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ABSTRACT

The work deals with the development of electrically conductive knitted fabrics and their
deformation characteristics. The effect of deformation on changes in -electrical
characteristics is measured by the high-frequency electromagnetic radiation (EM) shielding
method. EM radiation of these frequencies penetrates electrically non-conductive materials
and is reflected or absorbed by electrically conductive materials. This makes it possible to
monitor the change in electrical resistance of textiles, which characterizes the deformation
of the sample in tension.

This work is divided into two basic parts: a part of the analysis of electrically conductive
yarn and a part of the production and analysis of electrically conductive knitted fabrics. In
the yarn analysis part, a conductive commercially available silver-plated polyamide yarn
(Statex Inc., Bremen) with a fineness of 60 tex containing 36 filaments with a specific
electrical resistance of 68+14 Q/m and a tensile strength of 47 cN/tex was used. To simulate
the electrical resistance of the yarn related with its length and to simulate the effect of
contact resistance, three different yam configurations (single yam (SY), single loop yarn
(SLY) and multiloop yarn (MLY)) were used. Electrical resistance was tested for all yarn
arrangements. The tensile strength of the yarmn arrangements was analyzed by tensile stress
at a strain rate of 50 mm/min. Multiloop yamn has been found to have higher strength than
other forms of yarn. Changes in electrical resistance during tensile stress were evaluated
using Arduino resistance circuit probes that were connected to the jaws of the tensile
strength tester and real-time values were recorded using a MATLAB programming language
program. It was confirmed that the electrical resistance decreases as the number of loops
increases.

In the subsequent part of the work, two patterns of knitwear were produced on a flat knitting
machine, a plain "single jersey" and a 1x1 ribbed "double jersey". Three different densities
were produced in each design: low, medium and high. The effectiveness of the
clectromagnetic shielding (SE) of knitted fabrics was tested using a frequency range of 30
MHz to 1.5 GHz according to the ASTM D4935-18 standard. It was found that the higher
the sample density, the higher the SE. The double jersey had a higher SE than the single
jersey and the difference was around 15 dB at 1.5 GHz frequency. The thickness of the

knitted fabric and the porosity have decreased due to the increase in stitch density.



A special device with four independent jaws was used for tensile deformation of knitted
samples in one direction (transverse and longitudinal) and in two directions (biaxial). The
knitted fabrics were stretched up to 25% strain and electromagnetic shielding, electrical
resistance and porosity were measured.

"Single Jersey" shielding efficiency has an increasing trend in all stretching directions. The
effectiveness of the double Jersey shield has an increasing trend in vertical stretching, but
horizontal and biaxial deformation initially reduces the shielding effectiveness. The porosity
and electrical resistance results against stretching of the knitted fabric in all directions were
also analyzed. The reason for changes in fabric behavior was analyzed using data from the
electromechanical survey of simple yarn formations. A stochastic model based on multiple
regression analysis and using partial regression graphs was proposed to predict the
effectiveness of electromagnetic shielding of knitted fabrics based on knowledge of their

electrical conductance/resistance and porosity.

Keywords: Wireless strain sensor, silver coated polyamide yam, tensile strength, single
loop yarn, multiloop yarn, single jersey, double jersey, flat knitting, electromagnetic

shielding effectiveness, fabric porosity, electrical resistance, and biaxial elongation.



ABSTRAKT

Prace se zabyva vyvojem elektricky vodivych pletenin a jejich deformacni charakteristikou.
Vliv deformace na zmény elektrickych charakteristik se méfi metodou stinéni
vysokofrekvenéniho elektromagnetického zafeni (EM). EM zafeni téchto frekvenci pronika
elektricky nevodivymi materidly a je odrazeno nebo pohlcovano elektricky vodivymi
materialy. To umoziiuje monitorovat zménu elektrického odporu textilii, coz charakterizuje
deformaci vzorku v tahu.

Tato prace je rozdélena na dvé zakladni ¢asti: ¢ast analyzy vodivé prize a ¢ast vyroby a
analyzy vodivych pletenin. V ¢asti analyzy pfize byla pouzita vodiva komeréné¢ dostupna
postiibfena polyamidova pfize (Statex Inc., Bremen) jemnosti 60 tex obsahujicich 36
filamentl s mémym elektrickym odporem 68+14 Q/m a pevnosti v tahu je 47 cN/tex. Pro
simulaci elektrick¢ho odporu pfize souvisejiciho s jeji délkou a vlivu kontaktniho odporu
byla pouzita tfi rizna usporadani pfize (jednoducha prize (SY), pfize s jednou smyckou
(SLY) a pfize s vice smyckami (MLY)). Pro vSechna usporadani prizi byl testovan
elektricky odpor. Pevnost v tahu prizovych usporadani byla analyzovana tahovym
namahanim pfi rychlosti deformace 50 mm/min. Bylo zjisténo, Ze pfize s vice smyckami ma
vyS$Si pevnost nez jiné formy pfize. Zmény elektrického odporu béhem tahového namahani
byly hodnoceny s vyuzitim sond odporového obvodu Arduino, které byly spojeny s celistmi
trhaciho pristroje a hodnoty v realném case byly zaznamenavany pomoci programovaciho
jazyka MATLAB. Bylo potvrzeno, ze elektricky odpor klesa s ristem po¢tu smycek.

V navazujici ¢asti prace byly na plochém pletacim stroji vyrobeny dva vzory pletenin,
hladky ,.single Jersey™ a 1x1 Zebrovy ,double Jersey™. V kazdém provedeni byly vyrobeny
tfi ruzné hustoty: nizka, stfedni a vysoka. Byla testovana ucinnost elektromagnetického
stinéni (SE) pletenin od frekvence 30 MHz do 1.5 GHz podle normy ASTM D4935-18.
Bylo zjisténo, ze ¢im vyssi je hustota vzorku, tim vyssi je SE. Pletenina ,,double Jersey*
m¢la vyssi SE nez pletenina , single Jersey™ a rozdil byl kolem 15 dB pii frekvenci 1,5 GHz.
Tloustka pleteniny a porozita se snizily diky zvyseni hustoty ocek.

Pro tahovou deformaci pletenin v jednom sméru (pficném i podélném) a ve dvou smérech
(dvouosé) bylo pouzito specialni zafizeni se ¢tyfmi nezavislymi celistmi. Pleteniny byly
protazeny az do 25 % deformace a bylo méreno elektromagnetické stinéni, elektricky odpor

a porozita.



Uginnost stinéni ,.single Jersey ma rostouci trend ve viech smérech protazeni. Uéinnost
stinéni ,,double Jersey™“ ma rostouci trend ve vertikalnim i podélném protahovani, ale
biaxialni deformace zpocatku ucinnost stinéni snizuje. Rovnéz byly analyzovany vysledky
poréznosti a elektrického odporu proti napinani pleteniny ve vSech smérech. Divod zmén v
chovani tkaniny byl analyzovan pomoci dat z elektromechanického prizkumu
jednoduchych prizovych utvart. Pro predikei ucinnosti elektromagnetického stinéni pletenin
na zaklad¢ znalosti jejich elektrické vodivosti/odporu a porozity byl navrzen stochasticky

model na bazi vicenasobn¢ regresni analyzy a s pouzitim parcialnich regresnich grafi.

Kli¢ova slova: Bezdratovy snimac deformace, stfibrem povrstvena polyamidova prize,
pevnost v tahu, pfize s jednou smyckou, prize s vice smyckami, hladka pletenina, 1x1
zebrova pletenina, ploché pletaci stroje, elektromagneticka stinici ucinnost, porozita

pleteniny, elektricky odpor, and dvouosé tahové namahani.
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1 INTRODUCTION

Textile based materials and composites are generally suitable for EMI shielding
applications. Traditional textile materials are electrically nonconductive, but the coating,
deposition, and blending with conductive materials make them electrically conductive,
which is suitable for EMI shielding applications. It is also possible to observe a change in
electrical conductivity as well as a change in electromagnetic radiation during their

mechanical stress, which is an interesting property for other purposes of use.

In the preliminary investigations, the nonconductive and conductive textile materials with
different electrically conductive additives were analyzed for electromagnetic shielding
effectiveness [1]. The effect of moisture content in the textile on its ability to shield
electromagnetic fields was also investigated [2]. Further, the copper-coated nonwoven strips
are modeled to study porosity and contact resistance on EMI shielding [3]. Since most of the
findings are published in high-impact journals, the results of these studies are discussed in

more detail in the literature review section of this thesis.

The main theme of the thesis is to study the deformation sensitivity of the weft-knitted
fabrics made of silver-coated yarns. First, the electrical and mechanical properties of yarns
were investigated, then the electromechanical properties of simple structural elements were
explored, and then the change in electrical conductivity, electromagnetic shielding and other
interesting characteristics during tensile stressing of two knitted fabrics were studied. A
stochastic model is presented, which can be used to predict the level of the electromagnetic
shielding ability of the knitted fabrics based on the knowledge of their electrical

conductivity and the porosity.

2 PURPOSE AND AIM OF THE RESEARCH

Textile materials are used for many applications, from human clothing to advanced
technology: electrically conductive textile is one part of the emerging field. In particular,
electric and electronic devices' electromagnetic interference shielding is much needed;
protecting human beings from this radiation is also important. The electrically conductive
textile material has the property of shielding the EM radiation and it can be newly used also
for deformation sensing applications. In this case the deformation sensing is measured with
wireless technology with the help of EM radiation of conductive textile material. The

applied strain on textile fabric changes the electrical conductivity and also changes the EM

15



shielding; in this way, the sensor works as a strain sensor. The main objectives of the work

arc:

To study the contact force resistance of different arrangements of silver coated yarn

simulating their interaction in knitted fabrics

From the previous investigation, it was noticed that the contact points at the electrically
conductive yarn-yarn interface affect the electrical resistance and also affect the EM SE of
the knitted fabrics made of electrically conductive yarns. That is why the effect of the yarn
contact points was analyzed using the silver-coated yarn. In the knitted textile fabric, the
yarn was interlaced with each other to form the fabric. The silver coated PA yarn is taken to
prepare three basic structural elements simulating structural elements of knitted fabrics and

they are: single strand, single loop, and multiple chain loops.

To design the special device measuring electrical resistance of linear structures during

stretching

The tensile instrument with an Arduino resistance circuit, and the MATLAB software
program were used for construction of system measuring the electrical resistance response
during stretching. Electromechanical behavior of single yarn, single loop and multiple loop
were beneficial in predicting the yarn behavior in knitted fabric during the stretching process

and justified the fabric stretching results.

To prepare silver coated knitted fabrics suitable for deformation sensors design

The silver coated PA yarn was used to prepare single jersey and double jersey fabric
samples at three different stitch densities. The prepared samples were introduced in a biaxial
device (in-house model) for deformation at uni- and bi-directional stretching using

controlled lengths.

To investigate the strain sensing ability of the weft-knitted samples against the EM waves

and electrical conductivity

The aims are to investigate the change in electrical resistance with respect to the stretch
direction of weft-knitted conductive samples made of silver coated yamns. The produced
knitted structures are used to analyze its EM SE with respect to the direction of stretch

applied to it.
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3 LITERATURE REVIEW

This chapter summarizes current status in the field of development of electromagnetic
shielding of textile structures including the basics of EMI shielding, testing methods of
electromagnetic shielding ability, applications of various conductive textiles materials, strain

sensing ability of deformed conductive textile materials, and research gaps.

3.1. Mechanism of EM shielding by textile material

EM shielding's three main mechanisms are reflection (R), absorption (4), and multiple
reflections or scattering (B) of EM waves (see Figure 1) [4][5]. Shield by reflection, the
material must have mobile charge carriers (electrons or holes) to interact with the incoming
EM waves; the higher electrically conductive materials like silver, gold, copper, steel, and
carbon have excellent reflecting propertics of EM waves [6]. Absorption is the second
important mechanism and depends on the material's thickness. The highly magnetic
permeable materials absorb EM waves; examples are mu-metal, ferrite, zinc, and carbon,
which have very good absorption of EM waves. In electrically conductive materials,
absorption can also arise from resistive losses, which transform the electromagnetic energy
into heat by the Joule effect. Conductive textile materials are the best examples of the
multiple reflections of EM waves because of their structure. The plane wave shielding
theory developed by Schelkunoff [7] and Schultz et al. [8] defines the shielding
effectiveness, SE, as shown in Equation 1:

SE=A+R+B, Eq. |

Plane
wave
incdent
field

10, Zo
R

reflection

d

»

Figure 1. Electromagnetic radiation shielding principle [9].
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where B is a term that considers the loss caused by multiple reflections inside the shield, R is
the reflection loss, and A4 is the absorption loss. The shielding effectiveness of SE is
represented in unit decibels [dB]. Based on the optical properties of the object and
wavelength, incident radiation (heat intensity /; [W m?]) separate into three components,
1.c., reflected radiation (/r), absorbed radiation (/,), and transmitted radiation (I7). It is
simply to define relative dimensionless characteristics as transmittance 7, absorbance 4, and

reflectance R as portions given in Equation 2.

_ L Il Iz
T=1 A=7 R=1 Eq.2

Operation of the electromagnetic shield is possible to be characterized by the so-called
shielding attenuation coefficient, ES (dimensionless), defined as a ratio between
electromagnetic field density in a specific place of shielded space P; and incident

electromagnetic field density P;in below Equation 3:

ES = % [] Eq.3

The logarithmic size of this coefficient, called electromagnetic shielding effectiveness (SE),

is used more frequently, as shown in Equation 4.

SE = —10log = —20log=t = —20log:" [dB], Eq. 4

Where H, E, and P, are the clectric field strength, magnetic field strength, and
electromagnetic field density values measured in the presence of the textile material, H,, E,

and P; 1s the same values measured without the textile material.

The scattering parameters are calculated for the vector network analyzer (VNA) with its
power reflection P, and transmission P, at the two ports, and power absorption is P,
[10]]11]. The power reflection P; written (Equation 5) as

P;=P.+P,+P, Eq. 5

The scattering parameters S, (or S;;) and S;, (or S5;) represent the R, 7, and A as (Equation
6-3)

R = |S,,|? =’% Eq. 6

T =|$p[? =2 Eq.7
P,

A=-%=1-R-T Eq. 8



Table 1. Classification of EM SE values based on professional use.

Grade Excellent Very good Good Moderate Fair

60 dB > SE > 50 dB > SE > 40 dB > SE > 30dB > SE >

Range SE > 60 dB
50 dB 40 dB 30 dB 20 dB

Table 2. Classification of EM SE values based on general use.

Grade Excellent Very good Good Moderate Fair

30dB > SE > 20 dB > SE > 10dB>SE>7 7dB>SE>5

SE Range SE > 30 dB
20 dB 10 dB dB dB

Deriving the R, 7, and 4 scattering parameters with Equation 4 then, SE expressed as

1

S2112

SE = —10log

Eq.9

The overall SE is calculated with the transmission coefficient S»; (forward voltage gain),
according to Equation 9 [6][12]. According to the requirements of electromagnetic shielding
textiles [13], depending on professional or general use, textiles can be classified into five
grades, from a fair grade to an excellent grade, see Table 1 and Table 2. Professional use
comprises professional protective uniforms for electronic manufacturers, shielding of
medical equipment, etc., whereas casual wear, maternity clothes, aprons, shiclding of
consumptive electronic products, and communication-related products, etc., represent

general use.

3.2. Methods of EM SE testing

The materials' electromagnetic shielding effectiveness is measured with four different
methods: open field or free space method, shielded box method, shielded room method, and

coaxial transmission line method.

Open field or free space method

Figure 2 shows the vector network analyzer (VNA) connected with antennas that are
transmitting and receiving the EM waves. The sample is placed in between the antennas to
measure the EM radiations. The scattering (S-) parameters like S;;, Sz, S, and S5, are
measured for calculating the SE value. This testing method is used for solids, liquids, gases,

radar domes in acrospace, composite materials, and Meta materials. The finished electronic
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Figure 2. Transmission and reflection of electromagnetic waves on a sample with the free
space method [14].

-device, which emits EM radiation, is tested with this method. Building materials,

telecommunication devices, and wires are also tested with free space methods [14].

Shield box method

The shield box method of test setup has a metal box containing a specimen holder for the
sample and a transmitter outside and receiver inside the metal box, as shown in Figure 3.
This method has a limitation of a 500 MHz frequency range for testing and difficulties in
holding the samples with a metal box [15].

Coaxial transmission line method

The coaxial transmission line method of SE measurement has been widely used for all
materials. A wider frequency range was used to test the samples, and was easy to use with

smaller sample sizes.

Shielded room Metal box
Transmitting\|, Specimen
S \'< Receiving
B Y antenna
Y
5 [~
Amplifier [
Signal
Generator Receiver

Figure 3. Shield box method [15].
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Figure 4. Coaxial transmission line method [12].

In Figure 4, the coaxial transmission line setup is shown; the test sample is placed in
between the two holders in which one is transmitting the EM waves, and another is
receiving them. The EM waves are generated in the signal generator and also received by
the spectrum analyzer. The S;, S;, Sz, and S, values are able measured with this
measuring technique. The EM shielding test was carried out as per the ASTM D 4935
standard.

Shield room method

The shield room method is the method that has a separate shield room for the signal
generator, receiver, and sample with transmitter and receiver, as shown in Figure 5. This
method is also called an anechoic chamber and is used widely for SE testing of various
materials. The shielded room of the transmitter and receiver is separated by the sample
holder, which has space for the sample. A frequency of a broader range is used to measure
the samples and test as per the EN50147 standard. Among the four methods of EM SE
testing, the coaxial method and shielding room method are the most accurate and used for
measuring textile and composite materials. The free space method has the disadvantage of

perturbations from the surrounding environment.
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Figure 5. Shield room or anechoic chamber method [15].

3.3. Fibre-based materials for EM shielding

Commercial textile materials are mainly manufactured from cotton, polyester, viscose,
linen, and wool. These materials are non-conductive materials but contain a certain
percentage of moisture content. The EM shielding is mainly produced with highly
conductive materials and semi-conductors, and insulators are not shielding the EM
radiations. Palanisamy et al. [1] studied the nonconductive textile materials for shielding
against EM radiation, and their results are in Figure 6. It is visible that samples made of
traditional textile materials, including cotton, wool, linen, polyester, viscose, or glass fibres,
have almost no SE, especially at high frequencies (frequencies higher than 150 MHz). This
result was expected because a major part of textile fibres belongs to electric insulators,
which is associated with the fact that each of the electrons is fixed to the atomic nucleus or
shared in atomic bonds. However electric conductance of traditional fibres is not fully

neutral, and it depends on the content of various additives or moisture content.

$ 20 : :

w — N Vis W

A 185 —— NPES W||

3 16} NWo W ||

S —NLW

% 14} NCoW ||

e 4 NCo WL

© —NGIsW ||

210}

e}

()

2 8

2]

o 6l

g

IS} 4“

g \

g 2&

B

@ 0 ‘ e

i 2 4 6 8 10 12 14
Frequency f[Hz] %108

Figure 6. EM SE versus frequency of nonconductive fabrics [1].
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Currently, many EM shielding studies are using electro-conductive textile materials.
Incorporating conductive fillers and fabric surface coatings are the two primary methods to
develop electromagnetic interference (EMI) shielding fabrics [16]. Several methods for
developing electromagnetic radiation shields are available such as ionic plating, electroless
plating, cathode sputtering, conductive paints, vacuum metallization, zinc paints, zinc flame
spraying, zinc arc spraying, and conductive fillers such as copper, stainless steel, and
aluminum in different forms (fibres, particles, wires). The methods mentioned above can be
categorized under two headings the surface treatments and the fillers. The surface treatments
are often time-consuming, laborious, and costly. Conductive fillers in particulates, fibres,
and filaments are increasingly being used to shield electromagnetic radiation [17]. The
application of electromagnetic shielding with textile materials is used more widely and
commonly instead of metal screens and other traditional shielding materials because metal
screening materials have many disadvantages, particularly weight, corrosion, difficulty in
adjusting the shielding effectiveness (SE), and limited mechanical flexibility. In contrast,
textile materials are generally lighter (having lower density), more flexible, and cheaper

[18].

EM shielding, based on polymers with conductive fillers, has been gaining more significant
roles in various technological domains, and they are getting into the research focus of
numerous studies as a part of a growing research trend. Conductive filler particles like
silver, copper, gold, zinc, nickel, titanium, and carbon particles (carbon nanotubes, graphite,
and graphene) were used for EM shielding applications in many studies giving excellent
results [19][20]. Conductive polymers, on the other hand, allow perfect control of the
electrical stimulus, possess outstanding electrical and optical properties, have a high
conductivity/weight ratio, and can be made biocompatible, biodegradable, and porous.
Conductive polymers such as polypyrrole, polyaniline, and polyacetylene were described for

their EM shielding applications in many scientific studies [21][22][23]]24].

Electrically conductive fibres are very often used for EM shielding applications because
natural or synthetic fibres, for example, cotton, polyester, polyamide, polyacrylic, and
cellulose acetate fibres, exhibit low electric conductivity. Currently, many metal-coated
textiles, metal, carbon-based, etc., are available in the market. A carbon-matrix composite
with different forms of carbon (fibre, nanotube) was found to be an excellent

clectromagnetic interference shielding of 124 dB, most of the radiations are reflected on the



surface and absorbed inside the material in the frequency range from 0.3 MHz to 1.5 GHz in

this studies [25][26][27].

Conductive fabrics are made of 100 % metal fibre yarns like stainless steel, copper, silver,
gold, brass, and aluminum; however, they are challenging to process. These types of yarns
tend to have low flexibility due to the high stiffness of metal fibres, which produces heavier
and uncomfortable fabrics. Metallic yarns are replaced by blending with traditional fibres to
diminish the fabric's overall stiffness and improve the fabric's touch properties [28]. Usage
of various types of textile structures like woven [29][30], nonwoven [31][32], weft-knitted
[33], warp-knitted [34], braided [27], and composite [33][35] containing metal fibre or wire

has been reported for EMI shielding applications.

Some conductive fabric samples show interesting results on EM SE against elongation and
layering. In the study [36], the warp-knitted fabric is used for measuring EM SE. Increased
clongation of fabric shows no significance on EM shielding behavior (elongation range of 0
— 40 %). The EM SE of fabric displayed no significant difference when the fabrics were
clongated in the wale direction. The EMSE of two-layer fabrics with 0°/90° lamination
angles showed more SE when compared to those with 0°/0° lamination angles. The test
results indicate that the elastic warp-knitted fabrics produced could be used as EM shielding
protective clothing to protect humans from EM radiation from household electronic devices.
The electrical conductivity of the samples is also important for the EM SE; in general, it is
directly proportional to the EM SE. Higher conductivity ensures higher in shiclding
effectiveness (SE). In the study [37], the flat knitted fabric is modeled for length-related
resistance and contact resistance, and the relationship of the resistance, tensile force, fabric
length, and width was established. Under the unidirectional extension, regression modeling
measured the resistance and showed a high coefficient of determination and low standard
error. The proposed model could compute the resistance of the conductive knitting fabrics
under unidirectional extension. The contact resistance acts as a decreasing factor to total
electrical resistance of fabric during the initial stretching process, whereas the length-related
resistance dominates the total equivalent resistance for the further increasing tensile force in
the stretching process. The different woven structures with conductive yam or coating are
used for the EM SE applications. The plain weave fabric with polyester blended with silver-
coated polyimide yarn was used in the study [38], and an analytical model for EM SE of
material with aperture was developed. It was proven, that the thickness of the fabric affects

the SE values, and the numbers of apertures in the fabric also influence the SE value. The
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twill and sateen weave of stainless steel (SS) blended yarn fabric was prepared at different
conductive yarn densities, and the fabric structural parameters, which are float length,
interlace coefficient, and yarn float, significantly changed the EM SE of the fabrics [39]. In
the study [17], the copper filament was used to weave twill fabric, and increased copper

filament diameter decreased the SE.

3.3.1. Metal staple fibres and wires

The metallic fibres and wires are formed from metal, metal-coated plastics, plastic-coated
metals, core wire-wrapped plastics, and core plastic-wrapped metal. Metallic fibres like gold
and silver are used to manufacture textile fabric from an ancient period as decorative cloths
and omament cloths. The ancient people used metal ornaments and cloths to protect
themselves from radiation and even absorb suitable radiation as needed for their bodies. In
recent times, aluminized plastic yarns are replaced precious metals, but the main
disadvantage is poor corrosion-resistant and inferior bonding strength. This topic discusses

metal fibre, filament, and wires for EM shielding applications.

Palanisamy et al. [1] studied the EM SE of staple metal blended yarn woven fabrics with
different percentages of stainless steel (SS) staple fiber, and the fabric results are shown in
Figure 7. EM SE increases with increasing SS fibre content for woven samples totally made
of hybrid yams containing 1 %, 10 %, 20 %, 40 %, and 75 %. The sample with the highest
content of metal fibre reaches the highest EM SE of 51 dB for a frequency of 1.5 GHz, and a
sample containing the lowest proportion of conductive components displays the lowest EM
SE of 12 dB for a frequency of 1.5 GHz. The overall SE is increasing according to power
function with metal fibre content (P). At a very low percent of conductive fibre loading, the
SE is more or less equal to zero, like a pure matrix (polypropylene yarn). At 3 to 7 % of
metal fibre content, the SE value increases drastically over a very narrow range of
conductive fibre concentrations, called the percolation threshold. The solid line in this graph
corresponds to the linear regression model with parameters obtained by the minimizing sum
of squared differences. A high R’ value (0.99) confirms the prediction ability of the

developed regression models.
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Figure 7. The dependence of EM SE on the metal fibre content of woven samples [1].

The EM SE results of incorporating staple stainless-steel fibres (diameter 8 or 12 pum), the
textile structure has shielding effectiveness of 20 dB - 45 dB (which means that more than
999 % of EM fields were attenuated), and other favourable propertics (mechanical
flexibility, drape, and strength) as reported in [40][41][42]. Further, the incorporation of
metal wires (stainless steel, copper, silver, gold) used as a core or shell of yarns offers an
exciting solution for a limited number of applications due to their poor mechanical
properties [43][44]. The siro core-spun yarn made with stainless steel and cotton was used
for weft knitting, and EM SE was tested with an anechoic chamber method in the work [18].
The SE of the plain, double, and pique jersey knitted fabrics is between 20 and 50 dB at
30MHz to 1 GHz frequency, as shown in Figure 8. There is a significant change in SE
values with a change in metal fibre content percentage, and the orientation with respect to
the electric field was noticed. In the study [45], the plain and twill woven fabric was weaved
with copper wire core cotton sheath friction spun yamn. The copper wire with 0.09 and
0.lmm diameters was used and tested for EM SE. The fabrics' SE values are between 20 and
66 dB at the 200 — 4000 MHz frequency range. The author described that the finer copper
wire is better to perform against EM radiation compared with coarser diameter wire; it's
quite the opposite of the EM theory. The courser wire is stiffer than finer, and during
weaving, it acts rigidly, causing more openings in fabric and leading to leakage of radiation.
The Zari yam is gold or silver slit wrapped on silk or polyester yarn to prepare traditional
South Asian dresses, and it is practicing from historic period onwards. In the work [46], the
gold and silver Zari yarns were used to prepare twill, satin, and honey comb weave fabrics
for EM SE. The honeycomb fabric made with gold Zari yarn has SE of 33 dB and silver Zari
has SE of 30 dB at 300 MHz frequency.
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Figure 8. Shiclding effectiveness results from the weft-knitted fabrics (SS/cotton siro spun
yarn) [18].

3.3.2. Metal-coated textile materials

The coating of metals on textiles has been attractive for electrical conductivity
applications. During coating, a thin layer of metal is applied on the textile substrate, which
preserves the mechanical properties while increasing the surface's electrical conductivity.
The techniques used for coating are electroplating, electroless plating, spray coating, and
chemical reduction; among those techniques, electroplating and electroless plating is the
commercial success with even coating with minimal material. In this part, a literature review

on different coating methods for textile fabric and yam with metals was discussed.

A 12 um PET filament was vacuum coated with silver, copper, aluminium, and titanium at
six different thicknesses and prepared plain-woven fabric. In the study [47], the fabric is
tested for EM SE as per the ASTM D 4935 method. The author noticed that the thickness of
the coating increases with increasing EM SE values, as shown in Figure 9(a); a 31um thick
silver-coated PET filament has an SE of 80 dB between 2.25 - 2.70 GHz frequency (Figure
9(b)). The orientation of the metal filament parallel to the oscillating direction of the
magnetic field in a wave guide tube also increases the SE value. In general, EM waves
travel in multiple orientations, and the orientation study is not so important for textile

materials.

27



90 80 r t""ﬁ""’""ﬂ’m«; :;&»"Mu’t
80 [ e ol T Vi T Peyearroe
70 F / /’A 6ol bt bata M A g g b b aas,
_ T / "j}//ﬂ = 50} gt iy i e
i%. 50 / / T w0l |--......n...__ulu.“_...._.._._-...._._p
B / 2 3
= 30 F =
" 7 o~ Yoot
10 __,-—"’ / 10 L
ok 0F R O O O P O P R P DR e i
=10 j j ] ] | | | ] =10 L 1 1 1 i
5 0 5 40 15 20 25 30 35 2200 2300 2400 2500 2600 2700
Thickness (um) Frequency (MHz)
(a) (b)

Figure 9. (a) Thickness in pum versus EM SE in dB at 2.45 GHz frequency of m silver, A

copper, ¢ aluminum, and * titanium-coated PET filament fabric and (b) Frequency (2.45

— 2.70 GHz) versus EM SE of silver-coated PET filament fabric at different thicknesses

[47].

The copper-coated electroless plating on the chemical grafting method on modal plain-
woven fabric was done in the study [48]. Grafting is a method for activating the
nonconductive fabric surface with silver, gold, and palladium for metal deposition. The
silver activation has the highest EM SE (40.3 dB at 1 GHz frequency) and electrical
conductivity, among other activators. An autocatalytic copper coating is a technique used
for electroless metal plating on fabrics. The plain weave polyester fabric is coated with
copper at different concentrations to study this work's electrical and SE characterization
[49]. At 11 g/l of copper sulphate concentration, the 128 M€Q/sq. of electrical resistivity and
40 — 50 dB of SE at 6 — 18 GHz frequency were obtained. Several processing parameters are
also affecting the copper coating on fabric surfaces. In the study [50], the multi-step coating
of copper on plain polyester fabric was done with scouring, rinsing, etching, catalyzation,
acceleration, electroless Cu plating, and post-treatment for fixation. EM SE of the fabric was
improved up to 50 dB at 100 MHz to 1.8 GHz frequency; also higher SE value was obtained
at 1% surfactant concentration, 25 °C surface etching, and 30 minutes of acid etching, 1:8
ration of PdCl,:KCl activator, and 40 °C acid activator. An increase in etching time, etching
temperature, and activation temperature has decreased the fabric tensile strength and fabric
drape stiffness results. This work noticed that the combined coating technique of
clectroplating and electroless plating of the textile fabric has the highest electrical
conductivity and EM SE (52 dB at 1 GHz frequency) values [51]. From the above reviews,
the copper-coated textile fabrics are achieving the SE of 50 dB approximately at a frequency
range of 200 MHz to 18 GHz. Palanisamy et al. [3] studied the copper-nickel coated
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Milife® nonwoven (Cu/Ni NW) fabric for EM SE. Figure 10 shows the frequency-
dependent EM SE of single-layer fabric (SLF) and two-layer fabric (TLF) samples of Cu/Ni
NW. TLF has the highest SE value of 74 dB at 1.5 GHz frequency, and the SE increases
logarithmically with increasing frequency. For the SLF sample, the SE is about 52 dB at 30
MHz as well as at 1.5 GHz frequency; this result shows a “very good” SE (see Table 1) for

all measured frequencies.

Silver is an excellent electrical conductive metal with the antibacterial, antimicrobial,
thermal conductor, and biocompatible properties. The silver is formed as nano-wire (NW)
and coated on the fabric's surface in the study[52]. The AgNW/ polyvinyl butyral ethanol
solution is used for the facile immersion method for coating a cotton-woven fabric. The
coated fabric has a thickness of 1.4 mm, a density of 56 mg/cm’, an SE of 55dB at the 5-12
GHz frequency range, and a specific SE (SSE) of 1053 dB.m*/g was achieved. AgNW has
very good features like less weight, higher conductivity, lesser surface area, and low density.
Another study [53] in dip coating of AgNW on the cotton plain woven fabric was followed
with Fe;0y spray coating and dip coating of polydimethylsiloxane to control oxidation. The
EMI SE of a coated fabric at 150 um thickness coat has 60 dB, and 450 um thickness coats
have 101 dB at 8-12.5 GHz frequency. It was proved that this fabric has a passive heating
ability with solar energy and is used as EMI shielding and thermal heater for humans. The
chemical reduction of silver nitrate on cotton woven fabric on EMI SE was studied in this
work [54].
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Figure 10. EM SE versus frequency of the Cu/Ni NW single layer (SLF) & two-layer
(TLF) [3].
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The coated fabric was gone under the sintering process at various temperatures, and the
sintered fabric has improved in SE. At 225 °C sintering temperature, the fabric has a higher
SE of 19.2 dB at 1 GHz frequency and sheet resistance of 5.2 Q/sq. The silver core weft
yarn (Ag-coated PA filament core/ cotton sheath) and silver staple blended weft yarn (Ag-
coated PA staple fibre/ cotton fibre) was 3/1 twill weaved with cotton warp yarn in this
work [30]. The core yarn has a higher SE of 48 dB at 200 MHz frequency, and the blended
yarn has 35.4 dB at the same frequency. The change in weft density has no significant effect
on SE values for both kinds of fabrics. Silver has a higher conductivity compared with
copper, and the above reviews have proved that silver-coated fabrics exhibit higher SE and

electrical conductivity than copper-coated fabrics.

Other than copper and silver, many metals, alloys, and polymers are used as electrically
conductive and EMI shielding materials. In recent research, MXenes material is attractive
because of its higher electrical conductivity and heating capability. The two-dimensional
metal carbides and nitrides have metallic conductivity and hydrophilic surfaces. The
MXene-coated aramid nonwoven fabric has excellent flame retardant, EMI shielding,
electrical conductivity, and electro-thermal properties reported in the study [55]. The single-
layer coated fabric has an SE of 35 dB at 8-12 GHz frequency, and the double layer has 60
dB at the same frequency. The lowest sheet resistance of 4.36 /sq. at 18.87 wt. % MXene
and heating up to 263 °C at a 5 V power supply was reported. The SE of 35 dB at 1.2
mg/sq.cm at 8 -12 GHz frequency and 900 S/m electrical conductivity of MXene-coated
ramie fabric were achieved in this work [56]. The MXene polymer film with a thickness of
45 um has an SE of 92 dB at 8-12 GHz frequency, and this study discovered the electrical
conductivity of 4600 S/cm [57].

3.3.3. Carbon and polymer composites

Carbon is a non-metallic element and has higher tensile strength with moderate electrical
conductivity. In the study [25], the carbon fibres roving fabric is used to form a carbon
matrix composite, and its SE is 124 dB at 0.3-1.5 GHz frequency. The carbon fibre fabric
with elastomer composite material has an SE of 73 dB (383 dB cm” g”), and tensile strength
of 168 MPa was reported in this work [58]. In the study [6], the carbon
nanotube/polypropylene composite was prepared and tested for EMI shielding. The SE of
36.6 dB at 8 GHz frequency and the absorption of EM radiation is around 75%, and the

reflection is 25% on total shiclding. The carbon material can absorb EM radiation, but



conductive metals reflect most of the radiation with lesser absorption. Graphene is a single-
layer honeycomb carbon structure, and the multiple layers are called graphite. The graphene
(GE) is coated on spun lace polyester nonwoven with the doctor knife method in the study
[59]. The single-layer, double-layer, and triple-layer coating of GE on the fabric increase the
EMI SE (25 to 32 dB at 1.4 GHz frequency) and electrical conductivity (0.2 to 0.7 S/cm),
but the air permeability is decreased by two times. The graphene is also combined with
other conductive materials to improve the electrical conductivity and SE of the final
product. The graphene oxide with silver nanoparticle coated cotton fabric has SE of 27 dB at
X-band frequency [60], GE/polyaniline nanocomposite SE is 51 dB at X-band [61], GE/
MWCNT plated on cotton knitted fabric exhibit an SE of 36 dB at 5.6-18 GHz frequency
[62], and MXene/GE polymer composite has SE of 53 dB at X-band frequency [63]. The
combination of two different conductive materials is improved in SE and electrical

properties as well as mechanical properties.

Palanisamy et al. [64] tested the different forms of carbon preforms for EM SE. Carbon
roving is laid at unidirectional (straight), bidirectional (cross and perpendicular), and quadri-
directional and tested for EM SE and electrical resistance. Figure 11 shows the EM SE
versus frequency graph of carbon preform fabrics. The perpendicular-laid sample has a
higher SE from 200 MHz to 1 GHz frequency compared with a cross-laid sample. The
quadri-axial laid sample has a higher SE of 59 dB at 1.5 GHz frequency and decreases as

frequency increases.
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Figure 11. EM SE versus frequency (30 MHz to 1.5 GHz) graph of carbon fabrics [64].



There are some differences in the coating of conductive materials on the fabric surface and
the coating on the yarn core. In the study [65], the MWCNT-COOH/ polypyrrole/ Fe;0,
were coated in the yarn core and yarn surface, as seen in Figure 12(c,d), and weaved as plain
fabric. The core yarn was coated initially and spun with uncoated sheath yarn, as in Figure
12(a). The SE results of the surface-coated yarn fabric have 8 dB, and the core yarn-coated
fabric has 5.8 dB at the frequency range of 8 — 12.5 GHz in Figure 12(b). The surface
coating has a better effect compared to core coating in the yarn stage for EM SE
applications. The core-coated fabric has good breaking strength and better comfort than
surface-coated fabric. Electrically conductive polymers are used for textile and materials

applications because of their special properties.
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Figure 12. (a) Process of MWCNT-COOHY/ polypyrrole/Fe; O, coating of core yarn, (b)
dependence of SE on frequency of MWCNT-COOH/ polypyrrole/ Fe;04 core coated yarn
and MWCNT-COOH/ polypyrrole/ Fe;04 surface coated plain weave fabrics, (c) core
MWCNT-COOH/ polypyrrole/ Fe;O4 coated yarn SEM image, and (d) surface coated
yarn SEM image [65].



Polypyrrole (PPy) is a conductive polymer suitable for coating textiles, composites, metals,
and glass materials. It is biocompatible with human tissue and has the advantage to use in
medical applications. Textile substrates are easily covered with a PPy layer by immersion of
the fabric in the polymerization solution containing pyrrole, an oxidant, and a doping agent
[66]. The EMI SE of cotton fabric coated with PPy polymer (chemical polymerization) has
35 dB at a 1.5 GHz frequency, and electrical conductivity of 5.8 S/cm was recorded [67].
The polyester woven fabric is chemically coated with PPy, and the SE test results are around
28 dB at 1.5 GHz frequency, and absorption is higher than a reflection of EM radiation
found in this work [68]. Polyaniline (PANI) is a conductive polymer that is biocompatible.
In the study [24], PANI is coated on cotton, polyester, and nylon fabric with a chemical
oxidation polymerization method. The coated cotton, polyester, and nylon have SE of 1.62,
2.78, and 1.5 dB, respectively, at 8-12 GHz frequency. The PANI is grafted on a nanohybrid
structure with emulsion graft polymerization in the study [69]. The electrical conductivity of

0.4 S/cm and SE of 24 dB at the X-band frequency range was observed.

Palanisamy et al. [70] developed polypyrrole-coated cotton and polyester fabric for
electrical conductivity applications. The pyrrole monomer was polymerized by the chemical
oxidation method with ferric chloride as an oxidizing agent and tetra-ethyl ammonium p-
toluene-sulfonate as a doping agent. The polypyrrole polymer was prepared by in-situ
chemical polymerization method to coat polyester and cotton fabric samples. Figure 13
shows the dependence of electrical resistivity, p on monomer concentration, C of PPy-
coated polyester and PPy-coated cotton knitted fabric samples. The electrical resistivity, p of
polyester-coated fabric, decreases with increasing monomer concentration, C, until 0.7 C;
after that, it increases shown in Figure 13(a). The electrical resistivity, p of cotton-coated
fabric, decreases with increasing monomer concentration, C, and then increases after 0.7 C,
as shown in Figure 13(b). The optimal C value is 0.4 and 0.7 for polyester and cotton fabrics
material. Those PPy-coated fabrics will shield EM radiation moderately because the PPy

coat has less conductivity.
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Figure 13. Electrical resistivity versus monomer concentration of (a) polyester coated
fabric and (b) cotton-coated fabric samples [70].

3.3.4. Effect of moisture content on EM SE

It follows from the conducted literature research that very few studies have evaluated the
moisture content on EM shielding property, and there are fewer in textile materials. The
moisture content on textiles varies from material to material, for example, the moisture
content (%) of linen, cotton, viscose, wool, PES, and glass are 10.5, 7.5, 10, 14, 0.3, and 0%,
respectively, at 7= 2142 °C and a relative humidity RH = 65+5 % [71]. Specifically, there
is no work showing the effect of the moisture content of non-conductive textile materials on
EM SE. Palanisamy et al. [2] studied the effect of moisture content using different liquids on
the SE of non-conductive fabrics. Greater attention is dedicated to shielding of frequencies
around 1 — 1.5 GHz because these frequencies are close to the operating frequencies of
many electronic devices (cell phones, radars, and wireless routers). Identical methodology,
more precisely, the coaxial transmission line method, according to the ASTM D4935-10,
was applied to the whole sample set to avoid difficulties when comparing data gained by

different measurement methods.

Distilled water, acidic sweat, and alkaline sweat solutions are three liquid mediums used in
the study, and their measured electrical conductivity was 0.0016, 9.29, and 10.29 mS/cm,
respectively. The sweat solutions had 50 times higher electrical conductivity than distilled
water. The cotton and polyester fabric samples were treated with distilled water and
artificial sweat solutions for 1 hour. The sample was then squeezed using three different
pressures, and three different drying times were used to determine the moisture content

(MC) [%] for the tested samples. The SE results depending on MC are shown in Figure 14.
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Figure 14. Dependence of EM SE (/~=1.5 GHz) [dB] on moisture content | %] of sweat
solution treated (a) cotton fabric and (b) polyester fabric [2].

Figure 14 shows the EM SE [dB] at 1.5 GHz frequency versus moisture content (MC) in
percentage graph of the artificial sweat-treated cotton and polyester knitted samples. Figure
14(a) shows the SE increases with increase in MC for cotton (COT) fabric sample treated
with sweat solution. The linear dependence of SE on MC was noticed and its R?is 0.97. The
sweat-treated samples containing MC [%] of 217, 111, and 24 have a SE of 1.1, 0.3, and 0.1
dB, respectively, at 1.5 GHz. Figure 14(b) shows the SE versus MC graph of the polyester
(PES) fabric sample treated with sweat solution. The SE at 1.5 GHz increases with increase
in MC in the polyester samples. The linear dependence of SE on MC was very good and its
R’ is 0.97. The sweat-treated samples have higher SE values at 30 MHz compared with 1.5
GHz. The sweat-treated samples containing MC [%] of 251, 119, and 25 have a SE of 0.9,
0.3, and 0.1 dB, respectively, at 1.5 GHz.

During the measurement, it was also found that the PES has a faster evaporation rate of the
liquid medium at room temperature (RT) than COT; because the PES is hydrophobic and
COT is hydrophilic. PES initially holds more moisture than COT because PES holds more
fluid in-between yarns. The hydrophobic nature of PES tends to adsorb fluid on its surfaces,
which leads to more moisture. The PES and COT MC at RT were also 0.3 % and 7.5 %,
respectively. The sweat solution treated PES and COT samples have slightly higher SE (at
all frequency ranges) than distilled water treated samples because the sweat solution
contains 5 g/l of Na+ Cl— and it acts as a semi-conductor, which is why the sweat solution
treated samples has a higher SE than distilled water treated samples at a higher frequency

range.



EM shielding versus frequency results shows that the cotton treated with sweat has the
highest shielding, e.g., 1.1 dB at 1.5 GHz. At all liquid media, the lowest MC in the material
has a higher SE at 30 MHz, and the higher MC in the material has a higher SE at 1.5 GHz.
The rate of drying of polyester is faster than cotton because of its hydrophilic nature.
However, the SE of moisturized non-conductive textile materials was very low compared
with electrically conductive textile materials. A limitation of this work is that only the
variability of SE within the material was considered. The textile structures made of
conventional fibres are in a dry state, practically transparent to the EM field. EM SE of
nonconductive samples is less than 0.1 dB at a frequency range from 200 MHz to 1500
MHz, regardless of material composition. This statement was supported by very high
measured electrical resistance values of traditional fabrics lying in the range of insulators.
This study proved that by wetting the sample it is not possible to increase the ability of the
sample to shield the electromagnetic field to the level of specially created samples

containing, for example, electrically conductive fibers.

3.3.5. Comparison of SE of different conductive textiles materials

There is a large amount of information to be found in the literature on the development of
new electromagnetically shielding textiles. The authors use different electrically conductive
additives and create electrically conductive textiles of different structures. In addition,
authors often use different measurement approaches to evaluate the electromagnetic
shielding efficiency, while it is known that it is not possible to compare the SE of samples

evaluated by different methods.

In this context Palanisamy et al. [1] compared the different conductive textile materials for
EM SE. The comparative study helps to identify the best suitable material and structures for
the area of use. That is why a relatively broad spectrum of samples (with different material
compositions and structures) was used. The conductive textile samples were based on the
usage of several types and quantities of the conductive component (metal-coated fibres,
metal-coated fabrics, and metal fibre-containing yarns) and different structural approaches
(woven, knitted, nonwoven) and were evaluated by the identical measurement method. The
influence of fabric structure (woven, knitted, nonwoven), electro-conductive techniques
(metal coating and metal-coated fibres), and conductive components on SE were studied.
Different types of industrially produced materials having woven (W), knitted (K), and

nonwoven (NW) structures were compared. Two categories were distinguished among the



19 samples based on similar types of material: metallic coating on fibre (Mf) and metallic

coating on yarn or fabric (Mc).

In the Mf category, there are eleven samples which consist of two nonwoven fabrics
produced with copper (Cu) / silver (Ag) coated on acrylic (PAN) fibre (brand name
Eurostatic) blended with PES fibre in the ratio of 20:80 and 14:86 respectively; a nonwoven
fabric with the composition of 20 % stainless steel (SS) fibre (d = 8 um, trade name
Bekinox) and 80% PES staple fibre and a plain weave woven fabric fully made-up of 100%
Ag coated PES fibre spun yarn (trade name X-Static). Four different types of metal-coated
fibre fabrics are included in the Mf category, which consists of five woven fabric samples
made of hybrid yams (H) consisting of SS fibre (d = 8§ um, Bekinox) and polypropylene
(PP) fibre blended in different compositions of SS fibre (% of 10, 20, 40 & 75) blended with
PP fibre (% of 90, 80, 60 & 25) respectively. Three knitted samples of single jersey (Ks/j)
fabrics were produced by a hybrid yarn with different ratios of SS fibre: PP fibre is 10:90,
15:85, and 20:80. All the hybrid (H) yarn fabric samples were made-up of 50 tex yarn for
woven fabrics and 25 tex yarn for knitted fabrics. The Mc sample set represents eight metal-
coated samples which consist of two woven rip stop fabrics, one fabric having Ag plated
nylon yarn (trade name Breman) and another fabric having Cu/Ag plated nylon yarn (trade
name Kassel); three warp knitted fabrics made up of Ag plated nylon yamn with elastane
filament (trade name Ballinger and Technik-Tex); two wefts knitted sample made up of Ag
plated nylon yarn with modal and elastane blend (trade name Modal knit and Jersey Modal).
The carbon (Ca) woven fabrics, knitted double jersey (Kd/j), SS yarn woven grid (WG),
CuS-Ag coated PAN fiber yarn (Eu) NW and Aluminum foil (F Al) are other samples tested
for EM SE. Some of the microscopic images of conductive fabric with its codes are shown

in Figure 15.

Figure 16 shows the EM SE values measured at 1.5 GHz frequency of all the electro-
conductive samples in ascending order for easier comparison. The textile materials are
classified into five grades to rate the EM shielding [13]; see Table 1 and Table 2. Detailed

information about sample set can be found in paper [1].
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Figure 15. Microscopic images at 50x magnification of electrically conductive sample set.
(a) Aluminum foil, (b) “CaW 17, (c) “Ca W 27, (d) “PPy/PES W7, (¢) “Mf Ag W, (f)
“Mf 20Eu NW”, (g) “Mc AINW?”, (h) “Mc Ag K, (i) “Mc Cu/Ag W™, (j) “H 20SS
W, (k) “H 1SS W”, (1) “H 15SS Ks/j”, (m) “H 10SS Kd/j”, (n) “H 10SS WG™ [1].
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Figure 16. Comparison of mean values of the EM SE at 1.5 GHz frequency for electro-
conductive samples in ascending order [1].

It can be observed that a very low shielding (< 10 dB) is provided by the knitted sample
where the electro-conductive mesh is created by the hybrid yam containing only 10 % of the
SS (Mf 10SS K) and by the nonwoven samples blended with Eurostat fibre of 14% (Mf
14Eu NW). In the case of the hybrid fabric containing only the conductive mesh, the portion
of the SS fibre is too low to get over the percolation threshold of the conductive component
and also for nonwoven. Electromagnetic shielding effectiveness ranging from 10 to 20 dB is
provided by the knitted samples with 20 % content of stainless-steel fibres (Mf 20SS K), by
the knitted sample with 21 % of Ag fibres (Mc Ag K), by the nonwoven sample which
containing different stainless-steel fibre content (Mf 20SS NW), by the nonwoven fabrics
containing up to 20 % of Eurostatic fibres (Mf 20Eu NW). Mentioned values of shielding
effectiveness match to the Good grade in case of general use, but it is unsatisfactory for
professional use. Electromagnetic shielding effectiveness within the range of 20 to 30 dB
(accordant with a Very good grade for general use, Fair grade for professional use) can be
reached by the woven samples made of 10 % SS hybrid yarn. Electromagnetic shielding
effectiveness within the range starting from 30 to 60 dB (corresponding with Excellent
grade for general use, from Moderate to Very good grade for professional use) can be
achieved by the woven fabric samples totally made of hybrid yarn with the SS fibre content
higher than 10%, fabric with 85 % to 95 % silver coated knitted and woven fabrics.
Electromagnetic shielding higher than 60 dB (satisfying an Excellent grade for both general
and professional requirements) is guaranteed by usage of the coating of traditional fabric by

a combination of 10% Ag/Cu or Ag and the woven (Mc Cu/Ag W).
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Figure 17. Comparison of the EM SE/GSM at 1.5 GHz frequency for electro-conductive
samples [1].

Figure 17 shows the electromagnetic shielding divided by mass per unit area for the whole
sample set at 1.5 GHz frequency. The SE/GSM gives exactly the electromagnetic shielding
effectiveness per weight of the sample. Sample Mc Cu/Ag W is showing the highest SE
from the sample set, namely 79 dB at 1.5 GHz frequency, but its relatively high GSM
degrades its SE/GSM value to 0.9 dB m*/g. For knitted and nonwoven fabrics, the SE/GSM
is lower because the fabric mass per unit area is higher and also because of its structure.
Sample Mc Cu/Ni NW has the highest SE/GSM value, namely of 2.12 dB m%/g due to its
low GSM (25 g/m?).

Effect of electrical resistivity on SE

It is well known that the SE increases as electric conductivity as well as permittivity of
shielding material increases based on the EM shielding theory, but there is a lack of
experimental verification and exploration of this dependence for heterogeneous fibre-based
structures with different material compositions and structures. In addition, direct
measurement of fabrics EM SE needs special devices compared to measurement of
electrical properties, and therefore, utilization of the presumption that the electrical part of
the EM field dominates for sufficiently high frequencies seems to be helpful. Knowledge of
the electrical characteristics, which are easily measurable, could be therefore used for the
prediction of sample shielding ability. That is why the correlation between surface and

volume resistivity on EM shielding efficiency is studied. The dependence of EM SE on
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surface and volume resistivity for the whole sample set studied in [1] is shown in Figure
18(a,b). It is possible to observe a trend that says that a decrease in the electric resistivity of
the sample (i.e. increase in the electric conductivity) is connected with an increase in its
electromagnetic shicelding ability. However, a few outliers behaving differently from this
trend are traceable. One of them is an aluminum foil sample (marked “F Al”) having a very
high surface and volume resistivity (due to lamination on both sides of the sample by a
nonconductive layer) but showing EM SE of 78 dB at 1.5 GHz frequency (due to high
conductive aluminum foil core). Out of the trend are also sandwiched woven samples (“H
ISS Ws2”, “H 1SS Ws3”, “H 1SS Ws4” and “H 1SS Ws5”) created by multiplying the
same woven fabric. They show no change in surface resistivity and uneven changes in
volume resistivity values accompanied by an increase in shiclding effectiveness caused by

the increased thickness of the sandwich.

Figure 18(a.b) shows the dependence of electromagnetic shielding effectiveness on electric
resistivity for the sample set (outlying samples described above were removed)
approximated by the power function shown (solid line in the graph). When observing
coefficient of determination R° = 0.84 and R’ = 0.48 for the dependence of electromagnetic
shielding effectiveness on surface and volume resistivity, it can be concluded that the
surface resistivity has better prediction ability compared to volume resistivity and, therefore,
for sufficiently high frequencies are adequate to measure only the electrical characteristics
especially based on surface conductivity. The prediction ability of this model is restricted to

samples without an insulating layer.
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Air permeability of the conductive samples

Besides functionality (electromagnetic shielding ability), air permeability of the sample is
very important property for various applications like the development of protective clothing,
breathable garments, curtain cloths, seat or interior covers, and electronic devices covers to
be able to transport heat or air humidity out etc. Figure 19 shows the bar chart of air
permeability values [I/m%/s] for conductive samples set plotted in ascending order together
with information about their functionality — electromagnetic shiclding ability. The air
permeability parameter is mainly dependent on the structure and porosity of the sample. In
general, the nonwoven and knitted structures are more open (more porous, having lower
packing density) than woven structures. It is notable that even if Al foil samples have very
high shielding ability, they show no air permeability (4 = 0 1/m?/s) because of the presence
of no gaps in the foil. This fact is very limiting for many applications. For hybrid yamn
woven samples (“H 10SS W™, “H 20SS W”, “H 40SS W™ & “H 75SS W”), with an increase
in the percentage of metal fibre content (10, 20, 40 & 75 %), air permeability increases
(from 130 to 1200 1/m?/s) due to higher density of metal fibre and therefore lower yarn
diameter containing metal fibres compared to the diameter of yarn totally made of
polypropylene fibres. Copper and aluminum painted nonwoven (“Mc Cu NW™ & “Mc Al
NW?) samples are less permeable to air (4 < 80 1/m?/s) than the metal fibre incorporated
nonwoven samples (“Mf 20Eu NW”, “Mf 14Eu NW” & “Mf 10SS NW”), where A~ 1000
1/m?*/s. Metal particle paint coating on the surface of nonwovens fills the pores of the
sample, and therefore paste coated samples become less permeable to air. Metal-coated yarn
knitted sample (“Mc Ag K”) shows the highest air permeability value (4 = 4820 1/m?/s) of
all samples, because of its low thickness, more open structure, and also by that metal coating
is applied onto the yarn surface, which is not reducing the porosity of the sample
significantly. As expected, with the increasing number of layers of sandwich samples (H
1SS Wsl1, H 1SS Ws2, H 1SS Ws3, H 1SS Ws4 & H 1SS Ws)3), air permeability decreases
because of higher thickness and also because of the fact that one layer above the other can

cover the pores of preceding layer and blocks the direct path of air.
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Figure 19. Combined graph of air permeability and EMI SE of conductive samples [1].

Figure 20 shows the dependence of mean values of air permeability (4) on the metal fibre
content percentage (P) for woven samples totally made of hybrid yarns. Results show that
air permeability increases linearly (from 134 to 1262 1/m?%/s) with the increase of metal fibre
content (from 1 % to 75 %). The dependence of 4 on P can be simply approximated by line.
The solid line in the graph corresponds to the linear regression model with parameters
obtained by the minimizing sum of squared differences. Correlation coefficient of 0.96
refers to a very good positive fit, and therefore air permeability increases as metal fibre
content in the hybrid yam increases. It should be mentioned that, the proposed model is
valid for a given metal fiber content. This phenomenon is becaused of the metal fibres are
finer compared to polypropylene fibres and yarns with higher metal fibre content have lower
diameters compared to yarns with lower metal fibre content. By using yams with lower
diameters while remaining other parameters of woven fabric constant, larger pores are
created in the structure of the fabric, which allows easier penetration of both air (air

permeability) and water vapor (water vapor permeability).

EM SE of textile structures containing different content and different type of conductive
components ranges from 1 to 79 dB at a high-frequency range. The ability of the material
shield EM field can be controlled by the proper choice of conductive component type, its
content, and placement. That's why the best results are provided by samples made of metal-
coated yarns or fibres (even if the GSM and air permeability are taken into account) having
SE in the range of 50 to 80 dB, which means “very good” grade even for professional use

according to specific requirements for EM shielding textiles.
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Figure 20. The dependence of air permeability 4 [1/m*/s] on metal fibre content P [%] for

woven samples: “H 10SS W, “H 20SS W”, “H 40SS W™ and “H 75SS W™ [1].

Almost frequency-independent SE of metal-coated textile structures is also very favorable,
which guarantees constant shielding on a given frequency range. The only drawback is their
metallic appearance and handle. Aluminum foils offer very good shielding ability having 78
dB, but the zero air permeability, together with their handle and mechanical properties, is
very restrictive for many applications. Samples made of hybrid yarns (containing staple
stainless steel fibre), especially woven fabrics, also represent a promising approach. EM SE
of these hybrid fabrics varies between 10 dB and 50 dB depending on their structure and
metal fibre content which ranks them up to “Good” grade for professional use [13]. Woven
fabrics made of carbon roving also show very good performance and sufficient air
permeability, but they are not appropriate for usage like traditional fabrics at all. Their

usability can be seen as reinforcement for composites.

Other material approaches such as coatings of nonconductive substrates with conductive
polymers, treatment of nonconductive substrates by metal particle filled pasts, incorporation
of carbon particles in the nonwoven structures, or incorporation of conductive fibres in
bulky nonwoven structures do not seem promising, especially in the light of their lower
functionality (EM SE). The shiclding ability results of the material were supported by
measuring the ability of a material to conduct electric current. It was found that surface
resistivity can be used for the prediction of sample EMI shielding ability due to a strong
indirect relationship (R’ = 0.83) between these two parameters. The power function model
can be used for the prediction of electromagnetic shielding effectiveness of newly developed

material based on the knowledge of its surface resistivity.
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3.3.6. Effect of apertures on EM SE

From the theoretical analysis, it follows that SE can be casily estimated based on the
knowledge of the electrical conductivity of the material, the thickness of the sample and the
frequency [72]. These relations apply assuming the compact sample without the presence of
any discontinuities. In reality, however, this condition is very difficult to achieve. In the
textile area, these discontinuities are caused by the open porous structure of the fabric, in
addition this phenomenon can be also caused by for example connections, incl. seams. All
the mentioned holes and pores significantly reduce the SE of the product. For high
frequencies the shielding efficiency of the material itself is even less important than the

attenuation caused by discontinuities (holes, cracks).

That is why, Palanisamy et al. [3] studied structural parameters of samples affecting the EM
SE. Instead of using the textile structures directly, the copper-coated nonwoven fabric was
cut into strips and samples with different pore types were created to evaluate the effect of
the contact points, pore size, and pore shape described by laying angle on EM SE. Hence,
the strips are laid like the yarns intersection in woven and knitted structures to simulate the
textile structures. The nonwoven strips are formed with three factors: strip thickness, the gap
between the stripes, and the angle between the two layers of strips at three levels (low,
medium, and high). Two-layer strips were formed perpendicular to each other at three
angles, similar to textile woven and knit structures for the EMI shielding test. Findings from
this work could help construct the textile materials with minimum material use as per the

required level of EM shielding.

Many studies are about the effect of EM SE on the gap between the conductive material in
textile structures, but there are very few studies for the gap between and angle of laying
conductive material in textile structures [36] [73]. In the study [3], the ‘Cu/Ni NW’ sample
is cut into strips at 3, 6 & 9 mm thick and laid with 3, 6, & 9 mm gaps between each other.
Each thickness of strips was laid at the above gaps and formed a single layer of the sheet, as
shown in Figure 21, and with the help of CREO® CAD, the graphical model of strips was
created. For example, the single layer 3 mm thick strip was laid at 3, 6, & 9 mm gap as
shown in Figure 21(a-c). Likewise, 3 mm thick strips, 6 mm and 9 mm thick strips were laid
at 3,6, & 9 mm gaps. Two-layer strips were formed by laying two single-layer strips at 90°,
45° & 30° angles with the same gap; 9 mm thick strips of 3 mm gap laid at 90°, 45° & 30°
angles are shown in Figure 21(d-f). Also, 9 mm thick strips of 6 mm and 9 mm gap are laid
at 90°, 45° & 30° angles to form two-layer strip samples. Likewise, 9 mm thick strips, the 3
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mm and 6 mm thick strips were formed as two-layer strip samples with various gap and laid
angle. The two-layer samples were taken for the EM SE test as per ASTM D 4935 method
to analyze the effect of gap between and angle between the conductive strips” material on
the total SE. Each thickness of the strips was laid in 9 different ways and tested for EM SE.
So, a total of 27 samples were prepared from the combination of strip thickness, gap
between the strips, and angle between the two layers of strips for testing EMI shielding and
the sample codes or names are given in Table 3. The overlaying of the strips at various

angles is prepared with the same strip thickness as well as the same gap between the strips

as shown in Figure 21(d-f).

Table 3. Cu/Ni NW sample and its code.

Gap
Strip thickness [mm] between the
No. of Angle of strips [mm]
layers layers [°] 3 6 9
SS30 SM30  SL30 3
One 0 SS60 SM60  SL60 6
SS90 SM90  SL90 9
30 TS330 TM330 TL330
45 TS345 TM345 TL345 3
90 TS390 TM390 TL390
30 TS630 TM630 TL630
Two 45 TS645 TM645 TL645 6
90 TS690 TM690 TL690
30 TS930 TM930 TL930
45 TS945 TM945 TL945 9
90 TS990 TM990 TL990
Single-layer of fabric SLF
Two-layers of fabric TLF
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Figure 21. A graphic image of the single-layer Cu/Ni NW strips of 3 mm thickness at a
distance (a) 3 mm, (b) 6 mm, and (c) 9 mm and two-layer Cu/Ni NW strips of 9 mm
thickness laid at (d) 90° (e) 45" and (f) 30° angles [72].

Screening factorial design (SFD) was chosen to completely and systematically study the
interaction between factors in addition to identifying significant factors. In this experiment,
there are three variables and three levels used to design an experimental study. The factors
and levels of the factorial design are listed in Table 4. The factorial experimental design was

analyzed using Minitab® software.

Table 4. Factors and its levels used for SFD.

Factors Levels Response
Strip thickness (A) -1 0 +1
_ EMI SE
Gap between the strips (B) -1 0 +1 (dB]
Angles of layers (C) -1 0 +1
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The variable levels are mentioned in -1 as lower, ‘0” as a medium, and “+1° as a high value
for response. The strip thickness and gap between the strips level are 3 mm, 6 mm, and 9
mm, mentioned as lower, medium, and higher. For laid angles of strips at 30°, 45°, and 90°

are mentioned as lower, medium, and higher levels.

Effect of the cover area of strips on EM SE

The cover area of the two layers of strip samples was calculated using models (see Figure
21). Figure 22 shows the EM SE [dB] versus the percentage arca covered by the strips (4.)
[%] for all two layers of strip samples. The SE versus A; of the TS samples is shown in
Figure 22(a), in which the strips laid at an angle of 90° have higher SE values than 30" and
45°. Figure 22(a) shows the coefficient of determination (R’) above 0.99 of linear model,
which means the predictability of SE value is highly accurate with the cover area (4.).
Variation in SE for the same coverage area occurred because of the higher area per aperture
for 30" and 45° laying angle of strips compared with 90° angle. For example, the calculated
area per aperture for 30° and 45° laying angles of the TL9 series sample has 93.42 mm?” and
114.48 mm* and for 90° laying, the angle has 81 mm?” per aperture. In the same case of TS
samples, SE value variation is seen for the TM and TL samples, but the SE of the TL series
has a higher value compared with the TM series and TS series for the same angles. At all
angles, the TL series samples have higher 4; compared with TS and TM series samples;
TL390 samples have 93 % cover area compared with TS390, and TM390 has 75 % and 88
% cover area. Also, the cover area increases by a decrease in the gap between the strips;
TL990 has a 75 % cover area compared with TS390 having a 93 % cover area. Figure 22(b)
shows the combined graph of EM SE versus the percent cover area of TS, TM, TL series,
and SLT samples. SLT sample has a 100 % cover area, and it has the highest SE of 53 dB.
In general, the SE increases with an increase in the cover area, but for the same coverage
area, there can be different SE values. This is because of the aperture area variation. In this
case, the higher aperture arca has slightly less SE than the lower aperture area, and it can be
seen in all the readings in Figure 22. From the linear regression analysis shown in Figure
22(b), SE increases with increasing cover area, and the R’ is 0.75. The prediction of SE with

respect to the cover area for this model is average.
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Figure 22. Dependence of EM SE [dB] at 1.5 GHz frequency on cover area (4.) [ %] of
(a) TS samples and (b) one-layer, two-layer strip samples, and SLF samples [72].

Area per aperture at different laying angles and its effect on SE results

Beyond the cover area of the strip samples, another factor that influences the SE value is the
area per aperture (4,) or open space in the samples. The cover factor graph (Figure 22)
shows that the same percent cover area has different SE values. After analyzing the images
(Figure 21), the number of aperture and area of aperture vary for each angle of layering. So,
the EM SE at 1.5 GHz frequency versus area per aperture was plotted and statistically
analyzed, and it is shown in Figure 23. SE versus A4, of TS samples is shown in Figure 23,
whereas SE is increasing with a decrease in area per aperture, and the regression model has
a coefficient of determination of 0.91 for the exponential trend line. Regression analysis
proves that SE is also influenced by area per aperture. Irrespective of the thicknesses of the
two layers of strip samples, the laid angle varies the area per aperture; at 90° angular laid
strips have very less 4, compared with 45° and 30° laid angles. The maximum A4, is
achieved at a 45° laid angle of strips, and it registered lower SE compared with other laid
angles. Other results noted in the study show that the increases in the gap between strips also

decrease the SE value.
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o

Equation 10 shows the regression equation in terms of uncoded units of the SFD model, SE
value is predicted with the help of this regression equation, and R? for prediction is 92.23%

which proves that the predictability of SE is highly possible.

SE = 23.29+4331 A-6.498B +2.231 C-0.780 A*A+ 0.901 B*B + 4.464 C*C
+0.323 A*B+ 1.016 A*C - 0.544 B*C Eq. 10

The standardized effects and Pareto chart of the factors and their combinations are
represented in Figure 24 at a 5% significance level (a = 0.05) for SE at 1.5GHz frequency.
In the Pareto chart (Figure 24(b)), standardized effect values of the significant factors and
their interactions are higher than the critical value. Although; the Pareto chart is helpful in
comparing the absolute value of the effects of each factor and its interactions with the
considered SFD, a normal plot of the standardized effect is used to determine the
significance and insignificant of each effect of factors more accurately. The factors with a
significant difference in SE value are plotted in red marks, and factors without significant
difference are plotted in blue marks, as seen in the graph (Figure 24(a)). In a normal
probability plot of effect (Figure 24(a)), factors A, C, AC, and CC have a significant
positive effect on SE, and factor B has a significant negative effect on SE. Among positive
effects, the thickness of the strips (A) has the most significant difference in SE value, i.c.,
SE increases with the increasing thickness of the strip. The negative effect is saying that the
SE increases with a decrease in the gap between the strips (B). The factors AA, BB, BC, and
AB show no significant difference in SE value which are all very close to the straight line,

i.e., normal distribution.
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Figure 24. The normal plot of the (a) standardized effects and (b) standardized Pareto
chart [72].

Hence, the higher percent cover area and lower area per aperture structure have been
recommended for achieving higher EM SE. By the SFD it can be concluded that the
combination of the larger strip thickness, the lower gap between the strips, and the higher
laid angle of the strips provides higher EM SE. This model reported that it is helpful to
construct the optimal fabric or composite structures based on the required level of shielding

for EM shielding application.

3.4. Textile structure as sensors

Force sensing resistors (FRS) are developed for precise pressure sensor applications. The
FSR works by measuring the change in resistance by an increase in force. It detects physical
pressure, squeezing, and weight by a change in resistive value. The applications of FRS are
in the medical field [74], shoe insoles to detect the pressure of our foot [75], video games,
electrical automobiles, sporting equipment, etc. The textile spacer fabrics coated with silver
on both sides act as a capacitor, whose capacitance helps measure snowboarding sock
pressure during skiing [76]. The highly elastic fabric was coated with polypyrrole (PPy)
polymer to measure strain in urinary bladder dysfunction. The resistance is influenced by
stretching the fabric and measuring strain variation [77]. A conductive PPy-coated
electrospun poly (vinylidene fluoride) (PVDF) fibre mat is developed for pressure sensor
application; the compression stress is significantly changing the relative conductivity of
PVDF/PPy mat [78]. The SS yarn knitted fabric was tested for strain sensing application, the

clongation of the fabric decreased 90% of electrical resistance, and time-dependent
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resistance decreased by 30%. The full cardigan with a medium stitch has the best result for

elongation-dependent resistance in the course direction [79].

3.4.1. Electrical resistance of textile structures

It is known from theory that the electrical resistance of a wire increases with the increasing
distance of the probes in a relaxed state. The same phenomenon can be observed in textile
structures containing a conductive component continuously throughout the length of the
yam. As per Ohm's law (R=plL/A), the resistance (R) is directly proportional to the yamn
length (L) and indirectly proportional to the cross-section area of the yamn (4), and p is the

resistivity [37].

The electrical properties of yarns were studied in several papers[80][81]]82][83]. In paper
[84], the antistatic yarn (containing bi-component fibres with carbon part) was studied, and a
linear relationship between the electrical resistance and clamping length was confirmed. On
the other hand, the nonlinear behavior of the electrical resistance on the clamping length was
observed for yams containing 20 % of stainless-steel fibres of staple length in their
structure. Therefore, the method of conductive yarn production influences the length-
resistance results. During extension, the length of the conductor (wire, single fibre, or single

yarn) increases its diameter decreases and the resulting electric resistance increases.

Contact resistance is another interesting phenomenon that may affect the resulting electrical
conductivity of the textile structure. The contact resistance is generated at yarn — the yarn
interface. According to the contact resistance theory [85], contact resistance factors are
material resistivity, material hardness, number of contact points, and contact pressure

between yarns.

The stretching of the knitted fabric is influencing the structure of the knit. The courses and
wales were disturbed, as seen in Figure 25. During wale way stretching (Figure 25(a)), the
expansion of wale at maximum (Wmax) and contraction of course, to a minimum (Cmin),
was noticed. During the course-wise stretching (Figure 25(b)), the course extension until
maximum (Cmax) and wale contraction to a minimum (Wmin) was noticed. During biaxial
stretching of the knitted fabric, both the course and wale were expanded and represented as
course bias (Cb) and wale bias (Wb). The yarn contact points are shifting, while a biaxial
stretching of the fabric is seen in Figure 25(c) [86][87]. The 1x1 rib fabric is the highest
elastic textile structure, easily stretching in uniaxial and biaxial directions. This structure has

more easily stretched in the course-wise direction because of loosely constructed courses. In
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wale-wise stretching, the elongation occurs in the side limbs of the loop and contraction in
the head and sinker loop, as noticed in this work [88]. In a study [89], the glass and
polypropylene yarns were co-knitted with a 1x1 rib structure, and the fabric was stretched in
uniaxial and biaxial directions to test its tensile, bending, and impact. The wale-wise
stretching has more stress compared with the course-wise stretching. In bias (biaxial)

stretching, the wale-wise exhibited more stress than the course-wise.

From the above, it can be assumed that the length-related resistance will increase with
increasing uniaxial force, whereas the contact resistance will decrease with increasing

contact points and contact force [37].

A survey of the electro-mechanical behavior of electro-conductive fabrics can be found in
several professional publications. For example, in paper [84], three different forms of
conductive yarn, single yarn, two overlapped yarn, and knit stitch yarn, were taken for
study. Unidirectional tensile force is applied to those samples, and the electrical resistance
reading is taken. It was observed that the single yarn and overlapped yam have an increase
in electrical resistance with increasing tensile, but the knit stitch yarn has a decrease in
electrical resistance during increasing tensile. A study [75] noticed that the contact
resistance in knit stitch form has decreased with an increase in unidirectional stretching. The
conductive yarn in knit form has lesser resistance values than single-strand and overlapped
yamn. In fabric form, the contact resistance affects the total resistances more than the length

resistance.

The electrical conductivity of the CNT-coated nylon6/spandex yarn was investigated in the
study [90]. It was reported that the CNT yarn can elongate until 100 percent lengthwise,

whereas it was noticed that the yam's electrical resistance increases with elongation.

(a) (b) (c)
Figure 25. Yarn contact point shifting during (a) wale-wise stretching, (b) course-wise
stretching, and (c) biaxial stretching or both ways stretching [90].



The linear relationship between the electrical resistance and the elongation was noticed until
70 percent elongation. After that, the electrical resistance was increased drastically, up to
100 times at 100 percent clongation. Authors reported that the drastically increased

resistance after 70 % elongation is because of rupture and break in the CNT coating.

Another study [91] explains the contact resistance of the knit stitch made of silver-coated
yamn. It was found that electrical resistance decreases while an increase in elongation and
force. The authors reported that the linear fitting of the dependence of electrical resistance
on elongation has a R’ of 0.90; therefore, the statistically significant linear relationship
between electrical resistance and applied force was proved. So, the contact resistance of the

yarns plays an important role during fabric extension.

Three different silver-coated threads were studied for electrical resistance versus extension
in work [92]. The electrical resistance of all studied threads increased with increasing
elongation. Studied threads were used to sew chain stitches and zig-zag stitches on the fabric
substrate, and the electrical resistance was measured against the elongation of the fabric.
The author noticed that the stitch electrical resistance was decreased with the elongation of
the fabric because of multiple contacts in the stitch. Most of the studies confirmed that the
multiple contacts of conductive yarns in the fabric structure cause a decrease in electrical

resistance during fabric elongation.

The unidirectional stretching of the Ag-coated PA yarn intarsia knit fabric at wale way was
studied in work [37]. It was noticed that the electrical resistance was decreased with
increasing extensile force. An increase in the number of wales caused a decrease in the
fabric's electrical resistance values. Another study [93] also proves that the contact
resistance and contact force on knitted fabric have an influence on electrical fabric
resistance. The hexagonal resistance model for knitted structure validates the simulation of
the resistance sensing mechanism. An increase in contact force decreases the contact

resistance of the knitted fabric, which was proved by Holm's electric contact theory.

Article [79] shows knitted fabric's elongation-dependent and time-dependent electrical
resistance in course direction. It was reported that the full cardigan with medium stitch

density is more suitable for resistance stretch sensors among various knit structures.

The Ag-coated nylon 66 blended with merino wool yarn single pique knitted structure was

taken with a tuck stitch to study the resistance of the knitted fabrics in work [94]. The
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increase in the number of courses with constant wales and increases in the number of wales
with constant courses leads to decreased electrical resistance. Also, the tuck stitch reduces
the clectrical resistance of the single-pique fabric. Both the theoretical model and practical

model confirmed the electrical resistance results.

A study [98] developed the copper-coated Lyocell plain-woven fabric with an electroless
deposition method. The developed conductive fabric was tested for flex testing until 6000
cycles, and the resistance was measured with two probes and four probes. It can be
concluded from both measuring methods that the fabric resistance increases with increasing
flexing cycles. The change in resistance was explained by the partial damage of copper
coating on the fabric surface after 6000 flex cycles. The decrease in resistance is caused by
the damage to the copper coating due to swelling and expansion of the fabric. So, the
elongation and flex of fabric cause damage to surface coating, leading to reduced electrical

resistance.

From above, it is visible that the major portion of developed textile sensors is based on the
change of clectrical conductivity of the textile structure during external stimulus using
traditional wired methods. Only a few papers describe wireless strain sensing mechanisms
using electromagnetic radiation, but usually, those are for the civil engineering field. In the
study [95], the wireless measurement of the strain gauge for large metal structures is
presented with the radio frequency method. It was presented that the wireless radiation
measurement method's accuracy is higher than wired measurement by the traditional

resistance method.

There are lots of studies about the electrical resistance on stretching of textile conductive
fabrics [79]|37] and conductive thread stitch fabrics [92], but very few studies about the
conductive yarns on electro-mechanical behaviors are reported [96]. Especially, the yarn

resistance has the main influence on the fabric resistance, so it is necessary to analyze it.

It follows from the performed literature search that the influence of contact and longitudinal
resistance on both electrical conductivity and electrical resistance, as well as on
electromagnetic shielding, especially during mechanical stress, needs to be further

investigated to create wireless strain sensor technology using electro-conductive fabrics.

Electromechanical property of the conductive knitted fabric

Ohm’s law states that the voltage, V' is directly proportional to the current, / (amp), passes
through the circuit and resistance, R (Q), created by the circuit.
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V = IR, Eq. 11
The electrical resistance (R) of the conductive material is written as
R=V/I, Eq. 12

R depends on the length, I [m], cross-sectional area, 4 [m?], and resistivity, p [Q/m] of the

conductor.
R=pL/A, Eq. 13

The surface-coated conductive material has an exponential constant, &, for its effective arca

written as:
R = pL/A*, Eq. 14

As per the contact resistance theory, the contact resistance as:

_o [m
R =% |, Eq. 15

where H [N/m?], n, and P [N] are material hardness, number of contact points, and contact
pressure between the conductive yarns, respectively. The hardness and resistivity are related
to the material properties, and it is constant. Contact resistance is indirectly proportional to

the contact pressure and the number of contact points.

During the extension of the knit structure, the resistance of the fabric varies with related to

yarn length, R; and yarn contact points, R..

Conductive yarn extension mechanism

During the stretching of the yarn, the cross-section area, A, decreases, and the length, L, of
the yarn increases, so the length resistance, R; is not linearly proportional to the yarn length.
Conductive yarn length and cross section are a function of applied tensile force, /' [N]. The
force, /" included in Equation 16, with initial length, L, is written as:

L(F,Lo)

Rl = f(Fl LO) = A(F,Lo)k’

Eq. 16

The nonlinear length-related resistance is dependent on extensile force and yarn length. The
Nth order effect and cross-correlation effect between the yarn length and extensile force to

the resultant resistance as in the model equation below.
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R, = Zﬁzﬁ Z%:O Con F" :)na Eq. 17
where, C,,, is the coefficient to be determined in the experiment.

Extension mechanism of the overlapped yarns

The overlapped yarn contact resistance decreases with the increase in length or extension of
the yarn or fabric. The decrease in contact pressure during the extension is due to torsion in
the yarn twist releasing. The relationship between the tensile force, F, and contact pressure,

P as follows:
P =Py,+ayF, Eq. 18

Where, Py is the initial contact pressure, and ap is a constant coefficient. The contact
resistance, R, is indirectly proportional to the contact pressure, P. P is required to reflect the
resistance arising from the twist of the yarm. The equivalent resistance on overlapped
conductive yarn is as follows:

R(F, Lo) = Yo Ym0 Conn F" LY + 52— . Eq. 19

From Equation 19, the contact resistance increases with the initial stretch, and thereafter, the
length-related resistance plays an important role in total resistance. These constants will be

determined in the experiment.

3.4.2. Yarn resistance model

The yarn's electrical resistance R changes with increasing tensile, elongation, or strain; the

conventional resistance law is used to calculate the change in resistance as [93][97]

ar _dp | dl _dA

i T Eq. 20
Where p, I, and 4 are the yarn resistivity, length, and cross-sectional area, respectively.
Here, the elongation (¢) of the conductive yarn in the longitudinal and radial directions with
a cylindrical structure with an initial radius of » can be written as

dl dr dl
&= andsr=7=—v7=—vs, Eq. 21
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Equation 11 uses the Poisson's ratio is v. Using this equation, the changes in the volume (V)

and cross-sectional area (4) of the yarn can be written as

%=#+%‘4= g — 2vel + v?e? = v¥e? + (1 - 2v)¢g Eq. 22
and
2
Yo (te)-1=26+8 =205+ 02 (%) Eq. 23

By assuming the electrical resistivity, p= ¢V for the conductive material, where ¢ is the

number of free electrons per atom constant and the atomic density, then

%= c%= cv?e? + c(1-2v)g Eq. 24

From Equations (20) to (24), the change in resistance of the conductive material is written as

R 2(c— D+ [2(1— v +c + g, Eq. 25
R l

For the resistance of the yarn is written as

R=v%*(c—1)&’Ry + [2(1 — c)v + c + l]g,Ry + Ry Eq. 26

Where Ry is the yarn resistance at no strain. For a given material, the strain sensitivity, or

gauge factor K, can be written as

K=%=v2(c—1)sl+[2(1—c)v+c+l] Eq. 27

For a small change in strain values, the electrical resistance
R=2(1—-cv+c+llgRy+ Ry Eq. 28

The yam's electrical resistance is the main factor in the fabric's total electrical resistance; the
distance between the yarn's contact points in the fabric structure also influences the fabric
resistance. During the elongation of the fabric sample, the change in electrical resistance is

noticeable, especially in knitted structures, as shown in the literature search above.
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Needle loop

Sinker loop

Figure 26. Knitted loops with sinker loop and needle loop at (a) relaxed state and (b)
extended state [88].

3.4.1. Fabric resistance model

The knitted loop consists of a needle loop, which has one head, two limbs, and a sinker loop
in its natural state, as shown in Figure 26(a). While unidirectional tension is applied on the
conductive knitted fabrics, the contact points are tightened and moving. The length of the
head, limbs, and sinker loop has extended and may change the contact point. The increase in
tensile force has further extended the contact point, and pressure creates between the head
and sinker loop. The shape of the loop extended during the tensile force is shown in Figure
26(b). The breaking of the fabric occurs when the tensile force exceeds the breaking force of
the yarn.

The resistance of the conductive fabric among wale direction extension is modeled by
superposition of the length-related resistance and contact resistance with the fabric length, L.

Resistance is inversely proportional to the total number of wales (Equation 29) as:

ai

1
R(F,Lo) = 1 (o0 Xhco Con F L' + 5-220) + Wb Eq. 29

where by1s an offset coefficient to account for the terminal resistance between the connector

and the fabric under test, W is the total number of conductive yarn wales of knitted fabric.

The electrically conductive knitted and woven fabric structures can be assumed as resistance
circuits, meaning the woven fabric is similar to a square circuit with four resistors and
contact points. The plain weft knitted fabric matches to hexagonal resistance circuit model
(see Figure 27(a)). There are two types of electrical resistance in this fabric structure:
contact resistance (Rc), representing the contact points of overlapped yarn loop, and
intrinsic resistance (RL), representing resistance between two contact points (Figure 27(b)).
The fabric structure is described by one sinker loop (La), two-loop legs (Lb), and two

interloped contacts (c). Based on the fabric structure, the resistance circuit is represented
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with RL, Rc, resistance at needle loop and sinker loop (RLa), and two-loop leg resistance
(RLD) [93]. Kirchhoff's rule is used to model the network for deriving equivalent resistance
of the fabric. While applying tension to the fabric, the knit structure is disturbed, as seen in
Figure 26. In this case, the Rc and RL values change according to the applied tension, and

Equation 28 also explains the single yarn resistance change during stress.
As per the pierce model [88], the La and Lb under no strain are represented as

Lag =n"W/, and Lby = L= 2La0/2 =2l- ”W/4. Where [ is loop length, and w is single

loop width. The fabric under strain &, in course direction, loop length, / = Lag(1 + &),

RLa and RLb in Equations 30 and 31 as

pitw(1+&y)

RLa = p,La = 4 ,

Eq. 30

1[2l-tw(1+¢y,)]

RLb = p,Lb = . ,

Eq.31

Where p; is the yarn resistivity per unit length, the contact resistance is eliminated because

of complications in measuring under stress.

Figure 28 shows the electrical resistance circuit for 2x1 unit loops of knitted fabric, and it
shows the interior loop current. Equation 32 is obtained from Kirchhoff's voltage law and
the loop current method. 7;, I, I3, and I, are total current and equivalent resistance Re = V/I;,

and V'is voltage.

(@) (b)
Figure 27. Graphical images of (a) plain knitted fabric structure and (b) the hexagonal
resistance circuit model [97].
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—{1/2RLa.]——[ RLa ]—

Figure 28. Electrical resistance circuit for 2x1 unit loops for knitted fabric [97].

V _ RLa(RLa+2RLb)
11(21) ~  RLa+RLb

R.(2,1) = Eq. 32

3.5. Research gaps

The literature review revealed some studies with different conductive textile materials, and
their structure. Mostly the same material with different structure or different material with
the same structure was studied separately. So, to fulfill the research gap in the comparative
study, the various textile materials and different structures were taken and tested for
electrical resistivity, electromagnetic shielding, and fabric parameters in the initial work of
this thesis and recommendations for the creation of electromagnetically shielding textiles for
different applications with different requirements were summarized. A survey of the effect

of moisture in the textile material on its shading ability was carried out.

Effect of structural parameters including amount and size of pores on SE was evaluated
using the copper-coated nonwoven strips simulated as textile structures and using the design
of the experiment methodology. The final part of the review is based on the elongation of

the textile fabric and its electrical resistance and EM SE.

There are many studies on changes in electrical resistance conceming changes in fabric
clongation, but there are very few studies on EM SE against fabric elongation. In such
studies, the difference in SE against the elongation of fabric is not exactly studied. No
research reported on deformation sensing using conductive textiles with EM waves as a

detector, so that is also considered and studied.
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4 EXPERIMENTAL PART

Main goal of this work is to develop a wireless sensor based on the principle of changing the
electromagnetic shielding of the textile during its tensile stress. Both the yarn from which
the knitted fabrics are created and the knitted fabric itself are investigated. Knitted structures
were chosen for their easy deformability. In order to understand the electromechanical
behavior of knitted fabric, simple structures made of yarns are examined. This is followed

by an electromechanical survey of knitted fabrics.

The conductive yarn was taken, and measured its electrical resistance with various gauge
lengths; then, the yarn was formed as a single strand, single loop, and chain loop to check its
resistance during elongation. The chain loop form is similar to the knitted fabric structure,
so this result is important for further fabric development. Once the results of yarn forms
showing the change in resistance with elongation, then further knitted fabric with single
jersey and rib structure was developed for strain sensing ability. The knitted fabrics were
developed at three different densities for detailed analysis. The fabric properties like stitch
density, porosity, thickness, electrical resistance, and EM SE were analyzed during the
fabric elongation. SE is a crucial technique used for measuring strain sensing as a wireless

technology. Statistical analysis is used to find out the significant change in the results.

4.1. Electrically conductive silver-coated yarn

Since the goal was to prepare and study the mechanically deformable, highly electrically
conductive knitted structures with a relatively high EM shielding ability, the silver-coated
yarn was chosen. The silver-coated polyamide (AgPA) yarn with linear density 60 tex was
procured from Statex Inc., Bremen, Germany. The yam's main parameters are shown in
Table 5. The SEM images of the yarn at longitudinal and cross sectional views are shown in
Figure 29(a) and Figure 29(b) respectively. This yarn was used for three types of
experiments where the length-related electrical resistance and contact resistance were

studied under unidirectional extension forces applied.
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Table 5. Yamn parameters and their mean values with a 95% confidence interval.

SEM HV: 10.0 kV
SEM MAG: 100 x

WD: 16.11 mm

Date(mydly): 02/21/23

Yarn parameters

Values

Double yarn count raw [dtex]

476 +6

Single yarn count raw [dtex]

235

No. of filament per yarn

36

Double yarn count - silverized [dtex]

602 £5

Single yam count — silverized [dtex]

301 £10

Double yarn - twist per meter (‘Z’

twist)

457 £8

Single yarn - twist per meter (°S’

twist)

614 +4

Electrical resistivity [ohm/m]

68 +14

Tensile strength [N]

28 +4

Elongation at break [%]

28 10

Tenacity [cN/tex]

47 £2

Yield [m/kg]

Min. 16600

Double yarn dia. [um]

426 £30

Single yarn dia. [um]

273 £30

VEGA3 TESCAN
Det: SE 500 pm

TUL Liberec

(a)

SEM HV: 10.0 kV

SEM MAG: 1.00 kx

WD: 18.24 mm
Det: SE 50 pm
Date(midly): 0212123

(b)

VEGA3 TESCAN|

TUL Liberec

Figure 29. SEM images of AgPA yam, (a) longitudinal view at 100x magnification and

(b) cross sectional view at 1000x magnification.



(a) (b) (c)
Figure 30. Experimental setup of (a) SY, (b) SLY, and (¢) MLY samples (with chain
loop formation by crochet hand knit needle) clamped in the tensile instrument for the
measurement.

To explore length related resistance and the effect of contact resistance, three experiments
were conducted with three different yarn forms: single yam (SY), single-loop yarn (SLY),

and multi-loop yarn (MLY), and its experimental setup is shown in Figure 30.

SY sample is prepared with a single strand of yamn (see Figure 30(a)), which is clamped
between two jaws of a tensile instrument. The SLY sample is formed by overlapping the
two AgPA yarns to form a single loop, as shown in Figure 30(b). The MLY sample is
formed by a hand-knitted continuous chain loop with a crochet needle, and it is shown in

Figure 30(c).

4.2. Mechanical properties of yarns

The mechanical properties (stress-strain curves, ultimate characteristics) of silverized yarn
were tested with Lab test 2.010 instrument (Labor tech Inc., Czech Republic) as per ISO
2062 standard using 50 mm clamping length and 50 mm/s speed.

4.3. Electrical properties of yarns

The yarn resistance is measured with two probes as per ASTM D257, and as stated by [71]
the yarn irregularity makes the measurement complicated. A mass-specific resistance Ry is
defined as the resistance in ohms between the ends of a specimen 1 m long and of mass 1

kg, giving units of Q.kg/m”.
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The two quantities are related in Equation 33

R, = pd, Eq. 33

where, d = density of the material in kg/m’. In practice, it is more convenient to express Rs
in Q.g/cm® when the numerical values for most fibres will differ by less than 50 % from the
values of p expressed in Q.cm. With these units, the resistance R of an arbitrary specimen is
given in Equation 34

R=R,—x10° Eq. 34

where, / = distance between the ends of the specimen in cm, N = number of ends of yarn or

fibre, and 7' = linear density of yarn or fibre in tex.

Because of the wide range of resistance values, results are frequently expressed in terms of

the logarithm of resistance.

4.4. Electromechanical properties of yarns

The electrical resistance of the yarn was measured using the Arduino® circuit with two
probes, and its experimental setup with circuit diagram is shown in Figure 31. By this setup
direct recording of the electrical resistance varying with the tensile stress of the sample is
possible. The Arduino circuit with breadboard was connected to a laptop, as shown in
Figure 31(a); two probes from the circuit were connected with a copper plate extended from
two jaws, as seen in Figure 31(b). The circuit diagram of the Arduino is shown in Figure

31(c).

VOLII
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smel woyoq pue dof,

O T!

Figure 31. Experimental setup for measuring electrical resistance during elongation of
yarn (a) Arduino circuit board attached with MATLAB software in laptop, (b) two probes
in the tensile machine along with MLY sample, and (c) circuit diagram of Arduino board.
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The resistance of the yarn is measured with the formula given in Equation 35, and the
MATLAB program script is written and runs to record continuous electrical resistance

measurement.

Z, =17, ( L,:q) Eq. 35

Vout

where, Z;= known resistance, Z,= unknown resistance, V;, = input Voltage, and V,,, = output
voltage. The contact between the yarn and the metal part of the jaw could affect the
electrical resistance reading so that the nonconductive polymer gripper is placed between
the yarn and the metal layer of the jaws. The copper plate electrode with a 3 mm width is
placed on the gripper and connected with an Arduino circuit (see Figure 31) to measure the
electrical resistance of yarn during unidirectional tensile measurement. Resistances of the
yarn strands are recorded at a speed of 0.2 sec per reading. For recording the minute changes
in resistance during tensile strain on yarn, the resistor sensitivity of 0.02 Q is used for the
measurement. Each measurement was repeated five times for each yarn category to be able

to describe the variability of each measured quantity.

Table 6. Flat knit fabrics parameters and their mean values.

Test parameters SJL SIM SJH DJL DIM DJH
Structure Single Jersey Ix1 Rib
Thickness [mm] 0.85 0.83 0.84 1.52 1.48 1.37
Courses per [inch] 20.39 2540 3238 24.04 27 32.67
Wales per [inch] 18.29 19.30 20.46 18.62 19.05 19.27
Areal density

) 23079  261.66 31446 44201 456.02 538.96
[g/m”]

Stitch density [per

361.26 475.00 641.54 44762 51435 680.72

sq. inch]
Loop length [mm] 5.79 522 4.77 5.37 5.26 4.92
Porosity [%] 33 27.9 259 194 8.5 6.5
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Figure 33. Images of (a) DJL, (b) DJIM, and (c) DJH.
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4.5. Electrically conductive fabrics

Conductive silver AgPA yarn was used to knit single jersey (SJ) and double jersey rib (DJ)
on a 14 gauge flat needle bed knitting machine (Shima Seiki Ltd., Japan, and Model SRY
123LP). These two structures were chosen as they are the basic ones, rib knit fabric stretches
more than single jersey. In addition, these two structures of the fabric are widely in use of
wearable applications. The knitted fabrics are prepared at three different densities; low (L),
medium (M), and high (H). The basic parameters of knitted fabrics are shown in Table 6.
Flat knit fabrics parameters and their mean values. and their images are shown in Figure 32
and Figure 33. All the images are captured as per ISO 125 with 4.73 focal lengths and a 64
MP camera. The knitted fabrics were used for the examination of electrical resistance and

electromagnetic shielding under unidirectional as well as biaxial extension.

4.6.  Basic properties of fabrics

The fabric mass per unit area (w) [g/mz] was measured using the standard ASTM D 3776,
and the sample size was 100 cm’. Fabric thickness (f) was measured using the thickness
gauge |[mm], as per the standard ASTM D1777 (knitted samples). The loop length of the
fabric samples was calculated with the Dalidovich method [98]. Ten readings per each test

was taken to statistically analyze measured data sets.

4.7.  Electrical properties of the fabrics

The surface resistance of the sample set was measured according to the standard ASTM
D257, under a DC power supply, using two probe electrodes at the temperature 7= 21°C
and the relative humidity RH = 54 %. Sample resistance is measured by applying a voltage
potential between two probes of specified configuration, which are in contact with the same
side of the tested material. Sample resistivity p [Q.mm] was calculated from the below-
mentioned equation:

p =R(A/L), Eq. 36

Where, R [Q] is the sample resistance reading, 4 is the area of the sample [mm?], and L is
the distance between the two probes [mm]. Ten readings per each test were taken to

statistically analyze measured data sets.
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4.8. Electromagnetic shielding effectiveness of fabrics

SE of the sample set was measured according to the ASTM D4935-18 for the planar
materials using a plane wave, the far-field EM wave at the temperature 7' = 21°C, and the
relative humidity RH = 54 %.SE of the samples was measured over the frequency range of
30 MHz to 1.5 GHz. The set-up consisted of a sample holder with its input and output
connected to the network analyzer. A shielding effectiveness test fixture (Electro-Metrics,
Inc., model EM-2107A) was used to hold the sample. The design and dimension of the
sample holder follow the ASTM method mentioned above. A vector analyzer, Rohde &
Schwarz ZN3, was used to generate and receive the electromagnetic signals. The standard
mentioned above determines the shielding effectiveness of the fabric using the insertion-loss
method. A reference measurement for the empty cell was required for the shielding
effectiveness assessment. A “through™ calibration with the help of the reference sample was
made first. A load measurement was performed on a solid disk shape sample subsequently.
The reference and load specimens must be of the same material and thickness. Both the
reference and load samples geometries are according to the ASTM D 4935-18. The
measurements were performed at five different places of the textile samples because of the
subsequent statistical analysis. The mean values and 95% confidence intervals for means of

the SE for 1.5 GHz frequency are summarized.

4.9. Electromechanical properties of fabrics

To study the effect of fabric strain on ER and SE, a biaxial device was used. Figure 34
shows the experimental setup of the biaxial stretching device with fabric to measure
electrical resistance using two probe method (Figure 34(a)), and electromagnetic shielding
measuring apparatus as per ASTM D4935-18 method (Figure 34(b)). Figure 34(b) shows the
knitted fabric image marked with horizontal and vertical ways; the horizontal way
represents the coarse wise, and the vertical way represents the wale wise. This designation
(horizontal, vertical) will be used later in the text to show which direction of loading was

used.

The continuous measurement of the electrical resistance of the knitted fabric sample is done
with an Arduino resistance setup, as seen in Figure 34(a). The edges of the fabric samples
were connected with two probes from the resistance circuit board at a distance of 14 cm, and
the sample was stretched at a speed of 3.5 mm/sec to measure electrical resistance until 30

% fabric elongation. It was found that the elongation of the fabric until 30 percent was not
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causing any damage to the knit structure. The fabric structure was disturbed by unraveling
and breaking after exceeding 30 % eclongation. While uniaxial stretching, the probes are
connected to the stretching direction for a measurement. During biaxial stretching, the
probes are connected in the vertical direction of the sample, and only wale way resistance is
measured. The resistance readings were recorded online using MATLAB software and then

saved in a data file for further analysis.

The electromagnetic shielding effectiveness (EM SE) of the sample was measured using the
coaxial transmission line method, as seen in Figure 34(b). The coaxial holder is placed on
the surface of the fabric sample and attached with a biaxial device. The stretching cycle is
programmed with Fabris 5K software. The stretching speed was 3.5 mm/sec, and for every
5% elongation of fabric, the holders were paused for 30 sec to measure the EM SE. The

stretching process is continued until 30% elongation of the sample.

The pore area of the fabric sample during the biaxial stretching process is measured using
the Nikon NIS element software as per internal standard number 23-107-01/01. The fabric's
total open pore arca value, called porosity, was obtained by the NIS element image analysis

and used for plotting graphs.

All three types of experiments were conducted on the sample set: uniaxial deformation at
both ways and biaxial deformation. Output values were: electrical resistance, EM SE, and
sample porosity. All tests were performed at the temperature 7' = 21°C, and the relative

humidity RH = 54 % and three readings were taken for each test.

(b)
Figure 34. Experimental setup of fabric attached in the biaxial device to measure (a)
electrical resistance and (b) electromagnetic shielding effectiveness.
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5 RESULTS AND DISCUSSIONS

In this chapter, the conductive yarn and conductive knitted fabrics test results are evaluated

deeply and discussed statistically as well as logically for strain sensing applications.

5.1. Conductive yarn and its forms

The three forms of the yams were tested for electrical resistance, resistance during

elongation, tensile strength, and in addition SEM images after yarn break are discussed here.

5.1.1. Electrical resistance analysis of yarn and its forms

As the electrically conductive yarn is the basic element used in this work, it was investigated
in detail in terms of their electrical propertics. Measured was electrical resistance using
different gauge lengths. In the next step, the following characteristics were calculated:
length resistances for all yam forms, electrical resistivity together with electrical

conductivity for the single yarn.

The single yam (SY), single loop yarn (SLY), and multi-loop yam (MLY) are tested for
electrical resistance at 1, 3, 5, 10, 15, and 30 cm distances between the two probes, and the
results are given in Figure 35. It is visible that electrical resistance (R) increases with
increasing gauge length (GL), and this relationship can be approximated by a straight line
(Equation 37) with a very high coefficient of determination (R* > 0.98). Slope of the line
represents length resistance R; and y-intercept represents the sum of resistances at the
interface between measured material and probe. Comparing R; shown in Figure 35 and
Table 7, it is visible that the SLY has the lowest length resistivity, and the highest length
resistivity shows a sample marked as SY. The resistance value changes because the SY has
single length related resistance, SLY has four length related resistances and one contact
resistance between yarns, whereas MLY has multiple length related resistances and contact
resistances at yarn-yarn interface within the same length. Based on measured electrical
resistance and gauge length dependence of single yarn, mass specific resistance of single

yarn was calculated according to Equation 39, which is 0.29 mQ.g.cm™.

R=R,.GL+R, Eq. 37
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Figure 35. The gauge length of two probes versus the resistance of

single yam (SY), single loop yam (SLY), and multi-loop yam (MLY).
5.1.2. Mechanical properties of yarn and its forms

The stress-strain or tensile property of the yarn is the main characteristic to identify whether
the yarn is suitable for apparel applications or not. When doubling the yarn, the tensile
strength also increases. In this part, yarns' single-strand, single-loop, and multi-loop forms

were tested for tensile strength properties.

The single yam was tested for its tensile strength as per CSN EN ISO 2062 and its gauge
length is 15 cm and speed is 150 mm/min. Reading of 30 samples and their result are given
in Figure 36. The maximum strength of 38.72 cN/tex and breaking elongation of 20% was

obtained from this experiment and the 95 % confidence interval was plotted in dotted line.

The tensile strength of the yarns was measured at 5 cm gauge length and 50 mm/min
traverse speed. The results of SY, SLY, and MLY stress—strain curves are shown in Figure
37, and the average of five readings was used for this plot; the average yam breaking
strength and breaking elongation values with a 95% confidence interval (CI) are shown in

Figure 37.

Table 7. Electrical length resistance of different yarn forms with 95% CL

Electrical length resistance Ry [Q/cm]

Yarn form
Mean CI
SY 0.45 0.03
SLY 0.25 0.02
MLY 0.40 0.09
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Figure 36. Stress-strain curve of the single yarn.

The mean values of breaking force and elongation at the break of yarn forms with 95% CI

are given in Table 8.

Figure 37(a) shows the results of the single yarn at 5 cm gauge length test at 50 mm/min
speeds. The rapid increase in single yamn tensile was noticed between 5% and 22%; after
that, the yarn break at 34.7 % strain with 42.4 cN/tex force. Apart from SY behaviors, the
SLY was initially zero stress until 3% strain; after that, the stress acted on it (see Figure
37(b)). The SLY breaking strength is 40 % higher compared to SY. The SLY sample is
constructed with two threads of SY (see Figure 30(b)), which means the yield strength of
SLY is double that of SY, which is why the strength and elongation at the break of the

samples also increase.

In MLY results (Figure 37(c)), the load is acting after a certain percentage of occurred strain
which is because of the loosely constructed loops structure (see Figure 30(c)). Once the
loops get in contact with each other, then the load is acting. The MLY has 70% higher
breaking strength compared with SY.

Table 8. Tensile strength and strain of yarn forms with 95% CIL.

Parameters SY SLY MLY

Mean CI Mean CI Mean CI

Yarn tensile, 7’
[cN/tex]
Yarn strain, € [%] 3479 2.56 29.19 2.22 73.32 10.48

4240 151 61.25 4.59 73.08 12.60
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Figure 37. Yam strain € [%] versus tensile, 7'[N] of (a) SY, (b) SLY, and (c)
MLY.

The yam strain at break is higher for MLY, but SY has higher than SLY this is because of
more rupture occurs at the SLY contact point. The higher the number of loops, the higher

the breaking strength was noticed.

5.1.3. Electromechanical properties of yarn and its forms

The conductive yam is used to develop the conductive fabric for strain-sensing application.
The fabric property is mainly based on yarn properties, so testing the electromechanical
properties of different yamn forms is helpful in determining the fabric results. In this part, the

strain or stress versus electrical resistance of yarn forms was studied.

The dependence of electrical resistance on tensile for SY, SLY, and MLY samples at 5 cm
gauge length using 50 mm/min test speed is shown in Figure 38. When observing this
dependence for the SY sample (see Figure 38(a)), it is visible that during the initial tensile

process (1" < 3.34 cN/tex), for this gauge length and test speed), the resistance increases
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slightly. After a certain point, resistance increases steeply. A single linear model may not
adequately describe the relationship between electrical resistance and yarn tensile. In this
case, a segmented or piecewise linear regression allows multiple linear models to fit the data
for different ranges of x. In our case, piecewise linear regression with two segments was
used when the breakpoint (the point where the slope of the lincar function changes) was
unknown. The breakpoint was found as the minimum of the sum of RSS (residual sum of
squares) of the two linear models. Figure 38(a) shows two straight lines with a very high

coefficient of determination defining the breakpoint.

It was confirmed that there are two phenomena during the tension process: length-related
resistance and contact resistance. The contact resistance occurs during the initial tension due
to the twist of conductive yamn and the increasing number of contacts between fibres,
reducing total length-related resistance. After the changing point, only length-related
resistance occurs. It could also be assumed that the continuous conductive layer on the fibre
surface during large deformations may be disturbed, and therefore the electrical resistance

will increase.

The dependence of electrical resistance on the tensile force for single loop yam (two
overlapped yarns, SLY) is shown in Figure 38(b). It is visible that the resistance decreases
until 3.34 cN/tex, which is caused by contact resistance dominating at the initial stressing.
After reaching the change-point, the resistance increases steeply due to length-related
resistance, and contact resistance has little effect on this region. Also, in this case, it is
possible to fit two regions by straight lines to find a change-point. It is observable that the
length-related resistance and contact resistance behave as competing factors which confirms
that the electrical resistance of knitted fabric can be modeled by the superposition of the
length-related resistance and the contact resistance, see Figure 25. When comparing the
initial resistance and also the rear arca of measured resistances of SY and SLY, the
resistances in Figure 38(b) are almost half of that in Figure 38(a) because, in the case of

SLY, two conductive yams were connected in parallel.

The dependence of electrical resistance on the tensile force for multi-loop yam (multiple
overlapped yarns, MLY) is shown in Figure 38(c). It is visible that the resistance decreases
until 8.35 cN/tex, which is caused by contact resistance between the yam loops dominating
at the initial stressing. After reaching the change point, the resistance increases steeply due

to length-related resistance, and contact resistance has little effect on this region.
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Figure 38. Dependence of resistance, R [(2] on yarn tensile, 7' [cN/tex] for (a) SY, (b)
SLY, and (c) MLY.

Also, it is possible to fit one region by a straight line to find the change point in this case.
This multiple loops model helps to model the knitted fabric for electrical resistance change
during elongation. When comparing initial resistance and also a rear area of measured
resistances of SY, SLY, and MLY, resistances in Figure 38(c) are almost half of that in
Figure 38(b) and a quarter of that in Figure 38(a); due to the case of MLY, multiple loops of
conductive yam were connected in parallel. When comparing the slope of the increasing
linear models of all yarn-type structures, the highest slope (the steepest growth of R) has the
SL sample, and the lowest slope has the MLY sample.
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Figure 39. Dependence of electrical resistance, R [€] on yarn strain, € [%] of (a) SY, (b)
SLY and (c) MLY.

The dependence of yarn electric resistance R on yarn elongation ¢ is shown in Figure 39(a-
¢). Mean values together with 95 % confidence intervals of means displayed by dotted lines,
are presented for SY, SLY, and MLY. The breaking strain is marked as a point with errors,
as shown in Figure 39; MLY has a higher value following SY and SLY.

When observing R versus € dependence, two regions of the tension process corresponding to
length-related resistance and contact resistance are also visible, whereas the contact
resistance has the smallest effect for SY samples and the highest effect for MLY samples.
This phenomenon is connected to the number of contact points in the yarn-forming
structure. For example, contact resistance is dominating factor of up to 30 % elongation for
the MLY sample. The single contact point has a smaller effect on the R-value in Figure
39(b); SLY resistance decreases initially and then increases. Once the yarn rupture

increases, the R-value also increases. Due to the multiple connecting points, the curve in
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Figure 39(c) has wave formation; throughout the graph, there are many waves indicating the

sudden rupture and slip between the contact points occurred.

5.1.4. SEM analysis of yarn

SEM analysis of yam in Figure 40 shows the surface coating on filaments. Before the
elongation of the yarn, the coating on the surface of the filament covers most of the part
(Figure 40(a)), and after the clongation, the filament surface coating is a wear-off and
uneven break of filament, as clearly seen in Figure 40(b). The surface coating of Ag on the
filament surface came out after the yarn break, as seen in Figure 40(b), which confirms that
the conductive particles on the surface are no longer in contact, the conductive network is
not formed, and the electrical resistance increases during the larger tension process. The
SLY yarn break occurred by abrasion in the loop, whereas one part of the loop was
completely broken and another part was broken partially, as seen in Figure 40(c). The partial
break of filaments is more clearly seen in Figure 40(c); the abrasion of yarn leads to the
break of the surface coating and completely cuts the conductive network. Higher tension
applied on the yarn leads to wear-off and breaks the filament surface coating, which is the

reason behind the increase of resistance on SY samples during stress-strain analysis.

5.2. Electro-conductive knitted fabrics

The study of EM SE against fabric stretching is a new approach to measure strain sensitivity
applied in the present thesis. In this way, the strain is measured with wireless technology,
and it takes sensor technology to the next level of development. Woven and knitted fabrics
are widely used for sensor applications. Those fabrics are widely used in clothing and
technical textile applications. Knitted fabrics have higher elongation properties, and a

balanced structure is suitable for sensor applications.
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Figure 40. SEM images of silverized filament yarn surfaces (a) SY before break (x40) ,
(b) SY after break (x40), and (c¢) SLY after break (x40).

This work produces the plain jersey and rib knitted fabric using silver-coated yam to
analyze its sensing properties. The biaxial device is used to elongate the fabric in uni-axial
and bi-axial directions to find its sensory features. The single jersey and double jersey
fabrics are knitted with a flat knitting machine and tested for EM SE, electrical resistance,
and porosity during stretching with a biaxial device. This work is based on preparing the

wireless sensor fabric, and most of the preliminary examinations are done in this chapter.

5.2.1. Electromagnetic shielding effectiveness of the knitted fabrics

As mentioned above, the SJ and DJ samples, developed at three different densities, L, M,
and H, were tested for electromagnetic shielding effectiveness at a frequency range from 30
MHz to 1.5 GHz as shown in Figure 41 (mean values are shown). The average SE at 1.5
GHz frequency together with its 95 % CI of SJ and DJ samples is shown in Table 9 and
Table 10.
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Figure 41. Dependence of EM SE [dB] vs. frequency, /[Hz] (f= 30MHz - 1.5 GHz) of the

(a) SJ and (b) DJ samples.

Table 9. Mean values of SJ knitted samples SE with 95% CI

Sample SE [dB] at 1.5 GHz
name frequency
Mean CI
SIL 46.1 0.25
SIM 48.9 0.31
SIH 525 0.24

Table 10. Mean values of DJ knitted samples SE with 95% CI

Sample SE [dB] at 1.5 GHz
name frequency
Mean CI
DJL 61.5 0.54
DIM 64.9 1.89
DJH 64.7 1.07
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The EM SE of the single jersey fabrics decreases logarithmically with increasing frequency,
as seen in Figure 41(a). Also, the density of the fabric influenced the SE value positively;
SE of the SJIL, SIM, and SJH fabrics is 46 dB, 49 dB, and 52 dB at 1.5 GHz frequency (see
Table 9). The density of the sample influences the fabric thickness as well as the fabric
porosity, increase in density increases the thickness, stitch density, and areal density but
decreases the loop length (see Table 6). The EM waves are reflected by thicker conductive
layers and lesser porous structures. That is the reason why higher-density fabric has higher
SE than lower-density fabric. DJ fabric’s SE has an ambiguous trend (SE is more or less
constant) throughout the frequency range of 30 MHz to 1.5 GHz, as seen in Figure 41(b).
The SE of DJ rib fabrics are close to the dynamic range of the measurement device used,
therefore the shape of the curves of samples with higher SE is not smooth. This kind of
structure has an identical appearance on both sides with paired curves. Also for this sample
set it was confirmed that the SE value increases with increasing fabric density; the DJL,
DJM, and DJH samples have 62 dB, 65 dB, and 65 dB at 1.5 GHz frequency (see Table 10).
The increase in density of DJ is an increase in the amplitude of the SE readings in the graph
because higher density fabric has closer loops and increased curves in structure, which
creates the higher amplitude. The SJ fabric SE results also have noises, but the amplitude of
the SE readings is lesser than the DJ results. This kind of wave is formed with the presence
of the pore or aperture in the structure; according to plane wave theory [38], the aperture
size induces the amplitude of the SE results. Overall, the DJ fabric sets have higher SE than

SJ fabric sets; another reason is the DJ is thicker as well as dense than the SJ.

5.2.2. Mechanical properties of knitted fabrics

The tensile-clongation curve of sample is important to know the stress-strain behavior of
knitted fabrics and it was necessary to know it in order to plan further electromechanical
experiments. SJM sample was chosen for this experiment. The tensile strength of the SIM
fabric is tested with a biaxial device at 3.5 mm/min holder speed, gauge length of 15 cm,
and fabric width of 10 cm. SJM knitted fabric is tested for tensile strength at wale-wise and
course-wise directions. Figure 42 shows the tensile strength result of the SJM fabric,
whereas the wale-wise tensile strength of the sample is in Figure 42(a). The strain increases
with increasing stress; after 154 mm elongation, the fabric tensile loses its strength from 115
N/m by breaking its loop structures. In the course-wise tensile shown in Figure 42(b), the
strain increases with increasing stress; after 200 mm elongation, the fabric tensile loses its

strength from 500 N/10cm by breaking its loop structures. The wale-wise direction strength
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of fabric is higher than the course-wise direction strength. The breaking of the fabric occurs
slowly that the reason the peak is not dropped suddenly, especially wale-wise. The course-
wise e¢longation is more compared with wale-wise, which is because of loosely constructed
loops in course direction, as already discussed. Based on this experiment it was decided that
both knitted samples will be deformed in the range from 0 to 25% (indicated in the graph
and it corresponds to 37.5 mm) so that the elastic region of the curve was explored. It is
also visible from these results that the wale-wise has more elastic recovery than course-wise.
The elastic recovery of the fabric is identified as 60 mm and 140 mm for wale-wise and
course-wise respectively. It was noticed that the deformation of fabric in one direction is

higher and it is much needed for strain sensing application.

5.2.3. Effect of knitted fabric parameters on SE

In this subchapter the comparison of SE sample set will be done with respect to different
sample parameters. The comparison of the SJ and DJ fabrics with respect to the SE results is
discussed in Figure 43. In a bar chart, the SE versus SJ and DJ fabrics are plotted in Figure
43(a); SE of SJ is higher than the DJ, increases in fabric density from low to high also
increases the SE values was noticed. The SE/A versus SJ and DJ fabrics are plotted in Figure
43(b), the SJ has higher SE/h than the DJ, the thickness of SJ is lesser, and it has an effect
on SE/h values. The SE, along with fabric parameters, represent the actual SE values of the

fabric samples, which are also considered to take into account for the end use of the fabrics.
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Figure 42. Stress-strain curve of the SJM fabric tested with the biaxial device at (a) wale-
wise and (b) course-wise directions.
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In a bar chart, the SE/GSM versus SJ and DJ fabrics is plotted in Figure 43(c); the SE/GSM
of the SJ samples has higher than the DJ samples. The SJ has lesser GSM than the DJ, that
why the SE/GSM is higher for SJ.

The basic parameters of the fabric samples are stitch density, areal density, thickness, and
porosity are compared and shown in Figure 44. The SE is increase with increase in stitch
density of the SJ linearly and DJ in nonlinear trend as seen in Figure 44(a). Figure 44(b)
shows the SE is increases with increase in areal density for SJ and DJ fabrics, DJ has sudden
increase at medium range and no change after. The increase in fabric thickness has different
effects on SE, for SJ samples SE has different values but the thickness has no significant

difference; DJ samples thickness increases then the SE is decreases slightly as seen in
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Figure 44. Dependence of SE at 1.5 GHz frequency on (a) stitch density, (b) areal density,
(c) thickness, and (d) porosity of the fabric samples.

Figure 44(c). Another main parameter is the porosity of the SJ and DJ fabrics are compared
with their SE values in Figure 44(d). An increase in porosity has decreased the SE of the SJ
and DJ fabrics; a more open area is transmitting the EM radiation, and the reason the SE
decreases with increasing porosity. Those results show the difference in SE with the fabric
structure and its densities; it might be helpful to decide the suitable fabric for the sensor
range. The DJ’s medium density and high density fabrics has no significant difference in SE

values was noticed.

The stitch density is the total knit stitches present in square inches, which is the
multiplication of courses per inch and wales per inch. In the literature review, it was
discussed that fabric density is mainly affecting the electrical and shielding properties. So
the effect of the stitch density on SE/GSM, thickness, and porosity was compared for SJ and
DJ, as shown in Figure 45, where mean values together with 95 % CI of means are shown.

The two main parameters for sensing application are SE and GSM; here, SE/GSM is
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compared with stitch density in Figure 45(a). SJ has a decrease in SE/GSM with an increase
in stitch density, but DJ structure has increased initially and decreases in SE/GSM with an
increase in stitch density (Figure 45(a)). The stitch density of the SJ fabric sample does not
affect the samples' thickness, but for DJ, the thickness decreases with an increase in stitch
density (Figure 45(b)). The increase in stitch density leads to compressing the structure of
DJ, which leads to a decrease in thickness. Both the SJ and DJ porosity decreases with the
increase in stitch density (Figure 45(c)), which is expected. An increased stitch density of
the fabric causes more loops, which decreases the samples' porosity. The slight change in
SE/GSM DJ result is because of the sudden drop in porosity of the medium stitch density
fabric. The connecting line in the graphs is used only for better visualization of the results,

and it hasn’t any approximation meaning.
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5.2.4. Effect of knitted fabric elongation on its electrical resistance

The electrical resistance (ER) is indirectly proportional to the electromagnetic shielding
effectiveness if other variables are held constant, which means higher the resistance lowers
the shielding and vice versa. EM SE is therefore related to the ER and total ER is mainly
affected by the number of contact points between the conductive yarns causing a conductive
path. While clongating the knitted fabric, the change in resistance with respect to the
number of contact points is derived in Equation (30) and (31). During both way elongation
measurements, the ER is measured in a vertical way only because the wale-wise has more

influence on ER than course-wise.

The SJ sample's ER behavior is different for different densities; mostly, the ER is decreased
while stretching the fabrics. ER for SJ lies between the 1 to 2.5 ohms range for all the
samples and there is an observable decrease in electrical resistivity with increasing density
of the knitted fabric. During the increasing horizontal way of fabric elongation, the ER is
slightly decreasing for all densities of samples. When increasing vertical way fabric
clongation ER is decreasing more steeply. During both ways of fabric elongation, ER is
deviating moderately between horizontal and vertical ways results. ER of SJL sample has
decreased with an increase in elongation at all directions of loading, as seen in Figure 46(a).
At both ways of stretching of SJL, the ER increases slightly and then decreases drastically;
from 2 to 5 % clongation, the ER increases suddenly because of the relaxation of fabric.
SJM sample has decreased in resistance with an increase in elongation at the horizontal way;
at vertical and both ways stretching, the resistance increases initially until 7.5% elongation
and then decreases drastically, as seen in Figure 46(b). SIM is constructed with moderate
stitch density so that the ER is increased vertically as well as both ways of elongation of the
fabric and fabric loops loosen in this direction. SJH sample ER slightly decreased with an
increase in elongation of the sample, as seen in Figure 46(c). SJH vertical way elongation
causes increase in ER initially due to fabric relaxation or pre-tension, but in horizontal way
clongation, the resistances increase after 2.5 % to 7.5 % clongation, proving the loose
connection between the loops at this point. Based on the stitch densities, the ER results vary
with fabric elongation. The loose structure has constantly decreased in ER, but the tight
structure has slightly decreased in ER against the elongation. ER trend is somehow similar

to the SE results of the SJ fabrics.
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Figure 46. Dependence of electrical reSiS'E;I)lCC R [Q] on elongation of fabric € [%] for
single jersey fabrics having: (a) low, (b) medium, and (c) high density.
The DJ fabrics have different trends on ER for different densities during fabric elongation,
as seen in Figure 47. An increase in fabric density is shifting the ER trend from downward
to upward against the fabric elongation. DJ fabrics ERs are behaving similarly for vertical
clongation. There is a peak shift in ER results related to fabric density; an increase in the
density of the fabric is shifting ER peak from the initial to the final point of elongation. Such
kind of shift in the peaks is due to the following reasons. In a loosely constructed structure,
the pre-tension between the loops causes less connection between the loop yarn and
increases the ER. In tightly constructed structures, the loop yarns surface coating was
affected by abrasion after a certain point of elongation and tend to loss in electrical
connection, which is why the ER increases at the final stage of elongation. The moderate
structure lies between the loose and tight one; here, the wider increase in ER is because of
pre-tension. In horizontal way of elongation of DJ samples, ER is almost constant. In

vertical way of elongation of DJ samples, ER is decreases after 5% clongation for low and
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medium densities. In both ways of elongation of DJ samples, the ER decreases after 5%
elongation for low and medium densities. Compared with SJ samples, the DJ samples ER is
opposite in horizontal way elongation. The SJ or plain knit structure has a moderately loose
course, but the DJ or rib structure is looser. This is the reason that the DJ and SJ horizontal
results vary due to structural differences. DJL has an increase in ER initially and then
decreases with respect to an increase in elongation at all ways of stretching shown in Figure
47(a). DJM sample also increases ER at an initial stretch and then decreases with vertical
and both ways of elongation, as shown in Figure 47(b). DJH sample follows a similar trend
to others, but at horizontal way stretching, the resistance has no change with an increase in
elongation (Figure 47(c)). The electrical resistivity trends are most closely related to the SE

results of the DJ fabrics.
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5.2.5. Effect of knitted fabric elongation on its porosity

The porosity or aperture of the shielding material has significantly affected the SE results, as
stated by the theory and also as confirmed in the work Palanisamy et al. [3]. That is why the
porosity of the fabric during elongation and its SE is studied in this part.

The elongation versus porosity of the SJ fabric is shown in Figure 48. It is visible that the
porosity at 0 % loading (Py) decreases with higher sample density. The extension of the
fabric causes increase of the porosity in most cases, and increasing porosity could affect the
shielding effectiveness. SJL, SJM, and SJH fabric's porosity increase with an increase in
clongation at vertical, horizontal, and both ways, as seen in Figure 48(a-c), whereas the
trend is almost linear. At both ways of elongation, the samples porosity increased much

higher than in other ways and the slope of the approximation line would have the highest

slope.
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The second most increase in porosity during elongation was noticed at the horizontal way
elongation of the fabric. The loops are tightly arranged in a vertical direction or course-wise
of the SJ structure, which is not elongating much at this direction of stretch and the effect of
stretch on porosity is the lowest one. The density of the fabric also affects the porosity; the
higher the density, the greater change in porosity against the elongation noticed. The SJL,
SIM, and SJH have a maximum difference in porosity of 16 %, 18 %, and 24 %,
respectively, during both ways stretch. In a horizontal direction or wale-wise, the knit loops
are arranged loosely to eclongate the fabric easily, and the pores are opened wider in this
direction of stretch. The knit loop structures affect the porosity with respect to the direction
of the stretch. The elongation versus porosity of the DJ fabric is shown in Figure 49. DJL,
DJM, and DJH fabric's porosity increase with the elongation at vertical, horizontal, and both

ways, as seen in Figure 49(a-c).

100 . : : . 100 : : . .
* - Horizontal | *-- Horizontal
Vertical Vertical
b~ o . . . . |™—Boh sol ‘ —A—Both
|
!
= - |
5
R 50 = 60t |
o o
2 > |
= £ \
O o
o 401 o 40 ]
a o |
|
204 20
e
|
0 . L L . 0 i . L
0 5 10 15 20 25 0 5 10 15 20 25
Elongation € [%] Elongation € [%]
(a) (b)
100
* - Horizontal
Vertical
80} —&—Both
£ 60
o
2
‘0
o
S 40°f
a
20
0 . , \ ,
0 5 10 15 20 25
Elongation € [%]
(c)

Figure 49. Elongation of fabric € [%] versus open pore area P [%] for double jersey
having (a) low, (b) medium, and (c) high density.
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Also, in this case, the increase of porosity with increasing elongation is almost linear.
During the both way clongation of the samples, the porosity increased significantly, the
slope of the approximation line would be the highest. Significant effect of elongation on
porosity can be observed also during horizontal type of elongation, the increase of P is
around 40 %. The loops are tightly arranged in a vertical direction or course way of the
double jersey structure and that is why samples are not elongating much at this direction of
stretch. The loading in vertical direction has the lowest effect on porosity. The density of the
fabric also affects the porosity; the higher the density, the greater change in porosity against
the elongation noticed. The DJL, DJM, and DJH have a maximum difference in porosity of
30 %, 40 %, and 48 %, respectively, during both ways stretch. In horizontal direction or
wale ways, the knit loops are arranged loosely to elongate easily. The porosity is affected by

the knit loop structures with respect to the direction of stretch.

5.2.6. Effect of knitted fabric elongation on its SE

The stretching of the fabric in a uniaxial and biaxial direction changes the fabric geometry,
as discussed in the literature review. Equations 30 and 31 determine the change in resistance
with a change in fabric strain values. If the electrical resistance changes, then the EM SE
also changes because those are indirectly proportional to each other.

In case of knitted fabric extension, the increase of electrical conductivity is expected during
the initial extension process as shown during electromechanical analysis of crochet chain,
which is caused by an increase in the number of contacts between the yams in the knit
structure. This phenomenon could increase the EM SE. On the other hand, it is expected that
the porosity of the sample could increase with sample loading, which could have a negative
effect on the SE level. That is why, SE of knitted sample set (single jersey, double jersey
having 3 different densities) will be studied during all types of elongation experimentally.
The elongation of the SJ fabrics in a horizontal way, vertical way, and both ways versus EM
SE at 1.5 GHz frequency is shown in Figure 50. Studied is SE response during the extension
of sample to 25 % elongation. The SJ fabrics are produced at three densities: low, medium,
and high, based on their stitch density. All three densities of SJ fabrics increase in SE with
an increase in fabric elongation at all directions of stretches, as shown in Figure 50. In
Figure 50(a), the SJL fabric SE results are shown, and SE increases with all directions of the
elongation. Especially, the vertical direction of the stretch has increased the SE value higher
compared with horizontal and both ways stretching with increases in elongation. Both ways,

points lie in between vertical and horizontal points. The deviation in the SE is higher in the
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vertical direction and lowest in the horizontal direction. For SIM and SJH, fabric samples
also have higher SE differences at vertical way stretch, but at horizontal and both ways
stretching of the samples also increases the SE value with increases in elongation (Figure
50(b.c)). In the vertical direction elongation of the fabric, the wales are expanding, and
courses are contracting; wales are tightly constructed, and contact between the yarns
increases with elongation; that’s the reason why the SE increases much. The SJL, SJM, and
SJH have the SE of 50 dB, 53 dB, and 57 dB at 25 % vertical way elongation. SE is higher
for high-density fabric, and the difference between the initial and final elongated SE values

also had more difference than other densities.
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For the creation of sensors, it seems that the most interesting stretching mode is the vertical
stretching of the sample, when a linear increase in SE with elongation is observed for all
densities of samples and also during vertical stretch the highest ASE (SE-SEy) is achieved,
namely approx. 5 dB for a sample with low and medium density and approx. 7 dB for a
sample with high density.

The elongation in the percentage of the DJ fabrics in a horizontal way, vertical way, and
both ways directions versus EM SE at 1.5 GHz frequency results are shown in Figure 51.
The double jersey fabric was prepared also in three densities: low, medium, and high. All
the fabrics have the same trend in SE versus elongation graph: the vertical way stretch of the
fabric causes linear increase of SE with increasing elongation; the horizontal and both ways
stretching fabrics cause first a decrease in SE followed by an increase in SE, however, SE
does not exceed SEj at 25 % elongation. DJL, DJM, and DJH fabrics results are shown in
Figure 51(a), 51(b), and 51(c); all the results follow the same trend as described above. In a
vertical way, the difference in SE values at initial to final elongation increases with an
increase in fabric density from low to high. Fabric stretch in a horizontal way for DJ fabrics
decreases steeply until 10 % elongation and then increases by 1 dB until 25 % elongation,
the SE values from 10-25 % elongation is very less changes. During the both ways
stretching, the DJ fabrics SE decreases steeply until 10% elongation and then increases by 3
dB from 10 % to 25 % eclongation, the SE value from 10-25 % clongation has average
change. Both ways of stretching have very less change in SE values during fabric
elongation. The reason for the change in SE with respect to the direction of elongation is
further studied with electrical properties and porosity analysis. The main reason behind the
change in SE is the changing number of contact points between the yarns; the vertical way
produces more contacts, and the horizontal way loosens the structure to create lesser contact
points.

If we look at the results considering the requirements for the creation of strain sensors, the
use of vertical tensile stress of the samples seems to be the most interesting, where a linear
change of SE with a change in elongation is observed, while the average ASE is about 3-5

dB.

5.2.7. Effect of knitted fabric elongation on SE sensitivity

The SE sensitivity (SES) or gauge factor is the important parameter for describing the
fabrics strain sensitivity results. The gauge factor (GF) is used to indicate the strain

sensitivity of the fabric and its formula is given in Equation 40.
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Here the sensitivity based on SE values is shown against the vertical elongation of the fabric
samples (Figure 52); because there is one directional change was noticed at vertical

clongation for SJ and DJ fabric.

SEx—SEg _ ASE

GF = SES = = ,
SEo SEo

Eq. 38

where, SE, is the SE value at x % elongation, SE is SE value at 0% clongation, and 4SE is
difference between SE, and SE). The elongation of the SJ fabrics versus EM SE with respect
to SE at 0% elongation (SEy) as also called as SE sensitivity (SES) was shown in Figure
52(a). The SES of the SJ fabrics increases with the increase in clongation at vertical
direction. The dependence of SES on elongation has very good correlation and its R is 0.80.

The DJ fabrics dependence of SES on vertical elongation of fabric is shown in Figure 52(b).

94



>
=}
=3

| SES= 0.0026°E + 1.005
R?=0.76

=
9

,| SES=00039'E + 1.005
R?=0.79

=]
&

o
&

o

@
=}
he

T

P
o

SE/SE, SES [
8

SE/SE | SES []

o
&
=] o
= ~
T

o
N
-

o
©
@

10 15 20 25

0 5 10 15 20 25 0 5
Elongation € [%)] Elongation £ [%]
(a) (b)

Figure 52. Dependence of SE sensitivity SE/SEy [-] at 1.5 GHz frequency for vertical
direction of elongation € [ %] of (a) SJ, and (b) DJ.
Here, the linear increase of SES with increase in fabric elongation at vertical direction was
noticed. The predictability and correlation of SES on elongation for DJ fabrics is very good
and its R’ is 0.76. The vertical elongation of the fabrics results are taken further for

regression analysis to find out the correlation between explanatory variables.

5.2.8. Empirical model building

As mentioned above, measurement of SE needs special devices. In addition, measurements
of electrical conductivity and porosity of textiles are common tests. Another goal of the
work was therefore to describe the behavior of the electromagnetic shielding parameter of
knitted fabrics based on the knowledge of their conductivity and porosity in a certain degree
of elongation. The aim is therefore to propose 2 prediction equations, for single jersey and
for double jersey knitted fabric, valid for all 3 types of samples in terms of their density.
This modeling was limited to only one type of such stress, namely in the vertical direction,

which seems to be the most interesting for the creation of sensors.

A linear regression model is formed by a linear combination of explanatory variables x or
their functions. A linear model generally means linear according to the model parameters.
This analysis is in fact valid for all types of model where the least-squares criterion is used
for model adjustments. Principal regression attacks the problem by regressing y variable on
the important principal components and then parceling out the effect of the principal
component variables to the original variables [99]. The linear regression model is used for

analysis of the results in this part to find out the predictability of x variable with respect to y.
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Figure 53. Dependence of SE on G for (a) SJ, (b) DJ fabrics.

In the first step, dependence of SE on electrical conductance G [S] and the dependence of
SE on porosity P [%] were plotted and investigated in order to choose a suitable
approximation model. In Figure 53, the dependence of SE on G for both knitted structures is
shown, whereas a linear relationship with a relatively high correlation coefficient between
the two variables can be observed. The SE at 1.5 GHz frequency versus electrical
conductance graph was plotted for wale-wise elongation of SJ fabrics (Figure 53(a)). It was
noticed that the increase in fabric electrical conductance increases the SE. Some points in
conductance are scattered and make a 2 dB difference in the results; this change in SE is due
to the difference in fabric parameters. In Figure 53(b) the conductance, G versus SE at 1.5
GHz frequency graph was plotted for wale-wise elongation of DJ fabrics. It was noticed that
the increases in electrical conductivity have decreased in SE, but three separate trends were

noticed because of three fabric densities.

In Figure 54, the SE dependence on porosity P was plotted for SJ and DJ fabric samples
during wale-wise elongation. In general, the porosity of the SJ fabrics increases which also
increases the SE values as seen in Figure 54(a). This phenomenon is probably not caused by
increasing pores in the knitted fabric only, but increasing contact between the yarmns as the
elongation increases. There are three different data clouds which indicate the three different
densities; for higher density fabric the less porosity was noticed and the change in SE was
higher and vice versa to lower density fabric. The porosity versus SE for DJ fabrics is in

Figure 54(b), the porosity increases then the SE values also increase was noticed.
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Figure 54. Dependence of SE on P for (a) SJ, (b) DJ fabrics.

Higher density fabrics has higher SE values and changes in SE also higher, lower density
fabrics has lesser SE and the changes in SE is lesser compare with medium and higher
density fabrics. For exact analysis of the porosity results with irrespective of fabric densities,

the gauge porosity was introduced and the results were analyzed.

Figure 55 shows dependence of SE on P for both knitted structures. It is visible from the SE,
P dependence that 3 data groups are distinguishable because the samples differ in the
density of rows and columns. For this reason, the relative variable P/P, was used (where P
is actual porosity at actual level of extension and Py is sample porosity in the relaxed state,
see Table 6), which describes this dependence better (see Figure 55 where dependence of SE
on P/P, is shown and approximated by linear model with relatively high correlation
coefficient) and the intended relationship will be able to be used universally for any density
of knitted sample. SJ fabrics gauge porosity (GP) (Porosity/ P, (porosity at zero elongation))
was calculated and plotted against the SE at 1.5 GHz frequency in Figure 55 (a); gauge
porosity (GP) increases which increase the SE is seen in the result. Usually, the increase in
porosity increases the transmission of EM radiation. In this case, it is quite the opposite; the
reason is that the yam-to-yarn contact increases during stretching, which leads to an increase
in conductivity, so porosity is not affecting the SE. The SE on GP has a high coefficient of
determination of 0.86 and it indicates the GP has very good correlation with SE. DJ fabrics
GP (Porosity/ P, (porosity at zero elongation)) was calculated and plotted against the SE at
1.5 GHz frequency in Figure 55(b).
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Figure 55. Dependence of SE on P/P, for (a) single jersey, (b) double jersey fabrics.

The SE increases with an increase in GP, and its coefficient of determination is 0.71 means
GP has a good correlation. The wale-wise elongation of all the fabric samples follows the

linear trend for SE versus GP.

The modelling part mainly discusses the measured and calculated SE value comparison and
regression analysis of the SJ and DJ fabrics elongated in vertical directions. Based on
preliminary analysis, two main variables x; = G, x, = GP were selected, see Table 11. The

corresponding linear regressing has the form:

SE = b0 + b1.x1 + b2.x2 Eq. 39

The dependence between measured and predicted SE is shown in Figure 56. The linear
regression between the SE predicted versus SE measured for SJ fabrics in Figure 56(a)
follows a linear trend, and its coefficient of determination is 0.90, which means the linear
model is acceptable for predicting the SE value. The linear regression between the SE
predicted versus SE measured for DJ fabrics in Figure 56(b) follows a linear trend, and its
R’ is 0.71, which means the linear model has a good correlation to predict SE value. The
coefficients for the linear regression model (Equation 41) for both types of knit are shown in
Table 12. Because the dependences between measured and predicted SE are slightly curved
and scattered (especially for the DJ fabric), the partial regression graphs were constructed

and explored [99], see Figure 57 and Figure 58.
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Table 11. Symbols and names.

Symbol

Characteristic name

Characteristic unit

G

Electrical conductance S

P

Porosity

%

Py

Initial porosity

%

GP or P/P()

Gauge porosity
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o

SE predicted
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(@)

Figure 56. SE measured versus SE predicted using Equation 41 for (a) SJ, and (b) DJ
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Figure 57. Partial regression graphs for model (Equation 41) (a) variable 1, (b) variable 2
for single jersey sample set.
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Figure 58. Partial regression graphs for model (Equation 41) (a) variable 1, (b) variable 2
for double jersey sample set.

Due to nonlinearity of the x, variable in particular the modified regression model was

created using transformation of this variable. The model has the form:
SE = b0+ b1.x1 + b2.vVx2 Eq. 40

The corresponding coefficient of determination is 0.91 and 0.87 for single jersey and double
jersey respectively. The relation between predicted and measured SE for this model is
shown in Figure 59. The regression model coefficients are shown in Table 13. The model
with square root for x, variable or P/P, has higher predictability and it is reccommended for

modelling of the sensors made of electrically conductive knitted fabrics.

Table 12. Regression coefficients for regression model (Equation 41) for SJ and DJ

Coefficients Single jersey Double jersey
b0 21.85 57.46

bl 8.91 -1.78

b2 1655.38 333.56
R’ 0.90 0.71
Adj. R® 0.89 0.69
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Figure 59. SE measured versus SE predicted at 1.5 GHz frequency using Equation 42 of (a)

SJ, and (b) DJ fabrics.

Table 13. Regression coefficients for regression model (Equation 42) for SJ and DJ

Coefficients  Single jersey Double jersey
b0 73.57 74.05

bl 7.51 -6.7

b2 -0.76 -0.36

R’ 0.91 0.87

Adj. R® 0.90 0.86

101



6 CONCLUSIONS

The conductive knitted fabrics were developed successfully for the deformation
characteristic. The electromagnetic shielding during the deformation at biaxial stretching of

the fabrics 1s measured.

In preliminary findings of this work, it was found out the traditional textile materials like
cotton, viscose, polyester, and wool are insulators, totally transparent to electromagnetic
waves. Additionally it was explored that imparting moisture to them also shows
insignificant changes in electrical resistance as well as electromagnetic shielding capacity. It
is universally known that most metals are very good conductors of electricity; copper, gold,
silver, nickel, zinc, aluminum, etc., are those metals. Usage of the conductive metal and
polymer coatings applied on the surface of the fibers or fabrics represents one the
possibilities to increase the electrical conductivity of the fabrics. By a comparison of
different conductive textile materials it was found that the electrically conductive woven and
knitted structures are very good for electrical and EM shielding applications. The copper
and silver-coated textile materials exhibit very good SE and conductivity. Also carbon
fabrics also have very good conductivity and EM shielding. Secondly, copper nonwoven
strips were prepared, laid with different aperture sizes, and tested for SE. It was found that

the size of the apertures is influencing significantly with the SE results.

The main part of the thesis work focused on developing deformation sensors with knitted
fabrics. The Ag coated PA yarn was used for preparing the knitted fabric was initially
analyzed for its electrical properties during its extension. Three forms of yams, SY, SLY,
and MLY, were used to simulate the simple elements of knitted structure. ER against gauge
length was measured proving that ER is highly correlated with gauge length, whereas it was
found that SL form has the lowest electrical length resistance caused by its structure. The
tensile strength of the SY, SLY, and MLY are 42.4 cN/tex, 61.3 cN/tex, and 72.9 cN/tex,
respectively, and breaking elongation is highest for MLY. MLY is imitating the single
column of the knitted structure. The electromechanical properties of the yarn forms were
analyzed with a tensile tester connected with an ARDUINO resistance circuit, and data were
recorded in MATLAB. It was found out that ER decreases initially and then increases with
an increase in elongation for MLY and SLY forms, but for SY, the ER increases with an
increase in clongation. The number of contact points is influencing the ER against the

elongation of yarn, MLY has multiple contact points, and SY has only one contact point. ER
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of MLY decreases up to 25 % during elongation, but for SLY, it decreases up to 10%; here,

the electrical conductivity increases with the increase in contact points proven in yamn forms.

The SJ and DJ (1x1 rib) fabrics were knitted with a flat knitting machine with three various
fabric densities, which are analyzed for deformation sensing ability. In most of the literature,
ER is used for measuring the strain sensitivity but in this study, EM SE property of the
fabric is used as wireless sensing measurement. It is known that the EM SE is inversely
proportional to the ER functions of the fabric samples. Moreover, some additional factors
like fabric porosity, number of yarn contact points in fabric, and fabric structure has singled
out as influential for the SE results. In the relaxed state the EM SE of the SJ fabrics
decreases logarithmically with increasing frequency, and the DJ fabric is almost constant
throughout the frequency range (30 MHz to 1. 5 GHz). DJ fabrics have higher SE than SJ
fabrics because of higher densities. SE difference between the low and high density DJ is
3dB at 1.5 GHz frequency. Increase in fabric density has decreases the porosity, thickness,
and SE/GSM but increases the SE/A, and SE in SE/GSM. SJL has higher SE/GSM value
among the whole set of samples which means the more efficiency of SE was obtained. In the
fabrics' basic parameters, the porosity and GSM results are as expected; SE/GSM and SE/A

are factors for developing the sensor fabrics.

The SJ and DJ fabrics' SE versus elongation results reflect deformation sensitivity. For
uniaxial and biaxial elongation of the samples, the biaxial device was used equipped with
four independent jaws. SE of SJ samples increased with increasing fabric elongation at all
directions, and the change in SE was more significant for higher-density fabrics. DJ samples
SE showed a parabolic trend during course-wise and both directional elongation and SE had
an increasing trend at wale-wise elongation. On the basis of this research, for the creation of
sensors, it is recommended to use SE changes in the wale wise direction of the knitted

fabric, where a linear trend was observed under uniaxial tensile stress.

The electrical resistance is indirectly proportional to the SE, which also influences the fabric
results. ER is decreased with an increase in elongation at all directions for SJ fabric; for DJ
samples, ER increases and then decreases with an increase in elongation at all directions. It
was noticed that the wale-wise elongation has a significant difference in SE values, and this
way of fabric strain measurement will be suitable for sensor applications. SE increases with
an increase in gauge porosity of the SJ and DJ fabric samples. The pore sizes of studied
fabrics are in units of micrometers, and the wavelength of 1.5 GHz is 0.19 meters, so it

expected that the electromagnetic wave of his frequency cannot penetrate through the fabric.
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According to the conductance results of wale-wise elongation, the SE increases with SJ and
decreases in DJ elongation, but for DJ density wise it conductance was increases. The rib
structure contact points loosen by wale-wise elongation, which decreases the fabric's

electrical conductivity.

During the modelling of SE depending on the uniaxial tensile stress of knitted samples, two
regression models were introduced. As predictor, variables electrical conductance and gauge
porosity of the sample at given elongation were chosen. In the first proposed model, only the
main effects of SE were considered. Based on the partial regression graph analysis the
nonlinearity in the gauge porosity was identified and that is why optimal regression model
was created using transformation of this variable. The corresponding coefficients of
determination R’ of this model are shown in Table 12 and Table 13, respectively, which is

satisfactory.

This deformation sensor model will be used as wireless strain sensor is mainly focused on
replacing the wired strain sensors, which are already used in structural health monitoring
and wearable body moment measurements; also able to use in vehicle testing, structural
health monitoring, and construction applications. This wireless sensor is cost-effective based
on wire-free use. The light weight and portable measuring device for SE is helpful for

development of such sensor in future.
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