radiant heat transmission, physiological comfort, mechanical properties, and washing durability.
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RESULTS AND DISCUSSION
Surface structure of casein coated cotton fabrics: The add-on (weight gain) was found to increase
with an increase in casein concentration due to the maximum wetting and binding of individual fibers
and yarns, and eventually seizing inside as well as depositing on the fabric structure after coating and
drying as evidenced from the SEM images of casein coated cotton fabric samples (see Figure 1). Further,
the solution of casein prepared under an acidic pH delivered a higher add-on of casein than that of the
solution prepared under an alkaline pH, which was explained by the observed higher viscosity of casein
solutions under the acidic pH conditions. The chemical structure, of uncoated and casein coated cotton
fabrics’ surfaces, was appraised by ATR-FTIR analysis, as shown in Figure 2. Apart from typical
vibration modes of cotton cellulose, the two additional peaks, located at 1624 and 1528 cm-1, were
substantially attributed to the respective vibrations of amide I and amide II groups of casein [6].
Furthermore, the cotton fabrics coated with the acidic casein solutions exhibited one another band at
1710 cm-1, which was manifestly endorsed for the protonation of casein protein macromolecules that
were dissolved in water under acidic pH conditions.

(a)
(b)
(c)
(d)
Figure 1. SEM images of; (a) CF_150g/l casein-alkaline (coated), (b) CF_150g/l casein-acidic (coated),
CF_150g/l casein-alkaline (char residues), (d) CF_150g/l casein-acidic (char residues).

(c)

(a) Alkaline casein coatings
(b) Acidic casein coatings
Figure 2. ATR_FTIR spectra of uncoated and casein coated cotton fabrics.

Flame retardancy of casein coated cotton fabrics: As the limiting oxygen index (ISO 4589-2) and
horizontal configuration flame spread (ASTM D4986) tests were employed, relating an actual fire
scenario to test the flammability of textile fabrics during the prevalence of flame spread. The casein
coating treatments were found to assist an increase in LOI values and total burning time while a decrease
in burning rate and thus exhibited their ability for flame protection. Furthermore, the fabrics coated with
acidic casein solutions burnt at a slower rate and resulted in stronger and higher char residues as
compared to those coated with alkaline casein solutions. This behavior was also supported by the results
of TGA. The char residues of fabrics coated with acidic casein solutions showed the formation of more
expanded globular micrometric structures (i.e., global intumescence) in enlarged spaces, as revealed in
Figure 1. These micrometric structures were phosphorus-rich bubbles that blow up during the
combustion, exhibiting an intumescence phenomenon. The emergence of more bubbles, i.e., global
intumescence, in the case of char residues of fabrics coated with acidic casein solutions, was ascribed
to the release of ammonia [7], comparative in higher amounts, due to the protonation of casein protein
macromolecules under acidic pH conditions.
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(a) Total burning time
(b) Limiting oxygen index
Figure 3. Flammability characteristics of uncoated and casein coated cotton fabrics.

Transmission of radiant heat through casein coated cotton fabrics: The effect of coatings, of
different concentration casein solutions (both alkaline and acidic pH), for the thermal insulating
characteristic of cotton fabrics as protection against the radiant heat, was assessed by exposing the cotton
fabric samples to a radiant heat source at the specified incident heat flux density (Qo). A drop in Qc
(transmitted heat flux density) and TFQo (heat transmission factor) values was observed for the casein
coated cotton fabric samples as compared to that of uncoated cotton fabric, as given in Table 1. However,
the reduction in Qc and TFQo values was comparatively more in the case of cotton fabrics coated with
acidic casein solutions than those coated with alkaline casein solutions.
Table 1. Radiant heat resistance parameters of uncoated and casein coated cotton fabrics.
Sample
CF_uncoated
CF_50g/l casein-alkaline
CF_100g/l casein-alkaline
CF_150g/l casein-alkaline
CF_50g/l casein-acidic
CF_100g/l casein-acidic
CF_150g/ casein-acidic

Q0
(kW/m2)
40
40
40
40
40
40
40

RHTI12
(sec)
3.8±0.04
4.3±0.05
4.6±0.08
4.9±0.07
4.4±0.05
4.8±0.04
5.4±0.08

RHTI24
(sec)
6.7±0.05
7.5±0.08
8.1±0.04
8.7±0.09
7.7±0.08
8.4±0.05
9.5±0.04

RHTI24-RHTI12
(sec)
2.9±0.04
3.2±0.04
3.5±0.07
3.8±0.05
3.3±0.04
3.6±0.05
4.1±0.09

Qc
(kW/m2)
23.10±0.37
20.66±0.28
19.01±0.38
17.33±0.25
20.04±0.26
18.18±0.27
16.39±0.36

TFQ0
(%)
57.76±0.92
51.66±0.70
47.54±0.96
43.32±0.61
50.10±0.66
45.45±0.68
40.98±0.89

CONCLUSION
The study presented the application of casein protein for an environment-friendly flame retardant finish
of cotton fabrics. The effect of coatings of different concentrations and pH of aqueous casein solutions
on intumescent flame retardant properties was investigated. The uncoated cotton fabric was found to
undergo vigorous and rapid combustion without leaving any char. The samples coated with acidic casein
solution produced a higher amount of residues than alkaline casein solution and it increased with an
increase in casein concentration. From SEM microstructures, the residue of alkaline casein solution
showed the formation of globular micrometric structures in localized spaces only. On the other hand,
the uniform formation of more expanded globular micrometric structures (i.e. global intumescence) with
the release of oily substances was observed for residues of acidic casein solutions.
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ABSTRACT
The study attempts to experiment with the nelumbo nucifera (pink lotus) category of rooted hydrophytes.
In India, a lotus flower has a huge economical importance that it is used for worshipping. It was observed
that lotus cultivators generally cut the flowers with little length of the petioles leaving the rest as a waste
in the pond. Petioles contain bundle of microfibers and natural gummy substance called as mucilage
which is useful for medicinal applications. In recent times, resistance against the bacteria has become a
need of an hour. Researchers have developed the method for preparing non-woven sheet from lotus
fiber. This sheet was subjected to qualitative antibacterial test (AATCC 147) against four organisms Staphylococcus aureas, Klebsiella pneumonia, Candida Albicans and Pseudomonas aeruginosa. The
results have shown positive bacteriostatic antibacterial activity against all the above organisms which
proves that lotus fiber can be further taken for medical textiles.
KEYWORDS
Rooted hydrophytes, Lotus, Petiole, Fibers, Non-woven sheet, Antibacterial.
MATERIALS AND METHODS
2.1. Procurement of Petioles
Waste petioles were procured from local lotus cultivator – Mr. Isabbhai Rathod from Vadodara District
of Gujarat.
2.2. Extraction of fibers
For preparing web, specific manual extraction method was developed. Felt fabric and knife were used
for fiber extraction. Bunch of 4 petioles were taken at a time and fibers were extracted manually.
2.3. Preparation of non-woven sheet
Nonwoven sheet was prepared by using Padding mangle and moisture oven.
2.4. Testing of non-woven sheet
2.4.1. Thickness of the non-woven sheet
Thickness is the distance between the upper and lower surface of the material measured under the
specified pressure, expressed in mm. The specimen chosen were free from folds, crushing, distortion
and wrinkles. Specimens were tested on Universal thickness tester. The specimens were tested as per
ASTM D1777-96 [1].

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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2.4.2. Weight per unit area of the nonwoven sheet
Fabric weight is expressed as mass per unit area in g/sq. mt. A sample of 5X5 cm was cut and weighted
on an electronic weighting balance to determine the weight per sq. m [2]. GSM was calculated using the
formula:
GSM =

Weight in grams  100100
55

[1]

2.4.3. Antibacterial test of the sheet
Non-woven lotus fiber Sheet was subjected for Assessment of the antibacterial activity of textile
materials test as per AATCC 147- Parallel streak method. It is a qualitative antibacterial test. The test
was done in Microbiology lab of Bombay Textile Research Association (BITRA) Bombay, India. The
test was performed against following organisms:
1.
2.
3.
4.

Staphylococcus Aureas
Klebsiella Pneumonia
Candida Albicians
Pseudomonas aeruginosa

Test method: Test specimens (non sterile) were cut into pieces (25mm50mm). Sterile AATCC
bacteriostasis agar plates were prepared. Using sterile 4mm inoculating loop, one loop full of culture
was loaded and transferred to the surface of the agar plate by making five parallel inoculum streaks
spaced 10mm covering the central area of the petri dish without refilling the loop. The test specimen
was gently pressed transversely, across the five inoculums of streaks to ensure intimate contact with
agar surface. The plates were incubated at 37ºC for 18-24 hours. The inoculated plates were examined
for the interruption of growth along the streaks of inoculum beneath the fabric and for a clear zone of
inhibition beyond the fabric edge. The average width of the zone of inhibition around the test specimen
calculated in mm using the following formula:
[2]

Zone of inhibition (mm) = (T–I)/2
where, T-width of zone of inhibition, I-width of specimen.
RESULTS AND DISCUSSION
3.1. Extraction of fiber

Felt fabric of (53L41W) cms was laid on the floor. Bunch of four to five lotus petioles were taken
together and was slit 5-7 times at different sections as per the length of the petioles with the help of
sharp knife. After one slit, a bunch of petiole were slowly stretched apart to extract the fibers shown in
(Fig.1c). Extracted fibers were sticked on the felt in both the direction lengthwise and width wise
throughout the entire area of the felt fabric shown in (Fig.1d). Due to the inherent cohesive nature of the
fiber it naturally forms a web like structure.

a)
b)
c)
d)
Figure 1. Extraction of fiber for non-woven sheet: a. Waste lotus petioles. b. Extracted fibers from petioles
c. Extracted fibers taken on felt fabric d. Alignment of fibers in vertical and horizontal direction.
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3.2. Preparation of Non-woven sheet
Fibers extracted on the felt were first taken out and laid on the A-4 size paper shown in (Fig. 2a) and
(Fig.2b). Water was sprinkled on the extracted fibers. Then the A-4 size sheet comprising the extracted
fibers was covered with the polypropylene mess shown in (Fig.2b). To get the compact structure, the
sheet was passed through the padding mangle in 3 psi pressure. Then sheet was kept to dry in moisture
oven for 1 hour at 100º C temperature. After drying, the compact non-woven structure was formed
shown in (Fig.2c).

a)
b)
c)
Figure 2. Preparation of Non-woven sheet – a. Web separated from the felt fabric; b. Web laid on the A-4
size sheet and covered with polypropylene sheet; c. Final non-woven sheet.

3.3. Determination of non-woven sheet thickness
Thickness of the developed nonwoven sheet was 0.72 mm.
3.4. Determination of GSM of non-woven sheet
GSM of the non-woven sheet was 90 that is light weight sheet which can impart comfort along with the
natural softness of the fiber.
3.5. Analysis of Antibacterial test
The experimental results of the non-woven sheet for antibacterial assessment are mentioned in Table 1.
Table 1. Antibacterial test of non-woven sheet (AATCC 147).
Sr. No.
Organisms
Growth under specimen
1
2
3
4

Absent
Absent
Absent
Absent

Staphylococcus aureas
Klebsiella Pneumonia
Candida Albicians
Pseudomonas Aeruginosa

Zone of Inhibition
Absent
Absent
Absent
Absent

Table 2. Specification of Antibacterial activity of the textile fabrics.
Sr. No.
Growth
Description
Assessment
No growth
Zone of inhibition is seen
Diffusible antibacterial activity
1
No growth under the fabric
No Zone of inhibition
Bacterio static antibacterial activity
2
Growth under the fabric
No Zone of inhibition
Antibacterial activity is absent
3

From Table 1 and Table 2, it was confirmed that there was no growth of bacteria under the fabric and
there is no zone of inhibition observed means that fabric has a positive bacteriostatic activity which
prevents the growth of bacteria. Another important aspect is the fabric has an inbuilt antibacterial activity
which is not leaching out from the fabric. Lotus fiber has a natural antibacterial property without any
finishing. This inherent property may be due to the medicinal constituents present in the
plant. Researchers have further decided to utilize the fibers in the medical textiles.
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CONCLUSION
It is concluded from the study that innovative functional textile in medical category can be developed
from lotus fibers along with all the necessary parameters: raw material that is petioles are widely
available, sustainable method of fiber extraction and biodegradability. Anything next to the skin should
be soft and bacterial resistance so hygiene products made from lotus fiber will be useful for infant and
old age people. Bacterial resistance property of the lotus fiber will open wider scopes in many medical
textiles products – Diapers, Sanitary napkins and wound dressing.
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ABSTRACT
In this research, the effect of the technical side of the fabric and the composition of the yarn on the
sorption properties of half-Milano rib knit fabrics was studied. Four types of yarns, 90% cotton 10%
antistatic PET, 80% cotton 20% antistatic PET, 70% cotton 30% antistatic PET, and 65% cotton 35%
antistatic PET were used to develop half-Milano rib knit fabrics. The developed samples were dyed and
treated with softener. The physical properties of the developed samples such as area density, course and
wale density and thickness were determined according to ISO 3801, EN 14971 and ISO 5084,
respectively. The water absorption capacity (%) and the water absorption time (s) of the samples were
measured according to the standard test method ISO 20158: 2018. It was concluded that the sorption
properties of the samples depend on the technical side of the fabric and the composition of the yarn.
Water absorption capacity was found to be more dependent on yarn composition than on fabric technical
side, and water absorption time was found to be more dependent on the fabric technical side.
KEYWORDS
Sorption properties, half-Milano rib, antistatic, water absorption time, water absorption capacity.
INTRODUCTION
Moisture management in textile apparel is a critical factor in persuading customers to buy the product.
Many researchers have worked on garment moisture management using various functional materials,
such as fibers, coatings, and finishes, to meet the need. S. Kumar et al. [1,2] has investigated the thermophysiological properties of knitted garments made of wool, eri silk, and bamboo yarn. Due to the
hydrophilic character of bamboo fibers and the hydrophobic nature of wool, the moisture management
of silk was found between of both bamboo and wool. It was lower than bamboo but found higher than
wool. The type of raw material has a significant impact on the performance of the material in its final
use. The water absorption capacity and the tendency to water retention were influenced by the chemical
structure of the fiber materials [3]. Because of their great wickability, man-made synthetic fibers,
including polyesters and micro-polyester, are often found to be highly effective for obtaining a better
moisture transfer rate. Cotton, viscose, modal, bamboo, Tencel, and other natural fabrics absorb
moisture well because of their chemical structure of cellulose, which contains the hydroxyl group.
Moisture absorption is caused by the hydroxyl group [4–7]. The effect of a single pique and honeycomb
structure on the moisture management of eri silk knitted fabrics was studied by Kumar et al. [8]. Lowweighted materials require less time to absorb than thick fabrics. The water vapor of fabrics is also
influenced by the thickness and mass per unit area of the textile materials. The amount of water vapor
in textile fabrics decreases as the fabric thickness increases. The volume density of textile materials, in
addition to thickness, has been shown to be efficient in water absorption capacity [9]. The aim of this
study was to investigate the effect of the technical side of the fabric and the composition of the yarn on
the water absorption capacity (%) and the water absorption time (s) of the developed knitted fabrics.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
In this study four types of yarn compositions 90% cotton 10% antistatic polyester (PET), 80% cotton
20% antistatic PET, 70% cotton 30% antistatic PET and 65% cotton 35% antistatic PET developed by
Haining TAIERXIN New Materials Co., LTD China were used to develop half-Milano rib knit fabrics.
The full automatic flat knitting machine M-100 (MATSUYA, Japan, 2016, 14E gauge) was used to
develop the samples. After development, the samples were dyed and treated with hydrophilic
AQUASOFT®SI softener. The physical properties of the samples were determined according to the ISO
3801 standard test method area density EN 14971 fabric density, and ISO 5084 thickness. Physical
properties of the samples are given in Table 1. Water absorption capacity (%) and water absorption time
were determined according to ISO 20158:2018. For measuring the water absorption capacity and water
absorption time of the half-Milano knitted fabric, a sample size of 10 cm x 10 cm was used. The water
absorption time was measured using a stopwatch. For calculation of the water absorption capacity, the
samples were dry weight (m1) and then after absorbing the water, the wet weight (m2) was measured.
Water absorption capacity (%) was calculated according to the equation [1]:
WAC % =

m₂-m₁
× 100,
m₁

[1]

where, m1 - mass of dry sample mass (g), m2 - mass of wet sample (g).
Table 1. Physical properties of half-Milano rib knitted antistatic fabrics.
Fabric
codes

MM1S
MM2S
MM3S
MM4S

Yarn composition
90 % cotton, 10 %
antistatic polyester
80 % cotton, 20 %
antistatic polyester
70 % cotton, 30 %
antistatic polyester
65 % cotton, 35 %
antistatic polyester

Fabric area density
(g/m-2)

Course density
(cm-1)

Wale density
(cm-1)

Thickness
(mm)

640.5 ± 0.09

18 ± 0.0

16 ± 0.0

1.80 ± 0.04

661.7 ± 0.09

18 ± 0.0

16 ± 0.0

1.77 ± 0.01

574.9 ±0.06

18 ± 0.0

16 ± 0.0

1.86 ± 0.01

541.8 ± 0.05

16 ± 0.0

16 ± 0.0

1.83 ± 0.01

RESULTS AND DISCUSSION

250
200

206
171

219

Water absorption capacity (%)

Water absorption capacity (%)

In Figure 1 results of the water absorption capacity of half-Milano fabrics are given. The tendency to
water absorption of the fabrics was found to be similar on both the technical face and the technical back
of the fabric in Figures 1 (a) and (b).
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Fabric codes
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0
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Fabric codes

Figure 1. Water absorption capacity (%) of half-Milano rib knit fabrics (a) technical face side (b) technical
back side.
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An increasing trend was found in the water absorption capacity of half-Milano rib fabrics from MM1S
toward MM4S, supposedly it was found because of the decreasing area density towards MM4S fabrics.
The area density of the fabrics decreased due to the presence of an increasing percentage of antistatic
polyester fibers in the yarn composition and the low density of polyester fibers in comparison to cotton
causing a lower area density. In Figure 2 it is evident that the water absorption capacity was found to be
dependent on the density of the fabric area with strong R2 values (R² > 0.997 and R² > 0.996) for both
face and back technical sides of the fabrics, respectively.

Water absorption capacity (%)

Technical face

Technical back

y = -0,4851x + 482,82
R² = 0,9977

250

200

150

y = -0,4666x + 472,12
R² = 0,9969
400

500

600

700

800

Fabric area density (g/m²)

Figure 2. Dependency between Water Absorption Capacity and Fabric Area Density.

9
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8,04
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Water absorption time (s)

Water absorption time (s)

In Figure 2 water absorption time of the half-Milano rib knit fabrics is given. The water absorption time
of the half-Milano rib knit fabrics was different for the technical face (Figure 3 (a)) and technical back
side (Figure 3 (b)) of the fabrics. It was found due to a difference of fabric structure on both sides of the
fabrics because of combination of knit and miss stitches that causes a difference in the appearance of
fabric on both the technical face and the back side.

MM4S

Fabric codes

18
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8
6
4
2
0

16,76

9,66

MM1S

12,46

10,85

MM2S

MM3S

MM4S

Fabric codes

Figure 3. Water absorption time of half-Milano rib knit fabrics (a) technical face side
(b) technical back side.

An increase in the water absorption time of the samples found as MM1S < MM2S < MM3S for the
technical face and back side of the fabric, while only MM4S showed abnormal behavior that supposedly
occurred due to the equilibrium of the crossing of cotton and the polyester fibers and response changed
towards water absorption time. The increase in water absorption time occurred due to the increase in the
percentage of antistatic polyester fibers in the yarn composition due to its hydrophobic nature.
CONCLUSION
From this study, it was concluded that the technical side of the fabric and the composition of the yarn
had an effect on the sorption properties of half-Milano rib knit fabrics.
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The water absorption capacity (%) was found to be affected by the composition of the yarn. With an
increase of the percentage of antistatic polyester in the yarn composition, water absorption capacity
increased.
Water absorption time (s) was found to be affected by the technical side of the fabric and yarn
composition as well. The half-Milano rib knit fabric showed a high water absorption time on the
technical back side of the fabrics. The percentage of antistatic polyester fiber in the yarn composition
also changes the absorption time of the fabrics.
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ABSTRACT
PVDF nanofibers have been intensively investigated in wearable energy harvesting because of their
flexibility and piezoelectric properties. In this study, we prepared PVDF nanofibers by the
electrospinning method. Different solvents like DMF and DMF/acetone with the ratio of 6/4, 5/5, and
4/6 were selected to adjust the solvent properties. SEM, FTIR, and DSC characterizations were used to
characterize the morphology, structure, and β phase content of PVDF nanofibers. The results
demonstrate that the electrospun PVDF nanofibers produced by using DMF/acetone have predominantly
a fibre structure and increased β phase compared to electrospun samples using DMF alone as solvent.
PVDF nanofibers fabricated by using DMF/acetone with a ratio of 4/6 exhibit the maximum content of
β phase and the highest value of piezoelectric coefficient (d33).
KEYWORDS
PVDF nanofibers, electrospinning, piezoelectric property, β phase.
INTRODUCTION
Smart wearable devices have received increasing attention due to the development of portable electronic
devices such as cell phones, smart wristbands, etc. Traditional ceramic-based materials have higher
piezoelectric properties than organic materials. Piezoelectric coefficient (d33) of PbZrxTi1-xO3(PZT) is
300-1000 pC/N [1,2]. They are not, however, suitable for use in wearable devices because of their poor
flexibility and toxicity. The flexibility, low density, and high strength of organic polymers make them
attractive materials for making wearable energy harvesting devices.
Poly (vinylidene fluoride) (PVDF, (-CH2-CF2-)n) is a piezoelectric polymer material with good
piezoelectric properties compared to the other polymers. The PVDF crystalline structure consists of five
crystalline phases of α-, β-, γ-, δ-, and ε- [3]. The piezoelectric properties of PVDF are associated with
its electroactive phases (β and γ phase). The electrospinning method is widely used to prepare
piezoelectric PVDF materials because the electroactive phase of PVDF is increased by this method in
comparison to other methods.
Ribeiro et al. [4] investigated the influence of voltage on the morphology of PVDF nanofibers. In the
Szewczyk et al.'s study [5], PVDF nanofibers with different electroactive phases were obtained at
different relative humidity and in addition, they investigated the effect of the electroactive phase on d33.
Gee et al. [6] compared the influence of voltage and solution parameters on electrospinning PVDF
nanofibers, they concluded that the solution parameters statistically had the largest contribution to
electroactive phase formation. However, these studies did not quantitatively analyze the β and γ phases
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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in electroactive phase or discuss their influence on the piezoelectric properties of PVDF.
In this study, the influence of solvents on the electroactive phase and morphology of electrospun PVDF
samples were investigated by using four different solvents (DMF, DMF/acetone at the volume ratio of
6/4, 5/5, 4/6). Three different crystalline phases in PVDF, α, β, and γ, were quantitative analyzed by
DSC and FTIR, and the effect of the β phase and γ phase on d33 was quantitatively studied.
MATERIALS AND METHODS
PVDF in pellet (Mw=220,000, Arkema Kynar 705, France) was used as the polymer. N, NDimethylformamide (DMF, CARLO ERBA, Mw=73.1 g/mol, assay≥99.9%), and acetone (CARLO
ERBA, Mw=58.01 g/mol, assay≥99.8%) were used as the solvents.
The electrospinning machine (CAT000002, Electrospraying Instrument Kit Instruction Manual,
Spraybase®, AVECATS, Kildare, Ireland) was used to prepare PVDF nanofibers. The PVDF solutions
with different DMF/acetone volume ratios (1:0, 6:4, 5:5, 4:6) were loaded into a 10 mL syringe and
connected for injection to a 20-gauge needle. The parameters during the electrospinning process were
fixed as fellow: feed rate of 1 ml.h-1, tip-to-collector distance (TCD) was 20 cm, and the applied voltage
was 20 kV. The nanofiber samples were collected on a metal plate wrapped in aluminum foil.
Characterizations
The polymer solutions' viscosities were measured using Rheomat RM 100 Rheometer (Lamy Rheology,
France) with the shear rate ranged from 0.38-1420 s-1 (25℃).
Differential Scanning Calorimetry (DSC 6000, PerkinElmer, USA) was used to characterize PVDF
samples' crystallinity. These samples were heated up from 10℃ to 200℃ at a rate of 10℃/min, and then
cooled from 200℃ to 10℃ at a rate of 30℃/min in a nitrogen atmosphere.
Fourier-transform infrared spectroscopy (FTIR, Nexus-560 spectroscopic, Nicolet, Madison, USA)
analysis was performed under 64 scans with a resolution of 4 cm-1, and the wavenumber ranged from
400 to 1600 cm-1.
Scanning Electron Microscopy (SEM, Phenom ProX, ThermoFischer Scientific, US) was used to
characterize the morphology of PVDF nanofibers. 100 nanofibers of each sample were randomly
selected, and their diameter were determined by Image J (National Institutes of Health, MD, USA. Then
calculate the average diameter of these 100 nanofibers.
Piezoelectric coefficients (d33) of the PVDF nanofibrous membranes were measured by using d33 meter
(model YE2730A, Sinoceramics, China) under a force of 0.25 N and a frequency of 110 Hz. Five
samples were measured and the average d33 was obtained.
RESULTS AND DISCUSSION
Figure 1 (A) shows the SEM images of electrospun PVDF samples prepared from different solvents.
The structure of the electrospun PVDF sample is mainly a microsphere structure when the solvent is
DMF. Nanofibrous structure is started to forme when acetone is added to DMF and by increasing the
content of acetone, beads structure in PVDF samples decreased. Electrospun PVDF samples are mainly
nanofiber structures without beads when acetone is up to 60% (in mix-solvent). Meanwhile, the
nanofibers’ diameter decreases, and their diameter distribution becomes more homogeneous when the
acetone content increases. Variations in structures of the nanofibers are linked to the volatility of the
solvent. While the solvent cannot fully evaporate between the needle tip and the collector, more
microspheres and beads are formed [7]. DMF is a non-volatile solvent and acetone has a higher
volatility. Therefore, The DMF is not entirely evaporated during electrospinning process, causing a
microsphere or beads structure. The volatilization rate of solvent is increased by adding acetone and so,
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the sufficient volatilization of the solvent is beneficial to the stretching effect of the electric field on the
nanofibers and reduces the average diameters of the fibers.

Figure 1. (A) SEM images, (B) The deconvolution of the IR spectra, (C) The deconvolution of the DSC
curves of PVDF samples prepared from different solvents (25w/v% PVDF, TCD=20cm, needle: 20G, feed
rate: 1 ml•h-1, voltage: 20 kV. The FEA, Fβ, Fγ, Xc, and F(β)total were obtained by the formula in ref [8,9]).

To quantitatively analyze the content of α, β, and γ phases in electrospun PVDF samples, the FTIIR
spectra and DSC curves of electrospun PVDF samples are deconvoluted by OriginPro 2019 (OriginLab
Corporation, MA, USA) and the results are shown in Fig.1 (B) and (C).
According to the results, the FEA of electrospun PVDF samples prepared from mix-solvent is higher than
that of PVDF samples prepared from DMF solvent. As the volume of acetone in the mix-solvent
increases from 0 vol% to 60 vol%, the content of β phase (F(β)) increases significantly from 62.8 %
(IR) and 43.4 % (DSC) to 67.7 % (IR) and 57.6 % (DSC). At the same time, the content of the γ phase
decreases slightly with the increase of acetone in the mixed solvent.
The results of IR and DSC illustrate that adding acetone is beneficial to the formation of electroactive
phase, especially β phase in PVDF during the electrospinning process. Volatile solvents allow the
solvent to evaporate completely during the electrospinning process and reduces the structure of the
beads, thus improving of FEA [4]. However, it must be pointed out that the addition of acetone facilitates
the formation of the electroactive phase in electrospinning PVDF samples limited to PVDF molecular
weights of 220,000. Some studies have shown that excess volatile solvents do not promote the formation
of the β phase [10]. For nanofibers with a large beads structure, adding acetone eliminates the structure
of the bead and forms more β phases.
As the content of acetone in mix-solvent increased, the d33 of PVDF nanofiber membrane increased
from -9.7 to -13.7 pC/N. The change in d33 is attributed to the increase of β phase in PVDF. When the
acetone content in the solvent rose from 40% to 60%, F(β)total increased from 19.0% to 26.1%, and
F(γ)total did not change significantly. The improvement of the β phase directly affects the enhancement
of the piezoelectric properties of PVDF. The changing of acetone content in the solvent makes the β
phase of electrospinning PVDF change significantly, thus affecting the piezoelectric properties of
PVDF. However, the effect of γ on the piezoelectric properties of PVDF is not apparent.
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CONCLUSION
The morphology and structure of electrospun PVDF samples were significantly changed using different
volumes of DMF/acetone solvent. The addition of acetone reduced the presence of the beads and
improved the nanofibrous structure of PVDF by increasing the solvent evaporation rate. According to
the results of quantitative analysis of the effects of β phase and γ phase on piezoelectric properties of
PVDF, the main phase affecting the piezoelectric properties of electrospinning PVDF is the β phase in
the electroactive phase rather than the γ phase.
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ABSTRACT
Today, denim garments are generally produced from bi-stretch fabrics due to high level of physical
comfort requirements. On the other hand, an important performance that determines the garment quality
is seam strength. In order to produce high quality denim garments, the factors that affect the seam
strength property must be examined. So, in this study the effect of weave type (Twill 3/1 Z and Twill
2/2 Z) and weft sett (21, 25, 29 wefts/cm) on seam strength and seam efficiency of bi-stretch denim
fabrics were studied. Consequently, it is seen that increase in weft sett increases the weft direction seam
strength. Weave type has no considerable effect on seam strength and seam efficiency in weft direction
whereas a considerably higher seam strength and seam efficiency is obtained in warp direction.
KEYWORDS
Bi-stretch denim, weave type, weft sett, seam strength, seam efficiency.
INTRODUCTION
Denim garments are probably the most widely used woven fabric type worldwide. In this context, the
proper production parameters of this garment type are very important to obtain high level of product
quality. The most important production parameter after fabric production is the sewing parameters. Also
providing the compatible sewing parameters with the fabric structural parameters has vital importance
for a high quality garment. Several studies are available in the literature to determine effective factors
on seam performance of fabrics [1–10]. In this study, seam strength and seam efficiency properties of
bi-stretch denim fabrics were investigated on the basis of weave type and weft sett. In this context,
tensile strength, seam strength and seam efficiency of bi-stretch denim fabrics on the basis of weave
type and weft density were examined.
MATERIALS AND METHODS
For this study, Ne 20/1 cotton combed elastane core-ring spun yarn samples were produced. Linear density
of elastane core is 7.8 tex. By using the sample yarn in only weft direction bi-stretch denim woven fabric
samples were produced. Warp sheet was indigo dyed and composed of 37 tex, dual core (PBT - Elastane)
ring spun yarn. For this study, two different weave types (Twill 3/1 Z and Twill 2/2 Z) were selected because
of the common use in denim fabric structure. Three different weft sett values (21, 25, 29 wefts/cm) were
applied. As finishing treatment, firstly singeing was applied to denim samples. Secondly, the denim samples
are washed with NaOH 10°Be' solution. After washing, the samples were dried and then shrinking process
was applied. The finished samples were conditioned according to TS EN ISO 139 (2008) before the tests
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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and the tests were performed in the standard atmosphere of 20±2ºC and 65±4% relative humidity. The
structural properties of fabric mass, fabric density and thickness were determined according to TS EN 12127
(1999), TS 250 EN 1049-2 (1996) and TS 7128 EN ISO 5048 (1998), respectively. The structural properties
of the bi-stretch sample woven fabrics are given in Table 1.
Table 1. Structural properties of fabric samples.
Twill 3/1
Weft sett,
Thickness,
Fabric mass,
wefts/cm
mm
g/m²
0.62
269
21
0.61
282
25
0.62
306
29

Twill 2/2
Thickness,
Fabric mass,
mm
g/m²
0.59
262
0.57
281
0.53
293

In this study, failure of the seams were determined according to ASTM D 1683-07 standard (Standard
Test Method for Failure in Sewn Seams of Woven Fabrics). In this test, the first evaluation is done by
testing fabric using Test Method D5034. This standard is used to measure the resistance of a woven
fabric to rupture in the warp and weft direction. The second evaluation is done by using ASTM
D1683/D1683M, to test fabric sections that have been cut and then sewn together. According to the
standard a two thread lock stitch was made by 80 Tex standard polyester spun sewing thread with 3.1 ±
1⁄2 stitches per centimeter. The effects of the weft sett and weave type on seam performance in both
directions (warp and weft). In this context, seam strength and seam efficiency were determined. To
determine the seam efficiency the following Eq.[1] was used:
[1]

Seam efficiency (%) = (seam strength/fabric tensile strength )*100

RESULTS AND DISCUSSION
Seam performance of sample fabrics are given in Table 2.
Table 2. Seam performance of fabric samples.
Weft
Tensile Strength (N)
Fabrics
Sett
Warp
Weft
Construction
(picks/cm)
Direction
Direction
21
Twill 3/1
1870.50
615.70
25
1960.51
796.13
29
2044.09
832.65
21
Twill 2/2
1957.93
650.68
25
2063.37
778.31
29
1983.30
1076.32

Seam Strength (N)
Warp
Weft
Direction Direction

242.45
260.14
271.28
380.76
366.58
363.60

92.01
125.42
308.90
151.28
254.03
278.23

Seam Efficiency (%)
Warp
Weft
Direction Direction

13.01
13.32
13.23
19.85
17.86
18.32

14.94
15.62
37.00
23.25
33.20
26.10

Figure 1. Seam strength of fabric samples in weft direction.

Figure 1 reveals the seam strength values of fabrics in weft direction. It was observed that the weft
direction seam strength of the fabrics increased with the increase in weft sett. Since, by increasing the
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weft sett, number of yarns in the seam region increases. Both weave types show similar increasing seam
strength trend as the increase in weft sett and close seam strength values. It can be concluded that
changing the weave type as Twill 3/1 and Twill 2/2 weave have no considerable effect on seam strength
of bi-stretch denim fabrics.

Figure 2. Seam efficiency of fabric samples in weft direction.

Figure 3. Seam strength of fabric samples in warp direction.

Seam strength of samples in warp direction is illustrated in Figure 3. It must be considered that the fabric
sett was changed in only weft direction. An increase in the number of wefts is expected to have minor
or no effect on warp direction seam strength and as it is seen in Figure 3 there is a slight change versus
weft sett increase for both weave types. On the other hand, it can be concluded that higher seam strength
can be obtained with Twill 2/2 weave thanks to its stable structure than Twill 3/1 weave. Also, higher
seam strength values were obtained for warp direction than weft direction due to higher warp sett values
than in weft direction.

Figure 4. Seam efficiency of fabric samples in warp direction.

In order to determine the effect of weave type and weft density on seam strength and seam efficiency,
two way ANOVA was performed with a confidence interval of 95% (Table 3).
When the results were examined, it was determined that fabric construction had a statistically significant
effect on seam strength in warp and weft direction and seam efficiency in weft direction. However, weft
sett was found to have a statistically significant effect on seam strength and seam efficiency only in the
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weft direction. When the interactions of fabric construction and weft sett parameters are examined, it is
seen that they have significant effects on seam strength and seam efficiency in the weft direction.
Table 3. ANOVA for seam strength and seam efficiency.
Warp Direction
Seam Strength
Seam Efficiency
(N)
(%)
Fabric Construction (A)
0.001*
0.005*
Weft Sett (B)
0.984
0.906
0.784
0.834
A*B
* Statistically significant at 0.05 level.

Weft Direction
Seam Strength
Seam Efficiency
(N)
(%)
0.067
0.016*
0.000*
0.006*
0.012*
0.001*

CONCLUSION
As a conclusion, results can be summarized:





Weave type has statistically significant effect on seam strength for both warp and weft direction
of the fabric.
The effect of weft sett on warp direction seam strength and warp direction seam efficiency was
found to be statistically insignificant (p>0.05).
It was found that warp direction seam strength values were higher than weft direction seam
strength.
In this study, a very general weave type of two thread lock stitch was used considering denim
shirts, skirts and dress. For further studies applying other stitch types with standard sewing
threads will provide different approach.
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ABSTRACT
Creativity in the design process is not only based on the problem solving ability or the utility of the
outcome of the process, but it is also based on producing novel outcomes satisfying aesthetic
expectations. Due to the creative aspect of the design process depending on defining and referring to
evolving human defined aesthetic values and taste, applying artificial intelligence to textile and apparel
design is one of the major challenges. This research aims to explore a new system for creating textile
print designs by artificial intelligence methods. A dataset including various patterns such as geometrical
shapes, animal figures, flowers and abstract print designs were collected from a textile printing company
to be assessed and used to generate new patterns by AI. As a result, original textile print designs were
generated by integrating machine learning systems. It is suggested that AI based generative design
algorithms have immense potential to create novel textile design samples.
KEYWORDS
Textile design, Artificial intelligence, Textile supply chain, Creativity, Generative adversarial networks.
INTRODUCTION
The application of Artificial Intelligence (AI) has been recognized in the fashion and textile industry at
various stages. By considering the operational processes of the apparel industry from concept to
consumer, Guo et al. (2011) describes the complete supply chain network with the phases of: (1) apparel
design, (2) manufacturing, (3) retailing and (4) supply chain management [1]. As defined by Nayak and
Padhye (2018), “AI is the field of study that deals with the synthesis and analysis of computational
agents that act intelligently” [2]. Recently, numerous AI techniques have gained more importance by
researchers in the apparel industry within all phases of apparel supply chain. However, AI technology
in the textile and apparel industry is still in its early stages, with few applications, and the industry still
lacks a widespread adoption of AI technologies [3,4]. Amongst all phases in the supply chain, adopting
the machine intelligence to textile and apparel design has been one of the major challenges due to the
creative nature of design process where human taste is a major concern.
With the support of digital textile technologies, endless opportunities can be created for textile designers.
Digital technologies assist designers to transform and edit designs relatively in a simple way. However,
the creative perspective still remains as a challenge. Textile patterns can be inspired by a variety of
sources, including historical patterns, art works, and visual abstractions of natural forms. Such
inspirations provide valuable input for integrating machine intelligence for creative textile designs.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Considering the gap in the literature about the use of AI technologies for textile design, this research
aims to investigate the creative perspective of a new method for generating novel textile patterns with
the use of a dataset including various textile print designs.
MATERIALS AND METHODS
Generative adversarial networks (GANs) can assist creating new textile designs based on the structure
and parameters of the neural network and based on the strategy used in selecting unpaired sets of visual
libraries to train the network. The first library set from which the system analyses and learns from the
previously existing designs is then transformed into new designs from the styles extracted, analyzed and
learned from the second visual library set. Besides, the code content of the GAN algorithm, enabling it
to learn generation of novel design decisions based on the previously generated designs, the selection of
the unpaired set of training images, visual design samples and the visual styles employed also weigh in
producing creative textile designs.
In this research, a dataset consisting of approximately 500 textile designs were collected from a textile
printing company. The dataset included various patterns such as geometrical shapes, animal figures,
flowers, arty and abstract print designs.
A novel creative textile design methodology, which is based on recently proposed Operational CycleGANs is employed in this research. Cycle-Consistent Adversarial Networks (Cycle-GANs) [5] are
powerful unsupervised generative models that are used for image-to-image translation/synthesis. SelfOrganized Operational Neural Networks (Self-ONNs) [6] were recently shown superiority over wellknown Convolutional Networks, on many regression and classification tasks with their non-linear
generalized neuron models. To reflect this superiority over generating various creative textile patterns,
the convolutional layers of the native GANs are replaced by operational layers of the Self-ONNs.

Figure 1. The general framework of the proposed creative textile design scheme.

The general framework of our proposed creative textile design scheme is shown in Figure 1, where
operational Cycle-GANs analyze with images of size 256256. Each color channel (RGB) of the input
image is resampled to 256256 and normalized by linear scaling to the range of [-1,1].
We have selected 432 random texture images and 480 textile pattern images from the Medeiros’ clothing
pattern dataset [7] to establish the training dataset. Sample images from the training dataset are shown
in Figure 2.
The proposed approach consists of two sets of generators and discriminators. While Generator A2B,
learns to add textile patterns to the textures, Generator B2A will learn the opposite and will be used to
calculate cycle-consistency loss for the preservation of the texture characteristics. Both corresponding
discriminators aim to maximize the adversarial loss functions to generate more realistic transformations.
467

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

For both generators GA2B and GB2A of Operational GANs, a 10-layer U-Net configuration is used
with 5 operational layers and 5 transposed operational with residual connections.

Figure 2. Sample random texture images (bottom) and textile pattern images (top).

The kernel sizes are set as 4 and the stride is set as 2 for both operational and transposed operational
layers. Both discriminators consist of 5 operational layers with a kernel size of 4. The stride for layers
is set as 2, 2, 2, 1, and 1 respectively. The architectures for the generators and discriminators are shown
in Figure 1. For all experiments, we employ a training scheme with a maximum of 1000 BP iterations
with batch size 8. The Adam optimizer with the learning rate 10-4 is used for both generators and
discriminators. We implemented the proposed architectures using the FastONN library [8] based on
Python and PyTorch [9].
The Generator in ML network is supposed to work as an artist in this approach. Consequently, the
Discriminator in ML network acts as the person being responsible for the design decisions of generated
items. Human intervention is involved in training of ML network (by choosing input image samples,
ML network model and training parameters). Therefore, the human defined design and aesthetic values
are transferred into this design model at the beginning as the creative source to be learned from. During
training, the Generator learns to make the Discriminator think its output image samples belong to the
human provided target input patterns (class). This approach assures keeping the initial human defined
design identity (from the input patterns) reinterpreted and applied into the newly generated print designs.
RESULTS AND DISCUSSION
The sample results of the proposed creative textile design method (Figure 1) after training with 1000
epochs are given in Figure 3. From the visual (qualitative) evaluation of the results, the capacity of
Operational GANs for textile design creativity is judged to be promising, yet to be improved based on
the training set and with iterative approaches. Even though the current outcomes lack exact realistic
forms, such as the shape of a flower, the uniqueness and the aesthetic specifications prove useful for the
purpose of generating print designs in the desired style, especially being appropriate for digital textile
printing applications.
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Figure 3. Sample output images generated by the proposed creative textile design method.

CONCLUSION
Considering the increasing use of digital textile design technologies in many fields including fashion,
interiors, home textiles, wallpaper and accessories, ingenuity in digital textile technologies has gained
importance. Beyond the possibility of the direct contribution of generative adversarial networks in
producing high quantities of fashionable patterns for the industry, the ability of AI based generative
design algorithms we have covered in this paper have immense potential to create novel design samples.
As the newness of the generated design samples are based on deep and continuous learning from the
visual datasets and from the desired styles selected by the firm, curating the content of these datasets,
the relatedness and the continuity yet the novelty of the design decisions produced in the brand’s visual
styles create a sustainable creative strategy for the textile company.
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ABSTRACT
In this paper, we proposed the preparation of a photochromic nonwoven fabric based on photochromic
nanofibers with high color response, which has excellent photochromic properties, good durability, and
can quickly return to its original state. Photochromic nanofibers were colored by spiropyran (SP) class
of photochromic dyes. The SP was dissolved in an ethanol solution containing polyvinyl butyral and
then the composition was spined using a needle-free NANOSPIDER system. The test data of
colorimetric and spectral characteristics of photochromic color change demonstrate that the prepared
samples exhibit significant color changes and sufficient stability during fatigue tests. At the same time,
a good agreement of the measured experimental data with the proposed theoretical model is documented,
which allows estimating the total amount of energy that causes a 50% decrease in color response. This
enabled the design of an accelerated UV resistance test method for photochromic textiles.
KEYWORDS
Nanofiber, spiropyran, polyvinyl butyral, electrospinning, photo-fatigue behavior.
INTRODUCTION
In the excited state of organic molecules, several conformational changes can occur, along with changes
in the electron absorption spectra. If these changes are reversible, i.e. after removal of the excitation
radiation activating the change, the system returns to its original state (induced absorption or color
spontaneously disappears), we speak of phototropy or photochromism. If these changes are caused by
heat, we speak of a thermochromic phenomenon. Reversible bleaching distinguishes photochromism
from irreversible photoinduced chemical reactions. Simplistically, the photochromic process can be
expressed by the relation:

Applications of photochromic dyes in textile area run from everyday wear to high-tech smart and
functional textiles such as smart design, safety and security, camouflage, textile UV sensors and active
protective clothing [1,2]. The advantage of photochromic textiles is the relatively fast color change in
response to light while maintaining the general properties of textiles. For example, textiles with UV
sensors exhibit higher flexibility, are easily customizable and require low maintenance compared to
conventional sensor systems [3]. Despite considerable interest, the commercial development of
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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photochromic textiles has been limited mainly due to technical issues related to application methods and
fastness. Previously described techniques for the application of photochromic dyes include exhaust
dyeing processes, filament mass dyeing, screen printing, or coating techniques [4–6].
As mentioned, the key role in the case of photochromic materials is their resistance to light radiation or
testing of this resistance – lightfastness. For this purpose, it is possible to use either standard tests for
the evaluation of stability under artificial light - Xenotest, or various methods of cyclic irradiation of
samples with excitation light sources. Unfortunately, there is currently no standardized methodology for
testing the fatigue resistance of photochromic materials to light irradiation. Several works in the field of
photochemistry use cyclic irradiation with flashlight sources to test the stability of photochromic dyes.
However, due to the expected use of photochromic dyes in the field of clothing or as simple textile
sensors, it can be concluded that this test method is not suitable for textile applications. Since most
photochromic textiles are currently used for outdoor leisure activities, systems that simulate repeated
exposure to the sun, where the textile is exposed for at least a few minutes, must be considered as suitable
for testing the stability of photochromic materials. This raises the question of what cyclic test scenario
using continuous (not flash) excitation light sources is appropriate for simulating real-world use of
clothing with photochromic properties. Therefore, in this work we have focused on both the possibility
of producing nanofibrous photochromic structures using equipment that allows their mass production,
such as the Nanospider production line, and we have tested three simple scenarios of cyclic irradiation
with a continuous excitation light source with illuminance corresponding to approximately an average
day in Europe (40 klx) and their effect on the resulting durability of a fabric with photochromic
nanofibers.
MATERIALS AND METHODS
Chemicals
The polymer used in this study was polyvinyl butyral (PVB), Figure 1a. (Mowital B 60H, Kuraray
America Inc., USA; average molecular weight of 60,000 amu) The trade name Mowital is followed by
a capital B stating the butyraladehyde used. The number refers to the degree of polymerization and the
suffix H indicates the degree of acetalization. The spirooxazine type of photochromic dye, 5-Chloro1,3-dihydro-1,3,3-trimethylspiro[2H-indole-2,3′-(3H)naphth[2,1-b](1,4)oxazine] was purchased as
powder from Matsui Inc., Japan, and 4-amino-2,2,6,6-tetramethylpiperidine was used as hindered amine
stabilizer (HALS) of photochromic dye, purchased from Merck, Germany. As final chemical was used
diethylhexyl sodium sulfosuccinate as surfactant allowing control of surface tension of solution used for
nanofiber production. Trade name of this surfactant was Spolion 8 made by Enaspol company, CZ.

N

N
Cl
Figure 1a.
Polyvinyl butyral.

O

Figure 1b. 5-Chloro-1,3-dihydro-1,3,3-trimethylspiro[2H-indole-2,3′-(3H)naphth[2,1b](1,4)oxazine].

NH2

N
H
Figure 1c. 4-amino-2,2,6,6tetramethylpiperidine.

Electrospinning method
On the beginning ethanol and 1% wt of photochromic dye were stirred gently with a magnetic bar at
room temperature and atmospheric pressure. PVB polymer was added slowly to ethanol-dye solution.
A 10 wt % solution of the PVB in ethanol (9:1 Et-OH: PVB; w/w) was determined as optimum
concentration from pilot study. For experimental reasons, the concentration range of dye in polymeric
solutions was prepared as: 1, 2, 3, 4 and 5% of dye. Finally, was added HALS with concentration
following ratio to concentration of photochromic dye 1:10. Conductivity, viscosity, and surface tension
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of resulting solution were measured and controlled during production process. In the case of our
experiment, the surface tension value alternated around 22  2.4 Pa. A Nanospider NS line 1WS500U
(Elmarco, CZ) was used to produce the nanofiber structures using an electrostatic field. The spinning
electrode (SE) and the collecting electrode (CE) were connected to a high voltage source and the
polymer is spun out of the free surface. The resulting nanofibers were captured on a spunbond fabric
that unwinds at a constant speed below the collector, as visible on scheme in Figure 2.
CE - collector

carrier fabric - spunbond
power supply

nanoﬁbers
tank with
solution

ﬂoater

SE - string electrode

Figure 2. Schematic illustration of the Nanospider TM device.

Color measurement and conditions
Color measurement was carried out using a LCAM Photochrom 3 spectrophotometer, processed using
CHROMADYNAMIK software, specular reflectance excluded, measuring aperture 28 mm. For
measurement of photo coloration, tested fabric samples were irradiated by continuous irradiation source
- UV LED 365 nm with power 736 μW.cm-2. As the analysis light source were used 6 blue pumped
white LEDs of CCT 3000 K and 4 blue pumped LEDs of CCT 4000 K giving together illuminance of
sample 40 klx. Operating mode of apparatus for photochemical fatigue measurements was based on
cyclic degradation scenario when exposure time was variable 12, 24 and 48 minutes and constant UV
off time 100 mins. Each sample was measured by sequence of 5 equal cycles and repeatability of
measurement was confirmed by 3 replications of each experimental setup.
Since textiles are generally turbid media, it is not possible to use the Lambert-Beer law for the analysis
of spectral properties as in the case of true solutions in photochemistry. For this reason, we have used
the Kubelka-Munk (K/S) [4] function to evaluate the changes in dye concentration on the textile
substrate. Since the dye carrier itself, a textile consisting of a layer of spunbond polypropylene fibers
and PVB nanofibers, exhibits a certain degree of reflection, it is necessary to also calculate the K/S value
of the substrate including the dye in its inactivated form to evaluate the effect of the dye.
RESULTS AND DISCUSSION
Based on a calibration series of different concentrations of photochromic dye in the polymer matrix, it
was possible to calculate the amount of dye that was degraded in each of the exposure scenarios. It is
important to note that unlike conventional dyes, where the color change of the exposed sample is usually
measured compared to the original sample, in the case of photochromic samples it is necessary to
measure how the color difference between the exposed and unexposed forms has changed. For this
reason, the measurement results are related to the first cycle of color change and the degree of
degradation can then be calculated as a percentage decrease in color intensity (%Fade). As can be seen
in the graph in Figure 3 the greatest degradation occurred in the scenario with the longest exposure time.
The apparent jump in the rate of degradation of the photochromic dye must be sought in the amount of
radiation absorbed by the sample. If we assume an exponential decrease in the amount of active
photochromic dye molecules as a function of radiation dose, then we can write Eq. [1]:
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[1]

= e-KE0 t

where, N0 is number of dye molecules exposed; Ns is number of active dye molecules after an exposure;
E0 is irradiance (Wm-2); t – time of exposure (s) and K is decay rate constant (m2J-1).
K is a measure of dye susceptibility, resistance respectively. If we replace the number of dye molecules
by the intensity I as allowed by the Kubelka-Munk function, we obtain a linear dependence on the
radiation dose in the meaning of Eq. [1] as documented by the graph in Figure 4.
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CONCLUSION
We would recommend DC methods including Nanospider for the preparation of well-defined, compact
photochromic nanofiber structures. The proposed method of cyclic irradiation with variable scenarios
involving different exposure times and constant relaxation times of the photochromic system proved to
be sufficiently reproducible. At the same time, it can be concluded that the radiation dose absorbed by
the photochromic material provides the possibility to estimate and evaluate the rate of dye degradation
in the case of exposure scenarios based on cyclic irradiation with continuous light sources.
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ABSTRACT
The subject of this paper concerns an identification of a spatial structure of a warp-knitted spacer fabric,
paying particular attention to the structure of the inner layer. The transverse elasticity of the knitted
fabric, both in static and dynamic terms, will depend on the properties of the monofilament, its shape
and Young's modulus. The environments of OptaView and Inventor programs were used in the research.
Analytical activities were selected that enabled the creation of theoretical models. The empirical
verification showed the compliance of the model objects with the actual shape of the threads. It has been
proved that the developed methodology can be used in the description of the spatial structure of the
spacer knitted fabric as an indispensable element in the numerical experiment of the mechanical
properties of the knitted fabric.
KEYWORDS
Spacer fabric, 3D modelling, monofilament, Inventor.
INTRODUCTION
Knitted spacer fabrics are modern 3D textile structures, consisting of two knitted outer layers connected
by monofilament threads. The inner layer creates a distance that can vary from 2 to 100 millimetres [1].
These materials are widely used both in everyday objects and in more complex technologies, such as:
car textiles, including car seat covers; composites; medical textiles such as orthoses or anti-bedsore
mattresses; vibration reduction materials; sports textiles, parts of backpacks or sports shoes and insoles
therefor; in breathable panels in clothing, helmet linings and even in modern architecture [2]. The most
commonly used description of the structure of such knitted fabrics is based on two sections, along
courses and wales. Few publications explore the issue of the three-dimensional structure of the inner
layer.
An important feature of technical knitted fabrics is transverse bending elasticity, designed depending on
the application of the material. It depends on many features, such as bending elasticity of the filament
yarn (Young's modulus), its thickness, length and shape [3,4]. The aim of the research was to determine
the method of analysing the spatial shape of the threads in the inner layer of spacer knitted fabrics,
needed to model its elasticity under dynamic (impact) compression conditions.

© 2022 by the authors. This article is an open access article distributed under
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MATERIALS AND METHODS
The research material was a 9 mm thick 3D spacer knitted fabric. The design and simulation of its
construction was carried out using the ProCad Warpknit program. The visualization of the designed
material is shown in Fig. 1 a-c. The structure of the stitch consists of: 1- double thread chain, 2- weft
thread, 3-chain with inner layer connectors, 4-double thread chain, 5-weft thread. The outer layers of
the material are made of polyester multifilament yarns, while the inner layer is created by monofilaments
with a diameter of 0.2 mm. The average compressive stiffness modulus of this fabric is equal 230.17 Pa.
The 3D spacer fabric was produced on a Nippon Karl Mayer LTD double-comb warp knitting machine
with the needle number E18.
The actual structure of the knitted fabric was identified using a stereoscopic microscope equipped with
an OPTO-TECH digital camera (Fig. 1d). It was assumed that by juxtaposing two 2D photos showing
perpendicular sections of the knitted fabric, it was possible to determine the coordinates of the points
(x, y, z) through which the monofilament passes.

a

b

c

d

Figure 1. a, b, c - simulation of knitted fabric in ProCAD Wapknit, d - photos of knitwear made on a
microscope.

The methodology of identifying the spatial structure of the inner layer includes two stages. The first step
was to prepare the sample. As at this stage it was important to confirm the compliance of the model with
the real object, the knitted fabric was cut so that the selected monofilament (marked with an indelible
marker) was visible from all sides. Therefore, the smallest possible piece of material had to be cut out,
while maintaining the structure. Further considerations focus on the monofilament element marked with
green. It should be remembered that each monofilament can be curved in space differently depending
on many variables, including its position in the weave, the finishing process or the external forces. The
images showing knitted fabrics at 0, 90, 180, and 270 degrees were saved using the OptaView program.
To create the model, two perpendicular views were selected, showing the marked monofilament (Fig. 2a
and b).
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b

Figure 2. Pictures of the spacer knitted fabric at 0 ° (a) and 90 ° (b).

In the graphic program, a scale was applied to the longitudinal and transverse view of the knitted fabric,
adjusted to the thickness of the material (9mm). Then, points were marked on the monofilament image,
with 0.5 mm graduation on the axes. Y and z axes are perpendicular to the outer layers of the knitted
fabric (x axis). The coordinates of the yarn shape were determined and saved in Excel file in the form
of a table (it is necessary to enter the unit in the A1 field so that Inventor can choose the scale).
The second stage of the research was carried out using the Inventor program environment. It is an
Autodesk CAD program. It can be used for solid 3D modeling, allowing you to make assembly and
manufacturing drawings, etc. Using the "import points" tool, available in "3D sketch", the saved set of
points was imported (Fig. 3a).

a

c

b

d

B
B

Figure 3. a - point import, b - spatial curve, c - adding a circle, d - dragging and creating a 3D model.

In order to create a 3D object, a curve is necessary, along which the cross-section of the model will be
“dragged”. The points were connected using the "spline" function (Fig. 3b). There are two options:
"interpolation" and "control vertex", the second one allows for a better effect, closer to the actual shape
of the monofilament. The next step was to draw a circle on the plane where the curve starts. The "circle"
tool was used, available in the "sketch" menu, and the diameter was the same as the monofilament one,
i.e. 0.2 mm (Fig. 3c). To obtain the volume of the yarn model, the drawn circle was "dragged" along the
curve with the tool from the 3D model: "sweep", selecting the curve as the sweep path (Fig. 3d).
RESULTS AND DISCUSSION
The model of monofilament yarn in the inner layer of 3D spacer fabric, obtained in the Inventor program
environment, was compared for four views (on both sides for the xz and yz planes- Fig. 4a-d) with the
microscope photos (Fig. 4e-h) in order to verify the correctness of the model. The top and bottom view
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of the created thread in the xy plane (Fig. 4j, k) and the xyz spatial arrangement are also shown (Fig.
4i).

a

e

d

c

b

i

j
f

h

g

k

Figure 4. a-h comparison of the model with the actual monofilament structure (green) in the xz and yz
planes; I - spatial view of the monofilament in the xyz system; j, k - top and bottom views in the xy plane.

CONCLUSION
As can be seen in the comparison above, the computer-generated monofilament reflects the actual shape
of this yarn with great accuracy. Therefore, it can be concluded that the developed modelling
methodology, based on 2D images in order to create a 3D model, is correct and allows for the creation
of three-dimensional objects simulating the inner layer of the spacer knitted fabric. Models created on
the basis of the developed method can then be used in computer simulations of processes such as
compression or stretching of the spacer knitted fabrics.
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ABSTRACT
Molecules and supramolecular that are capable of undergoing structural rearrangements when subjected
to an external stimulus have attracted a great deal of attention as they can represent a new way to design
smart textiles. Azobenzenes are stable molecules in both the isomeric states, i.e., open and closed forms.
By mimicking nature, one of the most significant challenges in the realization of switches is to integrate
multiple and independent reactive units in a single molecular system allowing to couple a photochromic
activity with a mechanical activity to obtain a photo mechanically activatable system. Among the
different inputs, photons have been considered as one of the most promising for application in the textile
field. This study aims to explore the possible ways to integrate a diarylethene (DTE) either in the core
of the fiber or on its surface to create a photoactive textile structure. The integration of DTE by melt
spinning into a poly (methyl methacrylate) matrix has demonstrated the feasibility of the process.
Nevertheless, even if a photosensitive effect has been observed, the low quantity of molecules coupled
with the thermal constraints do not make this process feasible on a larger scale. To overcome this
problem, it was considered to integrate the DTE in a functional coating formulation by dispersing them
in a polyurethane matrix with a coating step. This part of the study focuses mainly on the fiber/matrix
adhesion mechanisms to determine the best couples in terms of adhesion. The results obtained after the
pull-out test showed that the polyamide/polyurethane couple has the highest work of adhesion compared
to the polypropylene or polyethylene terephthalate ones.
KEYWORDS
Fiber/matrix interface, photochromic, diarylethenes, polyurethane binder, pull-out test.
INTRODUCTION
In recent years, worldwide scientific efforts have been devoted to developing smart textiles capable of
detecting, reacting, and adapting to environmental conditions or stimuli. Those that react to artificial or
sunlight have been developed with photochromic molecules [1]. In the family of photochromic
molecules, diarylethene (DTE) was the first example dating back to 1988 and is currently considered
one of the most influential and widely used bistable molecular switches due to its high fatigue resistance.
Under the effect of light radiation, these molecules are known to undergo reversible photoisomerization
between two states with distinct absorption spectra (open form (OF) and closed-form (CF)) [2].
Numerous photochromic studies have been carried out in polymer matrices [3], organic solvents [4], on
electrospun fibers [5] but not on crystalline polymers. In this work, for the first time, an innovative
photochromic smart textile fiber was developed by incorporating DTE diarylethenes that can
simultaneously change their macroscopic shape and color under visible/UV radiation. To succeed in,
smart fibers are manufactured in two different methods, i.e., (i) by melt process and (ii) by dip coating.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Melt process was used to load amorphous polymer, whereas dip coating was selected for high melt
temperature polymer to avoid any thermal degradation of the DTE.
MATERIALS AND METHODS
Materials
The base polymer used was a commercially available iPP homo- polymer grade (iPP- grade
Polypropylene PPH 9069) supplied in pellet form by Total Petrochemicals, with a melt flow index of
25 g/10 min (230°C, 2.16 kg) and a density of 905 kg/m3. The polyamide (PA6) was purchased from
by Total Petrochemicals, with a melt flow index of 23.3 g/10 min (230°C, 2.16 kg) and a density of
1130 kg/m3. The polyester PET fiber used in the study were supplied in pellet form by Total
Petrochemicals with a density of 1380 kg/m3. Poly(methyl methacrylate) (PMMA) was chosen because
of it is transparent and light radiations can penetrate easily, it has melting point of 180°C and a density
of 1180 kg/m3. The photochromic diarylethene 1,2-bis(2,3-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5hexafluoro-1-cyclopentene was synthesized in the ICR (Rennes Institute of Chemical Sciences)
laboratory. The binder Lurapret N5657 liq (with a solids content of 55%), Lurapret N52281 liq (with a
solids content of 60%) and Lurapret N-DPS liq (with a solids content of 40%) was supplied by Archroma
(France) were used to analyze the fiber/matrix adhesion.
Methods
Extrusion of PMMA/DTE
The PMMA pellets were dried at 80 ◦C for 48 hours to remove all absorbed moisture, and then
incorporation of DTE into PMMA was performed using a Thermo Haake minilab co-rotating twin-screw
extruder. Assuming T5%, DTE starts to degrade from 236 °C and for each blend, the rotation speed was
70 rpm; the heating temperature of the extruder was set at 220°C. The DTE/PMMA fiber has a diameter
of 500 µm and a mass ratio of 7 wt%, which means 0.07g DTE in 1g PMMA.
Pull-out Test
In this study a cylindrical drop geometry was developed. The composite was set up as follows: a small
hole (diameter = 100 μm) was made in the middle of a DSC aluminum cap. A fiber was introduced into
this hole and held vertically. A small quantity of binder was then put in the cap using a syringe. The
preparation then underwent a thermal treatment of 40°C for 48 hours and then 120°C for 1h. The pullout test was done on a Zwick tensile apparatus. The cap was put on the upper clamp, and the free end of
the fiber was set up in the lower clamp. The distance between clamps was 20 mm. The crosshead speed
was set to 20 mm/min. The force applied on the fiber was then recorded against the elongation. For each
test, the pull-out force necessary to loosen the fiber from the matrix was recorded and the length of fiber
embedded in the matrix was determined with an optical microscope after the pull-out test.
RESULTS AND DISCUSSION
1. First approach – melt processing fiber
The photochromic reaction (Scheme 1) is based on a reversible transformation between the ring-opened
(OF) isomer, with a hexatriene structure, and the ring-closed (CF) isomer, with a cyclohexadiene
structure [6].

Scheme 1. Photochromism of a diarylethene.
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After embedding the DTE in a PMMA matrix and stretching the rod to a 500 µm monofilament, longwave stress tests were performed. After bursting at 310 nm (Figure 1) for 60 s, the fiber changes from a
translucent to purple color, then becomes translucent again after irradiation with visible light (590 nm).
Moreover, this color change is accompanied by a movement of the fiber related to the existing
supramolecular bonds between the matrix and the DTE. Indeed, the passage from the closed form to the
open form is accompanied by a modification of the congestion of the molecule, which leads to a
movement of the macromolecular chains. This movement of small amplitudes is also related to the
aggregation in grain form of the DTE molecules which locally amplifies the movement. Nevertheless,
since DTE is weakly dispersed in PMMA due to its small amount (7 wt%), the photomechanical
activation cannot propagate throughout the fiber. Moreover, the temperature of the melting process is
very close to that of the DTE degradation, which induces an additional limitation to this process.

Figure 1. Repeatability of photochromism.

2. Second approach - dip coating - Selection of the matrix/polymer pair
2.1 - Influence of the chemical nature of the polyurethane binder on the matrix/polymer adhesion
The results from the pull-out test can be exploited by using a mechanical model to determine a maximum
shear stress at the interface. The most widely used mechanical model is Greszczuk [7], which assumes
that the interphase around the embedded fiber undergoes a shearing deformation during the pull-out test
and supposes elastic behavior of the matrix. This implies that there is a shear gradient along the interface,
and this test gives a value of the average shear stress (τmoy) defined by the Eq. [1] and [2]:
τmax = τmoy *

τmoy =

tanh(αLe )
αLe

[1]

Fd
2 τ rLe

[2]

2G

[3]

α = √b rEi
i

f

where, Gi is the shear modulus of the interphase (MPa), bi is the effective thickness of the interphase
(µm), Fd is the pullout force (cN), r is the fiber radius (µm), Le is the embedding length (in µm), Ef is
the Young's modulus of the fiber (MPa). In practice, τmax is determined as follows: pull-out tests are
performed on a series of fiber/matrix composites with different embedded fiber lengths. The
experimental points are plotted on a graph of τmax versus Le (Eq. [2]. The theoretical Greszczuk curve
(Eq. [1]) is then plotted on the same graph: the values of α and τmax in the Greszczuk equation are
adjusted to obtain the best fit with the help of a fitting program using the gnuplot software. However,
this model was used to compare the influence of the chemical nature of the polyurethane binder on the
polypropylene fiber (Figure 2). The goal was to compare the three binders in order to work out the binder
that will have the best adhesion with the fiber.
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Figure 2. Influence of binders on the fiber.

According to the Greszczuk model the adhesion is represented by the value of τmax. From the figure the
value of τmax of PP/N-DPS couple is too much higher than that of other two couples (PP/N5658 and
PP/N52281). This means that the N-DPS binder has a good affinity with PP. This good interaction may
be due to low solids (40%).
2.2 - Influence of the nature of the fiber on the matrix/polymer adhesion
The figure below, are the results obtained on the influence of the type of fiber used (PA6, PET, PP) with
the same elastomeric matrix N-DPS, the τmax value of PP/N-DPS and PET/N-DPS pair is 18.3 MPa and
5.7 PMa, respectively. This means that the polypropylene fiber adheres better to the aqueous
polyurethane dispersion than the polyester. Concerning the PA6 fiber, during the pull-out test with the
matrix, a rupture of the fiber is observed on an average of 20 trials. This shows that the PA6/N-DPS
interface is stronger than the other two interfaces (PP/N-DPS and PET/N-DPS). This result is not
surprising in the sense that the amide groups of PA6 participate in the formation of hydrogen bonds with
the hydroxyl groups notably present in the matrix (N-DPS).

Figure 3. Comparison of fibers (PP, PET, PA6) with N-DPS binder.

CONCLUSION
In this work, two different approaches were used to design smart fiber, i.e., (i) by the melt route and (ii)
by dip- coating. The elaboration of a photo-mechanical fiber by melt spinning, is not the way to go.
Indeed, the process requires temperatures of implementation close to that of the degradation of the DTE,
which harms the molecule's performance. Moreover, the conditions of implementation, particularly the
weak quantities used for the DTE do not make it possible to obtain a good dispersion of the molecule in
the fiber, which results in weak photo-mechanical performances. The choice of dip coating relies above
all on the correct selection of the fiber/matrix couple. The implementation of the pull-out test was
adapted for the elastomeric matrix as the aqueous PU dispersion. The interpretation of the experimental
results was made from a model based on a stress criterion (Greszczuk). From the pull- out test, it was
found that PA6 has a higher interaction with the matrix compared to PP/N-DPS and PET/N- DPS. The
project's next step is to use will be using the dip- coating process with PA6 fiber and DTE by preparing
a solution containing DTE and PU and studying the photo- mechanical effect.
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ABSTRACT
Alginate fibers were used essentially in wound dressing due to his biocompatibility and were prepared
by the wet-spinning process using a sodium alginate solution and a calcium chloride solution (CaCl2) as
a coagulation bath. The effects of the wet-spinning solvent, coagulating solution, and polymer
concentration on corresponding fiber structure were addressed to achieve homogeneous fibers with
controlled morphology and suitable mechanical properties. Fiber average diameter, surface state, and
fiber homogeneity were assessed by optical and scanning electron microscopies to screen the influence
of the formulation and process parameters on the morphological characteristics of the fibers.
Furthermore, mechanical properties were studied after determining the monofilament finesses. At an
alginate concentration of 8 wt.%, the tenacity and elongation at break of the resulting alginate fibers are
the best results. Finally, preliminary studies demonstrated that optimization of CaCl2 concentration and
coagulation time resulted in improved fiber regularity and mechanical properties. Thus, optimization of
the process and formulation parameters were obtained for a concentration of 8 wt.% alginate, 1 wt.%
CaCl2, and a coagulation time of 5 minutes. The resulting spun fibers had an average tenacity of
11 cN/Tex and an average elongation at break of 24%. This is promising for the wet spinning process
which can modify the fibers properties.
KEYWORDS
Alginate, fibers, wet-spinning, formulation parameters, structure-property relationship of fibrous
system.
INTRODUCTION
Alginate (Alg), a polysaccharide polymer extracted from brown algae, is mainly used in wound-dressing
applications due to its biodegradability and biocompatibility [1]. Alginate polymers consist of α-lguluronic acid (G) and β-d-mannuronic acid (M) units, linked by 1–4 glycosidic bonds to form homoor heteropolymeric blocks, such as MM, GG, and GM sequences [2]. The ratio of each sequence affects
the cross-linking mechanism in presence of divalent cations, such as Ca2+. Thus, GG sequences exhibit
higher binding selectivity, than GM or MM. The formation of the called egg-box model is related to the
tight electrostatic of G-rich blocks in two parallel alginate macromolecular chains [3,4]. Due to their
hydrogen bonds which are responsible of a glass transition and melting temperature below their thermal
decomposition temperature, polysaccharides cannot undergo melt spinning.
Wet spinning is an industrial process to produce man-made textile fibers dating back to the 1930s. A
polymer solution is extruded into a non-solvent, or a non-solvent/polymer-solvent solution, to induce
coagulation by solvent/non-solvent exchanges. Modifying interactions leads to the formation of a
partially swollen polymer filament that progressively precipitates in coagulation bath to solidify with a
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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final diameter of tens to hundreds of micrometers [5]. On a lab scale, the polymeric solution is forced
through a hollow needle to obtain a continuous coagulating filament subjecting to different postprocessing treatments (e.g., stretching, washing, drying, and finishing) before wound-up using a roller.
The final morphology of the fibers or yarn is affected by the parameters governing the coagulation
kinetics, i.e., (i) equipment parameters (solution feeder rate, nozzle diameter, winding speed), (ii)
solution parameters (i.e., the concentration of the coagulation bath) and (iii) coagulation parameters.
Physical gelation in aqueous sodium alginate solutions is mainly induced by the interaction between the
repeat units of the macromolecules rather than by the molecular weight. The electrostatic interactions
of intra- and inter-molecular hydrogen bonds play a critical role between the repeating units. Therefore,
high viscosity and low processing efficiency hinder industrial applications of alginate due to its poor
mechanical properties. Improving the process parameters and controlling the concentration ratio
between alginate and CaCl2 are essential to solving this problem.
In this work, after testing the rheological behavior of the alginate spinning dope to evaluate its
spinnability, three groups of wet spinning and coagulation solutions were prepared and characterized
with different alginate to CaCl2 ratio. Mechanical performances were analysed to confirm the feasibility
of the wet spinning process and optimize the best solution and process parameters.
MATERIALS AND METHODS
Materials
Sodium alginate (ALG_Na, Sigma-Aldrich, France.) of medium viscosity grade (5.0–40.0 cps, for
1 wt.% dispersion in purified water) was used as the starting material for preparing the wet spun alginate
fiber. The molecular weight Mw, 107 400 g·mol–1, was estimated from the intrinsic viscosity [η]
measured on an Ubbelohde capillary viscometer. Calcium chloride, used for the formulation the
coagulation bath preparation was purchased from Prolabo (France).
Preparation and characterizations of Alginate monofilament
Cross-linked Alg wet spun fibers were prepared via external ionic gelation using aqueous solutions of
CaCl2 (0.045, 0.09, and 0.27 mol/L) as cross-linking agents. 6, 8, 10, and 12 wt.% dispersions were
prepared by solubilizing Alg-Na in water at 60°C during two hours at 800 rpm. Air bubbles were
removed from the solution during the storage one night at room temperature before filtration to remove
impurities. The prepared homogeneous dispersions were then extruded through a 0.58 mm diameter
needle at a 1 mL/min flow rate into the CaCl2 coagulation bath. Swollen fibers were instantaneously
formed and then left 1, 5, or 10 min in the coagulation medium to promote a complete exchange between
Na+ and Ca2+ ions during the wet spun process and rinsing in a water bath. The obtained fibers were
then dried between two radiant heater panels before being wound up. The obtained filaments were stored
under standard environmental conditions before being tested.
Mean diameter, morphology, and surface topography were analysed using optical microscopy (OM,
Zeiss Axioskop 50 Transmitted Nomarski DIC, coupled to a digital camera, Optikam PRO3 Digital
Camera C-P3), and scanning electron microscopy (SEM) with a Phenom desktop SEM.
Alginate fibers have been mechanically characterized by measuring the tensile properties according to
the ISO 5079 standard test method. A Zwick 1456 tensile testing machine equipped with a 10N load
cell was used. All the tests were performed in the standard atmosphere for textile testing (20 ±2 °C and
65 ± 5% relative humidity). The test length was 20 mm, and the deformation rate was 20 mm/min.
Samples were properly placed to ensure that filaments break between the two clips. All the results
represent an average value of 10 tests. The tensile properties are expressed in terms of tensile strength
(MPa), elongation at break (%) and Young’s Modulus (MPa) of the tested fiber. Prior to tensile testing,
the fineness of each filament had been measured with a Vibroskop apparatus (test method from NF G
07-306 standard). Fiber fineness is used to express the tensile strength in MPa and to calculate Young’s
Modulus.
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RESULTS AND DISCUSSION
Wet spinning is a technique that involves the extrusion of a macromolecular solution directly into a
coagulation bath. In this work, a dope solution was injected into a CaCl2 solution, and the ejected fiber
from the extruder was maintained in the coagulation bath for a specific time before drawing to lead to
better performance.
The fiber morphology depends on the alginate to CaCl2 concentration ratio and coagulation time based
on SEM observations (Fig 1). When the spinning dope concentration was lower than 6 wt.%, fibrillar
structure is formed by the aggregation of sub-micron fibers. However, the viscosity was too high to spin
a concentration above10 wt.%. Then, at low coagulation time, the fiber's surface is relatively smooth
and flat for an 8 wt.% alginate concentration, with a diameter of about 109 µm. Further increases in
coagulation time led to an increase in the mean diameter up to 282 and 172 µm for 5 and 10 minutes,
respectively; and the presence of a fibrillar structure and a rougher surface. At 1 wt.% CaCl 2
concentration, the surface became smoother for low coagulation time, but increasing it led to a less fiber
structure with the presence of cracks on the fibers, and the surface became rougher, which resulted from
the separation of fibrils during the immersion in the coagulation bath. Therefore, the surfaces of alginate
fibers consist of oriented microfilaments, which are arranged along the fiber axis. In addition, the
microfillaments were formed by the phase separation and the orientation of the macromolecular chains
under the extensional stress field of the coagulation bath and with the drawing. The presence of a few
large grooves existed on the surface of the fibers, which were caused by the exfoliation of the fibrils
from the fiber surface. Several fibrils, parallel to the fiber axis, were adhering to the surface. The fiber
and the fibrils diameters were found to be decreased for higher coagulation time, and when the alginate
to CaCl2 concentration ratios decrease. The more the concentration ratio is low and the time high, the
more shrinkage in the process of fiber forming is high (Fig 2a).

Figure 1. SEM images of the alginate fibers.

Two G or MG blocks of two adjacent polymer chains can be cross-linked in the presence of a divalent
cation by electrostatic interactions between two COO- carboxylic groups of the polysaccharide. When
two polymer strands are face to face, the conformation of the G or MG blocks forms cavities in which
Ca2+ ions are lodged. This dimerization of the blocks is called the "egg-box" structure. An "external
gelling" approach in which the cross-linking ions diffuse towards the alginate solution from an external
solution. It allows very fast gelation of the alginate solution, but the hydrogels formed are not
homogeneous. This type of behavior indicates that the formation of the gel film occurs from the outside
of the fiber core and is assumed to be controlled by the diffusion of the two components involved. In
this regard, the metal cation is smaller in size than the polymer molecules means so that it is mainly the
cation that diffuses between the alginate chains, binding to unoccupied binding sites on the polymer.
Thus, once the polymer solution is extruded into the coagulation bath, a membrane is instantly formed
around the fiber, and this will grow inward until the cross-linking is too dense to allow cation diffusion.
In the early stages of the gel formation process, all Ca2+ ion binding sites in the alginate chains are
unoccupied so that the cations can bind quickly to the polymer. However, when diffusing through an
already formed gel where all binding sites are occupied, Ca2+ ions do not have the opportunity to bind
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until they reach the available binding sites in the gelation zone. Thus, calcium ions must diffuse through
the gel film to react with the alginate during fiber ridification.
Regardless of the concentrations of alginate and CaCl2 used, the O/Ca weight concentration ratio
increased with increasing coagulation time. When the spinning pulp was extruded into the coagulation
bath, Ca2+ (in the coagulation bath) was exchanged for Na+ (in the spinning dope) by a double diffusion
process and formed many hydrophilic spaces. As the CaCl2 concentration increased, the O/Ca ratio
increased, denoting an expansion in cross-linking reactions. In addition, the fibers formed have lower
swelling power in the rinse bath and, consequently a more compact structure and a decrease in fiber
diameter. Furthermore, as the coagulation time increases for a given ratio of sodium alginate to CaCl 2
concentration, the average fiber diameter decreases after 5 minutes. This effect is likely due to the fact
that with increasing time, the number of biopolymer molecules per unit volume of solution and, the
number of binding sites for Ca2+ ions also increase. As a corollary the increase in alginate concentration
also allows the formation of a denser cross-linked gel structure will probably form and, consequently, it
will have a smaller thickness.
The mechanisms of cross-linking reactions between alginate and Ca2+ cations are illustrated through the
evolution of mechanical properties. The results are strongly dependent on the degree of cross-linking
and the viscosity of the alginate solution.

Figure 2. a) Fibers’ diameter and O/Ca atomic weight ratio with differents solutions parameters
b) Mechanicals properties of fibers with O/Ca atomic weight ratio.

The results of tensile tests obtained on alginate fibers with different alginate/CaCl2 concentration ratios
and different coagulation times are presented in figure 2b). The cross-linking and diffusion of Ca2+ ions
modify the organization of the macromolecular chains in the direction of stretching, increasing Young's
modulus and toughness up to a specific surface bridging rate. Conversely, the elongation at break
decreases as the O/Ca ratio increases. The polymer-cation interactions can explain the evolution of
Young's modulus. Indeed, the mechanical properties are mainly influenced by macromolecular
interactions, particularly by ionic interactions, favored by the increase of the CaCl2 concentration in the
bath and by the residence time. The elongation at break of the fibers decreases with the residence time
when the alginate/CaCl2 ratio is low and increases when it is higher. The elongation of the fibers
increases with the incorporation of microcapsules. This more excellent deformability can be linked to a
more homogeneous diffusion of ions on the surface of the fibers allowing the formation of a shell. When
the viscosity of the alginate solution increases, the first coagulation phase leads to the formation of a gel
phase on the surface of the fibers and limits the diffusion of cations, which results in a loss of mechanical
properties.
CONCLUSION
This study has clarified some points on the development of alginate filaments. Indeed, the influence of
different experimental parameters and solutions has been studied, thus allowing the optimization of the
wet solvent spinning process. The optimal parameters are therefore 8 wt. % for the alginate solution,
1 wt. % of calcium chloride into the coagulation bath, and a coagulation time of 5 minutes. The filaments
obtained have an average tenacity of 11 cN/Tex and an average elongation at break of 24%.
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ABSTRACT
The high-performance fibres are employed largely as reinforced polymer fabrics and composites in the
flexible and stiff stab-resistant personal protection equipment. To simulate the knife attack on the human
body, a new methodology named pre-deformed stabbing is developed to characterise the stab
performance taking into account the fabric’s deformations. Three-dimensional warp interlock fabrics
(3DWIFs) were manufactured using high-molecular-weight polyethylene (HMWPE) yarns. The
forming was performed on the tested 3DWIFs before the stabbing. The stabbing results are influenced
by the different mode deformations created during the forming. Based on the in-plane shearing map,
three different stabbing locations were chosen. The effect of locations on the stab resistance of 3DWIFs
was explored with the same impact energy level. The effect of stabbing localization on the deformed
fabric is significant. The shear-locking angle in the location area is critical for the stab resistance of both
[0°/90°]8 and [0°/90°, -45°/45°]4 deformed fabrics in the studied cases.
KEYWORDS
3D warp interlock fabric, Stab resistance, Pre-deformed, Knife penetration.
INTRODUCTION
In recent years, with strict controls over the use of guns, violent attacks using sharp weapons, such as
knives, have become the most common instruments used to carry out terrorist attacks [1]. To ensure
effective protection from typical handguns and small, lower speed shrapnel fragments, soft body armour,
commonly used by both police and military, must be adapted for the shape of the human body [2,3].
Despite the growing trend of females joined the law enforcement police and military services across the
world for the last few decades, they still use the body armour designed for males. The differences
between the female body armour and male body armour lie in the curvaceous shape of the female body
resulted in the problems in the manufacturing process [4]. The current methods used in making female
body armour include cut-and-sew techniques, overlapping, moulding, angle-interlock, and threedimensional (3D) seamless knitting technologies [5,6], that some methods also have disadvantages. For
example, cutting and sewing techniques can have negative consequences because seams can be created
by the stitches needed for producing the contour of female breasts and overlapping seams may allow
small projectiles to impact directly at the seam edge and penetrate the fabric. However, stab resistance
of female body amour is rarely studied in the literature. Several studies have emphasized on ballistic
female body amour. Abtew et al. [7] show that 3DWIF shows better shaping ability according to the
female contour while designing the ballistic body armour than its counterpart 2D plain weave p-aramid
fabric. Therefore, it is necessary to increase protection and improve comfort of female body armour [8].

© 2022 by the authors. This article is an open access article distributed under
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In this study, a novel test has been proposed, named the pre-deformed stab-resistance test, which is
conducted to simulate some parts of the human body wearing body armour, for example, female breast
or shoulders, are attacked by stabbing. Besides, the comprehensive deformation behaviour of the single
O-T interlock ply in different orientations ([0°/90°] and [-45°/45°]) is to be examined with hemispherical
forming devices. The influence of the shear angle on the stab resistance of fabric panels is investigated
at different target locations based on the forming test result. Furthermore, the pre-deformed stabresistance tests of the aligned fabric panels (fabric plies are simply superposed) and the angled fabric
panels (fabric plies exhibit different angled orientation) in three different locations are also carried out
and the experimental results are compared.
MATERIALS AND METHODS
The 3DWIF, with the structure of O-T 5-4 4 Binding {Twill 6 pattern 1U5D-3U1D2U effect left shift}
{1 3 5 7 9 11 13 15 17 19 21 23 – # – # – # – #} – Stuffer {# – 2 8 14 20 – 4 10 16 22 – 6 12 18 24 – #},
was produced by using 1350 dTex high molecular weight polyethylene (HMWPE) (Spectra ®,
Honeywell Company, USA) yarns. A single [0°/90°] ply and a single [-45°/45°] ply was cut with 210
×210 mm2 from the 3DWIF and the hemispherical forming tests was studied before the stab stage. Two
different types of sample panel systems have been prepared that each consisting of eight plies fabric
with O-T structure. The aligned fabric panel was marked as [0°/90°]8. The fabrics of angled panel
marked as [0°/90°, ±45°]4 were placed after rotating counter-clockwise direction from bottom to up.
These different plies within the sample number of fabric panels were prepared without stitching yarns.

(a)
(b)
Figure 1. The structure of 3DWIF: (a) Cross-section weft yarns view; (b)3D view.
Table 1. The parameters of the 3DWIF.
Warp density
(ends/cm)

Weft density
(picks/cm)

Thickness
(mm)

Areal density
(g/m2)

10

42

1.7±0.1

710.6±12.2

The UK standard of HOSDB Body Armour Standard (2017) [9] was used for the stab resistance
investigation. The stab experiments were carried out with the energy of 3.5 J (the drop height is 0.169
m and 2.11 kg in mass) by using HOSDB/P1/B sharpness blades with a total length of 100 mm, the
cutting edge length of 33 mm, and the blade thickness of 2 mm [10]. To simulate the female breasts, we
preferred to use a hemispherical shaped punch with a diameter of 100 mm to resemble the women's
body shape of average size ((90B) bra size). The forming process is finished by the mould directly. Then
the pre-deformed fabric panel was stabbed with different locations, as shown in Figure 2.
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Figure 2. Pre-deformed stab resistance tests.

RESULTS AND DISCUSSION
Figure 3 shows the depth of penetration of aligned and angled fabric panels at different locations. In the
case of [0°/90°]8 aligned fabric panels, the DOP was decreased with the increase of shear angles in
different locations. These results show that the centre location of aligned fabric panels is the most
vulnerable position against stab. This may be because the increase of shear angle, to some extend, is
helpful for the increase of fabric density, which can make more yarns more efficient for preventing the
blade penetrate the fabric during the stabbing process.

Figure 3. Depth of penetration (DOP) of aligned and angled fabric panels at different locations.

In the case of [0°/90°, -45°/45°]4 angled fabric panels, although the shear angle in the location of C is
small and near to 0° for single [-45°/45°] ply, it can be observed that the fabric which is stabbed in
location C also has the minimum DOP value compared with other stab locations. It may due to that the
weft yarn density is larger than warp yarn density. When the angle of fabric panels changed, more weft
yarns will be cut by the blade. Besides, the angled fabric panels added the additional yarns in two
directions (-45°/45°), which can reduce the possibility that the blade penetrated through the gap of the
yarns. Moreover, concerning locations A and B of angled fabric panels, the former DOP value is smaller
than the latter. It indicated that the stab resistance of the fabric in the middle location is less significant
than that corresponding part in the fabric centre. Because the impact location of the fabric is near the
edges, the extension of the deformed part along the tip of the knife is limited in the warp direction, and
weft yarns are easily pulled out in its direction.
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CONCLUSION
An important research effort has been devoted to the understanding of the pre-deformed stab-resistance
property of the 3D warp interlock fabric with O-T interlock structure after the hemispherical forming
process to resemble the female body shape of 90B bust size.
(1) The results show that the effect of stab localization on the fabric behaviour is significant. The predeformed stab-resistance of deformed fabric stacks [0°/90°]8 in the location with higher shear angle is
better than in the corresponding part with lower shear angle for in the studied cases.
(2)With regard to the deformed fabric stacks [0°/90°, -45°/45°]4, the result indicated that the stab
resistance of the fabric in the middle location is less significant than that corresponding part in the fabric
centre.
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ABSTRACT
Today we can see a greater awareness of sustainability and environmental protection, however, there
are many environmental impacts that are not measured and therefore taking measures to minimize them
is not easy. In this article we intend to evaluate the biodegradability of a cotton fabric through the
generation of one of the greenhouse gases, CO2. For this, the cotton fabric is buried in an artificial
ecosystem and accelerated aging is carried out. The results show that the biodegradability of cotton
fabric is around 70-80% of the biodegradability of cellulose.
KEYWORDS
Sustainability, fabric, fiber, CO2, environment, burial.
INTRODUCTION
The textile industry is today one of the largest industrial polluters and is responsible for 10% of global
carbon emissions [1]. However, to diminish harmful environmental impact, textile manufacturing has
been focused on sustainable changes within the production cycle. Sustainable industrial production
shows to have effect on greenhouse effect, but with growing fashion industry and increased consumer
demands sustainable and ecological textile production, it will not be enough [2].
Only 12% of all virgin textile fibers are currently recycled [1]. The lack of recycling of textiles results
in millions of tons of textiles entering landfills around the world [2]. The non-biodegradability of plastics
has caused extensive environmental problems associated with their disposal [3]. This in turn lead to that
microplastics are able to enter into the wastewater and to aquatic systems [4]. Although there are textile
recycling banks in public places, placed by social organisations or recovery and revalorisation
specialists, the reality is that every city manages textile collection at its own discretion [5].
In view of the afore mentioned, the new European Directive ((EU) 2018/851) amending Directive
2008/98/EC on waste is of particular importance [5]. The new Directive obliges Member States to begin
separate collection of textile waste by 1 January 2025, and to set targets for the preparation for re-use
and recycling of textile waste. This will have an impact on the entire textile value chain as companies
will need to start designing and preparing their products to contain a certain percentage of recycled
material and to allow for recycling [5].
It is, therefore, clear need to strengthen focus on circulatory economy and on life cycle assessment of
textile products [2]. Key to enable the repair, reuse and recycling of textile would be the design of monomaterial products or, where appropriate, products that can be disassembled and separated into
components for recycling. This way of incorporating environmental criteria from the initial design of
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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the product is known as Ecodesign [5]. Moreover, the biodegradability is often used as a standard
measurement for the environmental friendliness of textile products [6].
Biodegradation occurs due to the action of enzymes from naturally occurring microbes (bacteria, fungi
and algae) resulting in a reduced molar mass of macromolecules forming the biodegradable material.
The process of biodegradation can be divided into (1) primary degradation and (2) ultimate degradation.
During primary degradation, the material undergoes weight loss, fragmentation, reduction in molecular
weight (M.W.) and is degraded into soluble low M.W compounds. Ultimate biodegradation or
mineralization leads to the conversion of low molecular weight compounds (from primary degradation)
into water (in aerobic conditions), CH4 (in anaerobic conditions), CO2 and cell biomass [7].
Extent of biodegradation or mineralization defined as the conversion of the organic carbon to CO 2, the
biodegradability of material is greatly governed by its polymer structure. Apart from polymer properties,
the rate and degree of biodegradation is dependent on various abiotic and biotic factors. For instance, in
compost and soil where the higher temperature is available for degradative reactions, the rate of
biodegradation is higher. Similarly, the concentration and diversity of microbial communities are higher
in soil and compost that supports higher rates of biodegradation. In the aquatic systems,
microenvironments have been shown to have a profound impact on the degradation of biodegradable
plastics [7].
For that reason, the biodegradation process of textiles is profoundly affected by the environment where
microorganisms exist, which makes it difficult to standardize the test method. For example,
biodegradability of cellulose fibres, as in other textile materials, could be measured by soil burial test,
activated sludge test, and enzymatic hydrolysis test [6]. In this paper authors aim to determine the a
cotton fabric biodegradability in comparison to a standard cellulose.
MATERIALS AND METHODS
Materials
In this study, a glass container with a hermetic closure with a capacity of 2.5 L is used, which will
contain perlite and universal cultivation soil, both acquired from Batlle, distilled water and 1.6 g of
100 % cotton fabric to be evaluated. Microcrystalline cellulose was used as control.
Biodegradability assessment is performed with potassium hydroxide (KOH) solution, barium chloride
(BaCl2) solution, hydrochloric acid (HCl) solution and phenolphthalein as indicator. All solutions were
prepared with distilled water.
Methods
This test was conducted according to the methodology described by Miniyasami et al [8] and Modelli
et al. [9]. Three bottles were prepared:




The first one was used as control to determine the CO2 generated by the ecosystem itself.
The second one was the soil ecosystem with 1.6 g of microcrystalline cellulose buried.
The third one was the soil ecosystem with 1.6 g of cotton fabric buried.

On top of the ecosystem, a glass with 40 mL of KOH were placed to catch CO2. Every 3-4 days the glass
is replaced by new KOH, and the glass which has entrapped CO2 is valorised with BaCl2 and HCl
according to reactions described below.
2KOH + CO2 K2CO3 (soluble) + H2O
K2CO3 +BaCl2  2KCl + BaCO3 (Precipitate)
The biodegradation is calculated according to the Eq. [1]:
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mg CO2 produced
2 theoretical

% Biodegradability = mg CO

[1]

where mg CO2 theoretical is calculated according to the total carbon buried in the cellulose and cotton
samples. This valorisation has been studied for 50 days.
RESULTS AND DISCUSSION
In order to analyse the results some graphics were prepared. Figure 1 shows the mg CO2 generated by
every sample once the mg CO2 from the ecosystem are eliminated (Fig. 1a). The graphic representation
allows to get a holistic view, as it should be expected an increasing tendency in the generation of CO 2
is observed. However, the behaviour although similar is not parallel, cellulose tends to generate higher
amounts of CO2 than the cotton fabric.
When biodegradability is calculated according to the theoretical CO2 expected from the buried sample
(Fig. 1b), it can be clearly appreciated the tendency is similar to the behaviour observed from mg CO2.
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Figure 1. Degradation behaviour of buried cotton fabric. a) mg CO 2; b) biodegradability.
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Figure 2. Comparative degradation of cotton fabric against cellulose.

Considering cotton is comprised of cellulose, in order to compare the biodegradability Figure 2 shows
the relative biodegradability according to Eq. [2]:
% CO vs Cellulose =

% biodegradability cotton fabric
% biodegradability cellulose

x 100

[2]

Results from Figure 2 show the first days the cotton fabric degradation is not as high as the one for
cellulose. It is from day 5 onwards there is a considerable increase in the fabric degradation reaching
about 70-80 % of the biodegradability of cellulose. This trend continues until the final of the test.
496

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

CONCLUSION
In this paper we showed there is a similar behaviour on the degradation of cotton in comparison to
cellulose when the material is buried. Cellulose degradation is faster than the one for cotton fabric from
both points of view: mg CO2 generated and the biodegradability according to the theoretical CO2 capable
to be generated from the specimen tested.
The biodegradability of cotton is at least 20 % slower than the cellulose, although it must be considered
the speed of degradation is faster for cellulose on the first week of test. This can be due to the presence
of other substances apart from pure cellulose on the cotton fabric such as wax or lignin, substances
which are interfering on the biodegradability of the fabric. However, the influence of the structural
parameters of the textile should not be underestimated.
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ABSTRACT
Roughness is directly related to the increase of adhesion between surfaces. Different cross section on
fibres implies different longitudinal shape of fibres, altering the roughness of filaments. In this study, a
procedure to evaluate the nanofibers adhesion to the substrate has been designed. In order to test it,
different cross-section shapes are evaluated to demonstrate its influence on the nanofibers net adhesion.
Circular, tetralobal and trilobal fibres were tested. Focused on corroborating it, two yarns with different
filament fineness were also tested. Different weights are placed on an acetate film which is placed on
the nanofibers net. The pressure helps the nanofiber to move to the acetate. This procedure helps to
determine the influence of fibre cross-section or roughness, demonstrating the adhesion of nanofibers
net on the structures is enhanced with higher roughness.
KEYWORDS
Electrospinning, cross-section, nanofiber, adhesion.
INTRODUCTION
The increasing progress in the application, manipulation and characterization of materials at the
nanometer scale has propelled an exponential growth in the field of nanoengineering research. The
production of fibers with the smallest possible cross-sectional size has become one of the major
challenges in the textile industry, specifically in the spinning sector. The electrospinning technique has
become a promising and efficient method capable of producing filaments of different characteristics
with a diameter size ranging from sub-micron to nanometer. With this technology it is possible to obtain
nanofibers with a multitude of applications, such as filtration [1,2], biomedicine [3–5] or even for
protection against COVID-19 [6–8]. The characteristics of the nanofibers are mainly due to the
electrospinning parameters such as the syringe-collector distance, the flow speed, the voltage, time of
electrospinng, and of course the concentration of the polymer [9].
Although nanofibers have many advantages in their application, such as the ability to obtain large
electrospun surface areas, a high ratio of electrospun surface area to pore size between fibers and
uniform porosity distribution [10], they have several disadvantages in terms of their mechanical
handling against rubbing and tensile forces. Because of this, woven and nonwoven collector structures
are used to improve the mechanical characteristics and increase their application [11].
The electrospun fibers have a weak adhesion to textile collector structures [11]. It has been demonstrated
that moderated roughness enhances the adhesion of coatings in comparison to smooth surfaces [12]. In
this work the nanofiber net is used as a coating of fabrics. The aim of this work is to demonstrate whether
there is an influence of the cross section of the collector fabric on the deposition of nanofibers.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
Materials
The solution used for nanofiber production was Polyvinyl alcohol (PVA) Mw 61.000 g/mol, supplied
by Sigma-Aldrich. Solutions were prepared with distilled water. Four 100% polyester plain weave
fabrics, made up of yarns with different cross-sections (tetralobal, circular and trilobal) and different
numbers of filaments (48 and 96), were used as the fabric placed on the collecting surface. Yarns were
supplied by ANTEX company.
Methods
A Nanospider (Bioinicia) was used to produce the nanofibers. Polymer solution (9% w/v) was prepared
at 80º C until complete solution. The electrospun process was conducted with the same nozzle-collector
distance (15 cm). The collector was placed vertically with the plain weave fabric on top. Identical flow
rate (0.3 mL/h) and voltage (18 kV) were used over different periods of time (90", 120" and 300") what
implies more density of fibers.
A magnifying glass was used to observe the surface of the fabrics and filaments. FIB microscope (Zeiss)
was used as a Scanning Electron Microscopy (SEM) to analyze the fabric’s surface at 1.5 kV at suitable
magnification. Samples were previously sputtered with a gold/platinum coating.
To evaluate the adhesion of the nanofibers on the fabrics collectors different forces (0.002, 0.5, 2 N)
were applied on an acetate film which was placed on the electrospun net for the same period (1 min).
Then the weight is removed and the acetate film analyzed.
RESULTS AND DISCUSSION
The nanofibers were placed on different plain weave fabrics with yarns of different cross-section in weft
direction, in warp direction the same polyester yarns were used. The yarns with different cross sections
used were tetralobal, circular, and trilobal as it can be seen in Figure 1. Every fabric was coated with
nanofibers (Fig. 1d).

Figure 1. Yarn with different cross-section a) tetralobal; b) circular; c) trilobal; d) electrospun coating.

On the different electrospun samples with different process times, 90", 120" and 300", different forces
are exerted for 1 minute to check the adhesion of these to the collector fabric. Figure 2 shows the
adhesion test carried out using a yarn composed of 96 tetralobal filaments. Each image shows, from left
to right, the effect of applying 0.002, 0.5 and 2 N force. Figures 3 and 4 show the adhesion tests
performed on fabrics composed of 96 filament yarns with circular and trilobal cross section,
respectively. When Figures 2, 3 and 4 are compared, it can be observed that when applying a force of
2 N the nanofiber membrane detaches from the fabric and remains attached to the acetate for every cross
section regardless the coating density. However, trilobal section shows less nanofibers on the acetate
than the tetralobal one when comparing the same coating density. This means that trilobal shows better
adhesion, and circular the lower, what seems to be directly related to roughness.
To evaluate the influence of the number of filaments on the adhesion, the test is carried out on a fabric
formed by a circular cross-section yarn with a number of 48 filaments (Fig. 5). As a result of the
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comparison with 96 filaments (Fig. 3) it can be observed the nanofibers produced for 90" remain attached
to the fabric with 48 filaments (Fig. 5a) once the forces are applied, whereas fabrics with 96 filaments
(Fig. 3a) lose part of the nanofibers, transferring it to the acetate film. This implies better adhesion is
found when there is a lower number of filaments.

Figure 2. Adhesion test on fabric with tetralobal cross-section 96 filaments. a) 90"; b) 120"; c) 300".

Figure 3. Adhesion test on fabric with circular cross-section 96 filaments. a) 90"; b) 120"; c) 300".

Figure 4. Adhesion test on fabric with trilobal cross-section 96 filaments. a) 90"; b) 120"; c) 300".

Figure 5. Adhesion test on fabric with circular cross-section 48 filaments. a) 90"; b) 120"; c) 300".

CONCLUSION
The analysis of the results of the adhesion test of the nanofiber coating placed on the fabric surface
showed there is a difference on the behaviour of the coating. Firstly, regarding the effect of cross section,
it can be concluded that the circular one offers the lower adhesion to the fabric, the trilobal and tetralobal
sections have a similar result, although trilobal one seems to enhance slightly the adhesion. This could
be explained as the higher roughness of the filaments, due to the cross section, makes them adhere better
to the surface, thus improving their overall adhesion to the collector fabric.
Finally, when comparing the adhesion in fabrics formed by yarns with different number of filaments but
the same cross-section, it can be concluded that better adhesion is found when there is a lower number
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of filaments. Having a lower number of filaments for the same yarn count implies lower fineness for the
filament. Consequently, thicker filaments imply higher interstitial space between filaments and therefore
higher roughness which is directly related to higher adhesion.
Thus, as a general conclusion we can confirm the method is sensitive enough to determine differences
in nanofiber coating adhesion to fabrics, despite that further studies will be conducted in order to polish
it. Furthermore, we can confirm that roughness plays an important role on the nanofiber adhesion to the
fabric, and the fiber cross-section influences the fabric roughness.
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ABSTRACT
Interest in nanotechnology has increased in recent years and the textile sector has not been left out of
this technology. Obtaining nanofibers opens up multiple applications in fields such as filtration.
However, due to the fragility of said nanofibers, conventional textiles can serve as a support for the
created nanofiber net. In this work we intend to demonstrate the influence of the weave pattern on the
homogeneity of nanofibers deposited on the fabric. Two fabrics characterised by wave patterns showing
different topography are studied. Authors demonstrate there is a strong influence of topography on the
nanofibers deposition. Nanofibers tend to cover wave´s fibres in a higher plane first and it require longer
periods to find some fibres on lower planes.
KEYWORDS
Roughness, electrospinning, polyvinyl alcohol, coating.
INTRODUCTION
According to the National Science Foundation (NSF), the term nanotechnology covers engineering and
utilization of a functional structure with minimum one dimension on nanoscale [1]. The nanofibers have
become popular for several reasons and statistic forecasts indicate that the global market value of
nanofiber products will increase from 0.93 up to 4.3 billion U.S. dollars from 2018 to 2023 [2].
Nanomaterials and systems are interesting since they due to their size can be fabricated to perform novel
and enhanced chemical, biological and physical properties and processes [3].
Electrospinning technology had its first commercially valuable patents publish from 1934 [4] to 1944
[5] by Formhals for solvent-based electrospinning and the use of melt was patent 1936 by Norton [6].
Thanks to the progress in nanofibrous and electrospinning research, different process parameters have
been highlighted to determine the final features of electrospun fibers [7]. By knowing how to control
these specific parameters, a good control of the fiber morphology can be realized and the final
nanostructure can possess excellent mechanical features certainly flexibility, big specific surface area,
high aspect ratio, surface functionality, low density, changeable fiber production from one to three
dimensions, and high porosity if desired.
Due to the construction of textile fabrics based on yarn interlacements, they are not appearing with
completely flat nor smooth surfaces. Instead, a fabric shows surface irregularities which directly
influences the tactile characteristics of the fabric but also has a big impact for further processing [8].
When discussing surface characteristics of a fabric or another material type, it is valuable to break
surface down into form, waviness and roughness. These three parameters are together creating the
materials original profile and are important to distinguish from each other. Per definition, form, waviness
and roughness are the terms for low, mid, and high frequency range variance respectively [9]. The initial
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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profile for some components may have a substantial form, such as a radius. For conventional textiles
however, two dimensional (2D) fabrics more or less, the form could be defined as flat meanwhile
waviness and roughness profiles are more of interest to define. In this study authors aim to study the
influence of the fabric topography on the nanofiber deposition.
MATERIALS AND METHODS
Materials
Two 100 % polyester fabrics with considerable differences in their topography were used to be coated
by electrospun fibres. Figure 1 and figure 2 show the wave pattern. The solution used for nanofiber
production was Polyvinyl alcohol (PVA) Mw 61.000 g/mol, supplied by Sigma-Aldrich. Solutions
(9 % w/v)were prepared with distilled water.

(a)

(b)

Figure 1. Satin (5x5) with pitch 2 (a) and 3 (b) respectively.

(b)

(a)

Figure 2. A symmetric waffle weave (a) with blue lining indicating on warp respectively weft floatings and
green lining on plain weave sequences (b).

Methods
Nanofibers were produced from a nanospider (Bioinicia). Polymer solution was prepared at 80º C until
complete solution. The electrospun process was conducted with nozzle-collector distance 15 cm. The
collector was placed vertically with the plain weave fabric on top. The flow rate was 0,3 mL/h and 18
kV for voltage. Different periods of time were tested in order to determine the complete coating of the
fabric.
The fabric topography was analysed from Image J software. FIB microscope (Zeiss) was used as a
Scanning Electron Microscopy (SEM) to analyze the fabric’s surface at 1,5 kV at suitable magnification.
Samples were previously sputtered with a gold/platinum coating.
RESULTS AND DISCUSSION
In order to observe the topography of both fabrics studied, a representation has been done with Image J
software. Figure 3 shows a corss section of both fabrics. Figure 3a shows the cross section from satin
fabric with some hills and valleys with regular period and frequency if compared with a wave. However
there are clear differences between both fabrics when satin fabric is compared to the waffle one. The
satin fabric shows fluctuations with shorter periods on the wave, whereas the waffle one shows some
kind of flat hills on the top of the fabric and valleys. Such differences on the topography can be clearly
observed on the fabric simulation (Figure 4).
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Figure 3. Topography of both fabrics studied. a) Cross section from satin fabric; b) cross section from waffle
fabric.

Figure 4. Fabric topography representation.

Once the fabric was coated for a period of time the samples were observed. Figure 4 evidence a
difference on the behaviour of nanofibers when they are placed on the fabric. As it was expected, once
the nanofibers are placed on the fabrics there is a clearly differenced behaviour. Figure 5a shows
nanofibers deposited preferably on the fibers placed on the higher level but with a wide extend of the
surface covered with nanofibers. However, woffle fabric, due to high flat hills shows nanofibers
deposited preferably on them, showing practically no nanofibers on the fabric valleys.

Figure 5. Topography of both fabrics studied. a) Surface from satin fabric; b) Surface from waffle fabric.

The period of coating with nanofibers was increased in order to cover the whole fabric surface with the
nanofiber coating. Results showed that even after 6 hours of electrospinning the waffle surface, the
fabric was not completely covered.
CONCLUSION
In this study, two wave patterns with clear differences were selected. Such considerable differences have
been demonstrated by software analysis and they were useful to demonstrate diverse behaviour on the
deposition of nanofibers on the fabric surface.
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Results from this study demonstrate there is an inverse relation on the homogeneity of nanofibers coating
and the roughness of the fabric. The higher the abrupt topography on the fabric, the higher time is needed
to cover the whole surface with the nanofibers coating.
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ABSTRACT
Studies on recycling and natural dyeing have gained great importance for the textile sector, which creates
the most pollution and causes significant problems. Chitosan and its forms with their versatile properties
are of great importance for many industrial areas from textiles to medicine. In this study, the effects of
different-molecular-weight-chitosans as biomordants on the natural dyeing of recycled cotton and
cotton-polyester yarns were investigated. The colorimetry results showed that while chitosan increased
the yellowness and chroma of the colors, it decreased their redness, it is caused the colors to shift towards
orange-yellow region. This change could be mitigated by changing the conditions under which the
dyeings were conducted. Medium molecular weight chitosan was more effective in these changes than
the low ones. Although there were changes in the angles of the colors, it was observed that the color
strengths increased with the rise of the chitosan concentration. Although higher color strengths were
obtained from dyes without chitosan, the increase in color depths with the increase of chitosan
concentration revealed that chitosan could be used as a mordant. The good washing fastness obtained
were explained by the low color strengths or the strong binding of chitosan and dye to the fiber.
KEYWORDS
Madder, natural dye, recycling, polyester, colorimetry, chitosan.
INTRODUCTION
Cotton, which constituted 24% of the world fiber production between 2018-2019, increased its
percentage to 30% between 2019-2020 [1,2]. The reasons for the preference of cotton, which has the
largest production share among natural fibers [3] are; its breathability, softness, high-strength,
hydrophilicity, biodegradability, biocompatibility and no static electricity [4,5]. Despite these superior
properties of cotton, it pollutes the environment by causing high consumption of water, energy and
chemicals during its cultivation and processing [6].
Natural dyes, as among the green chemical products, are used not only in textiles [7], but also in areas
such as food [8] and cosmetics [9]. There are several problems with the application of natural dyes in
textiles, such as poor color fastness and narrow shade range. By using non-substantive natural dyes
together with mordant, these problems have been tried to be eliminated by providing affinity for the
fiber. Mordants are also used to change the hue [10]. Since these chemical mordants are generally
harmful to the environment, the search for environmentally friendly mordants continues [11,12].
The scope of this research was to create an ecological dyeing process for the 100% recycled cotton and
polyester/cotton yarns. For this reason, we investigated the effects of using different molecular weight
chitosans as mordants in the dyeing of these yarns with natural dye, Rubia tinctorum. Yarns were
mordanted and dyed simultaneously, named as meta-mordanting-dyeing similar to various mordants
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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applied at many different dyeing stages in the literature [13]. In this meta-mordanting method chitosan
was used by different concentrations in dyeing baths together with natural dye. The effects of these
various independent variables on dyeing behaviour of these yarns were studied with color measurements
(color coordinates and color strength values) and washing fastness. The control samples prepared for
comparison were obtained by dyeing only with natural dye, without using chitosan as mordant.
MATERIALS AND METHODS
In this study, 42 yarns with two different properties were tested. On one side 80/20 polyester cotton (PC)
was used. On the other side, a 100 % cotton yarn (CO) was tested. It is worthy to note that was 100 %
recycled from fiber and clothing waste. The yarns were industrially desized and scoured. These undyed
and recycled cotton fibers were obtained from fiber and clothing waste. Cotton and polyester yarns
counts were Ne 20/1. Chitosan was used as a mordanting agent. Chitosan was supplied from SigmaAldrich at two different molecular weight, low molecular weight (LMW) and medium molecular weight
(MMW). The chitosan solution was prepared using soft water and 80% acetic acid of technical grade.
Rubia tinctorum (C.I. Natural Red 8) was used for dyeing. The dye structure is given in Figure 1.

Figure 1. Chemical structure of Rubia tinctorum.

Prepared three different solutions were prepared. Differences in solutions were the with concentrations
of 1%, 3% and 5% (o.w.f.). Two types of chitosan were used, Low Molecular Weight (LMW) and
Medium Molecular Weight (MMW) at pH 3-4. Chitosan and natural dye solutions were used together
in what is called meta-mordanting process. In the meta-mordanting, chitosan mordanting and dyeing are
carried out simultaneously in the same bath. Chitosan solution and dyeing baths liquor ratio was 40:1
for wet treatments. The time-temperature diagrams of the processes are given in Figure 2.

Figure 2. Meta-mordanting and dyeing details.

The color coordinates (L*, a*, b*, C*, and h°) and color strengths were measured using Konica Minolta
CM-3600D spectrophotometer (under D65 illuminant and 10° standard observer) in specular component
included (SCI) mode. In order to reduce possible experimental errors, four color measurements were
taken from each of the three samples, obtained by repeating each measurement three times, by rotating
90°. The K/S values were calculated using the Kubelka-Munk equation:
K⁄ = (1-R)
S
2R

2

[1]

where, K/S is color strength, R is the decimal fraction of the reflectance of fabric, K is the absorption
coefficient, and S is the scattering coefficient.
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Washing fastness. The washing fastness of the dyed fibers was carried out by a TEST color fastness
tester, using the color fastness to domestic and commercial laundering standard test method (TS EN ISO
105-C06/A1M).
RESULTS AND DISCUSSION
Colorimetry
Once the yarns were treated conveniently with the suitable concentration of mordant and dyed, color
coordinates were determined. Results can be observed in Table 1.
Table 1. Color coordinates of meta-mordanted and dyed yarns.

It was observed that L* values decreased with the increase in chitosan concentration in the dyeing recipe
carried out using Rubia tinctorum and bio-mordant chitosan. It was revealed that these data were
proportional to the color strengths given in Figure 3, that is, the color strengths increased as the L* value
decreased. The values of the colors after these dyeings in the red region, but the redness of the colors
decreased with the increase in chitosan concentration. This increase was risen the b* and chroma values.
These situations were similar for the mordanting and dyeing of cotton and cotton-polyester yarns with
chitosan of two different molecular weights. Comparison of LMW and MMW chitosans as mordant in
natural dyeing of two different fibers revealed that more red, yellow and saturated colors were obtained
with bio-mordant MMW chitosan.
In Figure 3, the color strengths obtained after the meta-mordanting chitosan and dyeings are given.

Figure 3. Color strengths of meta-mordanted chitosan and natural-dyed yarns.

The color strength results of this study were thought to provide information about the fiber affinity of
chitosan and dye. Results suggested that chitosan could be more reactive to fiber than dye and this could
be due to the cellulose-like structure of chitosan. Although higher color depth was obtained from the
dyeings without chitosan in comparison to those with chitosan, it was observed that the color depths are
directly related to chitosan concentration. This was interpreted as the addition of chitosan to the dyeing
baths blocked the dye molecules binding sites on the fiber and the dye was bound to the fiber via
chitosan, so the chitosan could have acted as a bridge between the dye and the fiber. One of the chitosan
tested, the MMW, had a greater effect on increasing color depth than LMW. This could be explained by
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the MMW chitosan either binds to the fiber more than LMW or retains a higher amount of dye on it
even if it binds at the same rate as LMW. The increase in color depths with the increase in chitosan
concentration was more evident especially in cotton yarns compared to blended yarns. This situation
could be explained by the inert nature of polyester. In this case, it could be interpreted that the affinity
of chitosan and natural dye towards CO was much higher than that of PC. All these results revealed that
further optimization studies are required regarding chitosan concentration, dyeing bath conditions and
contents. This study, which showed that chitosan could be used as a mordant according to colorimetry
measurements, although it needs to be accurately studied.
Washing fastness
Washing fastness values of dyed samples with/without mordant are studied. Staining and fading values
were good to excellent levels. This could be explained by the low color strengths. The higher color
strengths obtained with the possibility of higher affinity of chitosan and dye to cellulose compared to
PC (Figure 3) may have resulted in staining and fading values half a point lower than PC dyeing with
CO.
CONCLUSION
The effects of different-molecular-weight-chitosan as a biomordant on the natural dyeing of recycled
cotton and cotton-polyester yarns were investigated. Colorimetry results showed that chitosan acted as
a bridge between dye and fiber. In addition, the increase in chitosan concentration increased the color
depths of CO much more than PC. Considering the chemical structure differences between cotton and
polyester, the reason for this was understandable. This could be explained by higher affinity of dye and
chitosan to CO than inert polyester. It was thought that the reason why the blended fabric was also dyed
was the presence of cotton. Additional studies should be carried out to improve the dyeing behavior of
blended yarns with chitosan. For example, with surface modifications, enzymes, plasma, etc., it is
thought that the dyeing behavior of polyester in the presence of chitosan will be improved. In addition,
detailed optimization studies for chitosan concentration and dyeing conditions are needed to improve
the results of this study, which reveals that chitosan can be used as a mordant, especially in dyeing cotton
fabrics with natural dyes. Moreover, instrumental analysis like FTIR, DSC should be performed to
improve this study in the future.
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ABSTRACT
Wearable electronics is a rapidly growing field that has recently begun to enter the consumer electronics
industry with viable commercial devices. To fulfil the increased demand for wearable devices robust,
compact, reliable, and cost-effective solutions are required. As a result, it is critical to do extensive
research into suitable materials and manufacturing processes. This article describes the creation of a
strain sensing textile-based interdigital capacitive sensor that is highly configurable, consumes minimal
material, produces no waste, and is reproducible and rapid in mass production utilizing computerized
weft knitting technology. In this study, it was shown that the knitted interdigital capacitive sensor
structure could match the high working range necessary for wearable electrical and soft robotic
applications, thanks to its capacity to stretch up to 100%. This work is expected to advance existing
technology in wearable electronics and soft robotics in terms of human body motion sensing.
KEYWORDS
Interdigital capacitive sensors, soft sensor, electronic textiles, machine knitting.
INTRODUCTION
Interdigital capacitive sensors with nested comb electrodes in a two-dimensional planar structure have
begun to be used in electronic textile applications. This type of sensor, which has advantages such as a
single-layered structure, minimal material consumption, and a low signal to noise ratio, can sense
mechanical strain when produced from flexible material and change the output capacitance in response
[1].
A wide variety of materials and manufacturing techniques have been used to create flexible interdigital
sensors, including printing [2], stitching [3], laser cutting [4], and nanotechnology [5]. Changes in sensor
geometry can affect the performance of these sensors in specific applications [6]. However, the existing
production methods are labor-intensive and time-consuming, making it difficult to optimize the exact
sensor settings for the application.
In this study, strain-sensing flexible and soft interdigital sensor was produced by using computerized
weft knitting technology to overcome these limitations and to satisfy application and commercial
demands. It can be easily customized and integrated to garment directly. This knitted interdigital sensor
production, which we have realized with the quick fabrication process, provides an extremely important
contributions to the advantages of raising the prototype from the laboratory environment to the mass
production stage, highly customizable, reproducibility, less material consumption, and not wasting
process materials. In addition, the ability of the knitted structure to adapt to the different shaped surfaces
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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due to its own nature and the production of the sensor as embedded in the fabric will ensure that the
sensor structure can be used safely in applications such as detecting human body movements,
physiological signals, soft robotics.
MATERIALS AND METHODS
The design, structure and dimensions of the knitted interdigitated capacitive sensor developed in this
study are given in Figure 1. It was manufactured as single jersey knit structure with using intarsia
technique on only front bed of v-bed weft knitting technology (E14, Shima Seiki NSVR 122). This
capacitive sensor structure consists of conductive yarn and elastomeric yarn. The rows and columns of
interdigital sensor was fabricated using commercial silver coated polyamide 6.6 yarn (Shieldex® 235/36
dtex 2 ply HC+B). Electrical resistivity of conductive yarn is 80±30 Ω/m, tensile strength 50±10 cN/dtex
and elongation 25%±6. 140/140 Nylon elastomeric yarn (Elit Gipe® 80% Nylon 70/1 yarn 20% 140
denier Spandex) was used as ground yarn to provide stretch and recovery ability to sensor. Conductive
yarns serve as electrodes in this case, whereas elastomeric yarns utilized between the conductive yarns
function as the dielectric layer.
a)

Conductive yarn

Knit Structure of Sensor
Elastomeric yarn
(Dielectric layer)

b)
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b b
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b b
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Figure 1. Knitted interdigitated capacitive sensor a) structure and b) dimension and number of loops.

A tensile test rig has been designed specifically for the electromechanical tests of the sensors. Individual
strain tests were performed on the sensor in the course directions by fastening the two ends of the
interdigital sensor into the clamps of this assembly. Microcontroller STM32F3 Discovery was used to
record capacitance and strain data. The capacitance change (𝛥C/Co-strain) characteristics were assessed
by stretching the sample to a strain of 100%. The electromechanical characterizations of the sample was
performed at a tensile rate of 800 mm/min and a gauge length of 100 mm and the sensor sample was
tested 5 times. The sensor's stability and repeatability were evaluated using 60% stretching and relaxing
at 80 cycles.
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RESULTS AND DISCUSSION
The capacitance of the knitted interdigital capacitive sensors is depicted in Eq. [1]:
(N-1)(ε εR Wt)
C=
d

[1]

where, N is the number of electrode fingers (positive electrode finger=3 and negative electrode
finger=4). ε is free space permittivity and εR is dielectric permittivity. Also, W is length of electrodes
(e= 6.5 cm), d is the distance between the two electrodes (b=0.2 cm, c=0.6 cm, d=0.4 cm), and t is is the
thickness of the conductive electrode (1.38 mm).
In general, stretchability greater than % 35–45 is not required for wearable technology applications [7].
However, because some soft robotic applications require a wide working range, the sensor was stretched
to demonstrate maximum strain behavior. As a consequence of the tests conducted on the sensors
generated in this study, it was determined that the knitted interdigital sensor's maximum operating range
is %100. The capacitance change of sensor is seen in Figure 2a and cyclic test of the sensor under 60%
strain is given in Figure 2b.
The sensitivity of a sensor is determined as the gauge factor (GF):
GF =

ΔC/Co
ε

[2]

where, 𝛥C represents the change in capacitance value, C0 represents the starting capacitance value, and
ε represents the strain value. The sensor's gauge factor was calculated as 0.35. The sensor's linearity was
determined to be R2 = 0.96. After stretching the sensor, the response exhibits an increasing capacitance
change with increasing strain, but does not maintain constant due to the elastomeric dielectric layer
shrinkage. The sensor demonstrated a broad operating range, great linearity, and low hysteresis.
However, hysteresis may have been introduced during sensor recovery behavior as a result of loop
readjustment and sliding of the conductive yarns within the knit structure. The 𝛥C/C0 ratio changed by
1.04% from its initial value after stretching and relaxing the sensor at 80 cycles which demonstrate
stability of the sensor over the cyclic test as shown in Figure 2b.
(a)

(b)
Linear fit
y= 0.0038*x-0.0104
R2 = 0.96
5 cycle

%1.04

Strain

Figure 2. a) The change of capacitance under strain for sensor b) Cyclic test of the sensor under 60% strain.

CONCLUSION
Flexible interdigital sensors can be manufactured in a variety of ways utilizing various textile
manufacturing techniques. Multiple-step, labor-intensive, and time-consuming approaches are
frequently used. Additionally, these approaches present issues in optimizing sensor values for specific
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applications. In this work, knitting technology is employed to solve the majority of the challenges
associated with flexible interdigital sensors. The following benefits accrue from the use of knitting
technique in the manufacture of flexible interdigital sensors:
- easy to customize
- can be produced without using a additional technology that would require integrating methods such as
sewing technique,
- can be easily and quickly customized and produced for any different garment,
- less time, material, waste and process step requirement,
- the ability to adapt to any part of the body or any surface thanks to its knit structure.
Sensors produced in this work could be used in a wide range of wearable electrical and soft robotic
applications due to their 100 percent maximum stretchability.
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ABSTRACT
This paper aims to understand what the consumers intend to co-create, secondly if modular co-created
products can respond to consumers’ expectations and thirdly, if the process and production efficiency
could be improved, even for small orders, when based on modular products.
This data will serve as a basis for understanding what methods or processes can be applied and benefit
consumers, brands and the supply chain.
A single closed question was made to the consumers. In addition, one open question was made to the
fashion designers and another to the supply chain experts. These were created based on a literature
review, study question, and propositions.
The findings show that the consumers prefer to co-create full fashion products. Fashion designers and
supply chain experts were unanimous about the improvement of the process and production efficiency
due to modular products, even when producing small orders. Although, when responding to the
consumers’ expectations, some concerns were raised by the fashion designers.
This paper will enable, in the future, the development of a consumer, brand and supply chain cocreation streamlined framework.
KEYWORDS
Co-creation, modularity, consumer, supply chain, production, efficiency.
INTRODUCTION
This paper initially focused on the literature review, approaching different viewpoints linked to cocreation, products, and modularization. This topic is important because not much is known about
modularity's possible impact on co-creation, so understanding what methods or processes can be applied
and benefit consumers, brands, and the supply chain is essential.
The study's initial question was created with the literature review analysis: “What methods and processes
are adequate for the supply chain when working with co-creation?”
Modularity helps simplify clothing to better meet consumers’ requirements [1]. Additionally, product
modularity allows companies to have higher flexibility and a quicker response to the changing
requirements of the markets [2–4]. The products being co-created should be modular to reduce lead
times, reduce the complexity of the process, and allow consumers to cooperate on just one part of the
development [5]. The possibility of modularizing the process so that consumers can work on the parts
that they feel more passionate about and for which they have more expertise [6].
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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In this sense Q2, “Applying the concept of modularity to co-created products can increase the process
efficiency and simultaneously respond to consumers’ expectations? was created P1, “The application of
modularity to co-created products is able to give response to consumers’ expectations" and P2, “The
application of modularity to co-created products increases the efficiency and success of the co-creation
process" were proposed. Q1, “Would it be more interesting to co-create just details of the fashion
product or the full fashion product?” was also created.
Also, modularity allows the use of standard parts that can be arranged in different ways or can be used
even in different products [7] opposed to a standard process, and the degree of modularity also influences
the production planning, production and supply structuration and logistics [2,7] and, consequently, the
lower or higher complexity of the supply chain [4]. In this sense Q3, “If the production of small orders
would be based on modular products, would this increase the production efficiency?” was made to the
supply chain experts’ was created and P3, “Production of small quantities of co-created products based
on modularity increase the production efficiency” was proposed.
So, the study's main aim is to understand what the consumer intends to co-create, secondly if modular
co-created products can respond to consumers’ expectations and thirdly if the process and production
efficiency could be improved, even for small orders when based on modular products.
The consumers indicated that they prefer to co-create full fashion products. The fashion designers and
supply chain experts were unanimous about the improvement of the process and production efficiency
due to modular products, even when producing small orders. Although, when responding to the
consumers’ expectations, some concerns were raised by the fashion designers.
MATERIALS AND METHODS
For the empirical study was considered a non-interventionist, positivist and interpretivist approach.
Several methods for assessing consumer needs exist, such as observation, surveying, or interviewing
[8]. The non-interventionist approach focuses on the literature review for, which were considered,
scientific papers and books. A positivist approach is dedicated to analysing a sample of consumers
through a survey. An interpretivist approach was used for the fashion designers (coded as FD) and
supply chain experts (coded as SCE) through interviews, allowing the understanding of complex social
phenomena [9].
The quantitative method was applied to study the consumers with a resource to a survey with one closed
question. While this approach allowed for data collection from a much wider audience, it also allowed
better control over the data collection [10]. The qualitative method was applied to study the fashion
designers and the supply chain experts with a resource to an interview with one open question. This
approach is referred to as providing richer and in-depth data [10]. The mixture of both approaches boosts
the development of knowledge, the construction of theories and problem-solving abilities [10,11].
The pre-requisite for the survey was that the respondents were residents of Portugal and with ages
between 18 and 64 years old. The survey was made available to the consumers online between 27/10/21
and 04/01/22. During this period, were collected 404 valid answers.
The pre-requisite for the interview was that the respondents are or have been working as fashion
designers or as experts in the supply chain in Portugal. The interview question was made available in
advance. This allowed participants to research the topic and to thought about the answers so that the
collected answers would be as complete as possible. The interviews took place from 13/11/21 till
12/01/22. In total, were done interviews with nine fashion designers with experiences between 1 and 29
years and six supply chain experts with experiences between 11 and 31 years.
The data collection enabled answering the research question through the obtained results and confirming
or not propositions. The data was organized and coded to be tested through the NVivo version 1.5.1.
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RESULTS AND DISCUSSION
This chapter will analyse the fashion designers’ and supply chain experts’ and consumers' responses to
the three questions made. The excerpts cited are the most pertinent and relevant among all the answers
obtained from the interviews.
In Q1, most of the respondents, 77% (313 respondents), would prefer to co-create the full fashion
product. However, only 23% (91 respondents) indicated that they would prefer to co-creation just details
of the fashion product.

The full fashion product

Just details of the fashion
product

0

50

100 150 200 250 300 350

Figure 1. The number of consumers that consider it more interesting to co-create the full fashion product
or just details of the fashion product.

In Q2, “Applying the concept of modularity to co-created products can increase the process efficiency
and simultaneously respond to consumers’ expectations?” the fashion designers’ agreed that modularity
could increase the process efficiency, as happened with the supply chain experts’ in Q3, “If the
production of small orders would be based on modular products, would this increase the production
efficiency?”. The interviewees were unanimous about the increment of the production efficiency due to
modular products, even when producing small orders. Although, when responding to the consumers’
expectations, some concerns were raised by the fashion designers.
FD01 says that “I think it can greatly increase the effectiveness of the process because you end up with
a much more closed product where there is a much quicker response […]” because product modularity
allows companies to have higher flexibility and a quicker response to the changing requirements of the
markets [2-4]. Modularity allows the use of standard parts that can be arranged in different ways or can
be used even in different products [7] opposed to a normal process where there is “[…] a high cost and
the time that involves developing a completely different garment.” (FD06). But with modularity, “[…]
we are talking about a type of product or part of a product that has already had a lot of acceptance from
consumers and being able to adapt it to new ideas could be a way to have efficiency and effectiveness
in the process and make the situation profitable.” (FD05). “[…] we would be able to have a greater
productive efficiency and also of pattern making.” (ECA01). And the degree of modularity also
influences the production planning, production and supply structuration and logistics [7,2] and,
consequently, the lower or higher complexity of the supply chain [4]. “[…] it is created and tested, and
there is already the know-how on how to apply it. With tested garments it's always easier.” and “[…]
we could increase production efficiency because it would allow different products to be produced by
combining standard modules.” (SCE06). "The more modular and the more similarities there are in each
model the more profitability we will surely have in a production chain.” (SCE04). The products being
co-created should be modular in order to reduce lead times and might, reduce the complexity of the
process and allow consumers to cooperate on just one part of the development [5]. “[…] if a consumer
can have that jacket with some changes defined by him, I think it can be good for the consumer's
expectations. If he decides all the details that are going to be put on that jacket, the most creative part of
that piece was actually made by the consumer.” (FD08). Although on Q1, consumers indicated that they
are more interested in co-create the full garment and not just details. Maybe the possibility of
modularizing the process so that consumers can work the parts that they fell more passionate about and
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for which they have more expertise [6], could also be solution for the consumers that desire to just cocreate details of the fashion product. Fashion designers also point out that “[…] at the same time I don't
know if we won't be limiting by saying that this is the trend.” (FD07). FD01 even points out that “For
the consumer of course a modular product always ends up having less originality […]” and so “[…] you
can't modularize everything because if we talk about co-creation, we are talking about creation, so it is
important to have a space for freedom […]”. Although, it has been indicated that modularity helps
simplify clothing to better meet consumers’ requirements [1].
CONCLUSION
Letting modular products associated mainly with the core offer and letting consumers freely and fully
co-create all other products could be a good option because modular products can end up having less
originality, and most of the respondents prefer to co-create the full fashion product and not co-create
just details of the fashion product. Furthermore, there is also the need, at the same time, to create a space
for the consumer to have freedom.
Modularity, consequently, can increase the response, profitability and efficiency because, in part, it is
already created and tested. Modularity can, in this way, also help reduce the lead-time of the co-creation
process and increase the product manufacturing efficiency even when producing small orders. In future
studies would be interesting to understand what type of production chains would be more suitable to
manufacture co-created modular products.
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ABSTRACT
The number of publications about creativity and innovation is growing once it may help organizations
to grow and be more competitive. In theory the organization is interconnected with the levels of selfperceived creativity of its employees as well as the satisfaction for creative tasks.
This research aims to study and analyse the perceptions from Portuguese textile and apparel designers.
The objectives of this study where to (i) analyse and summarise the relevant about organizational
connections with employees and their creativity and (ii) to confirm the statistical relation between the
variables, as predicted in the analysed literature in order to contribute to the growth of industrial
knowledge regarding organizational creativity in Portugal.
The developed survey reached 114 replies (n=114) and data was analysed in order to meet the goals
mentioned above.
A symbiosis correlation between Organization Climate and Culture, Designers’ Self-Perceived
Creativity and Job Satisfaction was confirmed with statistical significance.
KEYWORDS
Portugal, Apparel Industries, Textile Industries, Climate & Culture, Job Satisfaction, Creativity.
INTRODUCTION
Creative productions may power innovative outputs [1]. In the current organizational scope, innovation
equals competitiveness [1–5]. A growing number of research publications are paving the way on how
organizations can better interact with the workers [6] in order to foster their creativity/self-perceived
creativity and Job Satisfaction (JS).
Organization Climate and Culture (OCC) and Designers Self-Perceived Creativity (SPC) where
analysed as constructs once they can only be measured by a set of direct questions regarding real
perceptions [7,8]; Job Satisfaction (JS) was measured as a direct question according to literature [9].
This investigation display findings from a study where 114 Portuguese textile and apparel designers
(n=114) answered an inquiry aiming to understand how organizational and working group contexts
where affecting JS and SPC [10].

© 2022 by the authors. This article is an open access article distributed under
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METHODS
Studies regarding creativity have grown from an individual (e.g. Da Vinci, the genius) to a broader
perspective and scope of analysis (e.g. organizational level). Several models were analysed and the
common factor is the interconnection of contexts - either individual characteristics or macro
organizational elements [11–15].
The climate, here included in the OCC, plays a major role in several questionnaires developed to
measure the support to innovation [16], organizational climate towards creativity [17], group climate
[18,19] and employees perception of the work environment towards creativity [20]. Organizational
culture may be defined as the materialization of climate into behaviours and practices.
Once the study emphasis the designer’s perspective, one can only assume the self-perceived levels of
creativity (SPC). Based on other studies [6,21,22], SPC is the best construct to analyze the complex
process of creativity inside the organizational scheme.
Creativity, productivity [23] and commitment [24] are linked to JS; this is why creating should feel like
a second skin, as something designers love to do [5, p.55], [25, p.173].
This supported the theoretical background, enabling to proceed the investigation, aiming to understand
the interrelationship between OCC, SPC and JS inside Portuguese Textile and Apparel Industries. In
this sense it is assumed these three contexts are open, often entering and exiting between each other.
RESULTS AND DISCUSSION
In 2019, a snowball sample of 114 (n=114) textile and apparel designers answered an online survey
from July 10th to August 30th. Data analyses were made using SPSS® Statistics (version 23). The Table 1
showcases the results to validate the constructs according to literature [26–35]; OCC data construct can
also be accessed in a previous publication [4].
Table 1. Constructs OCC and SPC tests [4,10,34,26–33].

Scree plot (Number of
components extracted)
KMO
Bartlett test
Cronbach α

OCC

SPC

1

1

0.943
p<0.05
0.963

0.903
p<0.05
0.927

After constructs’ validation, a Kolmogorov-Smirnov test of normality was applied and the results
indicate OCC has a normal distribution (p>0.05) and SPC rejects H0 for normal distribution (p<0.05).
The JS question was designed to be neutral [9]. In that sense it was asked to rate the level of satisfaction
rather than asking how satisfied designers were. One percent (1.8%) of answers indicated to be 1-Totally
unsatisfied, 14% are 2- unsatisfied, 25.4% 3- Nor unsatisfied or satisfied, 43% 4- Satisfied and 15.8%
of the respondents stated to be 5- Totally satisfied [10].
Table 2 showcases the results of correlation tests applied to verify the hypotheses of correlation amongst
the OCC, SPC and JS. Spearman (RS) and Pearson (R) correlations were tested according to normal
distribution. All correlations have statistical significance (p>0.05).
Table 2. Correlations [4,10].

OCC
SPC
JS

OCC

SPC

R=0.750
RS=0.715

RS=0.665
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CONCLUSION
Several methods were analysed as well as different instruments built to measure different topics inside
organizations. Achieving this first objective was a fundamental part of the process in order to prepare
the empirical investigation.
Results presented values greater than 66% (0.66) and this represents a considerate strength in terms of
connectivity [36]. Once the correlations are > than 0, one may state that the variables have a positive
interaction and are unidirectional. This study proved the existence of a statistical synergy between OCC,
SPC and JS, meeting the second objective (ii).

Improving one component/variable/construct increases the others. When analysing the answers
to JS, one understands there are a wiggle room and a need to promote both OCC and SPC. The
authors believe they contributed to augment the knowledge regarding the topics above.
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ABSTRACT
This work aimed to study the effect of polyester fibres with different shrinkage on the structural
characteristics (warp densities, weft densities and weight per square meter) of the various blend wool
and polyester fabrics, after a normal clean finish. The main conclusions to be highlighted are: polyester
fibres with 11% shrinkage give rise to higher weft densities and consequently fabrics with a higher
weight per square meter compared to fabrics produced with polyester fibres with 4% shrinkage. In this
context, and if for technical and/or commercial reasons, there is a need to change the type of polyester
fibre, it is not enough to consider only the length, diameter, crimp and tenacity of the fibre, but also its
shrinkage.
KEYWORDS
Polyester fibre shrinkage; Conventional yarn; Polyester/wool fabrics; Weight per unit area; Product
design engineering
INTRODUCTION
The high diversity of polyester fibres available in the global market, which can differ significantly from
each other, with regard to their shrinkage characteristics, requires the need to carry out a research work
that allows, at the end of the study, to know their implications in the final construction characteristics of
blend wool and polyester fabrics. This knowledge is essential for anyone involved in the fabric
development area, so that the final construction characteristics of a given finished fabric are those
defined in the technical specifications.
There is no perfect fibre. There are many different performances that are required from the fibres
depending on the different final applications, whose satisfaction implies the existence of a variety of
fibres with different characteristics [1].
Heat-based processes on thermoplastic fibre materials to shrink. Knitted may change their dimensions
due to thermal shrinkage of the constituent yarns and the change in loop shape [2].
This work aimed to study the effect of different shrinkage of polyester fibres in different wool/polyester
woven fabrics. The main conclusions to be highlighted are: polyester fibres with higher percentages of
shrinkage give rise to higher weft densities and consequently fabrics with a higher weight per square
meter compared to fabrics produced with polyester fibres with lower shrinkages. In view of these results,
and if for technical, commercial or other reasons there is a need to work with another polyester fibre of
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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different origin it is not enough to consider only the length, tenacity, crimp and the diameter of the fibre,
but also its shrinkage under hot air at 200ºC [3].
MATERIALS AND METHODS
The fibrous compositions with greater applicability and industrial interest are 60% wool/40% polyester
and 55% polyester/45% wool, eight samples of conventional yarn were produced in each of the
mentioned compositions, with the title Nm 2/46, consisting of white wool and black polyester dyed in
the mass. The hot air shrinkage (200ºC) of the 2,4 dtex and 4,4 dtex polyester fibres present values of
4% and 11%, respectively.
The different yarn samples differ from each other, in the diameter of the fibres that constitute them, as
well as in the twist and re-twist, as can be seen in Table 1.

60% WO/40% PES

55% PES/45% WO

Table 1. Characterization of the yarn samples produced [3].
Yarn
samples
(Ref.)

Component fibres

Twist and re-twist
(v/m)

Twist coefficient
of yarn to
one cable

A

PES 2,4 dtex/WO 21,4 µm

Z1=620 e S2= 700

K=90

B

PES 2,4 dtex/WO 21,4 µm

Z1=720 e S2= 800

K=106

C

PES 2,4 dtex/WO 24,9 µm

Z1=620 e S2= 700

K=90

D

PES 2,4 dtex/WO 24,9 µm

Z1=720 e S2= 800

K=106

E

PES 4,4 dtex/WO 21,4 µm

Z1=620 e S2= 700

K=90

F

PES 4,4 dtex/WO 21,4 µm

Z1=720 e S2= 800

K=106

G

PES 4,4 dtex/WO 24,9 µm

Z1=620 e S2= 700

K=90

H

PES 4,4 dtex/WO 24,9 µm

Z1=720 e S2= 800

K=106

I

PES 2,4 dtex/WO 21,4 µm

Z1=620 e S2= 700

K=90

J

PES 2,4 dtex/WO 21,4 µm

Z1=720 e S2= 800

K=106

K

PES 2,4 dtex/WO 24,9 µm

Z1=620 e S2= 700

K=90

L

PES 2,4 dtex/WO 24,9 µm

Z1=720 e S2= 800

K=106

M

PES 4,4 dtex/WO 21,4 µm

Z1=620 e S2= 700

K=90

N

PES 4,4 dtex/WO 21,4 µm

Z1=720 e S2= 800

K=106

O

PES 4,4 dtex/WO 24,9 µm

Z1=620 e S2= 700

K=90

P

PES 4,4 dtex/WO 24,9 µm

Z1=720 e S2= 800

K=106

With the various yarn samples, 48 fabrics were manufactured in the three basic structures, most used in
the woolen industry, twill 2/2, twill 2/1 and plain weave, using individually the 16 samples of the yarn
Nm 2/46, in each of the structures. All samples were woven on a rigid rapier loom and finished
simultaneously, according to a sequence of operations, characteristic of a normal clean finish, from the
woolen industry. Table 2 presents the technical characteristics of fabric construction.
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Twill 2/2

Twill 2/1

Plain

Reed

75/4

95/3

90/2

Reed width (cm)

165

168

174

Warp density (yarns/cm)

30,0

28,5

18

Weft density (yarns/cm)

21,5

20,5

18

All quality control laboratory tests were carried out under controlled temperature (20±2ºC) and relative
humidity (65±4%) conditions, in accordance with the ISO 139:2005 Standard.
The number of yarns per unit length, as well as the weight per unit surface area of the fabrics, were
determined according to NP EN 1049-2: 1995 and NP EN 12127:1999, respectively [4-5].
RESULTS AND DISCUSSION
Given that, the results found in the fabrics produced revealed variations in relation to what was expected
for each of the structure, with regard, essentially to the weft densities and the weight per square meter
of the fabrics, produced with 4,4 dtex polyester fibre, therefore, in table 3 the densities found in the warp
and weft and the weight per square meter for the fabrics in twill 2/2, twill 2/1 and plain weave, in both
compositions, are presented.
Table 3. Structural characteristics of the fabrics [3].
Twill 2/2

Twill 2/1

Warp

Weft

Warp

Weft

A

33,0

22,1

259

30,9

21,1

B

33,0

22,0

262

30,8

C

33,0

22,0

254

D

32,7

22,0

E

32,7

F

60% WO/ 40% PES

55% PES/ 45% WO

Yarn
samples

Densities
(yarns/cm)

Weight
(g/m2)

Densities
(yarns/cm)

Weight
(g/m2)

Plain weave

Densities
(yarns/cm)

Weight
(g/m2)

Warp

Weft

254

20,2

18,4

189

21,4

257

20,6

18,5

187

30,7

21,4

247

20,2

18,4

185

255

31,0

21,1

249

20,4

18,7

187

23,0

268

31,0

22,0

263

20,3

19,4

196

32,6

23,0

269

31,1

22,2

267

20,4

19,6

198

G

32,6

23,0

268

30,8

22,0

260

20,2

19,3

193

H

32,6

23,1

269

31,2

22,0

261

20,4

19,4

193

I

32,4

22,5

257

30,7

21,1

255

20,4

18,5

181

J

32,4

22,3

256

31,0

21,6

248

20,3

18,9

183

K

32,8

22,2

252

30,8

21,2

246

20,4

18,6

182

L

32,5

22,6

251

30,9

21,4

245

20,3

18,8

178

M

32,2

23,3

263

30,6

22,4

260

20,2

19,6

191

N

32,3

23,5

268

31,0

22,5

260

20,3

19,6

191

O

32,4

23,1

265

31,0

22,2

261

20,4

19,4

190

P

32,2

23,2

266

30,8

22,2

261

20,2

19,3

191

From the analysis of the results presented in table 3, it can be seen that, regardless of the weave and
composition, fabrics produced with 4,4 dtex polyester fibre present a weft density slightly higher than
that of fabrics produced with 2,4 dtex polyester fibre. As far as the warp densities are concerned, there
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are no significant differences. On the other hand, and as a result of the higher weft densities, fabrics
produced with 4,4 dtex polyester fibre have a higher weight per square meter than fabrics produced with
2,4 dtex polyester fibre. These weight differences are apparently related to the significant difference in
shrinkage between the two polyester fibres used, as the 2,4 dtex fibre has 4% while the 4,4 dtex fibre
has 11%. This significant difference in shrinkage between the two polyester fibres directly conditions
the shrinkage of the fabrics when they are subjected to finishing operations, such as termofixation.
The fact of density differences in the warp is explained by the fact that the fabrics are stretched in the
direction of the weft during the termofixation process, thus not allowing them to shrink, regardless of
the shrinkage of the polyester fibre that constitutes them. On the other hand, the existence of differences
in weft densities is explained by the fact that there is a need to slightly overfeed the fabrics, for reasons
related to the process, thus allowing them to shrink in the direction of the warp, which is higher or lower,
depending on the shrinkage of the polyester fibre.
CONCLUSION
The results found in this study trigger a possible need to introduce a new variable in the calculations of
the technical construction of the fabrics, since two fabrics with the same construction on the loom
present, after the finishing process, differences in the number of yarns to the weft and consequently
differences in weight per square meter. This new approach shows that the commonly used construction
characteristics (reed, reed width, number of yarns/cm in the warp, number of yarns/cm in the weft and
linear mass of the yarns) are not, by themselves, sufficient to guarantee that the desired structural
features in the finished fabrics are complied with, since any significant change in the shrinkage
characteristics of the polyester fibre used requires an adjustment/correction in the construction
parameters in order to compensate for the differences in the shrinkage of the polyester fibre.
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ABSTRACT
Nature shows evolutionary fiber-reinforced solutions, e.g. a peanut shell that enables a high stiffness
with extremely low component masses by using complex shell and rib arrangements. Lightweight shellshaped components made of fiber-reinforced plastic (FRP) are often stiffened with ribs. In this work, a
new method is proposed to produce directional fiber reinforcement in the transition area from shell to
rib and within the rib by a direct thermal pressing process. Numerical calculations are initially used to
demonstrate the potential of this type of structure. The source material is a flowable 2D textile hybrid
structure consisting of continuous glass fibers and discontinuous recycled carbon fibers. The
arrangement of the fibers leads to a defined flow movement of matrix and fibers and thus the production
of a 3D FRP component with continuous fibers in the shell area and staple fiber-based reinforcement in
the rib area and in between.
KEYWORDS
Continuous fiber reinforcement, FRP, hybrid yarns, recycled carbon fibers, thermoplastic composites.
INTRODUCTION
A common process for large-scale production of shell-rib structures is injection molding. Short-fiberreinforced thermoplastic granulates are mainly used as basic material. The achievable mechanical
properties e.g. stiffness, strength, impact resistance of short-fiber reinforced plastics are very limited but
increase with fiber length [1]. To improve the mechanical properties, fabrics made of continuous fibers
with a thermoplastic matrix (e.g. organo sheets, unidirectional tapes) are mainly used to stiffen the shell.
Complex multi-stage machinery and tooling technologies are required to realise these FRP components.
Due to the process, a continuous fiber reinforcement between the shell and the rib is currently not
possible [2]. As an alternative, without the use of complex process technology, direct forming processes
are state of the art e.g. compression moulding and extrusion. They use flowable moulding compounds
as the starting material and produce an uneven, non-oriented fibre arrangement with a very limited fibre
length in the FRP component. In these processes, shell and ribs are bonded together by the flow of the
matrix and entrained fibers. However, compared to continuous fiber reinforcements, the resulting FRP
components have a lower fiber volume fraction and non load bearing fiber orientation. For this reason,
their mechanical performance is severely limited. Hybrid fabrics and nonwovens, organo sheets and
tapes in combination with granulates, molding compounds or polymers [3,4] are processed with the
technologies mentioned. In the production of FRP, these pre-heated materials must be placed in a mold
for thermal pressing, which is laborious and done separately. Due to the process, these FRP components
do not have a defined, aligned fiber orientation in the transition area between the shell and the rib and
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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in the rib. They are therefore not suitable for highly stressed FRP components, as delamination of the
ribs from the shell can occur. In order to avoid oversizing of FRP components and to reduce material
consumption, there is a very high demand for smarter approaches. To address this, a new method is
proposed that can provide a continuous fiber reinforcement for the shell area and a staple fiber-based
reinforcement for the rib and the transition area. For the reinforcement of the ribs and the transition area
from the shell to rib, the goal is to reuse recycled carbon fibers (rCF) to demonstrate sustainable solutions
for usage of CF. rCF can be recovered and reused as a valuable resource from dry offcuts (type 1), from
matrix pre-infiltrated waste (type 2) or from end-of-life FRP components (type 3). This issue is currently
being investigated in various researches, e.g. [3, 4]. However, the fibers are not present as continuous
fibers. Therefore, further textile processing is carried out by spinning into a staple fiber-based hybrid
yarn.
MATERIAL AND METHODS
In order to show the potential of fiber reinforcement in both the shell-rib transition area and in the rib
itself, a simulation-based three-point bending flexural test is developed using finite element analysis.
For this purpose, a model geometry of a shell-rib structure is defined using the dimensions according to
Figure 1. Glass fiber (GF) and a matrix with linear elastic material behaviour are used as exemplary
basic materials with fiber volume fraction (FVF) of 50 %. In the shell area, a biaxial arrangement of
continuous fibers in x- and y-direction is used, which remains unchanged during the calculations.
Furthermore, a staple GF reinforcement is modelled both in the y-direction (rib direction) and from the
x- to the z-direction with a FVF of 50 %. The fiber length in the rib (z) is investigated in the range z = 0
(no fibers) to z = 15 mm (completely filled).

Figure 1. Simulation-based three-point bending test with a model geometry of a shell-rib structure;
Dimensions: W = 50 mm, L = 120 mm, H = 15 mm, t = 4 mm, l = 81 mm.

The basis for producing an FRP component with fiber reinforcement between shell and rib (see Figure 2)
are textile structures based on hybrid yarns with a reinforcing and a thermoplastic component. The
hybrid yarns consist of thermoplastic fibers that form the matrix during composite production,
reinforcing fibers in the form of staple fibers (1) for the rib and the transition area, and continuous fibers
(2) for the shell area. The textile structure is built up by partial arrangement of the hybrid yarns. It is
important that during thermal pressing the continuous fiber reinforcement (2) remains deformation-free
and ideally only the staple fiber component begins to flow.
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Figure 2. Producing an FRP component with fiber reinforcement between shell and rib using a hybrid
textile structure in a thermal pressing process: 1 – staple fibers, 2 – continuous fiber arrangement, 3 –
compression mold, 4 – plunge edge, T – temperature, p – pressure, 5 – cavity, 6 - press 300PV (COLLIN
Lab & Pilot Solutions GmbH), PMF – pressurized melt flow of matrix and fibers.

The production of the FRP components with integrated functional rib structures is carried out by
inserting the textile structure into a compression mold (3) with a plunge edge (4), which allows
consolidation by heating and cooling (T) under defined pressure (p). This mold has corresponding
engravings or a cavity (5) that represent the negative image of the rib structures of the FRP component.
By heating the textile structure in the closed, pressurized compression mold above the melting point of
the thermoplast using a thermal-press (6), the flow movement fills the cavity with matrix and entrained
staple fibers. Due to the pressurized melt flow (PMF), both the fibers and the matrix are distributed in
the directions x, y, z depending on the arrangements of the textile structure and the engravings. This
generates an interconnection between the staple fiber-reinforced rib and the continuous fiber-reinforced
shell.
In this work, rCF type 1 is used to produce the hybrid yarn, which initially has a uniform length of
80 mm. The origin material is continuous filament Tenax®-E HTS40 F13 12K with 800 tex. The used
matrix material is polypropylene (PP), which is processed as staple fiber (type: FM100A, 2.2 dtex,
supplier: IFG Asota) with a cut length of 40 mm. At the first stage, both rCF and PP fibers are processed
on a carding machine and the draw frame machine to produce drawn slivers with a defined and validated
rCF/ PP volume ratio of 30 %/ 70 %. The development of hybrid yarns is carried out on a DREF-3000
friction-spinning machine. The methodology described in [5] is used for the determination of fiber
length after processing. The average fiber length of the rCF is 68 ± 5 mm, with 95 % of the fibers having
a minimum length of 75 mm. The resulting yarn count is determined to 420 tex in accordance with DIN
EN ISO 2060. This corresponds to a largely constant diameter of 1.6 mm without any further yarn
consolidation. For the reinforcement of the shell area, commercially available hybrid yarn 1398 FU
(Supplier: OCV Reinforcements) with a 50 %/ 50 % volume percentage of GF/ PP and a yarn count of
1398 tex is used. Different material colors are used for the shell and rib areas to improve the optical
characterization of the flow behavior and the intermixing of the yarns after the thermal pressing process.
In the next step, a unidirectional (UD) winded textile structure is implemented to experimentally test the
method and to characterize the flow behavior of the fibers. Therefore, rCF/ PP and GF/ PP hybrid yarns
are wound around a frame with eight plies corresponding to the volume of the cavity. After winding
(see Figure 3a for the result), the structure is partially pre-consolidated by melting the PP matrix and
then cut to size and inserted into the pressing mold. The thermal press process is performed at a pressure
of 6 MPa and a temperature of 220 °C over a period of 60 min including heating, pressing and cooling.
An example of a composite part is displayed in Figure 3b. Finally, the manufactured FRP component is
cut at defined areas (Figure 3b). Area A is used to determine the FVF at three upward positions in the
rib (A1 to A3) according to DIN EN 2564. Microscopy images are made from cross-section B with the
AXIOImager M1m (Carl Zeiss AG) according to incident light method. For this purpose, the crosssection is grinded in several stages and finally polished in a diamond suspension with a grain size of
1 µm (used device: TegraPol-15, Struers GmbH).
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Figure 3. a) Winded textile structure, b) FRP component; A and B are different cutting areas, C – detailed
reservoir, 1 – rCF staple fibers , 2 – GF continuous fiber, H – rib height (10 mm).

RESULTS AND DISCUSSION
Finite element analysis: The diagram in Figure 1 shows an approximately linear relationship between
deflection v and force F. As a function of the fiber length z, there is a significant increase in stiffness
c = F/v as a result of increasing the fiber reinforcement to 3.5 times, where stiffness c corresponds to
flexural stiffness. The simulation model also shows a change in the failure mode of the shell-rib
structure. While at z = 0 and z = 15 mm, a delamination of the rib from the shell results, the component
fails at z = 8 mm due to a breakage of the rib.
Composite formation: The investigations of the FRP component show that the pressurized melt flow of
the matrix leads to the flow of the staple fibers and continuous fibers. The hybrid yarns are transported
mainly parallel into the rib according to the pressure direction (PMF) and the textile arrangement. The
fibers lie mostly along the rib. Based on the mass determination, following FVF are determined: 22 %
(area A1),19 % (A2), 18 % (A3). Thus, the FVF decreases slightly with the flow distance. In the radius
zone with a short flow distance, fiber bundles of rCF (1) are recognizable that have an elliptical structure
due to the compaction. With increasing flow distance, a homogenisation is visible. In the upper 2/3 of
the rib height (H), the fibers intermix and do not have a bundle structure. The rCF located in the rib area
have flowed into the rib. The staple fiber-based hybrid yarns are also able to flow and completely fill
the reservoir (C) at low process pressure. However, the microscopy images also show a tongue-shaped
island that is mainly filled with GF (2). Furthermore, voids are visible. This may be attributed to
insufficient fixation of the textile arrangement before insertion into the mold and different flow pressures
resulting from the arrangement of the fibers.
CONCLUSION AND OUTLOOK
According to the calculations, the aimed fiber reinforcement prevents delamination significantly
increases flexural stiffness. Future work will focus on validating the simulation models with material
tests. According to the experimental composite formation, the originally empty rib geometry is
completely filled with matrix and fibers by the proposed method and thus the potential of flowable 2D
textile structures for the production of 3D FRP components with continuous fiber reinforcement between
shell and rib is demonstrated successfully. The potential of the unidirectional arrangement of the hybrid
yarns in the rib direction as a winded textile structure is limited. Following work will focus on the
development of a multi-layer, multiaxial 2D textile structure composed of staple fibres and continuous
fibers.
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ABSTRACT
Wearable electronics and electronic textiles are becoming increasingly important as technology
advances. To supply the conductivity required in wearable electronics, investigations on the integration
of electronic components with textiles by adding conductivity to fabric structures, as well as the
development of items generated in this manner in terms of human comfort, have grown. The base
materials, i.e., yarns, should be as flexible, thin, and light as possible during the manufacturing and
incorporation of electronic textile components (sensors, transmission lines, connections, etc.) into
wearable products in order to tolerate the rigid structure and low elasticity of the metallic parts that
provide conductivity. In traditional yarn production processes, hybrid yarn production is regularly
carried out with numerous modifications. Problems arise in these manufacturing processes due to the
fact that the core fiber cannot be precisely positioned in the center of the yarn, the fluctuation of yarn
strength throughout the yarn, and the increase in yarn irregularity. The "Direct-Twist - 2C" twisting
machine, which can manufacture hybrid-yarn without modification, was employed in this investigation.
Unlike previous approaches, hybrid-yarn manufacturing with Direct-Twist aims to overcome the
problems found in other ways since the core can be positioned exactly in the center of the yarn. A new
hybrid-yarn was generated in this work by employing spandex in the core and silver-plated conductive
yarn in the coating. Tensile and resistance measurements performed within the scope of the study
demonstrate that a stretchable conductive hybrid-yarn structure with a homogeneous distribution of core
and coating structures is achieved.
KEYWORDS
Hybrid-yarn, stretchable conductive yarn, electronic textiles.
INTRODUCTION
Given with the growing interest in on-body monitoring wearable sensors such as the use of electrodes
that record the heartbeat rate; pressure sensors that track the joints and limps; as well as other devices
that include heating elements and antennas comes the necessity for electrical transmission lines. To keep
up with such fabric properties as stretchability, flexibility, and comfort, these transmission lines must
be highly stretchable without changing their electrical conductivity.
Blending carbon-black particles into elastic spun yarns [1] or conductive particle coating on fibrous
thermoplastic yarns [2,3] are two successful ways for manufacturing conductive yarns with near to the
needed qualities. Other approaches include core-spinning with conductive fibers as the cover and
rubber-based yarn as the core [4], and also a direct-twist approach is used to cover an elastic core with
stainless steel staple fibers [5]. Unfortunately, these approaches do not satisfy both qualities under
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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tension; they either lose conductivity ("the resistance increases exponentially") or do not give sufficient
elasticity.
Our goal is to create a highly stretchy conductive yarn with low resistance fluctuations within its
stretchable range.
In this article, we show how we used the direct-twist method to make a hybrid yarn with highly
conductive yarns "SHIELDEX® electrical resistivity 500 ohm/m" as the cover and an elastomer core
"Hyosung TNC Spandex®" as the core.
We chose the direct-twist method due to its ease of manufacture and wide range of parameters for dialing
in the desired result, and we chose from various arrays of alternative yarn arrangements.
MATERIALS AND METHODS
Materials
In this study, three different trial sets were created to determine the basic production parameters in
hybrid yarn production with the Directwist 2C twisting machine. The first set were conducted using
basic cotton yarns to investigate the required parameters. In this way, the working parameters at which
maximum coverage can be achieved were determined. The basic properties of the yarns in the three sets
studied are presented in (Table 1).
Table 1. Basic properties of yarns in high conductivity and stretchable hybrid yarn production trial sets.

Trials
First
Second
Third

Core yarns
Nylon 70/90 Elit Gipe® & 210/70 Çombaş®
Spandex “560 dtex”
Spandex “560 dtex”

Cover Yarns
Cotton “Ne 36”
SHIELDEX “110 dtex, 34 filaments”
SHIELDEX “235 dtex, 34 filaments”

In the second and third sets, different thicknesses of conductive yarns were used in the outer layer as
coating and elastomeric yarn was used as the core.
Methods
Parameters
In this study, combinations of different production parameters were tried on a Directwist 2C machine,
using yarns whose basic properties were given under the heading of material. In the trials, changes were
made in the parameters of the number of coating yarn, elastomeric yarn feed rate and twist amount
(Table 2).
Table 2. Parameter combinations worked in trial sets.

Trials
First
Second
Third

Turns/meter
550:750
1000
1000

feeding rate “e %”
Maximum tension
70%
40-30%

No: of cover yarns
2
2
1

Twisting direction
S
S
Z

While working with the first set, we concluded that the most effective parameter to achieve sufficient
coverage was "Turns/meter", and secondly was the feed rate of the elastomeric yarn
“e %”. (Fig. 1) shows the combinations performed using the automatic elastomer feeding mechanism to
determine the appropriate feed percentage "e%".
After determining the sufficient covering parameters, the second set of trials were conducted to mimic
the parameters of the first set and to achieve similar results while using the established yarns materials
of exclusively rubber-based core “560 dtex Spandex” with double “110 dtex, 34 filaments SHIELDEX”
conductive yarns.
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When two covering yarns were used, problems such as twisting triangle with different tensions occurred
before the yarns enter the machine and further complexity of the coating were encountered such as the
two cover yarns sometimes would twist on each other before wrapping the core, also duo to the high
number “Tr/m” used with relativity fine covers it was more susceptible to breakages. For these reasons,
the third set was tested using a single covering yarn.

(a)

(b)
(c)

Figure 1. First set: “Nylon 70/90 Elit Gipe” covered by two cotton yarns “Ne 36” (a), Second set: “560 dtex
Spandex” covered by two “110 dtex SHIELDEX” (b) and Third set: covered by one “110 dtex” (c).

In the third set of trials, we concluded that the best parameters for covering the core with constant
production are “1000 Tr/m” & with feeding rate of elastomer core at “30-40%” using only one cover
yarn for simplicity of production.
Another attempt to further ease the production is to remove any unwanted friction by changing the twist
direction to avoid any latching of the cover yarns on any silver residue that might accumulated on the
yarn guides from previous trials, knowing that the twist direction will not affect any of the desired
outcomes sense its only one cover yarn with no pre-twist installed in its filaments.
As for lowering the “Tr/m” number for less aggressive production, you have to lower the feeding rate of
the elastomer core accordingly to achieve similar results; Elsewise the covering will not be sufficient
and the covering loops will be free to slide and accumulate in certain areas instead of another. Similar
to “Tr/m” higher numbers is the feeding rate of the elastomeric yarn “e %” lower percentages will yield
a stiff yarn with high potential of false twists.
Testing
Due to the complications of the second set of trials stated above and the simplicity of the third set
parameters, it was deemed that third set is the way to continue manufacturing and testing.
To compare the stretchability of the manufactured hybrid-yarn with the “SHILELDEX” conductive
yarn, a five “10 cm” samples were tested on a “James H. Universal Strength Tester” with “120 N loading
cell” at “50 mm/sec extension rate” (Fig. 2. a).

(a)

(b)

Figure 2. J. H. - Universal strength tester with “120 N loading cell” (a), conductivity tested by UNI-T UT33B
digital multimeter on a J. H. Tensile Testing Equipment with increments of “5% elongation” (b).

For conductivity testing, a five “10 cm” samples were tested by a “UNI-T UT33B Digital Multimeter”
on a “James H. Tensile Testing” with “5% elongation” increments (Fig. 2. b).
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RESULTS AND DISCUSSION
Tensile Strength
The tensile test results concluded that the hybrid-yarn samples of “10 cm” can reach an elongation of
up to “220 %” on average before braking (Fig. 3. a), which is “* 8” more than the conductive yarns
elongation of only “28 %” (Fig. 3. b).
For future attempts this high stretchability of the hybrid yarn can be sacrificed to lower the total final
count using “finer / weaker” core since this “220 %” elongation is well above any wearable applications.
Hybrid Yarn (a)

15

10,0

Force (N)

Forc (N)

8,0

Conductive Yarn (b)

10

6,0
4,0

5

2,0
0,0

0,0
2,6
4,6
6,7
8,8
10,9
12,9
15,0
17,1
19,1
21,2
23,3
25,4
27,5
29,5

0,0
18
36
54
72
90
108
126
144
161
179
197
215
233
251

0

Extension (mm)

Extension (mm)
Figure 3. Extension graph of the hybrid yarn (a), extension graph of the conductive yarn (b).

Conductivity
The conductivity test results concluded that there is minimum increase in resistance with a constant rate
of “0.2~0.3 Ω” with “5% elongations” increments (Fig. 4).
Similar to the tensile test, the future attempts will aim to eliminate any conductivity changes under
human body stresses.

Figure 4. Hybrid-yarn resistance increased with constant rate with the elongation increments.
able 3. The standard divisions and the coefficients of variations for tensile and conductivity tests.

Coefficients

Conducive
Tensile S.D

Conducive
Tensile C.V

Min
Max
Avg

0.14
2.46
0.34

0.025
0.238
0.050

Hybrid
Hybrid
Hybrid
Hybrid
Conductivity Conductivity
Tensile S.D Tensile C.V
S.D
C.V
0.01
0.099
1.11
0.019
3.26
0.599
1.78
0.028
0.84
0.353
1.29
0.022
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CONCLUSION
In wearable electronics, in order to obtain structures with high homogeneity and low rigidity, it is
necessary to give stretchability to conductive yarns and to benefit from knitting technology.
In this study, we successfully manufactured a hybrid yarn, where the properties of conductivity and
stretchability are combined. As a result of the tests made on the developed yarns; It was observed that
the stretchability of the conductive hybrid-yarns increased, they had a homogeneous structure and their
conductivity was preserved. In the continuation of this study, it is aimed to calculate the core and cover
yarns counts required to provide the final yarn count suitable for knitting technology and to perform
physical tests to determine the performance of knitted structures to be produced with new stretchable
conductive hybrid-yarns for wearable electronics.
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ABSTRACT
Textile reinforcements are increasingly establishing their position in the building industry due to their
high tensile properties and corrosion resistance. However, in contrast to ribbed monolithic steel bars
with a defined form fit effect, the bond force of conventional carbon rovings are transmitted primarily
by an adhesive bond (material fit) between the textile surface and the surrounding concrete matrix.
Hence, relatively large bonding lengths are needed to transmit the bond forces, which results in an
inefficient material utilization. New solutions involving tetrahedral profiled rovings and braided yarns
promise significant improvements in the bonding behavior of textile reinforcements by creating an
additional mechanical interlock with the concrete matrix, yet maintaining the high tensile properties of
the carbon fibers. In order to increase the transmittable bond force and bond stiffness of the profiled
rovings through a defined roving geometry, a simulation-based development was conducted. Hereby
geometry and material models were developed and tensile tests as well as pull-out tests were simulated.
The results of simulation and characterization enable the optimization of the geometry parameters of the
tetrahedral profiled rovings and braided yarns to achieve better bond and tensile properties.
KEYWORDS
Carbon reinforced concrete, bond behavior, bond simulation, profiled roving, braided yarns.
MATERIALS AND METHODS
In order to compare different profiled rovings and to evaluate the influence of the profile type on tensile
and bond properties, four different roving configurations made of Carbon Fiber Heavy Tows [1] are
produced, tested and simulated. Rovings with the tetrahedral profile [2,3] are produced using a
laboratory unit at ITM [4,5]. Braided yarns were produced with an VF 1/4-32-140 variation braiding
machine from Herzog GmbH (Germany). As a reference structure, straight rovings were produced. All
rovings were consolidated with the polymeric dispersion TECOSIT ® CC 1000 (50% solid content),
produced by CHT Germany GmbH, Germany. An overview of the investigated roving properties as well
as an illustration of the different rovings is given in Tab. 1.
In order to generate a realistic geometry model of the tetrahedral profiled roving, which can be used for
simulation of tensile and bond tests, 3D scans of real rovings were created and evaluated. Based on this
a parametric model was approximated, that enables the variation of different profile parameters for
further parametric studies. Models of braided yarns consisting of multiple rovings were generated using
the braiding software of TexMind UG (Germany) [6]. The idealised, compressed geometry was
converted into a realistic, outstretched braided yarn by applying a fictitious thermal strain on the
filaments using the simulation software LS-DYNA, from DYNAmore GmbH (Germany). The yarn’s
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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surface was derived and converted into a solid structure following the procedure described in [7] (Fig. 1).
The models were validated by comparing the results of virtual tensile tests and pull-out simulations with
experimental results.
Table 1. Material properties of the developed and investigated roving types as well as the reference.
Roving with no
Tetrahedral profiled
Properties
Braided yarn
Vario braided yarn
profile (reference)
roving
1  TohoTenax®1  TohoTenax®4  TohoTenax®8  TohoTenax®Roving material
E STS40 F13 48K
STS40 F13 48K
E STS40 F13 12K
J STS40 E13 6K
3200 tex
3200 tex
800 tex
400 tex
Total Fineness
3200 tex
Impregnation agent
Polymeric dispersion TECOSIT® CC 1000 (50% solid content)
Circular with no
Tetrahedral with
Braiding structure
Vario braiding
Profiling typ
profile
d1/d2 ~1,7
flat, 4-strand braid
structure
Schematic crosssection
a)
b)
c)
d)

Roving with no profile
Tetrahedral profiled roving
Braided yarn
Vario braided yarn

For determination of tensile properties different profiled rovings were tested on the basis of DIN EN
ISO 10618 [8]. The test specimens consist of 450 mm long single rovings with resinated ends for the
clamping area. The rovings were clamped with 35 bar between two metal clamps Demgen (steel file cut
50  60 mm) and a free clamping length of 200 mm. All tests were conducted at the testing machine
Zwick 100, from ZwickRoell GmbH & Co. KG (Germany), with optical elongation and a test speed of
3 mm/min.
For the analysis of the bonding behavior, this study focused on pull-out test results, which is an
established method for classifying bond strength and stiffness of single rovings. Pull-out specimens for
testing purposes were created by embedding different profiled carbon rovings in a fine concrete drymix
(binder compound BMK 45-220-2) in a cube formwork at the Institute of Construction Materials of the
Technische Universität Dresden. The embedment length was set to 50 mm with a concrete cover of
40 mm. To determine the characteristic bond-slip relationship pull-out strength was measured by a
single-sided pull-out through a defined yarn fixing in the lower concrete block with an increased
embedment length of 90 mm with a controlled quasi static load. The specimens were tested at 20°C
28 days after embedment.
RESULTS AND DISCUSSION
The developed geometry simulation models of the different profiled rovings, which are used to simulate
tensile and bond test, are shown in Fig. 1. Hereby the tetrahedral profile roving consists of a single
3200 tex roving, whereas braided yarns consist of multiple rovings (highlighted with different colors)
with a total fineness of 3200 tex.
Tetrahedral profiled roving (3200 tex)
Braided yarn (4  800 tex)
Vario braided yarn (8  400 tex)
Figure 1. Simulated geometry model of different profiled rovings (all 3200 tex).

The following two diagrams show the mean-values of tensile strength (Fig. 2 left) and Young’s modulus
(Fig. 2 right) with the single standard deviation of the different series of roving types compared to results
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of a simulated tensile test (cross-hatched). For each test series, a minimum of seven single specimens
were tested. The tensile strength refers to the dry filament area with approximately 1.8 mm2.
300
Young's modulus in GPa

Tensile strenght in MPa

4000
3000
2000
1000

Roving with no profile

250

Tetrahedral profiled roving

200
150

Braided yarn

100

Vario braided yarn

50

Simulation (cross-hatched)

0
0
Figure 2. Tensile strength (left) and Young’s Modulus (right) of different profiled rovings determined in
tensile tests and compared to simulation (cross-hatched).

The diagrams in Fig. 2 show, that the profiled rovings achieve almost the same test results as straight
rovings. Due to an adapted braiding process with a reduction of roving ondulation through a tension
regulation system and consolidation of the roving structure, tensile stiffness of braided yarns compared
to straight rovings is not reduced. The results could be reproduced in simulated tensile tests, although
simulated tetrahedral profiled roving shows a deviation in tensile stiffness. One possible reason is the
great challenge to consider all aspects of the complex tetrahedral roving shape with its inhomogeneous
material properties within the simulation model. A major challange in this context is especially the
variation of the impregnation proportions due to the changing cross sections along the roving axis and
its influence on the roving properties, such as transversal contraction due to elongation. New test
methods for characterizing the inhomogenous properties are part of future reasearch.

Bond strength in N/mm

The characteristic bond behavior of the investigated carbon rovings with different profiling typs
(Tab. 1 b-d) in concrete is shown in comparison with an unprofiled roving (Tab. 1 a) in Fig. 3 as mean
value curves of five single tests each. Results from a simulated pull-out test on basis of [9] for each
roving configuration is shown as dashed lines.
100

braided yarn

80

tetrahedral profiled roving

60

roving with no profile

40

vario braided yarn

20
0

0

1

2

3
4
Pull-out length in mm
Figure 3. Bond behavior of different profiled rovings determined in pull-out test and simulation (dashed).

Due to improved mechanical interlock of profiled rovings, resulting bond strengths are well above that
of rovings with no profile. Braided yarns and tetrahedral profiled rovings transmit almost five times
higher bond strengths than rovings with no profile. They even achieve their breaking strength resulting
in a failure of the roving, indicated by the sudden drop of the bond strength. Therefor the embendment
length of 50 mm is enough for a complete anchoring of the roving. The simulation fits almost the curves
of the determined bond behavior. Only tetrahedral profiled rovings has a higher bond stiffness in
simulation than in test results. A possible reason could be a wedging effect of the tetrahedral shape with
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the surrounding concrete matrix before the full mechanical interlock is achieved in the tests. In addition
to that, transverse contraction of the profile as well as an inhomogenous occurrence of interface friction
could influence the pull-out performance. These effects will be analyzed in further studies e.g. by
characterizing resistance of the roving profile to stress (longitudinal and transversal) in order optimize
the the roving geometry as well as the consolidation process to achieve a higher bond stiffness.
CONCLUSION
The results show that the developed profiled carbon rovings are able to transmit much higher pull-out
loads and demonstrate a significantly improved bond-slip behavior. Compared to straight carbon rovings
with no profile the profiled carbon rovings transmit up to five times the maximum bond strength, yet
maintaining their high tensile properties making them particularly suitable as concrete reinforcement.
Hereby the simulation-based development and simulated bond tests enable an optimization of the profile
properties in order to enhance bond behavior and material efficiency. Furthermore, the simulation is an
important step for a fundamental analysis of the bonding mechanisms between roving geometry and
concrete matrix in addition to a better understanding of inhomogenous material properties and resistance
of the profile geometry under stress. The simulation based studies enable perspectively reduction of
practical tests and hence costs, material and time for further developments. New and adapted test setups
for characterization of profiled roving properties will be developed in future research studies. For a
production of profiled, grid-like textile reinforcement structures for concrete applications the
conventional textile manufacturing processes needs to be further developed in continuing investigations.
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ABSTRACT
The emergence of intelligent textiles in recent years has highlighted the importance of e-textiles
(electronic textiles). Electrically conductive textiles can be found in the form of fabrics, yarns, or fibres
textile structures. The electronic yarn (E-yarn) was manufacturing by incorporated tinny surface mount
electronic device (SMD) into textile conductive yarn. This paper deals with the electrical resistance and
thermal properties of SMD LED embedded stainless steel (SS) E-yarn. The relationship between the
current voltage curve and total electrical resistance of the electronic yarn was investigated
experimentally. In addition, the analytical finding shows that, as the supply voltage increase, the
electrical resistance of conductive yarn significantly increased and the surface temperature of both the
SS conductive yarn and E-yarn had increased. Furthermore. From the test result, it can be confirmed
that, this electronic yarn was suitable to be used for resistive heating elements and use for possible
application in wearable e-textiles heating and a new way of energy saving.
KEYWORDS
E- yarn, electrical resistance, resistive heating, wearable electronics, temperature.
INTRODUCTION
Conductive fabrics and electrically heated clothing have been extensively explored and implemented in
many sectors as a consequence of rapid development of wearable electronic textiles and smart textiles.
In recent years, a lot of research is going on in the field of electro conductive textile materials for a wide
range of heating applications.
Several researchers had conducted studies on the heating properties of conductive materials using
different techniques by highlighting there advantage and dis advantages. These methods includes by
printing of conductive inks such as carbon [1] and Graphene coated on multi-layer fabric insulation [2].
An aligned carbon nanotube sheet and a thermochroic silicone elastomer were combined to create a
novel type of flexible and stretchable strip-shaped thermos chromicresistive heater (TRH) [3]. That have
been expected to be combined with the human body for wearable heating and thermal therapy [4].
In addition to printing of conductive ink on to textile fabric, by incorporating of conductive material on
to textile fabric, heating of textile was developed. A study by Kayacan et al. [5] conductive steel yarn
integrated textiles with a specific 12 Voltage source electronic circuit was developed and used as
effective heating garments. However, the average heating value of the heating pad was depend on the
length of conductive yarn and the amount of power supply. A wearable heating system with controllable
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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textile based conductive yarn was developed. Kurşun [6], Shahzad et al. [7], Hertleer et al. [8] developed
and studied a conductive resistor yarn has been inserted into textile in order to generate heat use for
medical applications. Poboroniuc [9] also develop and studied a Bekitex conductive yarn he knitted of
sewed structures for heating sole.
In addition, Warska [10] studied inserting different conductive textile yarn in to spacer fabric for cars
seat to improve user’s driving comfort. The result showed that, the heating capacity was depend on the
types of conductive yarn and the shape design of different trajectories. Talha et al. [11] was investigated
the thermos mechanical properties of textile heating element based on silver coated polymeric yarn can
generate sufficient heat to warm up the body and the analytical result finding showed that the mechanical
stretching had not a significant effect on the amount of heat generated. However, high input battery can
be used depending upon the heating requirement.
The majority of these heating textiles, as mentioned above, were manufactured by using incorporating
conductive wires and yarns such as copper, stainless steel, silver coated polymers, and carbon black. To
generate huge amounts of heat, it needs high amounts of conductive yarns and high space utilization
also. In addition, the surface heating capacity of the conductive yarns was limited. Furthermore, the
heating capacity was more likely depends on the types of conductive yarn, types of the fabric
constriction (i.e. knitting, weaving, nonwoven or spacer fabric), also types of fabric types (i.e. polyester,
cotton, wool) and types of the shapes conductive strands on the fabrics (i.e. either zigzag, ladder, or
horseshoe shapes). Moreover, to the best of the authors’ knowledge, no studies that examine the thermal
behavior of small electronic integrated E-yarns.
The aim of this research work was the possibility to design a flexible, SMD LED embedded E-yarn
based heating systems is to provide necessary warmth to the user in a cooler environment at specified
point of human body. In addition, the electrical resistance and thermal behaviour of surface mount
device integrated stainless steel E- yarn investigated.
MATERIALS AND METHODS
Materials
In the experimental part of the paper, two 5 cm, BEKINOX,VN.12.2.2.2.175 stainless steel multi
filament 4/1 ply 555 Tex, 7 Ω/m resistance electrically conductive yarns were purchased from
BEKAERT (Belgium). According to the supplier information, this yarn has a property of corrosion free,
flexible and halogen free. In addition, 0603 thin film white SMD 800 K super bright LED (Light
Emitting Diodes) which has 1% tolerance was purchased from Digi electronics key Belgium.
Methods
This study used a two-phase methodological technique. The initial method was embedding an SMD
LED inside SS conductive thread via using 1 mm silver cylindrical crimp beads to create functioning Eyarn. After construction of the E-yarn, the electro mechanical and thermal character tics of the E-yarn
was examined.
Developments of SMD LED embedded E-yarn
The integration of 68-ohm SMD LED into SS conductive yarn was performed using 2 in 1 hot air gunsoldering machine. This methods was simple and performed by hand and hot air was applied to
transfer the heat through the machine to assemble the SMD LED and the SS conductive thread.
However, direct soldering of stainless thread was difficult due to excess of a thick oxide (Cr 2O3) has on
its surface. To overcome this, surface preparation of SS conductive yarn was needed. (I.e. the tips of SS
conductive yarn was heated via 50°F hot air for 2 min and then polish by a small drop of phosphoric
acid based paste). Here after the tips of the SS thread inserted into silver crimp beads and applied
pressure by pliers. Once the physical connection between the tips of SS conductive yarn and crimp beads
performed the integration of SMD LED into SS conductive yarn was done by applying a solder paste
on the connection point and applied hot air to melt this solder paste at 173°C.Then the mechanical bond
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between them was performed. Hence the SMD LED embedded E-yarn was developed as shown
Figure 1.

Figure 1. SMD LED embedded Steeliness steel E-yarn.

Sample Preparation
The trajectory line of the SMD LED embedded SS conductive electronic yarn were made by using
stitching on cotton fabric. After stitching, was made, encapsulation of the electronic yarn using TPU
were performed as shown in Figure 2 A and the equivalent circuit illustrated in Figure 2 B.

Figure 2. Heating sample of SMD LED E-yarn (A) and its equivalent circuit (B).

Experimental setup
Measurements of electrical resistance and power of E-yarn
The electrical resistance of the E-yarn was conducted by using four point probe methods with multi
meters. The experimental setup is shown in Figure 3. The tips of the SMD embedded SS E-yarn were
clamped by two jaws (one fixed and one movable). A power supply source with an adjustable voltage
regulator with variable voltage was applied on the samples and the resistance of the E-yarn was
examined by using the integration of multi meters. Based on the ohmic law, the contact resistance of the
SMD LED was calculated as in Eq. [1]:
RLED =

VLED

[1]

ILED

where, R LED represents resistance of LED, VLED, is voltage drop across in the LED and ILED denotes
current flow in the SMD LED.
When a voltage (V) is applied, across the SMD embedded E-yarn, power (P) is dissipated both at
conductive SS yarn and at the SMD LED in the form of thermal energy due to the finite resistance which
governed by Ohm’s law. The power dissipated calculated by Eq. [2]:
P = VI

[2]

or P = RI 2

where, P (W) is power, V is Voltage drop across the circuit, I denotes current flow in the circuit, and R
represents the electrical resistance of heating element.
Measurements of thermal behavior of E-yarn
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The measurements of thermal temperature of the SMD resister embedded SS E-yarn was performed by
using thermos couple and IR thermograph camera as shown Figure 3.

Figure 3. Thermal measurement setup of SMD LED embedded E yarn.

In addition, to investigate, the thermographic image of the het generate SMD LED embedded e-yarn,
infrared thermographic camera was used. The IR thermographic camera was set around 50 cm away
from the heated materials, and the tests were conducted at a temperature of 20+/- 2°C.
RESULTS AND DISCUSSION
Measurements of electrical resistance and power of E-yarn
The change in the electrical resistance of the SMD LED embedded SS E-yarn during the increase in
applied voltages was shown in Figure 4. Frome the figure it can be shown that the resistance of the Eyarn changes with changing applied voltage over time. A variable change in the resistance value was
observed with even a very small increase in applied voltage.
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Figure 4. Change electrical resistance due to increasing voltage.

Measurements of thermal behavior of E-yarn
The outcomes of measuring the temperature of the heated zone on a specific points of the conductive
yarn and at the SMD LED of the E-yarn sample at variable supply voltages of between (0.012 V to 3.32
V). The surface temperature and IR image of SS conductive yarn and SMD integrated E- yarn shown
in Figure 5. It was confirmed that, as the supply voltage increased, the surface temperature of the SS
conductive yarn and SMD LED embedded E-yarn proportionally increased. compared to the samples
that, when 3.0 V was applied, the surface temperature of the SS conductive yarn was 23.2 °C, and the
surface temperature of SMD LED embedded E-yarn were about 83.0 °C. This is due to there was more
heat dissipation occurs on the tinny SMD LED by electrical loss (Joule effect), resulting in a temperature
rise.
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Figure 5. Surface temperature (A), IR thermographic images of SS conductive yarn (B) and SMD LED
embedded e-yarn (C).

In addition, the temperature measurements against a specific voltage applied with a given time showed
in Figure 6. It was shown that, a rapid increase in temperature in the first minute of the heating process,
and a slower increase in temperature was acquired in the next 3 min of the process. Furthermore, it can
be observed that the temperature reaches its constant values only after 3 min of the heating process. The
diagram also shows the influence of the supply voltage because a separate temperature rise curve is
shown for each applied voltage. As expected, the lowest voltage (2.43 V) gives the smallest increase in
temperature as well as the lowest and fastest constant temperature was reached. The highest voltage
(3.4 V) causes a strong and rapid initial rise in temperature as well as the highest temperature, but to
achieve constant temperature values takes significantly longer, even 10 min.
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Figure 6. Temperature measurements of SMD LED embedded SS E-yarn with specified voltage applied
with time.

CONCLUSION
In this study, an E-yarn composed of tiny SMD LED electronic components, which, embedded into
stillness steel conductive multifilament yarn, was developed. After the development of the E-yarn, the
electrical resistance and thermal behavior of the e-yarn were examined. The main interest is to design
the SMD resistance embedded E-yarn in such a way that the wearable heating system can be operated
at a low voltage, typically less than 5 volts. The analytical finding confirmed that the developed E-yarn
generates heat for wearable heating textile and the E-yarn was heated up to approximately 27.5-90.2°C
with a limited amount of electric voltage between around 2.43 V to 3.2 V. In addition, the electro thermal
response was verified concerning response time and the input voltage. From the above result, it can be
concluded that the SMD LED E-yarn can be used for an alternative methods for heat generated wearable
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textile at the specified point in the medical, technical textile application. Furthermore, it can be used for
a new way of energy saving without compromising the final design and characteristics of textile fabric.
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ABSTRACT
In this article we tested a flax fibres and polypropylene based composite reinforcement in order to
determine its adherence to other surfaces around the melting temperature of polypropylene at 165°C. A
rheometer with a thermal chamber is used to do a probe-tack test at a constant temperature. This test
consists in three steps, the compaction of the sample between two tabs, the relaxation and the separation
of the upper tab from the sample. Tackiness corresponds in the traction force measured during the
separation. No tackiness was measured during our first tests although we could observe residue on tab
surfaces. Further tests where the temperature is lowered beneath the solidification temperature of
polypropylene during the relaxation step will be done. Preliminary results for these tests are promising.
KEYWORDS
Composites, Thermoplastic, Tackiness.
INTRODUCTION
Composite materials are common nowadays and are used in several industries such as automotives and
aeronautics. Yet synthetic fibers (carbon, aramid, fiberglass) and thermosetting composite are the most
common and they present an ecologic impact due to their process of fabrication and their low
recyclability [1,2]. The idea of a composite made of flax fibers and thermoplastic comes from the fact
that both can be bio-sourced and both are recyclable. Although, not as strong as some synthetic fibers,
natural fibers such as flax can withstand significant amount of force and therefore make convincing
reinforcements [3,4,5].
Thermal stamping [6] and draping [7] are key processes in the fabrication of composite materials for the
automotive and aeronautics. Thermal stamping and draping need the thermoplastic to a more liquid
phase in order to be shape properly or to adhere to other surfaces or to itself [8,9]. To control this
adherence, we need to know its tackiness. Tackiness of a composite is measured experimentally as a
force or an energy needed to be able to separate said composite from another surface. Although,
tackiness is a majeure component of composite reinforcements, to this day there is only a few tests that
are precise and repeatable [8,9]. And fewer models back up these tests [10]. Due to the fact that every
variable such as compaction force and speed, relaxation time, temperature, and separation speed, as well
as material properties, can impact the result of any experiment.
In our study, a probe-tack test [8] will be used on a flax fiber based polypropylene composite
reinforcements. Our measurements will focus on this influence of the temperature over the composite
tackiness.

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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MATERIALS AND METHODS
The reinforcements threads are made of co-mingled flax fibres and polypropylene filament and are
gimped with a thread of polypropylene. These threads are woven into a 22 twill.
Probe-Tack tests [8] will be conducted on a rheometer (Fig. 1) allowing us to control displacement, a
force threshold and temperature. Tests are done at a constant temperature averaging the melting point
of polypropylene at 165°C (Fig. 4). Due to the precision of the thermal chamber test will be done from
150°C to 190°C. Preliminary tests suggested that under 150°C the behaviour is not impacted by
temperature and that over 190°C flax fibers are damaged.

Figure 1. Diagram and picture of the rheometer and its components.

The probe-tack test [8] consists in three distinct steps, compaction, relaxation and separation (in black,
green and red in Fig. 2). During the first step the upper tab of 15 mm in diameter is lowered at a speed
‘Va‘ of 20µm/s until it applies a threshold force ‘Fc’ of 15N onto the sample at a time ‘tc’. Then the
second step consist of 30 second of relaxation. Finally, the last step is the separation at a speed ‘Vs’ of
50µm/s. From the graph can be read force ‘Ft’ of tackiness and its energy ‘Ws’ under the curve.

Figure 2. Theoretical curve of a probe-tack test.

The samples are of octagonal shape in order to better fit on the circular lower tab and to be easily cut
from woven fabric. An aluminium hollowed disk is place on top of the sample to prevent its edges from
warping during the eating process.
RESULTS AND DISCUSSION
As we can see in Figure 3, results here are negative, during the third step, the stress doesn’t become
positive which implies a lack of traction, hence a lack of tackiness no matter the temperature. An
explanation could be that the polypropylene is either solid or fully liquid due to our selection of
temperature. In the first case, it does not adhere to the upper tab. In the second case it is too liquid to
apply stress upon the upper tab although residue can be found on the tab. A measure at 165°C could
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provide positive results for tack but we lack the precision for now. Another explanation could be that
our sample surfaces simply does not have enough polypropylene. A simple solution would to increase
the compaction force and to push the inner polypropylene outside on the surfaces. But due to our
rheometer we decided to used prepregs of our reinforcements. We define a prepreg as a sheet of our
material that has already gone through a thermal stamping cycle with or without added polypropylene.
Its surfaces contain noticeably more polypropylene and first results show that, indeed, tackiness can
appear but it is still relatively low.

Figure 3. Stress-time curve of probe-tack tests between 150°C and 190°C.

However, our work focuses on the thermal stamping process [2,7] which does require another
identification of tackiness at a different temperature. Indeed, the separation during this process is done
at colder temperature when the polypropylene starts to solidify at around 115°C (Fig. 4). Now that our
first test campaign is done, we are aiming to do a another one where the sample is heated up to 180°C
then cooled down before separation. First preliminary results show significant amount of tackiness
during separation as well as during the relaxation when the temperature is lowered. Those results will
be discussed as our work progresses.

Figure 4. DSC of the polypropylene, in red the heating phase, in blue the cooling phase.

CONCLUSION
Our first campaign of probe-tack tests shows us that the polypropylene melts between 160°C and 170°C
and although residue can be found on our tools after 170°C, there is no amount of tackiness for the
composite. A campaign will be done using prepregs as they showed results during the first tests. In
order to replicate the thermal stamping process, we decided to implement a cooling phase during the
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separation step of the probe-tack test. For the draping process a more precise study of the behaviour of
the composite at the exact melting temperature of polypropylene is needed. Furthermore, studies will be
conducted on multi-layered reinforcements and reinforcements with different structures and proportions
of polypropylene to see how tackiness evolves with those parameters.
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ABSTRACT
There are many challenges when using Smart-Textile controls with conductive yarn in daily activities
involving vehicle exteriors. To test its general feasibility, disruptive factors like keys, rings, or skin care
products as well as sensor knitting densities and -sizes need to be accounted for, in its day-to-day use.
To investigate the influences of those disruptive factors and variables, multiple test series are concluded
within a constructed test environment. The tests provide pre-defined distances between a finger and a
Smart-Textile button, to research differences in the reactivity of the sensor. The results show that the
use of the Smart-Textile with disruptive factors and changing variables can be challenging to implement
due to interferences with the expected signals but can be accounted for when installed properly.
Furthermore, the results provide a more advanced understanding of common influences with regards to
the individual factors intensities and the following actual returned signals. Through those results,
suitable configurations, and limitations for Smart-Textile sensors in vehicle exteriors can be derived.
KEYWORDS
Smart-Textile, Capacitive Sensor, Vehicle Exteriors, Disturbing Factors, Variables, Feasibility.
INTRODUCTION
One of the greatest and long-lasting challenges in the E-Mobility sector is the distance a vehicle can
reach [1]. To minimize this hurdle, studies are conducted to use light weighted materials such as the use
of textiles in the vehicle cabin, especially for electric light weighted vehicles, to decrease the overall
weight and therefore increasing the reach of those vehicles [2]. Textiles are not only versatile in its
material compositions, but also in its functions when combined with electrical components [3]. The
results are defined as Smart-Textiles. The area of applications for Smart-Textiles are extensive and offer
many options of implementation for the use in vehicle exteriors, including the Smart-Textile button for
example, which might be used to open or close vehicle doors [2,4]. The main goal of this work is to
investigate the feasibility of Smart-Textiles for vehicle exterior by identifying possible disruptive factors
or daily usage. The tests are performed in this work to show possible deviating signals. One possibility
to construct a textile sensor is by knitting a circular area from electric conductive yarn and use it as a
capacitive sensor. The sensor operates with the change of the electrical field. When calibrated correctly,
conductive materials such as human skin, a finger for example, can trigger electric signals by
approaching and/or touching the yarn. When sensing the finger, the sensor will send an electrical signal
to a processing unit, which can convert it and activate pre-defined actions. Disruptive factors, in this
study, are defined as those which might be carried when interacting with the sensor. Especially, those
which might interfere with this desired signal and therefore change the behavior of the system are of
great interest. Those disruptive factors will be tested by wearing or holding them while using the sensor.
The test will examine if deviations in the reaction of the sensor occur, due to their conductive properties.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Those factors include watches, rings, or smartphones. Other disturbances, which cover the expected
sensed object e.g., body lotion or glove covered finger, might trigger differences in the measurement as
well and therefore will also be tested. Other challenges of this specific operating principle need to be
accounted for, which include the area covered by yarn and its knitting density.
TECHNICAL REALIZATION AND METHODICAL APPROACH
In order to investigate the influences, a test environment was set up in which controlled finger spacings
were used to test the effects of different disruptors and variables. The focus is on day-to-day user and
their possible carried items, when operating the sensor in their vehicle exterior. Those include items
which can disturb the sensors readings. Bodylotion, Gloves, Phones, Rings and Smartwatches, which
are commonly carried items are tested to understand and optimize capacitive Smart-Textile sensors for
the light weighted vehicle industry. The tested variables consist of different sensor sizes and knitting
densities. Figure 1 shows the systems setup of the test series. The test is performed, as shown in Figure 1,
by placing a piece of conductive textile into a 3D printed holding device (top). This guarantees repetitive
test criteria in dependence of the tested distances and the centering of the textile.

Figure 1. Testing Environment.

Above, the testing environment includes an additional finger rest with an oval cutout, which provides
repetitive centering of the middle finger and placing the fingertip in the same position for each run. The
3D printed holding portion and finger rest can be adjusted in height, for optimization of the return signal,
if necessary. After inserting the sensor, a maximal distance of 11.5 mm is chosen for the fingertip, since
the reaction of the sensor is at its most stable in this position. To standardize the approach of the finger
to the holding device, all finger are spread to its full extend, unless gripping an item is necessary. All
tests are performed at a steady temperature of 21 °C +/- 2 °C. An Arduino Uno Rev3 is connected to a
1 MΩ resistor and to the conductive yarn, which is knitted on another textile in a circular pattern, thus
a touch surface is created and an approach- and touch-sensitive area is provided, the so-called SmartTextile button. The tested sensor has a stitch distance of 2,5 mm, consists of 364 stitches and a has an
overall diameter of 30 mm. The Arduino is running on a combination of the Capacitive Sensing Library,
and a self-written control portion. In every test run, the middle finger is placed onto the finger rest until
a stable return signal is detected. When the sensor is triggered, the processing unit returns a value in
arbitrary units. The program consist of a send pin and a receive pin. It toggles the send pin into a new
state and measures the time to the receive pins state change and returns the variables value in an arbitrary
unit [5]. To achieve repetitive results, the distance between the sensor and the finger remain constant,
while the disturbance factors are tested. Since the sensor recieves small permanent flactuating errors,
due to environmental influences, 20 return values are averaged, for better visualization of the return
values. To increase the consistancy of the returned values and deviating effects due to changes in the
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finger placement, tests are repeated 30 times, each. The steady state value, before approaching the
sensor, showed a reading of 4 with a tolerance of +/- 2. The changed values are collected and compared
to a reference, to gain an understanding of the range of feasibility to use Smart-Textiles in the vehicle
exterior. To generate the reference value, the sensor readings are collected by placing a finger on the
finger rest without any disturbance factors. After all data from each disturbance factor is tested, another
test is performed with a sensor diameter of 15 mm, a stich distance of 1,5 mm and a total of 157 stitches.
Those values are compared to the reference sensor. All readings are visualized in Figure 2 in a Boxplot
Diagram. The Boxplot Diagram presents distributions of the readings in three quartiles. Quartile 1
represents the 25th percentile, quartile 2 represents the median and quartile 3 shows the 75th precentile.
It presents the distribution of the readings, while visualizing the entire data pool. If values differ too
much of the median readings, they are labled as outliers and get trimmed to enhance accuracy [6].
Afterwards the results compared to the bigger sensor are discussed to lay the groundwork of the
optimization for sensor designs in the vehicle exterior and to open new possibilities to further studies.
RESULTS AND DISCUSSION
The results of the test series show that influences can occur due to disturbing items. To evaluate the
results, the median of the bare hand test is used as a reference for desired sensor readings. Following,
this median as well as the average is approximately 60 and is therefore used as the reference, while the
other values are compared as percentages to this reference. In Figure 2 this reference is highlited with a
black line. Figure also 2 shows the median percentage in comparison to the return values reference on
the Y-Axis, while the different tests are distributed on the X-Axis.

Figure 43. Differences in Sensor Reactions between Reference and Disturbing Factors.

The bodylotion (103,33 %), ring (101,67 %), phone (101,67 %) and smartwatch (101,67 %) show a
max. deviation of 3,33 %. Due to the high sensitivity of the sensor, this can be caused by small deviations
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in the finger placement and are therefore neglected in this study. The gloves show a drastical deviation,
with a median reactivity of 45,00 % for leather and an average of 71,67 % for the vegetarian glove. The
sensor reacts the least, when gloves are used. The gloves separate the finger from the sensor by the
thickness of its material. With the leather gloves being thicker than the vegetarian gloves, the reduction
in reactivity is followed. To test a difference between sensors of different sizes and knitting densities,
another sensor is tested in the same test environment. The readings of the second tested sensor consist
of a great range in values, with a median of 47.50 %, a lower quartile of 23.33 % and an upper quartile
of 85.00 % compared to the reference. Therefore, the interquartile range (IQR) is equal to 61,67 %,
which is comparetively large in comparison to the reference IQR of 10 % and is therefore, in this study,
defined as unstable. While the sensors are able to detect changes of the fingers covered by gloves, the
thickness of the gloves and the following problematic placement in the oval finger rest result in a
relatively great increase of distance, and therefore lessens the reactivity of the sensor. Eventhough the
gloves show great differences in reactivity, the sensor is still able to detect those and additionally can
differentiate between naked finger and finger covered in gloves.
CONCLUSION
This study exaimes the basic feasibility of Smart-Textile sensors by providing sensor readings of a
capacitive sensor test with different disturbing factors. Many day-to-day items are tested, to find changes
in sensor reactivities. Eight different tests are conducted, with seven focusing on disturbing factors and
one on a different size and knitting density. The results show that many disturbing factors do not
influence the sensor in a way to cause problematic interactions with Smart-Textile sensors. Gloves
prevent the sensor for optimal readings, due to an increased distance, but are still sensed. Since the other
disturbing factors have little to no effect on the sensor reading, the functionality of the sensor in the dayto-day use is not compromized. This study shows, that direct accessible Smart-Textile sensors are
feasible for the use in vehicle exteriors. Future studies could provide a flat non-conductive material to
create a specific distance between sensor and finger, while providing a more consistant finger placement.
Further studies consist of the specific changes in sensor readings, due to size and knitting densities,
which have proven effects on the sensor readings by testing the second sensor. The optimization of the
sensor sensitivity ranges, where the sensor will accept the values as a human interaction to activate a
door-opening sequence, are also of great interest for future studies. To further study the usability of
Smart-Textiles in vehicle exteriors, the difference in sizes, knitting density as well as the textile the
sensor is stitched on should be reviewed to gain further information, how those variables may influence
sensor readings.
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ABSTRACT
Development in the field of wearable technology is beginning to spread in society. It mainly refers to
incorporated electronics devices which can be worn comfortably on the body. This paper presents an
evaluation of a developed implementation of a well-known knitting technique to create textile-electronic
interconnections that can be used for all kinds of electrical signals. Conductive textile wires have been
produced and electrically characterised for power transmission, analogue, digital and biopotential
signals. The results obtained for the different signal measurements are satisfactory and structures like
the samples can be used for wearable applications. The results are encouraging for future development
of a complete wearable garment with integration of only a minimum of necessary electronic components
for supporting developers in research on for instance p-health application.
KEYWORDS
Textile-electronics, Textile knitting, Intarsia, Wearable sensing solutions, Electrical characterisation,
Biomedical application.
INTRODUCTION
Wearable technology products are advanced elements that a person can wear during daily activity to
generate, acquire, store, and transmit data. The usability of wearables has been developed for monitor
productivity, identification and intervention for safety hazards or risks, and for health and wellness [1,
2]. Wearables are most commonly found in accessories made of plastics and rubber [3], but it is also
possible to find textile electronics integrated in chest straps, wests and event T-shirts. One of the most
important feature that wearables offer is comfort while wearing, which consequently broadens the areas
of application and uses of a given sensor [4]. Developing new textile methods for embedding conductive
structures in fabrics enables manufacturing of seamless interconnection between sensors, often in
contact with the body and sensing electronics, would facilitate the production of functionalized garments
in a textile friendly manner. Most often conductive interconnections are achieved in wearables by
incorporating either wires or conductive ribbons, this approach increase the complexity of the
production. Using intarsia knitting technique has allowed us to produce wholly textile conductive tracks
for electrical interconnections. This text presents the technical evaluation of knitted samples for
interconnections that has the potential to be used for all kind of electronic signals such as: power supply,
electro-stimulation, bioelectric signal recording as well as analogue and digital communication.

© 2022 by the authors. This article is an open access article distributed under
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MATERIALS AND METHODS
The samples were knitted on a Stoll ADF530-KI 7.2 multi-gauge with 14 gauge needle-bed, using 12
gauge needle. The materials used were: for the conductive parts a silver-coated polyamide multifilament
with a yarn number of 117/1 2-ply [5], and the non-conductive parts were done with a multifilament
polyester yarn with yarn number 78 dtex 72 filaments plated with a polyamide/lycra 78/78 dtex. A total
of 12 pairs of knitted textile conductive wires were manufactured, having four different lengths (15, 25,
35 and 50 cm), for three different widths (2, 4, 6 needles).

a)

Samples

b) Measurement protocol

c) Bioelectric signal recoding setup
Figure 1. a) pictures of the samples, b) graphical view of the measurement protocol, c) setup for bioelectric
signal recording.

Electrical characterization and performance measurement tests have been performed following the
protocol indicated in Figure 1 (b). For each different length and width, the characteristics have been
studied from different application domains using specific test setups described below.
Power measurement: A single output U8002A DC power supply (Agilent, Malaysia) have been used
to generate DC voltage ranging from 0 to 12 V. Two multi-meters: 34401A & 34405A (Agilent,
Malaysia) have been used as voltmeter and ampere-meter. Resistors from 16 Ω to 15 kΩ have been used
as a load. The samples were used in a standard closed-circuit configuration. Digital communication:
Three different digital communication (UART, SPI, I²C) were tested with each sample, a Raspberry PI3
and Arduino UNO have been used and configured to perform the different communication as a master
and slave respectively. The samples were placed interconnecting specific communication lines. A
Picoscope 5442D Mixed signal oscilloscope (Pico Technology, USA) was connected in parallel to the
different interconnection wire. During the transmission of data between the slave and master. Two main
parameters were chosen to be checked for the three digital communications to set up the limit of
application, these were: checking the behaviour of the different digital communication pins when
connected to different samples during data transmission; define the transmission speed limit for each
digital communication to have a correct data transmission when using the samples. Analogue
transmission: A SDG1025 waveform generator (SIGLENT, USA) was used to generate a 1Vp-p
sinusoidal waveform from 10 Hz ≤ f ≤ 25 MHz, the MSO2012 mixed signal oscilloscope (Tektronix,
USA) was used to record the readings, and a resistor of 100 Ohm has been used as a load. The samples
were used in a standard closed-circuit configuration. Bioelectric signal recording: The Movesense
device (Suunto, Finland) was used for performing one lead ECG measurement by first using the strap
delivered with the Movesense device for wearable application [6], and second by replacing the strap
with the samples. In order to connect the Movesense device to the samples an in-house made adapter
between the device and the samples was utilised, see Figure 3. The ECG recording was obtained for a
period of one minute, using a 128 Hz sampling frequency, while the volunteer remained in seated
position keeping a shallow breathing paced at 10 breaths per minute. Washing: To get an indication on
whether or not washing might influence the performance of the samples, they were washed once
according to ISO standard (6330:2012 Textiles – Domestic washing and drying procedures for textile
testing) [7].
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RESULTS AND DISCUSSION
Power supply: Figure 2 (a) shows an example of the load voltage measurement, all samples present the
same behaviour. The experiment shows that the resistive load voltage (or load current) tends towards
linearity, for load equal or greater than 1 kΩ the length and the width do not have an impact on the
measurement and the voltage drop is insignificant, and most of the power is distributed in the load.
However, with a load less than 1kΩ, the load voltage drop can reach up to more than 70%. Resistance
variation: Figure 2 (b) present the resistance measured on the samples with different lengths and widths
before and after washing (BW & AW). It is clearly shown that the resistance increases with the length
and that for each segment of length the measured resistance decreases with the width, the variation of
resistivity varies from 4 to 104% Ω after only one wash depending on number of needles used. Digital
communication: The result observed shows that transmitted message for all sample in the three-digital
communication (SPI, I²C and UART) was correctly sent and received from both master and slave device
without errors of transmission below baud limitation, where above this limitation the message start to
be lost. All samples were tested and presented the same performance for the transmission information.
Analogue measurement: Figure 2 (c) presents the voltage measured on the resistive load, before and
after washing for different widths at different frequencies, the result obtained shows that neither the
length nor the width impacts the frequency behaviour. All samples present the same type of functional
behaviour with a slight increase in voltage up to 100 Hz, then a broad flat band up until ca 100 kHz and
above that some resonant behaviour. It is apparent that the washing of the samples had an impact on the
resonance frequency obtained. Bioelectric signal recording: Figure 2 (d) presents recordings taken
with one lead ECG signal measured using, top pane: the Movesense strap; middle pane: knitted samples
both without any kind of filtering and bottom pane: knitted samples after applying digital low pass filter
(LPF) of 15 Hz. The ECG waveform was obtained independently of sample used for interconnection.
The obtained recording with the conductive fabrics presents a very small ripple, not noticeable in the
recording obtained using the Movesense strap. The signal to noise ratio calculated for the Movesense
strap and knitted samples raw are 40 and 23 dB, respectively, which exhibit a good quality ECG signal.

a)

c)

Power supply results

b) Resistance variation result

Analogue measurement results

d) Bioelectrical measurement results

Figure 2. Experimental results on knitted wire.
560

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

CONCLUSION
The purpose of this manuscript was to report on the electrical characterization and functional evaluation
of the performance of knitted textile conductive wires for different electronic applications such as: power
supply, bioelectric signal recording, analogue and digital communication. The resistivity of the samples
is at least 10 times the resistivity of normal copper wire used for low voltage electronic applications. As
expected, given the smallest cross-sectional area the two needles wire present the highest resistance
compared to any other sample, independently of the length. For the rest of the widths and lengths, the
different samples comply with the expected linearity showing decreasing resistance for increasing in
width. With increasing length, the resistance increases accordingly. The average of the resistivity from
the knitted samples is higher than the same amount of yarn interlaced only with itself due to the fact that
the conductive pathways are knitted on the surface of the fabric and bound to it with the non-conductive
yarn. The performance observed for power characterization shows that the length and the number of
needles does not impact the current through for upper load value exceeding 1 kΩ. The results confirm
the linearity expected from Ohmic conductors. All the samples work correctly independently of the
communication mode tested (UART, I²C and SPI) for baud rate up to 2 Mbps without any error in the
transmission line, which is enough to use the textile wire for a large digital communication application.
However, we noticed that the samples are impacted by contact with human skin, so when experimenting
on the different wires, the message transmission started to be erroneous, and this is because the lead
wires are not protected by insulators. The analogue signal measurement showed that all samples present
a filtering behaviour in the high end of a large band of frequencies applied with cut-off frequency of
8.6 MHz or 11.4 MHz depending on if the samples were washed or not. All conductive wire samples
clearly present the acquired ECG waveforms including the QRST complex that allows for a
straightforward detection of the R-peak. As expected, the signal quality of the recording is inferior for
the knitted fabrics. In general, the bioelectric signals recorded is similar to other reported in the literature
[8]. This study has been designed from a research perspective, focusing mainly on measurement
performance. After the evaluation, the obtained results and the calculated parameters, we find the
performance of the conductive textile wire satisfactory for the intended purpose of this development.
Integrating these knitted wires is encouraging for the development of a complete wearable garment that
adds only necessary electronic components for supporting developers in research on p-health
application.
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ABSTRACT
The nettle is widely known as an "unloved" plant due to its unpleasant and even painful texture when
incorrectly handled. However, it has very interesting therapeutic properties and stands out for its high
sustainability, from cultivation, extraction, and fibre processing to the development of a long-lasting
end-product with unique characteristics.
With this paper we sought to demonstrate the growing relevance of the nettle fibre for the fashion
industry, mainly their spinnability properties. For this purpose, a hand spun Himalayan nettle yarn
(588,24 Tex) was bought and it were studied. A woven fabric with different wool/nettle compositions
was produced and their main properties analysed. Our findings proved that due to the irregularity of the
acquired yarn, it is not possible to obtain scientific statements concerning the properties of nettle yarn.
However, this is a work in progress, which aims for more promising results.
KEYWORDS
Nettle fibre, Wool, Hand Spun Yarn, Woven fabric, Himalayan Nettle.
INTRODUCTION
The historiography of nettle dates back to the Bronze Age, when it was used for clothing. Harwood &
Edom 1 state that the most accurate evidence of the use of this fibre dates to 900 to 750 BC, with
samples of nettle fabric discovered in the tomb of Danish Voldtofte in Denmark, which had been used
to wrap the mortal remains. This fibre was used in Britain in about 1860 to produce strong and durable
clothing. However, with the arrival of new and cheaper materials, its use fell into disuse 1.
The nettle amongst several species in its family is known for the uncomfortable contact it causes when
its leaves, which contain small hairs/spikes, touch the skin. Due to this factor, the name nettle derives
from the Anglo-Saxon "noedl" (needle) and the Latin term "urtica" (to burn) 2.
This cellulose fibre is part of the Urticacea family, which contains about 46 species, hailing from various
geographical areas of the world, with their respective characteristics, both in composition and
morphology 3.
MATERIALS AND METHODS
The yarn was purchased from Apple Oak Fibre Works, Ireland. It is a hand spun yarn, (Figure 1),
obtained from the Himalayan Nettle (Girardinia diversifolia) (Figure 2) 4. This species is resistant to
various insects and usually grows at heights between 1200 and 3000 metres, reaching heights up to
1.5 metres 5.

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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Figure 2. Himalayan Nettle
Himalayan Wild Fibers [6].

The company through which the nettle fibre was obtained explained that the process of extraction of
nettle fibre is very similar to that of flax, consisting of harvesting and removing the leaves from the plant
and then decomposing the stems in a mixture of water and ash. A scheme of the extraction process can
be observed in Figure 3.

Himalayan Nettle
(Girardinia diversifolia)

Stem Cutting

Raw Fibre Extraction

Water Retting
(with ash)

Washing

Softening of Fibre
(beating with a wooden
pole)

Drying
(at the sun)

Retting and Sorting

Heckling

Spinning
(making nettle yarn)

Figure 3. Extraction and processing of nettle yarn [7–9].

RESULTS AND DISCUSSION
The main properties of nettle yarn were assessed through tensile strength and evenness tests.
Additionally, we also tried to characterize the morphology of the nettle fibre through Scanning Electron
Microscopy (SEM) (Table 1) and its Elemental Chemical Characterization (EDX) was carried out
(Table 2).
Table 1. Scanning Electron Microscopy (SEM).
Longitudinal Micrography

Cross-sectional Micrography
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Table 2. Energy Dispersive X-Ray Analysis (EDX).
Element

Atomic Number

Norm C (wt.%)

Atom. C (at.%)

Carbon
Oxygen
Sodium
Magnesium
Aluminium
Silicon
Potassium
Iron

6
8
11
12
13
14
19
26

41.70
52.75
0.41
0.40
2.12
2.00
1.04
0.58

49.06
47.73
0.26
0.24
1.14
1.03
0.39
0.15

The linear yarn density was determined using the gravimetric method. Thus, 5 samples of 0.5 meters
were cut and weighed on the Mettler H51AR scale. After weighing the samples, we were able to
calculate the linear yarn density, which value is 588.24 Tex.
The fineness of the fibres was estimated through visualization in the Projectina (Heerbrugg - Optical
Precision Instruments). The approximated fineness of the cross section of the fibres was found to be
ranging between 11.6 m and 24 m, with an average of 19 m.
The yarn tensile strength was also tested, 10 tests were performed with samples of 0.5 meters each, in
the Adamel Lhomargy DY35 dynamometer. Table 3 presents the results obtained.
Table 3. Tensile strength of nettle yarn.
Statistics (10 tests)
Strength (cN/tex)
Elongation (%)
Energy (J)

Minimum
3.14
3.17
0.134

Maximum
5.90
8.164
0.4563

Average
4.38
5.825
0.2801

Standard Deviation
0.8654
1.522
0.1001

The evaluation of the yarn evenness was performed on the USTER TESTER 3 with a test speed of
25 meters in one minute. The results obtained can be observed in Table 4.
Table 4. Evenness (Tests USTER TESTER 3 – 25m/min).
Evenness - Um (%)
CVm (%)
Thin Points (-50%)
Thick Points (+50%)
Neps (+200%)

28.55
36.23
131
59
54

Based on this yarn, four taffeta samples were produced, using a handloom, with different compositions
of wool/nettle. In the following tables (Tables 5, 6 and 7) the characteristics of the yarns used as well as
the fabric samples produced can be analysed.
Table 5. Properties of Nettle and Wool Yarn.
Nettle Thread (Weft)
Wool Yarn 1 (Weft)
Wool Yarn 2 (Warp)

Twist
Z
S
S

Ply
1
1
1

Nm
1.70
4.42
6.92

Tex
588.24
226.24
144.51

Table 6. Properties of the fabric samples.
Sample A
Sample B
Sample C
Sample D

Fabric Composition
Warp
Weft
100% Wool 2
100% Nettle
100% Wool 2
50% Nettle + 50% Wool 1
100% Wool 2
66% Nettle + 34% Wool 1
100% Wool 2
75% Nettle + 25% Wool 1
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Density
Warp Weft
6
7
7
7
6
7
6
7

Weight
(g/m2)
493.36
396.64
417.26
509.30

Ligament
Taffeta
1
1

A1
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Table 7. Weave Pattern of samples - Weft (===== Nettle Yarn ===== Wool Yarn).
Sample A

Sample B

Sample C

Sample D

It can also be verified that the values of the sample's surface density present different and inconsistent
values, due to the high irregularity of nettle yarn used in the weft of the samples.
CONCLUSION
This article is the starting research of a PhD thesis that seeks to promote the use of nettle fibre in the
development of a more sustainable fashion industry. The first tests, carried out with 100% hand spun
nettle yarn, allowed an initial evaluation of the thermophysiological properties of the fabric produced
with 100% wool warp and with several wool/nettle compositions to the weft, as well as a primary
evaluation of its surface properties. However, due to the high irregularity of the acquired yarn, it is not
possible to obtain valid scientific conclusions.
It is also important to mention that, despite the extraction process of nettle fibre being a complex and
lengthy process, its cultivation, production and mass production present an increasing trend, standing
out as an alternative natural fibre to the use of other cellulosic fibres with a major environmental impact.
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ABSTRACT
The “CENTRE FOR TACTILE INTERNET WITH HUMAN-IN-THE-LOOP (CeTI)” is a Cluster of
Exellence that, from an textile point of view, deals with the development and invention
concerning smart devices [1]. These can be used in many fields e.g. industry 4.0, medicine
and skill leaning. Currently expensive, tender and large, stationary camera systems are
necessary to capture human motions for various applications. The usage of textile substrates
with implemented sensory units gives high potential for body-near motion capturing. Smart
textiles gain more and more interest in the field of sports [2] and health monitoring. The
avoidance of personal injuries due to the incorrect execution of movements is one main target
to reach with smart textiles in healthcare and sports. The aim of the contribution is the
investigation of characteristics using electrically conductive (EC) yarns implemented in
woven textiles as future smart textiles for close up motion capturing.
KEYWORDS
Sensor, smart textile, electrically conductive, metallized yarn, motion capture, Kinesiotape.
INTRODUCTION
Smart textiles can be described as textiles with just added sensing or actuating elements or
being made from conductive fibers that can sense and give feedback to external and
environmental stimuli e.g. chemical, electrical and mechanical [3]. Especially in healthcare
and medicine, the monitoring of vital parameters is getting more popular using smart
garments [3]. The most monitored parameters are currently the respiratory frequency etc.
[2,3]. However, smart garments and textile-based sensing units present a big opportunity for
human motion capturing as close-up solution. Motion capturing systems can be subdivided in
mainly two groups: (1) non-wearables and (2) wearables [4]. The first group is mainly used in
laboratories and is not suitable for usage at home, because of its extensive need of hardware
and software [4]. Wearable systems, as their name is pretending, are portable and thus can be
used indoor and outdoor for various applications such as medical service systems,
rehabilitation and human movement analysis [4]. This group of wearables contains many
different devices like flexible sensors, textile sensors, accelerometers and inertial
measurement units (IMUs) [4]. Currently, different smart garments for motion or posture
capture especially for sports are available [2]. Esfahani et al. [4] developed a sensory
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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undershirt using a TENCEL shirt of white color and various IMUs produced via screen
printing. Säftsten et al. [5] used a smart t-shirt to assess the design of workstations. Here, the
implementation of a virtual reality system combined with a smart textile, that was beforehand
developed, was in the focus of research.
Searching for a close to body movement tracking and feedback system, Kinesiotapes were
chosen as basis. Conventional Kinesiotapes (CKT) [6] are used in physiotherapy for the
treatment of muscular complaints. Due to their special characteristics, which were described
in detail below, CKTs provide their users with passive feedback during movements. This has
already been investigated in different studies [7–9] with regard to its suitability for learning
healthy movement routines. The development of a Smart Kinesiotape (SKT) will expand this
passive feedback to include movement/posture tracking and, later, also active feedback
systems.
A CKT is air- and humidity permeable while being water resistant. Once glued to the skin it
last up to seven days [10]. The tape occurs with a tear strength of 80 to 180 N [11]. One part
of this CKT is the textile consisting of canvas cotton weave fabric with elasthane. The CKT is
longitudinal [10] and oblique elastic [11] while its total elongation lies at 30 to 40 %. The
adhesive is on acrylic-base and shaped like curves on the back of the tape [10]. This form of
the adhesive supports the later oblique elasticity [11].
The concept of the SKT under investigation is as followed: A canvas cotton weave with
elastane is the substrate of the system, following the beforehand described structure by
Tunakova et al. [11], gets equipped with a sensor structure made of an EC yarn. With the
piezoresistive effect (strain results in a change of the electrical resistance of a material) of
these yarns, the elongation of the tapes can be measured and the posture of the tape-equipped
joints can be deduced.
MATERIALS AND METHODS
In order to gain basic knowledge about the technical feasibility of the SKT concept, three
different sensor geometries and two different commercially available EC yarns, i.e. a total of
six different sensor configurations, were investigated. Figure 2 depicts the three tested sensor
designs. Design (a) is linear implemented with a straight stitch. In this configuration the
sensor material is placed in the main strain direction to be measured. An applied strain leads
to pure material strain of the sensor yarn. However, the straight yarn reduces the stretchability
of the entire system in the sensor equipped area to the stretchability of the sensor yarn. While
design (b) is meandering, design (c) is a zig-zag structure and both are implemented using zigzag stitch in different layouts. In addition to the material strain of the sensor yarn, both
geometries enable an additional stretching of the sensor structure. This is intended to enable a
higher stretchability of the overall system (structural strain of the sensor configuration +
material strain of the sensor yarn).
(a)
(b)
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(c)

Figure 1. Left: sensor geometries (a) straight, (b) meandering and (c) zig-zag sensor design;
Right: description of the main geometric properties.

The implementation of the EC yarns into the woven fabric was fulfilled using a Singer
Symphonie V sewing machine. The nominal senor length lSN was set to 150 mm (zig-zag: lSE
= 6 mm, wS = 3 mm; meander: lSE = 7 mm, wS = 2 mm). The sensor main axes were placed in
the highly stretchable direction of the fabric. Strips of 200 mm (L) and 50 mm (W) were then
cut out of the textile sheet so that the sensors were positioned centrally on them in both main
axis directions.
The different sensor geometries were each sewn with a standard polyester sewing yarn as the
needle thread and an EC yarn as the bobbin thread. The EC yarns used and their most
important technical properties are described in Table 1. They were selected due to their good
processability in the sewing process and their general suitability for setting up piezoresistive
strain sensors, which has been proven in previous studies. Both are plied yarns made of silvercoated polyamide (PA) fibres.
Table 1. Conductive yarn materials investigated in this paper [data sheets].

SHIELDEX 117/17 2 PLY HC+B
MADEIRA HC 40

Abbreviation

Yarn count [dtex]

Base Resistance [Ω/m]

HCB
HC40

295
290

300
300

In order to prove the functioning of the SKT concept and to obtain information on the
suitability of the yarns and sensor geometries under test, the electric resistance of the sewn
sensor was determined for various strain levels. Max. strain level under investigation is 30 %.
These maximum strain values were selected based on the chosen scenario "bending of the
lower back", where corresponding typical values are determined in test person studies. For
later adaption for other joints with a greater range of motion (such as knees), larger strain
ranges are required.
The stretching of the tapes and so the sensors was carried out with a clamping tool with
defined locking positions. Measuring the electrical resistance was conducted with a handcraft
multimeter (VOLTCRAFT VC820).
RESULTS AND DISCUSSION
Figure 1 shows the results of the electromechanical characterisation of the different SKT
sensor designs. First of all, it can be determined that the sensor geometry has a much bigger
influence on the stretchability of the sensors and thus of the overall SKT system, than the
specific yarn type. However, it must be clearly stated that both yarn types tested are very
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similar to each other in terms of material and structure. Yarns with a completely different
structure, such as EC filled silicone monofilaments, have such a high inherent elasticity that
geometric compensation would not be necessary. However, the significant disadvantages of
such yarns with regard to their processability and sensor properties in strain ranges of less
than 100 % preclude their use in the context described here. For the EC yarns, which are
inherently only stretchable to a small extent, it could be shown that in a straight sensor
configuration they cause a significant restriction of the SKT user's ability to move at no later
than a 15 % strain. This effect can already be reduced by a meander-shaped sensor design so
that elongations of up to 20 % can be achieved here. Sensor yarns arranged in a zig-zag
pattern showed the highest degrees of flexibility in the tests and thus allow the user to move
up to the targeted 30 % strain.
With regard to the materials investigated, the tests also show a definite direction. The HCB
material seems to be much less suitable as a strain sensor than the HC40 with regard to the
investigated sensor configurations. For all three sensor geometries, an initial resistance drop is
observed. With increasing strain, this behaviour inverts causing an increase in the yarn
resistance (see Fig. 1). Such a sensor curve does not allow a one-to-one assignment of an
electrical resistance value (measurement signal) to a strain value (input signal). The function
of the sensor is therefore not given in the relevant measuring range. The HC40 material also
shows this behaviour in the stretched sensor configuration, although to a much lesser extent.
However, HC40-based sensors show a uniquely correlated, almost linear sensor behaviour in
meander and especially zig-zag configuration.

Figure 2. Resistance measurement of HCB and HC40 with linear, zig-zag and meandering sensor design
for varying elongations.

Compared to solid metallic conductors (MC), the EC yarns show an inverse
electromechanical behaviour over a wide range. While the electrical resistance of MC
increases with rising strain, it decreases with EC yarns investigated here. The reason for this
is seen in the structure of the yarns. The individual EC fibres plied to a yarn, form a
percolative system with EC paths stochastically distributed over length and cross-section. It is
assumed that elongation leads to a compaction of the yarns and thus to the increased
establishment of such conductive paths. Once the maximum packing density has been
reached, the fibres and the EC coating are stretched and the "classic" effect comes into play,
as can be seen from the curve of the linear HCB sensor from an elongation of about 15% (see
Fig. 2).
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It could not yet be finally explained why the investigated yarns show such different
electromechanical behaviour, since HC40 is based on HCB. It is assumed that additional
treatments (e.g. further coating) significantly change the behaviour of the yarns.
The tests with the three different sensor geometries (see Fig. 1) give a clear idea of their
suitability for use as SKTs motion sensors. As expected, linear sensors significantly reduce
the elasticity of the SKTs. The sensor yarn acts here like a reinforcing fiber in a composite
material. The defined maximum strain of 30 %, could not be reached.
The meander-shaped sensors already showed significantly more possible elongation than the
straight ones, but also only reached two-third of the targeted maximum value.
Only the zig-zag geometry could adequately compensate the insufficient stretchability of the
sensor material. These sensors also showed the most linear sensor behaviour for the HC40
based sensors.
CONCLUSION
In summary, the following could be proven: HC40-based sensors, as part of a SKT system,
show a clear correlation between mechanical stretching of the tape and the change in
electrical sensor resistance, if the sensors are well designed. They can thus be used to track a
body joint’s position (e.g. back flexion). Thereby, the sensor geometry is decisive for their
measuring range and thus their usage capabilities.
To further validate this data, further comprehensive machine-driven multi-cycle
electromechanical testing, as well as structural analysis, will be done. In general, the idea of a
SKT was proven as technical realizable and a first tracking system with a stretchability of 30
% and a measuring range in same scale could already be built up and successfully tested.
Further studies will use these results as an experimental platform for testing feedback systems
for people’s training with healthy movement patterns.
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ABSTRACT
In order to improve vocational education level of local economy. The textile and clothing training base
under Yueda Textile Industry Institute mode was built. The basic situation and construction ideas of the
base were sorted out, the construction contents of the productive practical training base were established,
the main measures of the base construction were defined, and the functions of the base in the aspects of
practical training topics, skill appraisal, talent cultivation and production practice were realized. Further
improved the technical promotion ability of the training base to serve the teachers and students,
enterprise employed and opened to the whole society. The construction of an open training base for
textile and garment skills would provide talent support and technical services for the development of
modern textile and garment industry.
KEYWORDS
Textile, Institute of industrial, Production, Training base, Construction.
INTRODUCTION
In recent years, it has issued a series of documents, regulations and action that plans to deepen the
integration of industry and education. It accelerates the development of modern vocational education,
establishes a modern vocational education system, and improves the capacity and level of vocational
education to serve local economic and social development in China. The industry implemented the dual
main body, five integration, the diversified educational system, and established a modern industrial
college under the leadership of the council. It was actively prepared to build a cross-industry integration
textile and garment training base for modern textile technology specialty (referred to as the “Base”).
During the construction of Jiangsu demonstrative colleges, Jiangsu Yueda Textile Group and Hengwei
Industrial Group invested more than 2 million yuan in the innovation of talent training mode, curriculum
system reform, construction of teaching staff and construction of experimental and practical training
conditions for the two key construction majors of textile and clothing in the demonstrative colleges in
various ways. At the same time, diversified talent training modes such as joint named order training and
work alternation would be carried out, training programs would be formulated according to the
requirements of professional positions, and professional courses of technical standard development
would be introduced. Based on the “Yueda Industrial College” under the council system of industryeducation cooperative construction. The paper explored the model of "school-in-factory" and "schoolin-factory" practice and training base.
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CONSTRUCTION THOUGHTS OF TEXTILE AND GARMENT TRAINING BASE
Under the guidance of the school council, relying on the textile major, the school taked the lead to set
up Yancheng Textile vocational education. The alliance improved the science and technology research
platform and formed a three-tiered development system of province, city and university. Yueda Textile
Group was the national textile industry top 50 enterprises. The two parties jointly planed the
development, internal organization, talent training, hardware and software resources, managed the
operation of the industrial college, technological research and other achievements as well as the risks of
running the school. To comprehensively explore mixed ownership, it breaked through the bottleneck of
school-enterprise dual-subject education, constructed the internal circulation of school-running profits,
and built Yueda Industrial College with "public nature, mixed system and market mechanism".
Yancheng education resource sharing mechanism had been established, and professional skills training
had been carried out for vocational colleges. Skill appraisal actively promoted the reform of long-term
system and mechanism of school-enterprise cooperation, and established school-enterprise regulation
mechanism and enterprise resource sharing mechanism. A new mode of cooperation between schools,
professional parks and industry associations had been formed, and the school-enterprise collaborative
education mechanism had been successfully practiced.
Under the mode of industrial College, relying on high-quality resources such as the national textile and
garment training base and Jiangsu ecological engineering technology center, the university's main
professional chain was connected with the "double chain" of the local pillar industrial chain, the "double
education" integration of theoretical and practical teaching, the "double certificate" integration of
academic certificate and vocational qualification certificate, school culture and enterprise culture "dual"
interaction of the talent training mode. Adhering to the principle of openness and sharing, mutual benefit
and win-win, with an international perspective, it built a green intelligent textile and garment cloud
training platform and achieved the demonstration of skilled personnel training, practical teachers,
industry-education cooperation and advanced management demonstration. The base was opened to the
whole society and promoted the comprehensive benefit of textile and garment professional groups. The
textile and garment training base was built into the first class in China, providing talent support and
technical services for the development of modern textile and garment industry.

CONSTRUCTION PRACTICE OF TEXTILE AND GARMENT TRAINING BASE
In accordance with the requirements of "production training, skill appraisal, industry-university-research
cooperation, student innovation and entrepreneurship", relying on Yueda Industrial College, the base
was built on-campus skill training platform of textile testing center, textile design center, textile
production center, skill appraisal and training center. The base was built into a national textile and
garment training base integrating skills training, skills appraisal, project research and innovation
functions.
Using virtual technology to build base testing center
Relying on the national textile and garment training base, Yancheng government taked the lead of
Yancheng Big Data Industrial Park to create a smart cloud platform. Jiangsu Yueda cotton textile Co.,
Ltd. and Yancheng fiber inspection institute jointly built cloud testing center. It helped enterprises to
release testing supply and demand information, built simulation testing projects and their operation
process with enterprises, and diagnosed and analyzed the collected data with cloud computing
technology. On the one hand, it helped enterprises to solve product quality problems in production
practice. On the other hand, it summarized the data and used it in teaching cases such as textile material
testing and spinning technology. Textile material testing simulation platform could be used as an online
cloud training resource for campus teaching and social personnel.
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Building the design center through green design
Relying on Yueda home textile research and development center and garment design center in the
university, and adopting the cooperation mode of the designer's individual intelligence as a shareholder,
the online cloud design center was built, focusing on the construction of ecological environmental
protection green textile material training room and garment intelligent research and development center.
Cloud design center helped teachers and students and designers to achieve the design and development
of products market operation.
Building the manufacturing center through the smart workshop
It was an important means to solve the problem of disconnection between talent cultivation and
production demand of enterprises by using simulation technology, creating intelligent production
workshop and building real-scene teaching center of school-enterprise remote system. On the basis of
the original national textile and garment training base, through the reconstruction of spinning and
weaving production training room, NI virtual instrument platform, machine vision system and other
equipment, it was used to research intelligent and energy saving textile production equipment. Textile
factory lieutenant colonel in the real teaching center, it helped enterprises analysis in the production of
quality problems, and it helped them analyze and solve quality problems. The real teaching center could
put forward reasonable suggestions, constantly improved the level of enterprise information, helped
enterprises to use digital factory.
Building marketing center through green supply
With the help of Internet, relying on Jiangsu Hengwei industrial group, the garment e-commerce training
center was built. Through conducting e-commerce entrepreneurship cognition, entrepreneurship
training, entrepreneurship simulation and entrepreneurship were combated for students, integrating
enterprise education resources, and cooperating with enterprises to jointly develop clothing e-commerce
training teaching resources and training projects. In combination with the Textile and Garment College,
the base carried out e-commerce knowledge training and network product operation training, and helped
students with dreams to start their own businesses successfully.

TEACHING MODE CONSTRUCYION OF BASE
According to different users and needs, the base adopted apprenticeship training mode, short-term
intensive training mode. The base developed relevant training courses, skill packages, teaching
materials, operation manuals and other materials to meet the needs of trainees and improved the training
effect.
Modern apprenticeship training model
The practice training adopted the practice training mode of "entering the school means to enter the
enterprise, taking class means to start to work". It implemented the dual tutor training of "master and
teacher". The modern apprenticeship teaching mode was implemented on the platform of "middle school
and middle school". According to the latest professional standards, industry standards and job
specifications of key enterprises in the textile and garment industry, it combined with the actual job
process to sort out the job skills menu of typical enterprises. To construct the professional practice
teaching system of "full reality, whole process and whole project"， it could reflect the characteristic
resources of practice teaching and school-enterprise cooperation education oriented by doing and
learning.
Short-term intensive training mode
According to the professional skills needs of teachers in colleges and universities, short-term training of
core professional skills was carried out in combination with the characteristics of the industry and
teaching standards. Training courses, module skill packages, teaching materials and training manuals
were developed to meet the production needs of enterprise employees and social unemployed people,
and realized customized training content and training mode.
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Technical research and development training mode
Relying on the industrial advantages of the training base, centering on the modern textile and garment
industry chain, gathering high-quality social resources, development and promotion of new textile
products, new processes, new technologies and new models were carried out research. We invited
teachers and students from all over the country to join in the research and development in the form of
bidding. The innovation consciousness and ability of teachers and students were expanded. The core
competitiveness of talent training has been enhanced.
“Internet Practical training” mode
With the modern textile and garment industry Internet technology, the practical training base of
industrial college as the main body, and other off-campus practical training bases as the radiation point,
the practical training platform of textile and garment enterprise informatization management has been
established. In accordance with the principle of modularization, functionalization and integration,
typical workshop information compound networking application subsystems in spinning.
CONCLUSION
The textile and garment training base with the background of industrial college had perfect equipment,
rich online resources, processing center, testing center, design center and training center. It could meet
the practical subject, skill appraisal, teachers, teaching, production practice, at the same time it could
promote practical training services, enterprise employees from teachers and students, and opened to the
whole society technology popularization ability. The base also laid a foundation for students to
participate in enterprise practice, further improved students' skills and realized resource sharing. The
construction of textile and garment training base under the background of industrial College adapted to
the transformation and upgrading requirements of Internet and enterprises. This mode effectively
promoted the continuous and in-depth reform of higher vocational education and the construction of
high-level professional group of modern textile technology, and had a profound influence on the future
development of vocational education in schools.
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ABSTRACT
This work aimed at studying the dyeing of cotton fabrics with madder extract using two biomordants,
quebracho tree extract (Schinopsis spp.) and laccase. Pre-treatment with quebracho increased the colour
strength, washing and UV light fastness, and UV protection, while laccase only shows an increase in
the UV light fastness. The application of biomordants together with the metal ones (aluminium or iron
salts) led to an improved UV light fastness compared to the samples mordanted only with metal salts.
Meanwhile, although the colour strength was lower than in the metal-mordanted samples, greater UV
protection factors were obtained in the samples pre-treated with quebracho or laccase and iron salt.
KEYWORDS
Natural dyeing, Rubia tinctorum L., metal complex, tannin, laccase.
INTRODUCTION
Textile dyeing contributes severely to environmental pollution, being the natural dyeing an ecological
alternative to synthetic dyes. Although, the achievement of good fastness properties is difficult,
particularly in cotton due to the poor affinity between the negatively charged fibres and anionic dyes.
Therefore, to improve the stability of natural dyes usually are used metal mordants, as they form
coordination complexes with the natural dye molecule. Nonetheless, metal salts as mordants pose
environmental and human health risks, being the use of biomordants as a nontoxic replacement to
overturn those negative issues [1].
Some biomordants such as tannins [1], enzymes [2,3], and biowastes [4] are already being used. Tannins
are naturally occurring water soluble polyphenolic compounds of high molecular weight (about 500–
3000) containing phenolic hydroxyl groups [5]. Quebracho tree extract (Schinopsis spp.) is a source of
condensed tannins (~20%) [6]. Phenolic hydroxyl groups of tannins enable them to form effective
crosslinks with different types of fibres and dyes and help in colour fixation [7]. In the work developed
by Phan et al., biomordants consisting of phenolic moieties, gallic acid and tannic acid, improved the
light fastness of anthocyanins, as they carry UV-protective/antioxidant properties [1]. This can be
ascribed to the formation of a π-complex between the dye and biomordant. Tannins such as tannic acid
are often combined with a metal salt to improve the overall fastness of natural dyes [8]. They can fix
metallic salts by forming insoluble tannates. These tannates form insoluble lakes with the natural dyes
during the dyeing process, improving the fastness properties [5]. Regarding laccase, it consists of
multicopper polyphenol enzymes capable of oxidizing phenolic hydroxyl by one-electron oxidation of
phenolic to form phenoxy free radicals. Then, the reactive species can also undergo enzymatic oxidation
forming o-quinones or polymerizing spontaneously in a non-enzymatic pathway [9]. By catalyzing the
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coupling or polymerization of natural dyes containing phenolic hydroxyl groups, laccase can contribute
to obtaining deeper colours and enhance the fastness of the dyes [2].
The purpose of this work was to study the natural dyeing of cotton with madder extract considering the
use of biomordants to increase the colour strength, fastness and impart UV protection properties. For
this, cotton fabric was pre-mordanted with quebracho or laccase, and in mixtures with a small amount
of aluminium or iron salts.
MATERIALS AND METHODS
Materials
Bleached plain woven cotton fabric (100%, 140 g m¯2, 33 warp cm¯1, 30 weft cm¯1) was obtained from
Lameirinho - Indústria Têxtil, S.A. (Guimarães, Portugal); Aluminium-potassium sulfate 12-hydrate
(AlK(SO4)2.12H2O) was acquired from Panreac Química SLU (Barcelona, Spain) and Iron(II) sulfate
heptahydrate (FeSO4.7H2O) from Merck Millipore (Darmstadt, Germany); Quebracho tree extract
(Schinopsis spp.) was supplied by Sanderma (Alcanena, Portugal) and Laccase by Novozymes
(Bagsvaerd, Denmark); Natural dye madder (Rubia tinctorum L.) extract was offered by the Institute of
Natural Fibres & Medicinal Plants (Poznan, Poland).
Methods
Pre-treatment - cotton samples were mordanted by the exhaustion method with 5% (on-weight-fabric,
owf) of quebracho or laccase (2000 U mL¯1) and in mixtures with 0.1% (owf) of AlK(SO4)2.12H2O and
FeSO4.7H2O. The process was carried out at 90 °C (or 60 °C, laccase, and mixtures) for 1 h using a
liquid ratio of 1:40. Then, the samples were washed with distilled water and dried (WTC binder oven)
at 40 °C.
Dyeing - untreated and pre-mordanted samples were dyed by the exhaustion method with 3% (owf) of
the natural dye madder with a liquid ratio of 1:40, at 90 °C for 1 h, followed by washing with distilled
water and drying at 40 °C.
Colour evaluation - the colour strength (K/S) of the dyed fabrics was obtained using UV-vis
spectrophotometer Shimadzu UV 2600 (Shimadzu, Kyoto, Japan), performing three measurements at
different positions on the fabrics. K/S was calculated from the Kubelka-Munk equation, as in Eq. [1]:
K ⁄S =

(1-R)2
2R

[1]

,

where, K is the absorption coefficient, S is the scattering coefficient, and R is the decimal fraction of the
reflectance.
Washing fastness - the evaluation of the washing fastness of the dyed fabric was performed accordingly
to the ISO 105-C06 A1S standard. Then, the colour difference (ΔE) was determined using Eq. [2]:
[2]

ΔE = √(∆L* )2 + (∆a* )2 + (∆b * )2 ,
where, L* is the lightness, a* red-green (+ red, - green), and b* yellow-blue (+ yellow, - blue).

UV light fastness - to evaluate the fastness to UV light, the dyed samples were exposed to UV radiation
for 4 h at 50 °C using the QUV equipment (Q-Lab, Westlake, OH, USA), and the ΔE was determined
using Eq. [2].
UV protection factor (UPF) - UPF measurement was performed on the UV-vis spectrophotometer, in
the range of 290-400 nm. For each fabric sample, three measurements were performed, rotating the
sample 90º. The UPF value for a flat, tension-free dry fabric is given by Eq. [3] (AS/NZS 4399):
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[3]

,

where, Eλ is the relative erythemal spectral efficacy (W m¯2 nm¯1), Sλ is the solar spectral irradiance
(Melbourne), Δλ corresponds to the measured wavelength range (nm) and Tλ is the spectral
transmittance of the sample (%).
RESULTS AND DISCUSSION
Samples treated with laccase and quebracho alone showed a K/S similar to the control (Figure 1). After
treatment with the metal compounds, there was an improvement in the K/S. Although the maximum K/S
of the fabrics treated only with metals are similar, it was found that the Lac/Fe and Queb/Fe samples
were superior to the others. Samples treated with laccase and metals showed a higher K/S than those
treated with quebracho.

Figure 1. Colour strength (K/S) of the dyed samples.

Figure 2 shows the results of the washing and light fastness of the treated samples, as well as the
respective UV protection factor.

Figure 2. Washing fastness (a), UV light fastness (b), and UV protection (UPF) (c) of the dyed samples.

In general, the inclusion of the metals, in their form and together with the tannin and the enzyme,
improved the properties under analysis. Iron-treated samples showed more favorable washing fastness
results than other treatments. Both aluminum and iron treated samples showed better light fastness than
untreated samples. However, the results were not promising when treatment with Queb/Fe was
performed. This result was not what was expected, since other results in washing fastness and UPF are
not accordant with the light fastness and further studies are required for a better understanding of this
mechanism. In terms of UV protection, samples treated with Fe present better results when compared to
Al [10]. In addition, Lac-Fe and Queb/Fe samples show good UV protection (UPF=25–40). This fact
occurs due to the high value of K/S and indicates that the complexation between iron and tannin or
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enzyme improved this property. In general, K/S, fastness properties, and UPF were improved after
treatments with metallic mordants and biomordants [11].
CONCLUSION
The application of biomordants, such as quebracho and laccase, in the dyeing of cotton fabrics with
madder extract seems to be a viable option to reduce the use of metallic mordants in the textile industry.
The properties of washing and UV light fastness, UV protection, as well as K/S, were improved when
the pre-treatment with the quebracho was performed. In the case of laccase, only an improvement in
UV light fastness was observed. Nevertheless, the application of a small amount of metal salts with
biomordants is necessary in order to achieve good UV light fastness and UV protection properties.
Therefore, although it was impossible not to use metallic salts, the application of biomordants
significantly reduced the need for their use.
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ABSTRACT
The physical and chemical properties of Himalayan nettle fibers treated with sodium hydroxide and
sodium chlorite solutions have been studied in this research. Nettle fibers are naturally derived, highstrength nettle yarn for the preparation of home textiles, handicrafts, and ropes. It is a high fiber-yielding
plant that grows naturally in the Himalayan areas. In this study, nettle fiber samples were soaked in 4%
sodium hydroxide (NaOH) and 1% sodium chlorite (NaClO2) solutions at a 100oC temperature for
90 minutes. The untreated nettle fibers were soaked in a 4% sodium hydroxide water solution at a 100oC
for 60 minutes. The nettle fiber test samples were prepared and tested as stated in the ASTM standards.
The average tensile strength of alkaline nettle fibers increases by upto 60% compared with untreated
fiber. The mild alkali treatment increases tensile strength, cellulose content and decrease elongation
break acts to be due to fiber extraction and separation of non-cellulosic materials such as hemicellulose,
lignin, and pectin. Compared to untreated nettle fiber, the average young's modulus of sodium
hydroxide-chlorite treated fiber was increased. Moisture sorption analysis, Fourier transform infrared
spectroscopy (FTIR), single fiber tensile strength, and physical properties were used to evaluate the
properties of untreated and treated nettle fibers.
KEYWORDS
Nettle, Tensile strength, Alkaline, Textile, Cellulose.
MATERIALS AND METHODS
Raw Materials
The Nagaland Hill invention lead origination provides a 2-3 metre dry nettle barks for use in this
research. Commercially available sodium hydroxide (NaOH) pellets with a purity of 97% are available,
and sodium chlorite (NaClO2) was obtained from Sigma and other chemicals using acetic acid, distilled
water, and neutralised nettle fiber [1–3].
Experimental methods
The nettle stem outer layer or bark is peeled using a crushing machine and sun-dried for 2-3 days. For
example, 100 g of dry nettle bark was soaked in a small water reservoir tank for 24 hours to remove dirt
and impurities. Afterwards, the nettle bark was dried in the sun light for 1 day [2].
Alkaline-Sodium chlorite treatment on nettle fibers
In this process, untreated nettle fibers were soaked in a 4% wt. sodium hydroxide (NaOH) chemical and
water for 60 minutes at a 100oC temperature. The treated nettle fibers were continuously washed with
water and allowed to air dry for 24 hours. After that, pre-treated nettle fibers further soaked in a 1% wt.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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sodium chlorite (NaClO2) solution for 90 minutes at a boiling temperature of 100oC with the pH
maintained at 14. The ratio of nettle fibers to alkaline solution was maintained at 1:30 (by weight). After
treatment, the nettle fibers were neutralized with a 2% wt. acetic acid solution and copiously washed
with distilled water until neutral. The alkaline-treated samples were dried for 48 hours at room
temperature. The dried nettle fibers are opened and the combing process converted into yarn by carding
and spinning machines [1,3].
Fourier transform infrared spectroscopy analysis
An ABB Bomem MB3000 spectrometer was used to obtain FTIR spectra of chemical treated and
untreated nettle fibres. The fibres were ground into a powder and combined with potassium bromide
powder (1:10) before being shaped into a pellet for testing. Each sample received a total of 30 scans
with a resolution of 4 cm-1 in the range of 600–4000 cm-1. The goal of the FTIR test was to look for
changes in functional groups, which could assist confirm that hemicellulose, lignin, and other elements
had been removed [4–6].
Single fiber tensile strength measurement
The ASTM D3379-05 Standard Test Method for Tensile Strength, Elongation and Young's Modulus
were used to determine the strength of single nettle fibres. The UniStretch 250 universal testing
equipment was used to test untreated and processed nettle fibres (50 mm gauge length), and the results
were recorded for statistical analysis at room temperature and humidity [1]. Specimens were made by
manually separating fibre bundles and then using polyvinyl acetate glue to connect single fibres to
cardboard mounting cards with 12 mm holes punched in them, resulting in a gauge length of 10 mm.
The fibres were tensile tested using a 10 N load cell and a cross-head speed of 0.5 mm/min. This test
will determine the maximum force (F) that a single nettle fibre can withstand. Finally, a total of 20
specimens were evaluated for each type of nettle fiber, the average fibre diameter (davg) was measured,
and the average maximum force (favg) was used as a representative value [5–7]. Before each test, the
mean diameter of the fiber was measured using a digital micrometre with an accuracy of 0.001 mm. The
linear mass is used in the tex system to specify yarn thickness. Depending on the end users, thinner or
thicker yarns might be chosen.
Fts =

4favg

[1]

πd2avg

where, Fts - single nettle fiber tensile strength, davg - average fiber diameter, favg - average tensile

force.

Moisture sorption test
The 1.0 gram nettle fibres specimens were initially dried in an oven at 100°C for 4 hours, cooled in the
atmosphere, and their initial weight was measured (W0). The moisture sorption test was carried out in
a humidity chamber with a relative humidity of 70% and a temperature of 30°C. The weight of wet nettle
fibres was measured after the period and indicated as Wt. Finally, Eq. [2] was used to calculate the
percentage of moisture sorption (Ms) in untreated and treated nettle fibers:
Ms =

Wt-W0
100
W0

[2]

where, Ms - percentage of moisture sorption in nettle fiber, W0 - initial weight of dried nettle fiber,
Wt - nettle fiber weight after absorb water.
This technique was repeated until the weight of the nettle fibers reached a state of equilibrium [3–5].
The moisture sorption test was conducted as per ASTM D570. Wt and W0 were measured using an
analytical digital balance with a precision of 0.0001 gram.
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RESULTS AND DISCUSSION
FTIR spectra Analysis
The FTIR spectra of untreated and treated nettle fibre are shown in Figure 1, which clearly illustrates
the functional group modification. The hydrogen bound and hydroxyl group (O-H) stretching vibrations
ascribed to intramolecular or intermolecular hydrogen bonding and free OH hydroxyl have a high peak
at 3472 cm-1. In cellulose and hemicellulose, the peak at 2878 cm-1 is indicative of methyl and methylene
C-H stretching vibration groups. The C-O stretching vibration of carbonyl groups and ester groups of
hemicellulose removal in treated fibre has a peak between 1844 and 1740cm-1 [6–8]. The peak between
1636 and 1535 cm-1 is caused by water content in fibers. The CC=stretching of the aromatic ring of
lignin causes the peak between 1535 and 1489 cm-1. The peak in the range of 1489–1366 cm-1 is due to
CH2 bending in cellulose, hemicellulose, and lignin. The C-O groups of the aromatic ring in
polysaccharides are responsible for the peak between 1366 and 1273cm-1. The peak is between 1273
and 1196cm-1, which removal to the acetyl groups -CO stretching vibration. C-O-C asymmetrical
stretching in cellulose and hemicellulose is responsible for the peak at 1142–1040 cm-1. The C–O
stretching vibration, which belongs to the polysaccharide in cellulose, is responsible for the high peak
at 1040–972 cm-1. When compared to raw nettle fibres, the peaks at 1320 cm-1 decreased for all treated,
which is primarily due to the removal of some hemicellulose after treatment [9,10].

Figure 1. A) FTIR spectra of untreated nettle fiber, B) FTIR spectra of treated nettle fiber.

Moisture sorption analysis
In Table 1, the moisture sorption behaviour of chemically treated and untreated nettle fibers is
represented. The weights of raw and treated nettle fibers were recorded at 60, 120, 240, 300, and
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420 minutes after being placed in the moisture chamber. The weight of the nettle fibers increases with
time up to 340 min, thereafter it becomes constant. It is shown that compared to raw nettle fibers, treated
nettle fibers 4% sodium hydroxide and 1% sodium chlorite uptake low moisture absorption. This can be
due to the chemical and physical changes that occur when cementing materials are removed. The
presence of cellulose and hemicellulose in plant fibres is thought to be the fundamental reason for their
hydrophilic nature. Hemicellulose is also more hydrophilic than cellulose and absorbs more water.
Reduced moisture absorption may result from the elimination of hemicellulose, lignin, and other
extractives. The moisture plays a significant role in influencing the nettle fiber mechanical properties.
The treated fibers in the tensile testing, however the excess water was removed [3–5].
Table.1 Moisture sorption % of untreated and treated nettle fibers.
S.No
Time in
Raw nettle
4% Sodium hydroxide
Minutes
fiber
treated (NaOH)
1
60
9.1
8.85
2
120
9.95
9.73
3
240
10.8
10.60
4
300
11.6
11.38
5
420
12.5
11.66

1% Sodium chlorite
treated (NaClO2)
8.72
9.35
9.86
10.80
11.12

Single fiber tensile test
The diameter (µm) of the treated nettle fibres is considered significant after the elimination of
hemicellulose, lignin, and other impurities, indicating that the nettle fibres become considerably finer
after the treatment. The diameter of the fiber varied widely, but much of the fibre might have been used
in a circular elimante cross-section. Tensile testing was thus conducted using relative cross sectional
shapes rather than the actual cross sectional area. The digital micrometer was used to approximate the
diameter. The aspect ratio increased as the fibre diameter reduced, resulting in rough surface structure
[11,12]. The average tensile strength of treated and untreated nettle fiber is illustrated in Figure 2.
Tensile strength(cN/tex)
80

20

Fiber diameter(µm)

Young's modulus(cN/tex)
Elongation(%)

15
60
10

40

5

20
0

0
Raw fier

NaOH

NaOH+NaClO₂

Raw fier

NaOH

NaOH+NaClO₂

Figure 2. Physical and mechanical properties of nettle fiber.

The strengthening of the cellulose chain packing arrangement may be causing an improvement in tensile
strength and young's modulus in nettle fibers. The diameter of the alkaline-sodium chloride fibre is
lowered even more because more lignin is removed, resulting in the finest fibre [5–7]. The nettle fiber's
average tensile strength is 79.9 cN/tex, which is quite steady. The tensile strength of nettle fibres was
somewhat improved after a 4% alkaline treatment in this study. The removal of hemicellulose, lignin,
and impurities may have resulted in an increase in cellulose content as well as a higher crystallinity
index. According to these findings, after alkaline pretreatment, further sodium chlorite (NaClO 2)
chemical treatment can improve tensile strength by 20%. When compared to untreated nettle fibres, the
young's modulus of treated nettle fibres increased by 19.4 cN/tex.The cellular structure of of the fiber is
clearly evident along with the variability in fiber size and shape. It appears in general that sodium
hydroxide and chlorite decreases the deviation of failure stress from the untreated fibers [8,9].
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CONCLUSION
The effects of alkaline chemical treatment on the features of Himalayan nettle fibers were investigated
in this study, which used chemicals such as sodium hydroxide and sodium chlorite to treat nettle fibers.
Moisture sorption tests, FTIR analyses, physical characteristics, and single fiber testing were used to
investigate the tensile strength of chemically treated nettle fibers. As a result, it may be stated that the
characterization of treated nettle fiber produces better results and strength. In a moisture sorption test,
the ability of treated nettle fibers to absorb moisture was shown to be lower than that of raw nettle fibers.
As compared to raw nettle fiber, the maximum tensile strength of chemically treated nettle fiber
increased. The increase in tensile strength was attributed to the decrease in fiber diameter caused by the
losses of non-cellulosic fiber materials in treated fiber. Nettle yarn is used to manufacture mats, ropes,
bags, fabrics, and handicrafts due to its high strength.
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ABSTRACT
This study aims to analyse the influence of distinguished polyamide fibres knitted in different ways to
improve the thermal physiological properties of fabrics used in clothing for bedridden patients. To this
end, four distinct fibre compositions were, each one, knitted into four different structures, and this plan
generated 16 samples. Structural characterization of the samples, permeability analyses, and Moisture
Management tests were carried out. Was possible to conclude that some parameters such as filament
dimension, fabric loop length, and how the yarns are knitted, have a direct influence on the thermal
behaviour of knitted fabrics. The sample made of PA fibre 44/40 in a jersey fabric, presented the best
results, due to its reduced thickness, superior loop length, and the use of a 40 multifilament.
KEYWORDS
Polyamide; Knitted fabric; Jersey; MMT; Thermophysiological properties; Thermal Comfort.
INTRODUCTION
Bedridden patients need special attention regarding skincare to avoid the development of bedsores. The
Clinical Practice Guideline 2019 considers that excess moisture can lead to maceration and contribute
to skin degradation, as well as the impact of oxygenation impairment and increased body temperature
interferes with pressure injuries [1]. Therefore, regarding the technical quality of clothing for bedridden,
thermoregulatory properties are an important requirement that provides a comfortable thermal and
humid state, and therefore contributes to preventing the development of the aforementioned pressure
sores. Given the above, many efforts have been made so that textile substrates can regulate the body
microclimate, through phase change materials incorporated into fibres, that allow the storage, release,
or absorption of energy in the form of heat. Some studies have shown the superior thermoregulation
capacity of such fibres [2] and, on the other side [3], suggest the use of complementary fibres that have
other properties, such as PA, regarding its intrinsic hydrophilic nature and low swelling characteristics.
Therefore, this study aims to analyze the use of PA fibres with different dtex, and in different knitted
fabric structures, to identify the parameters that contribute to better thermophysiological management.
MATERIALS AND METHODS
The knitted fabrics analyzed in this study were developed by Impetus company (Portugal). Four distinct
fibre compositions were, each one, knitted into four different structures, and this plan generated 16
samples. Regarding the fibre compositions, a mixture of Ne40 cotton yarn with Viscose outlast ® is
constant for all samples on the outer side of the knitted fabrics. On the other hand, what differs is the
side in contact with the skin, composed of PA and elastane fibres with different titles, see Table 1.
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Table 1. Knitted fabric codes and their fibres composition.
A
B
C
D

INNER

OUTER

EA 22 dtex + PA 44 dtex /34
EA 17 dtex + PA 44 dtex/40
EA 17 dtex + PA 22 dtex/9
EA 17 dtex + PA 44 dtex/34

Ne40 CO/CV outlast®

Regarding the knitted structures, Figure 1 shows the point paper plain textile for each one. The yellow
colour indicates a normal point, the white a charged point, and the black, the floating-point.

Figure 1. Point paper plan textile of the 4 distinct knitted structures.

Structural analyses
The samples were characterized in terms of thickness using the Mitutoyo device (No. 2046F), mm scale.
10 measurements were performed, and then an average was obtained. For the mass per unit area (g/m2),
the NP EN 12127:199 standard was followed.
To determine the length of yarn in the loop, (ℓµ), a given number of columns was selected and it was
delimited with two lateral cuts. Then, ten rows of the knitted fabric were unravelled, and the length of
the unravelled yarns was measured. The average value of the ten readings was identified and the length
of the loop yarn, ℓµ, was calculated by dividing the average length of the measured yarns (ℓ) by the
number of selected structural columns (N).
Permeability analyses
For the air permeability measurement, according to EN ISO 9237, the FX 3300 device was used, 10
measurements were performed on 10 different specimens, whose area is 20 cm2, at a pressure of 100 Pa.
The water vapour permeability tests were carried out by the BS 7209: 1990 standard, where 3 specimens
of each sample were subjected to the test lasting 24 hours.
Moisture Management analysis
Assays were performed according to AATCC Method 195. For this purpose, 3 replicates per sample, 10
cm in diameter, were positioned between the Moisture Management testes (MMT), an instrument that
consists of upper and lower concentric moisture sensors, between which the fabric is being tested is
placed. A sweat-mimicking solution is poured onto the upper side of the sample (skin side) and then the
test solution will be transferred to the material in three directions: Spreading outward on the upper
surface of the fabric; Transferring through the fabric from the upper surface to the bottom surface;
Spreading outward on the bottom surface of the fabric.
RESULTS AND DISCUSSION
As observed in Figure 2 a), for all fibre combinations (A-D), the knitted fabric thickness increases
gradually as their structure changes from 1 to 4, indicating that the thinner structures are the jersey knits
(1). Regarding the mass per unit area, the sample composed of PA 44/40 in the pique structure (B, 2),
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presented the lowest g/m2 ratio, Figure 2 b). In addition, the loop length is another structural parameter
that contributes to the thermal behaviour of the knits. Table 2 shows that structures 2 and 4 have 2
different fabric loop lengths, and structure 3 has 3 loop lengths.

Figure 2. a) Knitted fabrics’ thickness, where the x-axis indicates the knitted structures and the colours
indicate the composition of the fibres; b) mass per unit area of the samples.
Table 2. A-B are the knitted fabric compositions, and the numbers 1-4 are the knitted fabric structures.

CODE

1
A
B
C
D

0.31
0.31
0.31
0.32

FABRIC LOOP LENGTH (CM)
2

3

4

0.19 / 0.31
0.19 / 0.31
0.19 / 0.30

0.16 / 0.22 / 0.32
0.16 / 0.22 / 0.32
0.16 / 0.23 / 0.31

0.20 / 0.32
0.19 / 0.31
0.19 / 0.31

0.20 / 0.31

0.16 / 0.22 / 0.31

0.19 / 0.32

In agreement with what was previously described, it is remarkable through Figure 3 a), that knitted
structures 2 and 1 contributed, in all fibre combinations, to improve the air permeability of the samples.
This biophysical property of textile substrates is directly influenced by the dimension and distribution
of pores in textile geometry. Therefore, by increasing the loop length, the porosity of the substrates will
be increased, resulting in better air permeability. Since structures 1 e 2 is a jersey and pique knitted
fabric, they have the longest loop lengths, and their air permeability tends to be superior [4]. These
results can also be corroborated by the inferior thickness of such samples, which facilitates the passage
of air. Another important factor is the Filament Fineness (dtex). The sample that has the lowest dtex also
has the highest air permeability (sample C).
In addition to the above, it should be noted that the sample composed of PA 44/40 obtained the best
response regarding the water vapour permeability property, Figure 3 b). This suggests that, in addition
to the knitted fabric structure, a filament with a higher shape factor has a large perimeter with the same
cross-sectional area, which increases the capillary pressure resulting in fast capillary flow within the
fabric [5].
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Figure 3. a) Knitted fabrics’ Air Permeability; b) Water vapour permeability of the samples.

As seen in Figure 4 a), structures 1 and 2 also contributed to a higher absorption rate, which can be
explained by their smaller thickness, leading to quick moisture diffuses. Except for sample D, which
showed a high standard deviation. Beyond, in agreement with the water vapour permeability results, the
samples composed with a large specific surface area (A and B), showed a higher absorption rate and
one-way transport capability, Figure 4 b).

Figure 4. a) Moisture absorption rate; b) One-way transport capability; c) OMMC, of the knitted fabrics.

Given the above, when such parameters are analyzed concurrently, the result indicates that sample B
structure 2, that is, PA fibre 44/40 in a jersey structure, presented a better OMMC index, therefore, the
best performance for the moisture management, see Figure 4 c).
CONCLUSION
This study analyzed how some parameters such as filament dimension, fabric loop length, and how the
yarns are knitted, have a direct influence on the thermal behaviour of knitted fabrics. And, in this sense,
it was possible to conclude that knit with reduced thickness, superior loop length, and the use of
multifilament, contribute to better absorption and desorption of moisture in the outer layer, as well as
diffusion of moisture through the pores and forced convection by the movement.
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ABSTRACT
Envisioning the development of sustainable products for improvement of daily life quality, a cable-like
composite using natural fibers was developed to be potentially used in smart textiles. Natural fibers such
as jute and hemp were used along with Bekinox®VN yarn. Bekinox®VN is a stainless steel conductive
yarn often used in intelligent textiles within a wide range of applications such as antistatic, power and
signal transfer, thermal conductivity or even as a heat resistant sewing yarn. Furthermore, applying a
chitosan coating on the surface of the sheath will confer antibacterial properties, thus preventing the
colonization and proliferation of bacteria, as well as natural fiber degradation. The chitosan coating was
applied by a pad dry method. Tests were performed to evaluate the mechanical, electrical and
antimicrobial properties. The results displayed that the best tensile strength was obtained for hemp fabric
followed by cable composite. The antimicrobial properties were improved with the coating of chitosan
and demonstrating excellent results against Gram-positive and Gram-negative bacteria. Although
chitosan reduces the mechanical strength of the sheath, it confers antibacterial activity, which not only
will preserve the fiber in the structure but will also protect human skin against possible crosscontaminations.
KEYWORDS
Natural fibers; conductive yarn; chitosan; antimicrobial; electronic textiles.
INTRODUCTION
Stepping towards sustainability encourages replacing synthetic fibers with natural fibers in several
applications [1]. Fibrous structures owing to their flexibility, lightweight, and capability to form various
shapes can find several applications such as in military, sports, automotive, aerospace, and wearable
electronics, due to their ability to conduct electricity. Natural fibers such as jute and hemp are promising
reinforcements in composites. They are abundantly available, biodegradable, recyclable with higher
strengths, low extensibility, and good sound and heat insulation properties. Furthermore, they display
good mechanical properties due to their low microfibrillar angle and high cellulose content. However,
they have high resistance and absent electrical conductivity which hinders their application in smart
textiles [2]. Hence, one of the strategies to reduce resistance is to functionalize with metallic elements
[1]. Conductive yarns are mixed with natural fibers to reduce electrical resistance. These yarns can be
used to produce a conductive textile that potentially viabilizes applications in wearable electronic
devices [2,3]. Natural cellulosic fibers are likely to be affected or deteriorated by microorganisms
colonization and activity, thus compromising the quality of the fibers [2]. To overcome this issue,
antimicrobial polysaccharides, such as chitosan, can be used as coating agents and applied with different
techniques, namely by dipping and padding [4]. Chitosan is derived from chitin, which is commonly
available in nature, renewable, biodegradable, biocompatible, antimicrobial, and possesses good
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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mechanical and thermal properties. It can improve the antibacterial properties of natural fibers by killing
the microorganisms through the electrostatic interaction between the positive and negative charges of
the chitosan and microorganisms respectively [4].
This study envisaged the production of an antimicrobial conductive composite, using a 100% stainless
steel yarn and jute fibers, as conductive and insulator materials respectively, enclosed in a hemp fabric
(cable-like structure) as a substitute of plastic or synthetic fibers for sheaths. It was then functionalized
with chitosan to provide antimicrobial activity. This natural fiber-based sheath may be applied in a
plethora of wearable electronic devices.
MATERIALS AND METHODS
Materials
Raw jute fibers and plain hemp fabric 125 g m-2 were obtained in local market. 100% stainless steel,
250 Tex Bekinox®VN multifilament yarn (reference VN 12/1x275/100Z/316 L) was obtained from
Bekaert, Belgium. High molecular weight chitosan and glacial acetic acid were both obtained from
Sigma Aldrich.
Composite preparation
Raw jute fibers were combined with Bekinox®VN yarn and enclosed into the hemp fabric by sewing,
forming a cable-like structure. The obtained structure was then functionalized, with a chitosan solution
at 3% wt and acetic acid at 1% v/v, by padding (Roaches Padder, 4 m min-1 at 2 bar) and then dried at
60 ºC for 1 h.
Conductivity measurement Standard Test (EN 16812:2016 (E))
The resistance of the Bekinox®VN yarn was measured according to the standard EN 16812:2016 (E),
using a “four electrode – four-wire” method. This method is used to measure linear resistance.
Furthermore, it is more advantageous than the two-wire method since the four-wire eliminates the
inherent resistance of the connecting cables, thus requiring fewer measurements and calculations. The
following test equipment was used for the test setup: an electric power source, a voltage meter, contact
electrodes (copper), a portable dynamometer for yarns (to ensure adequate tension), a calibrated ruler
for measuring the distance between electrodes and an insulating surface on which the sample is placed
while measuring. The distance between electrodes was set to 50 cm.
Tensile Strength Standard Test (ASTM D5035-11 (2019))
The maximum force and elongation were evaluated according to the principle of the standard ASTM
D5035-11 (2019). The width of the sample was fixed at 10 mm and a length that allows an initial distance
between the clamps of the universal tensile equipment (Hounsfield 100 KS, Salfords, UK) of 100 mm
was set out in grips and subjected to tensile force. Three replicas were performed for each group of
samples at constant speed of 25 mm min-1.
Antibacterial evaluation
The antibacterial activity was assessed through an adaptation of AATCC 100 TM 100 as described in
[5]. Briefly, 3 cm2 of hemp (control) and the developed composite were inoculated with Staphylococcus
aureus ATCC 6538 or Escherichia coli ATCC 25922. The concentration of each inoculum was
1 × 107 CFU mL−1. After 1 h at 24 °C, were immersed in a solution of 100-fold the volume of the
inoculum and were vortexed at maximum speed for at least 1 min. Subsequently, each sample was serial
diluted and inoculated in TSA and incubated for at least 14 h at 37 °C. CFU mL-1 log reduction was
estimated after CFU quantification.
RESULTS AND DISCUSSION
The prepared composite was evaluated for electric wire resistance, tensile strength and antimicrobial
activity. Electrical resistance was measured in the Bekinox®VN yarn per se and when it was incorporated
in the composite. When a power of 14 V was applied, the Bekinox®VN yarn and the cable-like composite
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displayed tensions of 48.2 mV and 55.5 mV, respectively. As the direct current was maintained at 3.00
mA, the determined resistance of 16.01 Ω and 18.45 Ω, was achieved for Bekinox®VN yarn and the
cable-like composite, respectively. The tensile strength of four different groups of samples, was
assessed: cable composite; cable composite without Bekinox®VN yarn; hemp with chitosan; and hemp
(Figure 1).

Figure 1. Tensile strength measurements (n=3) of a) cable composite (200.6±13.37 N), b) cable composite
without Bekinox®VN yarn (182.4±34.05 N), c) hemp + chitosan (158.8±31.09 N) and d) hemp
(212.4±25.87 N).

Of these four groups of samples, hemp presented the best tensile strength, followed by the cable
composite, cable composite without Bekinox®VN and finally, hemp coated with chitosan. These results
show that chitosan is reducing the tensile strength by 5.5% when compared to hemp. When the
conductive yarn is removed the tensile strength reduces an additional 9%. Chitosan coating clearly
diminished the mechanical properties of the composite, probably due to the increase in stiffness.
However, the samples containing chitosan denoted excellent antibacterial activity against both tested
bacteria (Figure 2). The cable-like structure displayed disinfection properties against E. coli, with log
reduction above 3 (99.9%). As for S. aureus, the cable-like structure denoted sterilization properties,
since the log reduction was above 6 (99.9999%) [6]. Hemp fabric displayed a similar, non-relevant,
inhibitory activity against the tested Gram-negative and Gram-positive bacteria.
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Figure 2. Antimicrobial activity of composite cable against a) S. aureus and b) E. coli.

CONCLUSION
The developed cable-like composite did not increase the resistance and displayed a relevant antibacterial
activity. Being mainly composed of natural and sustainable materials it may be considered as proof of
concept that sustainability may go hand in hand with functionality and active properties. Antimicrobial
properties have gained a pivotal role during the current COVID-19 pandemic, and all efforts to prevent
microbial transmission are considered extremely important.
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ABSTRACT
The application of stimuli-responsive molecules in textiles is an important field due to its potential in
various areas of flexible sensing technology. In particular, pH plays an important role in nature, humans,
and several processes. The pH of body fluids is one of the best indicators of disturbed health conditions.
Thus, the development of textiles with halochromic properties has been increasingly attractive to display
in real-time pH variations. Wool is one of the most important natural fibres because of its warmth and
comfort. However, the dyeing process is costly and high energy-consuming. In this work, the
halochromic properties under different buffers (acetate, phosphate, Britton-Robinson, artificial sweat,
and artificial wound exudate) of a previously synthesized 5-aminoimidazole-4-carboxamidrazone were
studied. Moreover, the first attempt to dye a wool knitted fabric with this molecule at a low temperature
was performed. The developed material showed interesting halochromic properties (colourless in acidic
pH and blue colour in the alkaline pH), even using artificial body fluids.
KEYWORDS
pH-responsive textiles, dyes, wool.
INTRODUCTION
Chromic molecules present a visual colour change when exposed to external stimuli and have received
considerable attention for smart materials applications [1]. pH plays an important role in the human
body, where several pH-dependent processes and reactions occur. Thus, controlling the pH of body
fluids can be a suitable strategy to detect health problems (e.g. the measurement of the pH of sweat is
useful to detect skin diseases, and the alkaline pH of wounds indicates infection and delayed healing).
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Behind all the techniques developed for measuring the pH, the colour change remains one of the most
cost-effective methods for real-time monitoring of the pH [2,3]. Thus, the development of new materials
with halochromic properties has been increasingly attractive [4]. Amidrazones have been widely
described due to their applications in many fields of chemistry, particularly in the synthesis of azo
precursors [5,6]. These compounds are susceptible to oxidation and some of them have a very low
oxidation potential [7].
Wool is one of the most popular natural fibres due to its natural properties such as warmth and comfort.
Nevertheless, its dyeing process is costly and energy-consuming since it is usually performed at boiling
or near-boiling temperature. Thus, the low-temperature dyeing of wool without agents is an urgent need
[8].
In this work, the halochromic properties of a previously 5-aminoimidazole-4-carboxamidrazone
synthesized by our research group were studied under different solutions from pH 3 to 12 using acetate,
phosphate, Britton-Robinson, artificial sweat, and artificial wound exudate buffers. Then, the first
attempt to dye wool with this amidrazone at a low temperature (40ºC) by exhaustion was performed.
The solutions and the colour coordinates of the fabrics were measured by UV–vis spectrophotometry.
MATERIALS AND METHODS
1. Materials
Commercial wool jersey fabric with a weight per unit area of 160 gm-2 was used in this work. First, the
fabric was washed using a solution of 1.0 gL-1 of a non-ionic detergent at 60 ºC for 60 minutes, rinsed
with distilled water and dried. All reagents were purchased from Sigma-Aldrich without any
purification.
2. Synthesis of the (Z)-5 amino-1-(4-methoxyphenyl)-N'-phenyl-1H-imidazole-4carbohydrazonamide
The amidrazone was prepared according to a previous method developed by the research group with
slight differences [9]. To a 25 mL flask containing 2.0 g of 5-amino-1-(4-methoxyphenyl)-1Himidazole-4-carbimidoyl cyanide (8.3 mmol) and 10 L of acetic acid in ethanol (8 mL) was added
1.25 mL of phenylhydrazine (12.5 mmol), under nitrogen atmosphere. The suspension was placed under
magnetic stirring at a temperature of 8 °C for 17 hours. The compound was obtained in 94% yield (2.5 g;
7.8 mmol). The purity of this compound was proved by NMR (1H) and elemental analysis. The NMR
spectra was performed at room temperature on a Bruker Avance 3400 (1H: 400 MHz). The data are
reported by chemical shifts (ppm), multiplicity (s -singlet, brs - broad singlet d - doublet, t - triplet, dd doublet of doublets or m - multiplet), the coupling constants (J) in hertz (Hz) and integration. Elemental
analyses were performed on a LECO CHNS-932 instrument (University of Minho). 1H RMN (400 MHz,
DMSO-d6): δ 3.81 (s, 3H), 5.57 (brs, 2H), 5.77 (brs, 2H), 6.59 (t, J= 8.0 Hz, 1H), 6.84 (d, J= 7.9 Hz,
2H), 7.11 (t, J= 7.9 Hz, 4H), 7.31 (s, 1H), 7.44 (d, J= 8.7 Hz, 2H), 7.92 (s, 1H); Anal. calc. for
C17H18N6O: C, 63.34; H, 5.63; N, 26.07; found: C, 63.41; H, 5.62; N, 25.94.
3. Halochromic properties under different buffer solutions
UV-vis spectrophotometry (Shimadzu, UV-1800) was used to measure the absorbance spectra of the
amidrazone under different buffer solutions with a standard quartz cuvette. The absorbance was
measured in Britton-Robinson buffer (from pH 3 to 12), acetic acid-sodium acetate buffer (from pH 4
to 6), sodium phosphate buffer (from pH 6 to 8), artificial sweat (pH 4.3, 5.5, 8.0 and 6.5) and artificial
wound exudate (pH 7.4). A starting solution of amidrazone (256 mg.L-1) was prepared and diluted in
50% (v/v) with the corresponding buffer. A dilution only with water instead buffers was used as control.
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4. Measurement of the colour of the wool samples
The colour strength of the wool samples was studied using a UV-2600, UV–vis spectrophotometer
manufactured by SHIMADZU, using a D65 illuminant in the range from 400 to 800 nm. The colouring
effects in CIE L* (lightness), a* (yellowness–blueness), and b* (redness–greenness) space were
calculated using RGB values. The transmittance was measured (from 280 to 400 nm) and the Ultraviolet
Protection Factor (UPF) was estimated according to the AATCC test method 183-2020.
RESULTS AND DISCUSSION
Wool knitted fabric was functionalized with (Z)-5-amino-1-(4-methoxyphenyl)-N'-phenyl-1Himidazole-4-carbohydrazonamide previously synthesized by the research group [9]. This compound
proved to be easily oxidized in contact with air and motivated the study of the colour under different
buffer solutions (Britton-Robinson, acetate and phosphate). Moreover, artificial body fluids were also
tested (artificial sweat and wound exudate). The UV-vis spectra of the solutions showed the emergence
of a light pink colour under acidic conditions and a strong blue colour under neutral or slightly alkaline
pH for Britton-Robinson and phosphate buffer (Figure 1-a). Only one exception was found using the
artificial sweat at pH 7. In this case, a pink colour emerged, similarly to the acidic conditions, but more
intense (Figure 1-a). The UV-vis spectra showed the appearance of an intense band around 595 nm with
neutral or alkaline pH using the Britton-Robinson and phosphate buffer (Figures 1-b and c). Using the
artificial sweat solutions from acidic to neutral pH, the band at 507 nm become more intense when the
pH is increased. Under artificial sweat at pH 8 and artificial wound exudate, the band at 595 nm emerged
again (Figure 1-d).

Figure 1. Colour changing of the amidrazone (Z)-5 amino-1-(4-methoxyphenyl)-N'-phenyl-1H-imidazole-4carbohydrazonamide under the initial solution (IS) without buffers, Briton-Robinson buffer (BR), acetate
buffer (A), phosphate buffer (P), artificial sweat (S) and artificial exudate (E) (a) and corresponding UV-vis
spectra (b, c and d).

Then, the amidrazone was used to dye a wool knitted fabric with solutions obtained with BrittonRobinson buffers at pH 5 and 8 by exhaustion at 40ºC. The colour of the wool samples was assessed in
the CIE L* (lightness), a* (redness-greenness), and b* (yellowness-blueness) space (Figures 2-a and b).
The colouration of the wool fabric changed from colourless, when acidic pH was used (Britton-Robinson
buffer at pH 5 and the control initial solution (pH 3)), to blue when the alkaline buffer was used (BrittonRobinson buffer at pH 8) (Figure 2).
The UPF of the samples was calculated and compared with a control sample without amidrazone. The
results showed that the functionalization increased the UPF from 15 (untreated wool) to 17-21 (wool
dyed with amidrazone) (Figure 2-c). The best result was obtained in the sample prepared in alkaline
conditions.
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Figure 2. Colour coordinates of the wool samples (L* - lightness values, a* - yellowness-blueness and b* redness-greenness) functionalized within amidrazone using the initial solution without buffers (IS) and
using the Britton-Robinson buffers at pH 5 (BR5) and 8 (BR8).

CONCLUSION
The amidrazone (Z)-5-amino-1-(4-methoxyphenyl)-N'-phenyl-1H-imidazole-4-carbohydrazonamide
was successfully applied on wool knitted fabric and showed interesting halochromic properties in acidic
and alkaline conditions. Under acidic conditions the wool sample remained uncoloured and in alkaline
conditions the colour changed to blue. In addition, the exhaustion process displayed good results at low
temperature (40ºC). The functionalization also increased the UPF value of the wool from good to very
good, according to AATCC 183-2020. This compound present high potential to be used as halochromic
dyes for wool in functional textiles for sports, healthcare and sensors.
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ABSTRACT
There is a high demand for the development of textiles possessing multifunctional properties for
outdoor, protective and health care applications. The coating of polyester (PES) textiles with metal
nanoparticles and essential oils may act in a synergistic mode to obtain materials with improved
antimicrobial and UV-protection properties. However, the lack of functional groups onto PES structure
makes the adhesion of particles a difficult task. In this work, PES fabric was activated by dielectric
barrier discharge (DBD) plasma treatment, and functionalized with zinc oxide nanoparticles (ZnO NPs)
and poly (methyl methacrylate) (PMMA)-citronella microcapsules by dip-coating.
KEYWORDS
UV-protective textiles, antimicrobial textiles, microcapsules, nanoparticles
INTRODUCTION
Antibacterial, anti-fungal, self-cleaning, UV protection, and hydrophilic properties have made metals
and metal oxides important active agents for advanced textiles [1]. Incorporating the metals and metallic
oxides on the nanoscale into the textile substrates can introduce the aforementioned functionalities
which are not inherent in the textile substrates. Among many metal nanoparticles (NPs), Zinc Oxide
(ZnO) NPs are promising due to their optical, antibacterial, magnetic, self-cleaning, antibacterial, and
semiconducting properties [2]. ZnO NPs display excellent antibacterial properties and non-toxicity
towards human cells. Thus, ZnO NPs have been incorporated in several protective materials [3-5]. The
microencapsulation of essential oils has been used as a suitable strategy for the development of effective
release models. Citronella oil is a biopesticide with a non-toxic mode of action and antimicrobial
properties [6-7]. Poly (methyl methacrylate) (PMMA) is a potential material to produce microcapsules
due to its non-toxic nature, good mechanical properties and easy processing [8-9]. Therefore, the
functionalization of polyester fabric with ZnO NPs and citronella microcapsules (MCs) can promote
multifunctional properties. The application of these both agents have shown interesting synergistic
properties [10]. Coating techniques are used to create functional textiles [4]. However, poor adsorption
of ZnO NPs to the textiles is a limitation. The addition of binding agents or changing the chemistry of
the substrate are some of the methods to improve the adsorption. An eco-friendly technique such as
dielectric barrier discharge (DBD) plasma treatment can be used to modify the surface properties of the
fabrics by introducing new functional groups and active species to increase the adsorption of ZnO NPs
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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onto the textiles [5]. Adsorption may be enhanced due to hydrogen bonds, van der Waals or dipolar
interactions [11].
In this study, DBD plasma treated and untreated PES fabric was coated with ZnO NPs and citronellaPMMA microcapsules. The UV-protective properties and antimicrobial activity against Staphylococcus
aureus and Escherichia coli of the samples were tested.
MATERIALS AND METHODS
1. Materials
Plain weave commercial PES fabric with a weight per unit area of 100 g.m-2 was washed prior to use by
applying 1.0 g.L-1 of a non-ionic detergent at 60 ºC for 30 min with a liquor ratio of 1:100, rinsed with
distilled water and dried at 40 °C. ZnO NPs (<50 nm) were acquired from Merck.
2. Citronella microcapsules synthesis
The PMMA microcapsules (MCs) were synthesized according to Al-Nemrawi et al.[12], with a
concentration adjustment of 3 wt.% SDS and 5 wt% PVA, and by adding Citronella oil.
3. Atmospheric DBD Plasma in air
DBD plasma treatment was performed in a semi-industrial prototype (Softal GmbH/University of
Minho) according the conditions described by Mehravani et al. [11]. The dosage applied onto PES fabric
was 7.5 kW m2.min-1.
4. Dispersions and PES samples preparation
ZnO NPs water dispersion (2 mg.mL-1) using polyethyleneimine as stabilizing agent (0.01%(w/v)) was
prepared in ultrasonic bath for 15 min followed by ultrasonic treatment for an additional 15 min. Then,
sodium dodecyl sulphate (0.05% (w/v)) and citronella microcapsules (0.5% (w/v)) were added to the
dispersion. PES (100 cm2) was functionalized by dip coating for 20 min and then dried at 40 ºC. Controls
of the formulations were prepared, with and without DBD plasma treatment
5. Measurement of UPF
The Ultraviolet Protection Factor (UPF) was determined according to EN 13758-d using UV-Vis
Spectrophotometer (UV-2600 -SHIMADZU).
6. Antibacterial evaluation
The antibacterial activity was assessed through an adaptation of American Association of Textile
Chemists and Colorists (AATCC) 100 TM 100 as described in Padrão et al. [13]. The tested bacteria
were S. aureus American Type Culture Collection (ATCC) 6538 and E. coli ATCC 25922.
RESULTS AND DISCUSSION
PES fabric was successfully functionalized with ZnO NPs and citronella oil MCs. Microscopic images
showed the presence of MCs in all samples with a good distribution (Figure 1). The UPF values were
calculated and all samples showed similar or superior protection compared with control samples. In the
samples functionalized with both ZnO NPs and MCs, the best result was obtained when DBD plasma
treatment was performed (Table 1). The differences may be attributed to the amount, distribution and
agglomeration state of ZnO NPs in the samples. The values were highest for the PES with only MCs.
Control samples display excellent UPF values, however in the majority of the conditions the ZnO NPs
and MCs further enhanced UPF due to light reflection and scattering.
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Figure 1. Images of the samples containing ZnO NPs and MCs at a magnification of 100x. a) PES b)
PES+ZnO+MCs c) PES DBD+ZnO+MCs (images obtained by a Leica DM750 microscope and a Leica
MC170 HD camera).
Table 1. UV-Protection of the PES samples.
SAMPLES
PES
PES DBD
PES + ZnO
PES DBD + ZnO
PES + MCS
PES DBD + MCS
PES+ZnO + MCS
PES DBD+ZnO+MCS

UV-A
12.2
12.2
11.6
11.7
10.3
10.1
13.5
10.8

UV-B
0.6
0.6
0.6
0.6
0.4
0.5
0.6
0.5

UPF
57
57
60
56
71
71
52
63

Figure 2 displays the antibacterial properties of the PES samples. Interestingly, all formulations
exhibited a high effectiveness against S. aureus, where the samples PES + MCs or PES + ZnO + MCs
with and without DBD showed disinfection properties. Whereas, against E. coli all samples exhibited
low or moderate antibacterial activity. However, the PES + ZnO + MCs, with and without DBD,
exhibited a reduction of 99.99999 % (log reduction >6), indicating an effective sterilization [14]. The
synergistic effect against E. coli was evidenced by comparing the antimicrobial results of the sample
only with MCs or ZnO NPs, where a low antimicrobial effect was found comparing with the samples
with both ZnO NPs and MCs. In the sample with both MCs and ZnO NPs, the antimicrobial results
increased to log reduction of 7. The results were in accordance with the literature, where better properties
of citronella MCs against S. aureus and superior properties of ZnO NPs against E. coli were found [15].
Thus, it can be concluded that the combination of MCs of citronella oil and ZnO NPs have the potential
to be used in biomedical applications to fight against S. aureus and E. coli.

Figure 2. Antibacterial activity evaluation against: a) S. aureus and b) E. coli.

CONCLUSION
DBD plasma treated PES fabric functionalized with ZnO NPs and citronella microcapsules showed to
increase the UPF of the fabric and also acting in synergy according to antimicrobial results. Furthermore,
due to the presence of citronella, the developed textile displays potential insect replant properties.
Therefore, the developed fabric present potential to be used in outdoor, protective and health care
textiles. These may encompass the development of hospital tents.
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ABSTRACT
Halocromic dyes change theis colour with pH. There is a problem focused on the determination of the
concentration for halochromic dyes attached to a fibre. This article studies the influence of
halochromism on the absorbance measurement protocol of polyamide dyeing wastewater with Rose
Bengal. For this purpose, two dyes are prepared at neutral and acid pH, and their concentrations are to
be determined by absorbances of exhaustion and washing wastewaters. In addition, in order to check
their fastness, a washing test is carried out on dyed fabrics and on fabrics post treated with a fixer.
KEYWORDS
Halochromism, Acid Red 94, absorbance, wavelength, dye, polyamide.
INTRODUCTION
In exhaustion dyeing, the aim is both, for the dye to enter the fibre and to remain fixed to it, so it is
important to know when the fibre is saturated and to determine an optimum concentration for its
application. In order to know the precise amount of dye that stays attached, the absorbance measurement
method can be used to measure the absorbance of the dyeing wastewater by means of absorption
spectrophotometry. For this, it is necessary to comply with Lambert Beer's Law, which relates the
absorbance of a substance and its concentration proportionally if a certain saturation is not exceeded,
therefore it is necessary that the samples are well diluted [1].
However, halochromism, despite being a quality that can be of interest for many purposes, such as
obtaining sensors for healthcare [2], is a property that can be detrimental to the measurement procedure.
By altering the colour, the wavelength at which the compound absorbs may be modified, which could
lead to inconsistencies in the assessment of concentrations.
In previous investigations, it has been shown that this problem is generated in polyamide dyeing with
Rose Bengal, since the halochromism of this dye produces a considerable decrease in colour intensity
at highly acid pHs, and its wavelength of maximum absorbance shifts considerably when they are lower
than 3.6. (Figure 1).
Rose Bengal dye has antibacterial properties and has been widely used in many chemical-health fields
[3]. As a dye applicable to textiles, it is interesting to check at what concentration these antibacterial
properties can be obtained by dyeing the fabric. Therefore, in this study, the dyeing of polyamide with
Rose Bengal at neutral pH and acid pH is carried out, measuring the absorbances of the wastewater from
the processes. In addition, a fixation treatment shall be applied to check by washing whether the fastness
is improved.

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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Rose Bengal at different pHs
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Figure 1. Absorbances of Rose Bengal at different pHs.

MATERIALS AND METHODS
To begin with, two 10 g samples of polyamide fabric were cut and placed in non-ionic wetting agent at
1 g/L at pH 7.7 for about 10 minutes, with this pre-treatment in an attempt to ensure that when dyeing
takes place, the fabric is impregnated equally.
The parameters followed to prepare both solutions were: Bath ratio 1/40 and Acid Red 94 (Rose Bengal)
dye at 1% over fibre weight (o.f.w). The difference between both preparations will be the application of
1 ml/L acetic acid in one of them.
A pHmeter model Crison pHMETER GLP22 was used to determine the pHs. The pHs obtained were
7.3 in the case of the solution with only distilled water and 3.7 in the case of the solution with acetic
acid.
These adjustments were made because Rose Bengal is an acid dye, dyeing is conducted generally at acid
pHs. At pH7 it has two negative charges [4] and polyamide has a positive charge. The aim of these tests
is to check which provides the best depletion result.
Once the baths were obtained, and it was checked that there were no significant visual differences in
colour intensity (Figure 2), the dyeing process was started, which in this case was carried out in Tint
control Renigal Multi-mat. The dyeing temperature was 90º C for 60 minutes, adding 10 g/L of Na2SO4
at 20 and 40 minutes.

Figure 2. Dye baths pH 3.7 y 7.3.

At the end of the exhaustion process, the intensity and colour of the exhaustion wastewater was
observed, and it can be seen (Figure 3) that at first sight it seems that exhaustion at pH 3.7 is higher, as
almost no pink can be observed in solution. However, knowing the characteristics of this dye, both baths
were brought to pH 11 in order to be able to compare correctly without the influence of halochromism.
Absorbance measurements of all test wastewaters were carried out at wavelength 550 nm using quartz
cuvettes inserted in a Zuzi 4251/50 absorbance spectrophotometer.

605

21st World Textile Conference AUTEX 2022

Passion for Innovation

June 7-10, 2022, Lodz, Poland

Figure 3. Dye exhaustion wastewater pH 3.7 (A) to 11 (B) and pH 7.7 (C) to 11 (D).

After dyeing the fabrics, a colour fixation procedure was carried out at pH 7 using 30g/L of PROESfix
KN25 cationic fixative for polyamide, the fabrics were split in half to apply the fixative to one of their
parts, dipped in the fixative solution at room temperature for 30 minutes, passed through the foulard,
dried at 90º C and thermofixed at 150ºC for 45 sec.
The washing test was conducted, for the 4 samples obtained, at pH 10, in lintiest Fong's based on the
UNE-EN ISO 105-C06:2010 standard, with A1S test conditions: sample cut to 40x100 mm, 150 ml of
washing bath, 40º C, 30 min and with 4 g/L of bleach-free detergent and 10 steel balls. In addition, a
standardised multi-fibre test piece sewn to one end of the sample.
Once the fabrics were completely dry, the chromatic coordinates were determined with a MINOLTA
SPECTROPHOTOMETER CM-3600d reflection spectrophotometer with D65 illuminant and 10°
observer.
RESULTS AND DISCUSSION
The concentrations were determined according to the equation of a previously calculated calibration line
as shown in Figure 4.

Absorbance

ACID RED 94

y = 0,1026x + 0.0004
R² = 0.9999
0

2

4

6

8

10

12

Concentration (mg/l)
Figure 4. Calibration line Rose Bengal pH7.

The absorbances measured and their concentration calculation are shown in table 1. The percentage of
exhaustion achieved is distinguished depending on the pH adjustment made. The value considered
significant and appropriate for comparing the exhaustion efficiency of the differents baths is that of both
adjusted to pH 11, as it shows that, although at first sight it seems that the bath at pH 3.7 has achieved
better exhaustion (fig.3), when the pH is adjusted to 11 along with the other bath, the absorbance
measured is higher. Taking this into consideration, a % exhaustion of 91% is calculated in the case of
the dyeing carried out at pH 3.7 and 98% in the case of the dyeing at pH 7.3. It can also be seen in the
results of Table 1, where dilution with water or with a solution at the same pH as the starting pH,
modifies the absorbance obtained and therefore, the calculated concentration.
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Table 1. Absorbances and concentrations of water wastes.

Absorbance

pH 3.7

pH 7.3

Initial solution (1/10 with water)
Initial solution (1/10 with water and acetic acid)
Exhaustion
Exhaustion pH11
Fixed
Washing without fixer
Washing with fixer
Initial solution (1/10 with water)
Exhaustion
Exhaustion pH11
Fixed
Washing without fixer
Washing with fixer

1.5361
0.2089
0.0828
1.5031
0.0806
0.119
0.0509
1.7423
0.311
0.2923
0.0477
0.1164
0.027

Concentration
(mg/L)
149.678
20.322
0.803
14.646
0.782
1.156
0.492
169.776
3.0273
2.845
0.461
1.131
0.259

Figure 5. Colour fastness to laundry.

The CIELAB chromatic coordinates obtained are shown in Table 2, from which it is determined that at
pH7 the colour intensity is higher, since its L (lightness) is lower and its a (red) is higher. In addition,
the coordinates of the fabrics fixed were measured, from which it is noted that the dyed fabric fixed at
pH3.7 has an appreciable difference while that at pH7.3 does not.
Table 1. Colour coordinates dyed polyamide at different pHs.

Acid Red 94 pH3.7
Acid Red 94 pH7.3

L
45.939
44.807

a
61.674
62.658

b
-17.963
-17.124

DE*ab
1.719

The results of change in colour degradation from laundry, according to the indicated standard, by means
of a normalised grey scale, are those indicated in Table 3.
Table 2. Washing degradation index.

Washing AR94 pH3.7
Washing AR94 pH3.7 fixed
Washing AR94 pH7.3
Washing AR94 pH7.3 fixed
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The stainig values in the control are not indicated since it was observed that there were no significant
differences in colour transfer by areas of the multifibre test piece. It is only noted that the control of the
fabric dyed at pH7 without fixer shows higher stain.
CONCLUSION
Considering the variations that can be produced (Table 1), it is highlighted the importance of measuring
absorbances at the same pH at which the calibration line was performed. Also, the benefits of fixation
have been demonstrated, since in both cases a lower amount of dye was achieved in the waste water
from laundry when fixative was applied (Table 1). In this study, the highest colour intensity was
achieved at pH 7 (Table 2), which was also the one that left the lowest concentration of dye in the
wastewater, although in the determination of degradation and discharge of the washing test it was the
one that gave the worst result, therefore, the fact that the washing water has less dye may be due to the
fact that the control absorbed higher quantity of dye (Table 3).
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ABSTRACT
Current COVID-19 pandemic has underscored the requirement of antiviral properties in a plethora of
textile applications. These include textiles used in home areas prone to fire such as kitchens, windows
and electronic panel areas, but also in the automotive industry such interior textiles and hood insulation
pad covers. Therefore, this work describes the characterization of a fully sustainable textile: bacterial
nanocellulose, functionalized to achieve an impressive flame retardancy.
KEYWORDS
Bacterial nanocellulose, mordenite, zeolite, flame retardant.
INTRODUCTION
Textiles are present in our daily life in varied applications including home textiles, automotive, and
clothing. For this reason, flame retardancy of textiles is ubiquitously relevant, and their requirements
are described in a series of existing regulations [1]. Cellulosic materials are not inherently ignition
resistant thus requiring a flame retardant finishing system treatment to prevent small flame ignition.
Among the many industrially important zeolites, mordenite is found to be interesting because of its
unique and exceptional physical and chemical properties [1]. Zeolites are microporous, aluminosilicate
minerals commonly used as commercial adsorbents and catalysts. Mordenite (MOR) is one of the 234
zeolites with different structures already identified and one of the six most abundant zeolites.
Synthesized by the hydrothermal method, MOR is a high-silica molecular sieve possessing two pore
channels with an ideal composition of Na8Al8Si40O96.nH2O. It is and has been effectively used in the
adsorption and separation of gas or liquid mixtures involving acidic components. As a catalyst,
mordenite zeolite is used in various important industrial reactions like hydrocracking, hydroisomerization, and alkylation [2]. The envisaged objective is to reduce the flammability of nonwoven
textiles, namely a biopolymer-based textile, bacterial nanocellulose (BNC). BNC is synthesized by
bacteria and is composed of a 3D matrix of 100 % nanofibrils of cellulose, each with a diameter ranging
between 20 to 100 nm, resulting in a nanoporous mesh with diameter between 100 to 300 nm [3]. When
BNC producing bacterium are cultured in static culture, the BNC is formed as membrane at the surface
of the culture medium and adopts the shape of the available surface. Therefore, it is easy to control the
membrane surface shape, as well as its thickness, which can be controlled by the incubation time (longer
incubation time will result in a larger thickness). Such conditions result in a membrane with exhibits
mechanical properties roughly equivalent to Kevlar® and an impressive biocompatibility [4]. Therefore,
© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)
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possible applications of this mordenite modified BNC (BNC_MOR) include textiles for curtains in
hospital environments, home areas prone to fire such as kitchens, windows and electronic panel areas,
but also in the automotive industry such interior textiles and hood insulation pad covers.
MATERIALS AND METHODS
Bacterial Nanocellulose Processing - BNC membranes were obtained from Gluconacetobacter hansenii
(G. hansenii) ATCC 53582 bacteria cultured in a Hestrin and Shramm (HS) culture medium. HS was
prepared with 20 g/L glucose (Carlo Erba, Barcelona, Spain), 5 g/L peptone (Himedia, Mumbai, India),
5 g/L yeast extract (Sigma-Aldrich), 2.5 g/L magnesium sulfate (Panreac AppliChem, Barcelona,
Spain), 2.7 g/L sodium phosphate anhydrous (Panreac AppliChem), and 1.15 g/L citric acid
monohydrate (Merck). The media was prepared in distilled water (dH2O) and autoclaved at 121 °C for
20 min. BNC was obtained by fermenting G. hansenii under static culture conditions using HS culture
medium at 28 °C. Afterwards, to disrupt the G. hansenii cells, the membranes were autoclaved. After
cooling, the membranes were rinsed with tap water and submerged into 1 M sodium hydroxide for 24 h
to remove any medium residues and cellular debris. The BNC membranes were abundantly rinsed with
water until neutral pH is achieved. Finally, the never-dried BNC membranes were cut into 1 mm thick
films, autoclaved in dH2O and stored in aseptic conditions until further use [5].
Mordenite - Mordenite HCZM 40 was obtained from Clariant International Ltd.
Exhaustion method - Previously dried BNC membranes (room temperature) were immersed in a
dispersion containing 25 g/L of mordenite in water. For control, BNC membranes were immersed in 60
mL of distilled water. The samples were placed inside IBELUS (C-720, Pregitzer & Ca. Lda.) and left
for 8 hours at 60 °C (2 °C/min) under rotation at 50 rpm with cycles of 50 seconds.
Antimicrobial activity - To assess antibacterial effectiveness of mordenite when embedded within a BNC
membrane, Staphylococcus aureus (S. aureus ATCC 6538) and Escherichia coli (E. coli ATCC 25922)
were tested. Trypticase soy broth (TSB) and trypticase soy agar (TSA) media were purchased from
Merck. Antiviral assays were performed using MS2 bacteriophage (ATCC 15597-B1) and E. coli ATCC
15597 was used as MS2 host. Culture media and conditions used followed the same procedure as
described in [6].
Contact inactivation - Bacteria inoculums were prepared in TSB and incubated overnight at 37 °C and
120 rpm. Each test was carried out using an initial concentration of 1.0×107 CFUs/mL for the bacteria
and 1.0×107 PFUs/mL for the virus. BNC_MOR membranes were evaluated quantitatively following
an adaptation of the standard AATCC 100-TM100 [6].
Flame retardancy properties - Burn time was verified according to the Standard for the Flammability
of Clothing Textiles 16 CFR Part 1610. According to the standard, the test was performed at an angle
of 45° and the specimen size was 50 mm by 150 mm. Flammability was measured as the time needed
for the sample to completely burn.
Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectroscopy - The surface
chemistry and chemical composition of the BNC and BNC-NZ films were analyzed by ATR-FTIR. A
Shimadzu IRAffinity-1S FTIR spectrophotometer (Switzerland), coupled with a HATR 10 accessory
with a diamond crystal, was used to record the films spectra, performing a total of 45 scans at a spectral
resolution of 8 cm-1, over a range 400–4000 cm-1. BNC films were air-dried overnight at RT. The
samples were placed onto the crystal using air at 20 °C as background.
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RESULTS AND DISCUSSION
Following exhaustion, the BNC and BNC_MOR samples were left to dry at room temperature. As
observed Figure 1, when mordenite is incorporated in BNC no considerable differences are observed,
the BNC_MOR just became slightly darker. Thus, the aesthetical properties were not drastically
affected.

Figure 1. Dry BNC membranes after exhaustion: BNC control (left) and BNC in a 25 g/L dispersion of
mordenite in distilled water.

Morphological Characterization – FTIR
BNC_MOR samples exhibit characteristic absorbance bands of pristine BNC, hydroxyl stretching
vibration (3353 cm-1) and aldehyde stretching (2916 cm-1) [5]. Mordenite zeolite presents a strong T–O
stretching vibration band (∼ 1057–1070 cm-1), where T is commonly silicon and aluminum. Other bands
appear near 787 cm-1 (amorphous SiO2), 555 cm- 1 (feldspar) and 400 cm-1 (Si-O-Si bending vibration)
[7]. BNC_MOR presents typical pristine BNC (3353 cm-1 and 2916 cm-1). Although faintly perceivable,
BNC_MOR does not seem to present typical MOR characteristic peaks which could be due to a smaller
concentration compared to BNC or by being masked by the BNC band.
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Figure 2. ATR-FTIR spectra BNC_MOR and BNC films, and MOR (4000–400 cm−1).

Antimicrobial activity
The antimicrobial efficacy of the MOR modified BNC was assessed using bacteria E. coli and S. aureus
and MS2 bacteriophage by contact inactivation. BNC without functionalization was used as control and
as expected, showed no relevant antimicrobial effect. BNC_MOR did not present bacterial reduction for
E. coli, contrary to what has been suggested in the literature [8]. On the contrary, a maximum of 90 %
reduction against S. aureus and a relevant 98 % of antiviral activity was verified.
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Figure 2. Antimicrobial action of BNC (control) and MOR modified BNC (BNC_MOR).

Flame retardancy properties
BNC was used as control during the flammability tests. BNC took 3.6 seconds to completely burn.
Therefore, according to the Test Criteria Specimen Classification, BNC is a Class 2 textile. BNC_MOR
sample did not burn, clearly denoting the effectiveness of MOR as flame retardant. Zeolites are often
used in synergy with additional flame retardant additives [9,10]. To the authors knowledge this is the
first work describing the sole use of a zeolite as a highly effective fire retardant. This result may be due
to the incorporation of MOR within the nanofibrous structure of BNC. Thus, no adjuvants are required
in combination with MOR, as needed in macrostructure textiles.
CONCLUSION
The BNC functionalization through incorporation of MOR zeolite has displayed an excellent
improvement of flame retardancy properties. Furthermore, BNC_MOR exhibited nearly 99 % of
antiviral activity against an encapsulated virus. Therefore, a multifunctional nanomaterial was obtained
in a single step using a sustainable approach. No aggressive chemicals were use nor problematic
effluents were produced, since BNC is generated by bacteria and MOR waste may be recovered through
evaporation. Thus, BNC_MOR may be used in: Hospital, automotive and military textiles applications.
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ABSTRACT
The paper examines the anthropotechnical design of orthopedic footwear for patients with diabetic foot
syndrome. A 3D distance knitted fabric is used for the shoe insert. For the purpose of the research, a
7 mm thick knitted fabric with transverse elasticity of 76 kPa was designed and produced on a doublebar warp knitting machine. With the use of the FreeMed Professional strain gauge mat, the pressures
exerted by the foot on a „bare” walking surface and on the surface equipped with the distance knitted
fabric were measured and compared, proving that in the latter case the unit pressure on the patient's foot
decreased by 25%. The obtained measurements provide a good starting point for further research on the
optimization of loads on the human foot, in case of various lower limbs diseases, including anatomical
changes, as well as and in relation to people who are physically overloaded due to working in standing
position or being in constant motion.
KEYWORDS
diabetic foot, 3D distance knitted fabric, strain gauge mat.
INTRODUCTION
Diabetes mellitus is a serious disease which is more and more common and many medical specialists
classify it as social disease [1,2]. The number of people suffering from diabetes in Poland and all around
the world is growing dynamically. According to the estimates made by the International Diabetes
Federation (IDF), in 2020 there were over 400 million adults with diabetes in the world. Diabetes
mellitus may lead to the development of diabetic foot syndrome and due to the complications resulting
from the violation of biochemical processes in the human body, may cause tissue degradation, nonhealing wounds, physical deformities of the feet, gait disturbances and, in the worst cases, may result in
complete amputation of the limb [3–5].
Footwear worn by people suffering from diabetic foot syndrome should be designed so as to evenly
distribute the loads exerted on the foot, eliminating pressure peak points to avoid blood circulatory
disorders and obstruction of blood supply [6].
The main purpose of the research presented in the paper was to analyze surface distribution of pressure
exerted by the human foot on the shoe sole equipped with an orthopedic insert made of a 3D distance
knitted fabric.

© 2022 by the authors. This article is an open access article distributed under
the terms and conditions of the Creative Commons Attribution (CC-BY) license
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The methods of measuring pressure exerted on the human foot by his own body weight in the static and
dynamic system are mainly based on rigid or flexible measuring platforms equipped with sensors for
pressure measurements [7].
MATERIALS AND METHODS
The research material for this work is a prototype of a shoe insert in the form of a 3D distance knitted
fabric. It was assumed that an insole with such a structure will enable the achievement of the goal
described above, i.e. even distribution of pressure exerted on the foot.
The design and construction simulation of the tested knitted fabric were carried out using the ProCad
Warpknit software. The visualization of the designed fabric is shown in Fig. 1. The resulting structure
consists of: 1-rib based pillar stitch, 2-weft stitch, 3-pillar stitch with inner layer connectors, 4-rib based
tricot stitch 5-mixed pillar stitch, 6-weft stitch. The distance knitted fabric was produced on the Nippon
K. Mayer LTD double-bar warp knitting machine RMDU6, needle gauge E18, owned by the Department
of Knitting Technology and Textile Machines of the Lodz University of Technology.
The actual structure of the knitted fabric was identified using a stereoscopic microscope equipped with
an OPTO-TECH X2000 digital camera, Fig. 2.
Structural parameters of the knitted fabrics: weft and warp density Pr = 102 courses /100mm,
Pk = 75 wales /100 mm, surface density Mp = 692 g/m2, diameter of PES monofilament forming the
spacer layer d = 0.15 mm, fabric thickness g = 6.9 mm.

a

a

b

b

c

c

Fig. 1. Computer simulation of knitted fabric
structure: a) top view, b) cross-section along
courses, c) cross-section along wales.

Fig. 2. Microscope photos of knitted fabric:
a) surface of knitted fabric b) cross-section
along courses, c) cross-section along wales.
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For the tested knitted fabric, the transverse elastic modulus was measured using a HOUNSFIELD
H50K-S testing machine, equipped with a measuring head with a maximum force of 5 kN. Young's
modulus for the tested fabric equals 75.5 kPa.
To measure the foot pressure distribution on the surface, a 380 cm long FreeMed Professional strain
gauge mat was used with an active track of 180x50 cm. The platform evaluates the reaction of surface
forces under both static and dynamic conditions. The device makes it possible to test the correctness of
foot pressure on the surface, body balance (posturographic examination), the correctness of eye-hand
coordination and gait and movement disorders. The mat is equipped with square resistance sensors with
measurement frequency of 250-400 Hz and dimensions of 55 mm (Fig. 3).

Fig. 3. FreeMed Professional strain gauge.

The FreeMed strain gauge mat is compatible with the FreeSTEP Professional software which enables
comprehensive analysis of the patient’s movements.
In the first phase of the study the measurements were carried out for a person standing barefoot, and
they constitute a reference point for the subsequent values. In the next step, pressure measurements were
made for the variant of the distance knitted fabric described above. The tested person was a healthy
24-year-old male weighing 73 kg. In standing position he demonstrated a certain asymmetry of loads:
the load on the left foot equalled 29 kg, while on the right foot it was 34 kg.
RESULTS AND DISCUSSION
The maps showing loads (pressure) distribution on the feet under static conditions for the reference
variant (the foot placed directly on the measuring mat) and when the foot is placed on the distance
knitted fabric are presented in Figure 4. The maps of surface pressure distribution for the two presented
variants differ in the foot contact area with the ground. The colour differentiation from red to dark blue
shows the decreasing pressure differences.

4a

4b

Fig 4a. Distribution of pressure exerted on feet
placed directly on measuring mat.

Fig 4b. Distribution of pressure exerted on feet
placed on distance knitted fabric.
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In the Free Step Professional environment, full reports from the series of static and dynamic tests were
automatically obtained, including the locations and values of maximum pressures, percentage load of
the feet with the patient's body weight, percentage pressures exerted by the forefoot and hindfoot, feet
contact areas with the ground and percentage load in six areas for each foot.
Dynamic tests enable a more thorough analysis of pressure distribution. They include four additional
phases of the foot support, starting when the heel contacts the ground and ending when the toes are lifted
up. The values of the foot pressure on the ground are presented in Table 1.
Table 1. Pressure exerted on researcher’s foot.

FREEMED STRAIN GAUGE MAT
Barefoot dynamic measurement
Barefoot static measurement
Left foot
Right foot
Left foot
Right foot
Pa, kPa
Pmax, kPa
Pa, kPa
Pmax, kPa
Pa, kPa
Pmax, kPa Pa, kPa
Pmax, kPa
27.1
49,9
26.3
46.3
64.5
180.8
73.1
187.9
Knitted fabric - dynamic measurement
Knitted fabric - static measurement
Left foot
Right foot
Left foot
Right foot
Pa, kPa
Pmax, kPa Pa, kPa
Pmax, kPa
Pa, kPa
Pmax, kPa
Pa, kPa
Pmax, kPa
18.2
34.4
19.3
35.6
51.6
129.8
50.8
147.9

The analysis of static pressures exerted by the right and left foot placed on a distance knitted fabric
showed a decrease in the pressure values compared to the situation when the feet were placed directly
on the measuring mat. The decrease in the maximum pressure values equaled 27%, while the average
pressure dropped by 30%. When the measurements were performed under dynamic conditions (when
the patient was walking), the decrease in pressure values is also observed. For the maximum values it
equals 20.5% and for average pressure it amounts to 25.3%.
This analysis clearly shows that while using an additional layer in the form of a distance knitted fabric
the pressures exerted on the patient's feet are reduced by ¼.
CONCLUSION
The new technologies and materials in the form of 3D distance knitted fabrics may be applied in
orthopedic footwear for people with diabetic foot syndrome. This research can also be worthwhile in
anthropotechnical design of footwear for people with birth or acquired defects involving feet, patients
after partial foot amputation, and for those suffering from circulatory disorders in the lower limbs.
Orthopedic insoles made of distance knitted fabrics can be widely used in work shoes for physically
overloaded people who mostly work in standing position or are in constant motion, for example for
salesmen, doctors, waiters or teachers. A more advanced method of designing insoles made of distance
knitted fabrics involves personalizing their structure and properties in relation to the foot anatomy and
specific needs of the users.
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