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Summary. The aim of this work is to investigate physical and mechanical performance of fabrics with a con-
ductive fibre after washing conditions. Three commercially available fabrics with a conductive fibre and one
fabric without a conductive fibre were chosen as a research object. The physical properties of the fabrics were
evaluated by the loss of the mechanical performance, changes in structure and magnetic permeability. Fabric
elasticity and thickness decrease after washing, except for the fabric without a conductive fibre. Magnetic field
permeability of all fabrics decreases after washing. The properties of the fabric with a conductive fibre woven
in one direction change the most, its magnetic field permeability is the greatest. In all cases magnetic field
permeability at the seam is lower than in separate pieces of the fabric. The highest frequency of the fabric with
a thread woven in both directions is at the seam but in all cases the frequencies of separate pieces of fabrics
are lower. Tests showed that the best dielectric properties are of the fabric with a conductive yarn woven in
the weft direction and the highest capacitance change of which is 4C=74,79%.

Keywords: conductive yarn, magnetic field permeability, dielectric properties of fabric, washing

Santrauka. Sio darbo tikslas yra istirti medziagy su laidZiu pluostu fizines ir mechanines savybes po skalbimo
salygy. Tyrimo objektu buvo pasirinkti trys komerciniai audiniai su laidziu pluostu ir vienas audinys be laidziy
pluosty. Fizinés audiniy savybés buvo vertinamos pagal mechaniniy savybiy pokycius, struktiiros pokyc¢ius ir
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magnetin]j pralaiduma. Audinio elastingumas ir storis po skalbimo sumaz¢ja, i$skyrus audinj be laidziy pluosty,
Visy audiniy magnetinio lauko pralaidumas po skalbimo sumazéja. Labiausiai keiciasi audinio, kuriame laidus
pluostas yra austas viena kryptimi, savybés: jo magnetinio lauko pralaidumas yra didziausias. Visais atvejais
magnetinio lauko pralaidumas sifil¢je yra mazesnis nei atskirose audinio dalyse. Didziausias magnetinio
lauko pralaidumas yra audinio ties siiile, kurio sitilas austas abejomis kryptimis, taciau visais atvejais atskiry
audiniy skirtingy viety elektromagnetiniai dazniai yra mazesni. Tyrimai parodé, kad geriausios dielektrinés
savybés yra audinio, kurio sitilas audziamas ataudy kryptimi ir kurio didziausias talpos pokytis 4C = 74,79%.

Raktiniai ZodzZiai: laidus pluostas, magnetinio lauko pralaidumas, medziagy dielektrinés savybés, skalbimas

Introduction

Antistatic protection and control of static electricity is an important and necessary pa-
rameter in a wide range of applications. The main hazard listed in literature is a risk of
electrostatic discharge. Materials recommended for protection are those with high electri-
cal conductivity and magnetic permeability. Electromagnetic (EM) interference shielding
is an important practical requirement for effective electromagnetic shielding applica-
tions, technical applications, especially in the areas of aircraft, aerospace and portable
electronics [1]. Electrically conductive materials are widely used in high-risk areas, in
explosives or other materials since that may affect both human health and the surrounding
environment [2]. Conductive stainless-steel fibre (Inox) can protect the garments from
the effects of electromagnetic fields. Silver-coated, X-Static fibre is a good conductor
and reduces electromagnetic radiation emitted by phones and home appliances (ACOR).
Copper sulfide-coated synthetic fibre (EURO-static) is moisture resistant and retains this
property after washing (NCT Europe) [3, 4]. Nega-Stat, polyester bi-component yarn
with a carbon core (Shieldex) [3] neutralizes surface charges. There are several different
techniques of incorporating electroactive threads into textile fabrics. Conductive yarn can
be integrated by weaving [4], knitting using a chain stitch [5], embroidering [6]. Elec-
trostatic properties such as surface resistivity screening, half decay time are determined
referring to EN 1149 standard [6-8]. It is known that at sufficiently high frequencies it is
possible to evaluate only the electric component of an electromagnetic field, there should
be some mathematical correlation between total shielding effectiveness and fabric surface
resistivity or conductivity.

Other research into electromagnetic shielding investigates the content and placing of a
conductive component [9, 11, 13], geometric structure of a fabric [10, 12, 14]), humidity
of textile [7, 12], dependence between electric conductivity and EMSE (electromagnetic
shielding effectiveness). Fabric porosity has a very big effect on the shielding factor.
The bigger are weft densities of the fabric, the lesser are the values of electrostatic field
strength [8]. Such comfort properties as thermal conductivity and air permeability directly
depend on a conductive component [9]. Warp-weft density of woven fabrics can affect
EMSE depending on electromagnetic wave polarization. A higher weft density means
higher EMSE of woven fabrics in case of vertical polarization of electromagnetic waves.
Weave type does not affect polarization of electromagnetic waves. Conductive yarn
density is an important factor that affects the EMSE of woven fabrics [10, 13, 14]. It is
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known that fabrics, containing synthetic fibres, can accumulate electric charge in the long
term. However, synthetic fabrics containing conductive fibres also accumulate electric
charge and, consequently, energy stored in electrostatic fields. The main hazards caused
by an ESD (electric discharge) and listed in literature are ignition hazards and damage
to electronic devices [11]. Natural fibre affects electromagnetic shielding. It increases
shielding effectiveness of fabrics [8]. Electrical properties of fabrics depend not only on
nature and structure but also on moisture accumulation capability [12]. The effect of the
diameter and content of a conductive fibre on shielding performance was studied and it
was found that greater thickness of a conductive fibre gives better shielding values in
higher frequency ranges, but stitch density does not affect shielding performance in the
frequency range of 300-3000MHz [13].

Manufacturers produce fabrics with parallel electro-conductive fibres woven therein,
joined to the electro-conductive surface at overlapping or butt-joined seams in order to
form a perfect electrostatic bridge between those pieces and thus to reduce static charging
of both, the clothing and the wearer’s body, and avoid dust precipitation if, for example,
a component of an electrostatic circuit breaks down [8].

Washing, cleaning or effects within low loading rates change not only fabric struc-
ture but also its physical properties. Washing affects surface resistivity. After washing,
surface resistivity decreases [7]. Electromagnetic properties can be determined using a
non-standardized method and a digital £7-8 device for capacitance measurement [3].
Chemical cleaning significantly decreases the shielding effect [15]. It is known that wash-
ing affects not only the surface structure of fabrics but also their mechanical properties
[16, 17]. Dependence of fabric thickness on the number of applied washing and drying
cycles has been found in many tests [1, 17]. After the first washing and drying cycle fabric
thickness significantly increases, from 11% to 18%.

S. Varnaité and J. Katunskis found that washing does not significantly affect the
shielding factor for fabrics with conductive yarn. It was found that vertical electrical
resistance and surface resistivity are very sensitive to the quantity of conductive PES/
INOX yarn in fabrics. After five washing cycles surface and volume resistivity increased
very distinctly. Such a difference in values of vertical resistance may be due to the loss
of stainless fibres after washing. It means that half decay time increased, and shielding
effectiveness decreased [18]. The electrical resistance of electrically conductive fibres
increases with washing until they become non-conductive [19]. Vertical electrical resis-
tance, surface resistivity, shielding factors and half decay time were measured in fabrics
before and after 5 washing cycles.

Methods for determining material properties, which could help evaluate the strength
of an electric field, are being developed. Practical determination of energy stored in space
is limited, because it is necessary to know permittivity distribution and an electric field or
the spatial distribution of charge density in this space. Equivalent voltage was measured
with a new model system and energy stored in the system was estimated by numerical
simulations carried out with COMSOL Multiphysics Software using an electrostatic
module. Results of energy estimations based on the analytical model show high compli-
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ance with the those obtained from numerical modelling. There was a slight discrepancy
between theoretical and practical research. It was found that synthetic fabrics have the
ability to store electric charge for a long time even if conductive fibres are incorporated
into their structure [11].

The product manufactured from material having a parallel electro-conductive fibre
at seams that join pieces of clothing minimizes static charging problems in factories.
Research found that more than two layers of material can be combined in an antistatic
product. By applying threaded joints of a particular configuration, it is possible to avoid
the separation of pieces of individual materials [20].

A patent was developed how to avoid hazards caused by electrostatic charge in in-
dustrial plants and what effect washing and electrostatic threads that overlap or do not
overlap at the seam have. It is difficult to evaluate the performance of protective clothing
made from a core conductive fibre using standard methods. Usually, indirect measurement
techniques are used. Measuring technique, developed by Centexbel, shows that under
high electric fields some conduction develops inside the sample and that can explain the
antistatic effect of the material. This technique is also effective for evaluating electrical
conductivity at seams. Using a special device, it is possible to determine the effect of a
seam on product conductivity; only very high potential differences were able to produce
conduction. It appears that conduction mechanism develops inside some samples, con-
firming the antistatic effect of the materials in high electric fields. Core conductive fibres
would be the most suitable type of conductive fibre for such protective garments where
reliable grounding of conductive garment elements is not always obtained [21].

Ferromagnetic properties of electrically conductive garments are important. Conductiv-
ity of materials is a characterizing ability to conduct electrical current, and it is important
to consider how well a material conducts current. It is just the opposite of resistance.
It is defined as the ease with which a substance passes current flow. It is known that at
sufficiently high frequencies it is possible to measure characteristics of electrical part of
electromagnetic field only and therefore it should be relation between total shielding ef-
fectiveness and fabric conductivity [9]. Electrical conductivity models are often proposed
to predict the conductivity behavior of material with conductive components to achieve
more efficient material design. [27]. Magnetization can be evaluated by using a vibrating
magnetometer at room temperature [22]. Magnetic permeability and electrical conductiv-
ity of stainless-steel fibre vary with frequency change [23].

To determine the physical properties of materials within low loading rates several
different measurements should be carried out. K. Kazanavicius and V. TriCys patented
a pneumatic device [24], which works by the principle of two-axis spherical stretching
and softness measurement on this basis. Using this method softness was measured by
increased elasticity of a material.

The aim of the study — to determine the influence of washing on the physical properties
of fabrics and protective clothing containing conductive fibres.

To achieve this goal, the following objectives were set.

1. To review the methods of determining the electromagnetic properties of materials.
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2. To evaluate the influence of washing on the electromechanical properties of materi-
als.
3. To evaluate the influence of electromagnetic wire, overlap in the seam on the
electromagnetic properties of materials.
Tested fabrics and methodology

Materials

Four commercially available woven materials were selected as a research object. The
specifications of these materials are given in Table 1.

Table 1. Structural characteristics of textile fabrics

Fabric Mass per unit | Thickness, | Weave Density, cm'!
Yarn content
code area, g/m? b mm structure | warp weft
24% PES,
Al* 75% Cotton, 360 0.62 29 20
1% Conductive yarn
s 25% PES.
A2 75% Cotton 320 0.32 47 24
24% PES. Twill
A3*** 175% Cotton. 215 0.21 48 22
1% Conductive yarn
24% PES.
A4FFx - 175% Cotton. 296 0.27 52 27
1% Conductive yarn

*A1 - fabric with conductive yarn woven in the warp-weft directions, the conductive yarn
forms a square of 10x10 mm

**A2 - fabric without conductive yarn

***A3, A4 - fabric with conductive yarn woven in the weft direction at the interval of 10 mm

BV mag o spot | WD det mode | —
2000kV _300x 50 67mm LFD_SE

Figure 1. The view of fabric A1 structure and thickness of conductive yarn

62



Technologijos mokslai / Technological Sciences. V. Saceviciené, R. Klevaityté, S. Radaviciené, V. Urbelis
Investigation of the Physical Properties of a Fabric with a Conductive Fibre

The structure of yarn and a conductive filament are given in Figure 1. As is seen,
the yarn is composed of 5 plies. The thickness of the individual single filaments varied
around 24 um.

Materials system

Two types of fabric with conductive yarn samples were tested: when conductive yarn
overlaps at the seam (see Fig. 2 b) and does not overlap at the seam (see Fig. 2 a)

I

P—*—f\—(

Figure 2. Scheme of preparing and evaluating seam joints: a) conductive yarn does not over-

lap at the seam. b) conductive yarn overlaps at the seam. Numbers 1, 2, 3 - measuring parts
for electromagnetic properties

Seam system: N — conductive yarn does not overlap at the seam, S — conductive yarn
overlaps at the seam. Measurements were performed in three places: 1 — at the seam, 2
and 3 — on different sides of the seam in different parts of the material samples.

Methods

Washing procedure

Fabrics were washed referring to LST EN ISO 6330:2002 standard under 40°C. This in-
ternational standard specifies domestic washing and drying procedures for textile testing.
The procedures are applicable to textile fabrics for garments or other textile articles which
are subjected to appropriate domestic washing and drying procedures.

Various non-destructive methods are used to evaluate the structure properties of fabrics.
One of them is under the influence of thickness / change.

_h1-h2

——*100 (1)

h, — fabric thickness before washing, (mm) £, — fabric thickness after washing (mm).

63



eISSN 1648-8776 Jaunyjy mokslininky darbai / Journal of Young Scientists

Mechanical properties

It is very important to know how the electromagnetic properties of a product change within
low loads. Such changes determine the continued development of new test methods.
The essence of these methods is that the specimen is deformed symmetrically operating
conditions corresponding to loads.

Mechanical properties were investigated using a pneumatic two-axis spherical stretch-
ing device (see Fig. 3) [24].

5

0

=

Figure 3. Scheme of a pneumatic device: 1, 2 - electromagnets, 3 - spherical matrix, 4 - sen-
sor, 5 - pneumatic unit, 6 - test sample [24]

It is used to measure sample elasticity expressed by pressure needed to reach a condi-
tional stretch of 2.6%. A similar deformation of 2.7% can also be reached using a device
patented by Prof. M. Gutauskas [26]. The samples of tested materials are placed on an
electromagnet 1 with a spherical matrix (see Fig. 3) and pressed under an upper electro-
magnet 2 with a pneumatic unit 5. When the device is switched on, pressure raised in
the unit deforms the sample. Sensor 4 signals a reached needed deformation value 4, a
digital pressure meter registers a pressure value. Using this method fabric elasticity was
calculated in dependence of the pressure P (Fig.3). P value used in the calculations was
determined at the moment when the upper surface of the sample contacts a sensor 4 at the
height /. At this moment relative elasticity of 2.6% is reached (constant of the device).
Based on the experimental results, the geometrical parameters ((D — Poisson working
surface diameter) and /)) of the pneumatic device can be calculated [24].
2,6P;

P

S = 2)

where P is the pressure in the unit of the device, MPa; P, is the calculated pressure
constant, at which stress of 1 MPa is reached.

Differences of fabric elasticity is determined:

AS = 515—52 + 100 3)

2

S, — elasticity of the sample before washing mm/Hg; S, — elasticity of the sample after
washing mm/Hg.
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Ferromagnetic and magnetic properties

Ferromagnetic properties were tested carrying out three types of tests and using special
devices.

Changes in magnetic charge of the tested material (changes in magnetic field conduc-
tivity of differently treated samples of similar thickness, see Fig. 4) are determined by
measuring the related electrical parameters: induced voltages U and generated frequency f.

Induced voltage is determined:

Au = Uyg, = Uy, )

U 5, —1nduced voltage of the sample with conductive yarn that overlaps at the seam (V),
Uy, — induced voltage of the sample with conductive yarn that does not overlap at the
seam (V)

Figure 4. Scheme of the device for testing ferromagnetic properties (the author of the scheme
is K. Kazanavicius): 1 - receiver, 2 - induction coil in a frequency generator, 3 - thickness
measurement sensor, 4 — fabric sample, 5 - switchboard, 6 - measured value, 7 - digital LC
indicator, 8 - tension sensor, 9 - frequency sensor, 10 - indicator, 11 - DC adapter, 12 - fre-
quency generator

Induced tension and frequency differences when conductive yarn overlaps and does
not overlap at the seam in the fabric are determined:

Af:JilSn 7f/‘4Nn (5)

f4s, —induced frequency of the sample with conductive yarn that overlaps at the seam
(Hz), f,n, — induced frequency of the sample with conductive yarn that does not overlap
at the seam (Hz)

Changes in magnetic charge (changes in magnetic field conductivity of differently
treated samples of similar thickness) (see Fig. 5) are determined by measuring a related
electrical parameter — inductivity L. Initial inductivity of the device — 1.583 H.
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L=L,~L, (6)

L, — initial inductivity of the device (H), L, — measured induction of the samples (H).

3
e N

1
A /

7
5 WW/WWWFLWWW% 7
N\ 6 /

N\ /7

Figure 5. Scheme of the device for testing magnetic properties (the author of the scheme is
K. Kazanavicius): 1, 2 - induction coils, 3 - thickness measurement sensor, 4 - fabric sample,
5 - digital LC, 6 - indicator, 7 - measured value

Differences in fabric inductivity before and after washing (4L, ) are determined:

AL, =2 100
w T* (7)

L, — fabric inductivity before washing (H), L, — fabric inductivity after washing (H).

Changes in the dielectric properties of the samples (see Fig. 5, capacitor with addi-
tional plates and a capacitive sensor) are determined by measuring capacitance C. Initial
capacitance of the device — 1.807 nF.

C=C,-C, (8)

C, — initial capacitance of the device (nF), C, — measured initial capacitance of the
samples (nF).

Differences between the capacitances of fabrics before and after washing are deter-
mined:

_ GG

AC,, 100 ©)

2
C, —measured initial capacitance of fabrics (nf), C, — capacitance of fabrics after wash-
ing (nF).
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Research findings and methodology
Elasticity and thickness after washing

Washing had an impact on the structure and elastic properties of the test fabrics. As can
be seen from the figure 3, the values obtained by the device (Figure 3) for determining the
elasticity suggest that the elastic properties of all fabrics decreased, except for fabric A2
without an electric thread, the elastic properties of which increased. The biggest change
in elasticity is 16,05% for fabric A2 without conductive yarn, and the smallest change in
elasticity is for fabric A3.

20,00

15,00

10,00

0,00 L
.
-5,00 A

48, %

Fabric

Figure 6. Change in fabric elasticity after washing

10

5

0

A2
-5

4h, ?
% -10

-15

-20

Fabric

Figure 7. Change in fabric thickness after washing

Thickness of all fabrics significantly decreased, except for fabric A2 without conductive
yarn (see Fig. 7). As it is seen in Figure 7, the biggest change, of 15.5%, is in the fabric
with an electrostatic thread woven in the weft direction, the smallest, of 0.36%, — without
an electrostatic thread. The biggest change is in the fabric with conductive yarn woven in
one direction. Similar results were obtained by other researchers [1, 17].
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Magnetic and ferromagnetic properties

Having evaluated magnetic field permeability (see Table 2) of the fabric with a thread
woven in the weft direction we can see that the place of measurement has no effect because
induced voltage almost does not change and ranges from 0 to 0.00 1V; tension changes
insignificantly, from 0 to 0.007 7, when a thread has been woven in both directions.

Table 2. Characteristics of magnetic field permeability by measuring tension and frequency

parameters

Fabric Th‘;i‘;‘less’ U, v F, kH AU, V AF, kHz
ASI-1 1.456 0.108 2.209 0.007 -0.077
AS1-2 0.343 0.133 1.862 0 0.012
AS1-3 0.298 0.134 1.847 0.001 0.002
ANI-1 1.827 0.101 2.286 - -
ANI-2 0.342 0.133 1.850 - -
ANI-3 0.355 0.133 1.845 - -
AS4-1 1112 0.115 2.104 0.001 0.027
AS4-2 0.324 0.135 1.799 0.001 0.024
AS4-3 0310 0.135 1.781 0.001 -0.01
AN4-1 1.256 0.116 2.077 - -
AN4-2 0.480 0.136 1.775 - -
AN4-3 0316 0.136 1.791 - -

ASI-1, 2, 3 - fabric A1 with conductive threads overlapping in the seam and 1, 2 and 3 - measurement
location according to the scheme (Figure 2, b), in the seam; AS4-1, 2 and 3 - fabric A4 with conductive
threads overlapping in the seam and 1, 2 and 3 --measurement location according to the scheme (Figure
2,b), ANI-1, 2, 3 - fabric A1 with conductive threads not overlapping in the seam and 1, 2, 3 - measure-
ment location according to the scheme (Figure 2, a), in the seam, AS4-1, 2, 3 - fabric A4 with conductive
threads not overlapping in the seam and 1, 2 and 3 - measurement location according to the scheme

(Figure 2, a), in the seam.

In all cases magnetic field permeability at the seam is lower than in separate pieces
of fabric. The highest difference of frequency at the seam is 0.077V, when a thread has
been woven in both directions, but in all cases the lowest frequencies are in separate
pieces of fabrics.

The induction of the joined pieces of fabric (see Table 3) was found to be greatest
when the conductive yarn was woven in both directions and did not overlap. The lowest
induction at the seam of various materials ranges from 1.313H to 1.382H, but the fabric
with conductive yarn woven in the weft direction demonstrates higher values. Changes
in separate pieces of the fabric are insignificant, from 1.550H to 1.572H.
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Table 3. Comparison of fabric inductance

Fabric| AS1-1 | AS1-2 | AS1-3 | AN1-1| AN1-2 | AN1-3| AS4-1 | AS4-2 | AS4-3 | AN4-1| AN4-2 | AN4-3
L,H | 1329 | 1.551 | 1.552 | 1.313 | 1.545 | 1.546 | 1.360 | 1.556 | 1.550 | 1.382 | 1.553 | 1.551
AL, H | 0.254 | 0.032 | 0.031 | 0.27 | 0.038 | 0.037 | 0.223 | 0.027 | 0.033 | 0.201 | 0.03 | 0.032
AL, %| 19.11 | 2.06 | 1.99 |20.56 | 2.46 | 2.39 | 164 | 1.73 | 2.13 | 1450 | 1.93 | 2.06

Magnetic field permeability of all fabrics decreased after washing (see Fig. 8). The
highest change of permeability (4L, =27.5%) was of fabric A4 with conductive yarn woven
in the weft direction, the lowest (4L, =2.44%) — of fabric A2 without conductive yarn.

10
5

Fabric

Figure 8. Change of magnetic permeability (AL, ) values of fabric by measuring the induction

parameter before and after washing

80
60

ACw, % 0

220 :- A2 A4

Fabric

Figure 9. Change of conductivity (ACw) values of fabric by measuring the induction param-

eter before and after washing

As evident from Fig. 9, washing affected the conductivity of materials with conductive
yarn. Fabric A3 with conductive yarn woven in the weft direction has the best dielectric
properties, and fabric A2 without conductive yarn is with the lowest capacitance of
C=1,49% — the worst dielectric properties.
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Conclusions

1. The elasticity of the fabric decreased from 4.5% to 12.0%, except for fabric A2 without
an electric thread, the elastic properties of which increased to 19.1% and thickness of
all the fabrics decreased from 0.4% to 15.5% after washing.

2. The magnetic field permeability of all examined fabrics decreased from 2.44% to
27.5% for different materials after washing.

3. The measurement location does not affect the magnitude of the magnetic field.

4. In all cases, the permeability of the magnetic field in the seam is about 15 percent
lower than in individual parts of the fabric.

5. The highest frequency of the fabric with conductive yarn woven in both directions
is at the seam, however, in all cases, the frequencies of individual fabric sections are
lower.

6. The conductivity of the joined fabric pieces was found to be high when the conductive
yarn was woven with both directions, but higher conductivity was obtained when the
conductive yarns were woven in only one direction. It has been found that a fabric whose
conductive yarns are woven in the weft direction has the best dielectric properties.
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