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ABSTRACT

In this study, the influence of knitting structure and metal wire amount on the electromagnetic
shielding effectiveness (EMSE) of knitted fabrics were investigated comparatively. Single jersey,
single pique, weft locknit, and cross miss fabrics involving stainless steel or copper wires were
produced on a flat knitting machine. In order to measure the EMSE, a free space measurement
method was used in an anechoic chamber because of its high reproducibility and accuracy. The
variance analysis results of the EMSE values showed that knitting structure, metal wire type, metal
wire amount, and incident wave frequency is highly significant. It was observed that fabrics with tuck
and miss loop structures had higher EMSE values than single jersey fabrics. Also, single pique fabrics
had higher EMSE than single jersey fabrics that contain twice as much metal wire. It indicates that the
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knitting structure has a great effect on EMSE rather than the amount of the conductive material.

1. INTRODUCTION

The proliferation of electricity demand, ever-advancing
technologies such as AM and FM radio, television, cordless
and mobile phones, base station transmitters, wireless
networks, cordless baby monitors, garage door openers, global
positioning systems, microwave ovens, radar, etc. and changes
in social behavior have dramatically increased our exposure to
electromagnetic radiation (EMR), or electromagnetic fields
(EMF) in the last two decades. Therefore, everyone is exposed
to a complex mix of weak electric and magnetic fields, both at
home and at work[1]. While the health impacts of this form of
radiation are inconclusive[2—4], many people are concerned
about how long-term exposure to excessive EMR may impact
human health and nature. As a result, a need to develop textile
products that implement electromagnetic shielding has
occurred[5].

The electromagnetic shielding effectiveness (EMSE) of a
shielding material is related to the residual traveling energy
after applying the shield. The residual energy is the energy

Anechoic Chamber, Free
Space Measurement Technique

that is neither reflected nor absorbed by the shield, but that
emerges out of the shielding material[6]. EMSE can be
measured with different methods as reported by the
standards [7-10].

Conductive fabrics have been used to shield electromagnetic
fields in the defense, electrical, and electronic industries[6].
Metallic coated yarns, metal wires, metallic fibers,
conductive polymers, or composite yarns are used for
producing electromagnetic shielding textile materials.
Electromagnetic shielding fabrics are produced via various
types of fabric production techniques, including knitting,
weaving, or nonwoven. Conductive fabric reinforced
composites and conductive material coated fabrics are also
used as electromagnetic shielding textile materials. [11].

There have been some researches about the EMSE
properties of knitted fabrics in literature. Researchers used
the free space measurement technique, the shielded box
shielding efficiency measurement technique, and the
coaxial transmission line technique. Palamutcu et al.[12]
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designed a new setup to measure EMSE based on the free
space technique. They investigated the EMSE of four kinds
of single jersey knitted fabrics (860 - 960 MHz, 1.750 -
1.850 GHz). Ceken et al.[13-15] and Kayacan[16] also
designed an EMSE setup based on the free space technique
as well. In their study, they investigated the EMSE of
knitted fabrics (750 MHz - 3 GHz) under room conditions.
Ceken et al. investigated the EMSE of plain, rib, full
cardigan, plain knitted fabrics with one and two miss stitch
rows [13], cross-miss 1x1 plain knit, single pique, interlock,
double pique [14] and six types of knitted fabrics with their
backside covered with conductive yarns [15]. Kayacan [16]
also investigated the EMSE of single jersey and interlock
knitted fabrics before and after washing cycles. Ciesielska-
Wrébel and Grabowska[17] examined the EMSE of three
kinds of knitted fabric samples, namely single -left-right
stitch, double - a sleeve type - left-right stitch, and double -
left-right stitch - layer exchange. The EMSE values were
measured for the electric field (30 Hz - 6 GHz) and for the
magnetic field (10 Hz - 1 GHz) using isotropic E-field and
H-field probes. Ozkan studied the antimicrobial and EMSE
properties of metal composite single jersey[18] and 1x1 rib
fabrics[19, 20]. EMSE of samples was measured according
to the free space test method (0.8 - 5.2 GHz). Tezel et
al.[11] investigated the EMSE with both the coaxial
transmission line (100 MHz - 1.5 GHz) and free space
measurement (1 GHz - 18 GHz) techniques on single jersey
fabrics. Muhl and Obelenski[21] investigated the EMSE of
jersey fabrics which consist of cotton yarns including silver
coated polyamide fibers and warp-knitted fabrics produced
with a weft lapping technique. A shielded box shielding
efficiency measurement set-up (800 MHz - 3 GHz) was
used to measure the EMSE. Stegmaier et al.[22] designed a
shielded box EMSE test device. The researchers measured
the EMSE of knitted fabrics including silver coated
filaments (250 MHz - 3 GHz). Perumalraj and
Dasaradan[23] examined the EMSE of rib, interlock, and
single jersey samples produced with Cu wire/cotton fiber
core yarns. They used shielded box shielding efficiency
measurement method (800 MHz - 3 GHz). Ortlek et al.[24]
examined the EMSE of pique, plain (E28), and double-knit
structures (E18) with the shielded box shielding efficiency
measurement method (30 MHz - 9.93 GHz). Apart from the
studies performed with the free space measurement
technique[11-20] and the shielded box shielding efficiency
measurement technique[21-24], there are also studies on
EMSE of knitted fabrics performed with the coaxial
transmission line technique[11, 25-44]. Knitted fabrics give
different EMSE values for each frequency when measured
with different measurement techniques and / or different
polarizations[11]. In other words, the results of the coaxial
transmission line technique are not directly comparable
with shielded box and free space measurement techniques.

The main point of EMSE measurement is to minimize the
electromagnetic noise caused by electrical devices, mobile
phones, base stations, and Wi-Fi transmitters. In other words,

the electromagnetic noise caused by the environment affects
the test accuracy. In this study the free space measurement
technique by using an anechoic chamber was preferred for
the EMSE measurements because of its high reproducibility
and accuracy[45-48]. Therefore, the noise caused by the
environment was eliminated. In addition to this, a
mathematical-based software solution to remove the
contribution due to scattering, namely the time-gating
technique was applied. As a result of using a professional
EMSE test operation system, we could able to measure the
EMSE results with high accuracy.

In this study the effects of the knitting structure and metal
wire amount on the EMSE of knitted fabrics comparatively.
Therefore, four knitting fabric structures (single jersey, single
pique, weft locknit, cross miss) were produced. For the
comparison of metal wire amount and knitting structures,
single jersey fabrics were knitted with three different
amounts of stainless steel (SS) and copper (Cu) wires.

2. MATERIAL AND METHOD
2.1 Material

A hollow spindle twisting machine was used to produce
conductive composite yarns (CCYs). Same machine
settings were applied for all productions. In order to
investigate the metal wire type effects, AISI 316L type 50
pm SS and 50 um Cu conductive metal wires were doubled
with Ne 60/2 count cotton yarns (Co). The linear resistance
of SS and Cu wires were 400 Q/m and 14 Q/m respectively.
In Table 1, linear density of the Co and CCY's are given.

Single jersey, single pique (lacoste), weft locknit and cross
miss knitting structures were produced to investigate the
influence of plain, tuck and miss loop structures on the
EMSE of the knitted fabrics. While single jersey fabrics
have only loop structure, single pique fabrics have loop and
tuck structures. Both, weft locknit and cross miss fabrics
have loop and miss loop structures. In Figure 1, the knitting
structures and schematic views of the fabrics that were
investigated in the study are given.

Fabrics were knitted with the same machine settings on an
E12 Stoll CMS 411.6 flat knitting machine. Tezel et al.[49]
reported that while spandex yarn usage improves the
residual extension properties of the knitted fabrics with
CCYs, they do not have an effect on the EMSE of the
fabrics. In this respect, for having better fabric quality,
three yarns and a 70 denier spandex yarn (EL) were not
wrapped, but they were fed together during the knitting
process. Each single jersey, single pique, weft locknit and
cross miss fabric sample was produced with one CCY, two
cotton yarns, and a spandex yarn. In order to understand the
metal wire amount effects on EMSE, Single Jersey fabrics
involving a spandex yarn were also produced with 3
different composite yarn amounts. In Table 2, yarn
composition and fabrics’ dimensional properties are given.
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2.2 Method

The fabrics were subjected to dry-relaxation. The samples
were laid on a flat and smooth surface and kept in
atmospheric conditions for one week (20+2°C and 65+4%
relative humidity). The fabric properties were measured
according to 1SO 7211-2 (course and wale per cm) and 1SO
3801 (fabric weight) standards. The yarn loop length values
were determined by using a Hatra-like tester. The test was
conducted as suggested in the literature [50, 51]. Loop length
values of the single pique and weft locknit fabrics that have

different knitting structures for alternating courses such as
knit and tuck or miss loop structures were also measured and
calculated separately for each alternating course.

EMSE Measurements

EMSE measurements were conducted in an anechoic
chamber by using the free space measurement technique
because of its high reproducibility and accuracy[45-48].
Measurements were performed at 200 different frequencies
(1 GHz- 18 GHz) with 85 MHz intervals by positioning two
horn type directive antennas (Figure 2).

Table 1. Linear density of the cotton yarn and CCYs

Yarn Composition

Linear Density

Metal Wire Cotton Yarn Ne Nm
50 um SS + Ne 60/2 Co Ne 17,28 Nm 29,26
50 um Cu + Ne 60/2 Co Ne 15,30 Nm 25,91

- + Ne 60/2 Co Ne 30,76 Nm 52,08
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Figure 1. Knitting notations and schematic views of the fabric samples, (a) Single Jersey, (b) Single Pique, (c) Weft Locknit, (d) Cross Miss

Table 2. Yarn composition and dimensional properties of the fabrics

Knit Fabric Yarn Composition Courses Wales Stltchef Welgzht Loop Length
Structure  Code per cm per cm per cm?  (g/m?) (mm)
RL-CO  (Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 13,7 8,9 1219  358,2 4,76
RL-SS  (50umSS+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 140 79 1106 3813 4,68
_ RL-SSX2  (50umSS+Ne60/2Co)+H(50umSS+Ne60/2Co)+(Ne60/2Co)+70DenEL 157 61 958 4167 4,69
i‘:ge's RL-SSX3  (50umSS+Ne60/2C0)+(50umSS+Ne60/2Co)+(50umSS+Ne60/2Co)+70DenEL 150 58 87,0 4446 4,65
RL-CU  (50umCu+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 13,2 8,4 110,9 432,6 471
RL-CUx2 (50umCu+Ne60/2Co)+(50umCu+Ne60/2Co)+(Ne60/2Co)+70DenEL 13,7 78 106,9 515,6 471
RL-CUx3 (50umCu+Ne60/2Co)+(50umCu+Ne60/2Co)+(50umCu+Ne60/2Co)+70DenEL 15,0 6,7 100,5 5649 4,65
PIQ-CO  (Ne60/2C0)+(Ne60/2C0)+(Ne60/2C0)+70DenEL 223 73 1628 3926 Tﬁjnc'tkﬁt
Single ) Knit:4,38
Pique "'Q-SS  (SOHMSS+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 223 59 136 3920 L .o
Knit:4,43
PIQ-CU  (50umCu+Ne60/2Co)+(Ne60/2Co)+(Ne60/2C0)+70DenEL 217 66 1432 4853 L
Knit:4,78
MIS-CO (Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 17,7 9,0 159,3 389,7 Miss:3.37
Weft Knit:4,68
Locknit MIS-SS  (50umSS+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 18,3 7,1 1299 4241 Miss:3.32
MIS-CU  (50umCu+Ne60/2Co)+H(Ne60/2Co)+(Ne60/2Co)+70DenEL 180 80 1440 4716 E’I‘s'zgg
MISS-CO (Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 19,3 10,6 2046 4134 3,51
(|:v|r?ssss MISS-SS  (50pmSS+Ne60/2C0)+(Ne60/2C0)+(Ne60/2Co)+70DenEL 233 82 1911 4682 3,04
MISS-CU (50pmCu+Ne60/2Co)+(Ne60/2Co)+(Ne60/2Co)+70DenEL 233 88 2050 500,1 3,42
Co: cotton yarn, SS: stainless steel wire, Cu: copper wire, EL: spandex yarn
TEKSTIL ve KONFEKSIYON 33(1), 2023 39
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Figure 2.Free space meas
horizontal, and (c) vertical direction.

A dedicated mathematical algorithm was applied to remove
the contribution due to scattering. More information can be
found in [11, 45-48, 52]. EMSE properties of fabrics were
measured in both horizontal, and vertical directions (Figure 2)
related to the electric field polarization of the antennas. The
test was repeated three times for each direction. However, the
EMSE test of horizontal positioned cross miss knitted fabric
with SS wire (MISS-SS) could not be performed because of an
insufficient sample size. EMSE is defined as the ratio of the
field before and after applying the shield. EMSE is
logarithmically expressed in decibels (dB). The percentage of
electromagnetic shielding efficiency (%) represents the
material’s ability to block waves in terms of percentage.
EMSE [dB] is converted into percentage of electromagnetic
shielding (%) using the Equation (1) as in [53]:

100

Percentage of electromagnetic shielding (%) = 100 - —zes

(€
In order to show the significance of the knitting structure or
the amount of metal and the frequency on the EMSE of
horizontally positioned knitted fabrics with SS and Cu wire
content, a two factor completely randomized ANOVA
analysis was carried out with a significance level of %5.
“Student Newman Keuls” (SNK) method was used to
compare the means for a rejected hypothesis. The levels of
the treatment were noted in accordance with the mean
values. The levels with the same letters indicate
insignificant differences.

3. RESULTS AND DISCUSSION

Consistent with former studies [11, 21, 24, 38], the free
space measurement technique EMSE results indicate that
the knitted fabrics with CCYs that are investigated in the
study have an EMSE ability in the main direction where the
conductive materials are running. It was found that all
horizontally positioned knitted fabrics with metal wire have
14 dB or more EMSE in the frequency range from 1 GHz to
3 GHz, 10 dB, or more EMSE up to 6.695 GHz and 5 dB or
more EMSE up to 11.710 GHz (Figure 3). Vertically
positioned fabrics and 100% cotton fabrics did not show
any EMSE.

The resistance of the knitted fabrics involving conductive
materials differs according to the direction of the
measurement procedure [54]. In weft knitted fabrics, the

Signal

urement: (a) anechoic chamber, illustration of fabric positions: horn antennas and the fabric sample, in (b)

conductive material runs in the horizontal direction by
forming loops. For this reason, weft-knitted fabrics have
very low resistance in the horizontal direction. The
resistance of the fabric in the vertical direction is higher
than in the horizontal direction. The resistance in the
vertical direction is realized by the contact of the
conductive material with each other. If the fabric contains
both the conductive material and insulating material (for
instance in this study we have both metal wires and cotton
yarns), the resistance in the vertical direction will be very
high because of the limited contact points. Since the contact
points are excessive in fabrics produced with pure
conductive threads/wires, conductivity is also high in the
vertical direction. The contact resistance property of the
conductive material (Silver coated PA, Cu wire, SS wire,
etc.) and the tightness of the fabric structure also affect the
resistance in the vertical direction. Thus, course per cm
values directly affect the EMSE values whereas wales per
cm values have limited effect on the EMSE.

3.1. The Effect of Knitting Structure on the EMSE of Fabrics

Figure 3 shows the EMSE test results for the horizontally
positioned diverse knit structures that are investigated in the
study. Test results reveal that single pique fabrics have the
highest EMSE values, and single jersey fabrics have the
lowest EMSE values. 100% cotton fabrics (RL-CO, PIQ-
CO, MIS-CO, and MISS-CO) do not have any EMSE
ability.

According to variance analysis, the effect of knitting
structure and frequency is highly significant and SNK tests
showed that each fabric have different EMSE for each
frequency value.

While single pique fabrics have the highest EMSE values,
cross miss fabrics have higher EMSE values than weft
locknit fabrics and single jersey fabrics have the lowest
EMSE values according to SNK test results (Table 3).
There are two criteria that affect the EMSE of the knitted
fabric mainly resistance of the fabric and the apertures in
the fabric. Liu et al. [55, 56] produced knitted fabrics with
tuck and miss loop structures as well as RL fabrics. They
demonstrated that, the fabrics with miss loops had lower
resistance values than RL fabrics, while the fabrics with
tuck loops had the lowest resistance values. In addition to
this, Basyigit et al. [57, 58] also showed that aperture shape

40
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and the aperture length/width ratio in the conductive
material are effective on the EMSE values. The tuck and
miss loop structures reduce the gaps between the metal
wires in the fabric structure, also with the help of increasing
the course density. This is also consistent with former
studies [14, 24].

3.2. The Effect of Metal Wire Amount on the
EMSE of Fabrics

EMSE test results showed that single jersey fabrics
involving three CCYs have the highest EMSE values and
single jersey fabrics involving one CCY have the lowest
EMSE values, as expected (Figure 4).

40 - - -RLLO ALSE e RLCU

- = -PlIQCO

PIQ-SS
354
— — —MIs-CO

— MIS-SS Mis-CU

30 - — —MISSCO

seeees MISS-CU

EMSE, dB

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Frequency, GHz

Figure 3. EMSE test results of diverse knit structures

RLLO

RLSS
— RLLU

-— =RLESxE
= = —RLLUxZ

EMSE, dB

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18

Frequency, GHz

Figure 4. EMSE results of single jersey knitted fabrics with
diverse metal wire amounts

Variance analysis results of the EMSE values indicate that
the metal wire type and the amount is highly significant in
single jersey knitted fabrics as well as the frequency.

The fabrics with SS wire have higher EMSE values than the
fabrics with Cu wire (Table 4). This is also consistent with
the former study of Tezel et al.[11] Resistance of the
conductive metal wire affects the EMSE of the fabric. It is
clear that, the decrease in the loop length value leads to a
decrease in the resistance. However, with the decrease of the
loop length value, the deformation of the metal wire
increases. This deformation increases the resistance [23, 59].
The Cu wires used in this study have a resistance value of 14
Q/m, and the SS wires have a resistance of 400 Q/m.
However, the fabrics with SS wire have higher EMSE values
than the fabrics with Cu wire (for the same Kknitting
structures). Thus, it is thought that the increase in the
resistance caused by the deformation is much higher for Cu
wires than SS wires. 100% cotton fabrics did not show any
EMSE. SNK test results also reveal that fabrics involving
three CCYs have the highest EMSE values. Fabrics
involving two CCYs and one cotton yarn have higher EMSE
values than fabrics involving one CCY and two cotton yarns.
For instance, while RL-SS have 9,65 dB EMSE, RL-SSx2
fabrics have 15,96 dB EMSE and RL-SSx3 fabrics have
17,73 dB EMSE. This result is very interesting and
unexpected: the EMSE values of the fabrics containing 3
times more metal wires are not as high as expected.

3.3. The Effect of Knitting Structure and Metal Wire
Amount on the EMSE of Fabrics

Figure 5 shows the EMSE test results of the horizontally
positioned knitted fabrics with diverse knitting structures and
metal wire amounts that are investigated in the study. Single
jersey fabrics with three CCYs involving SS wire have the
highest EMSE values, and single jersey fabrics with one CCY
involving Cu wire have the lowest EMSE values.

Table 3. SNK ranking for the EMSE of diverse knitting structures with SS and Cu wire content

Knitting Structure

EMSE (1 GHz - 18 GHz)

RL 9.12903 a

MIS 13.33747 b

MISS 13.79144 ¢

PIQ 16.03103 d
*Lower cases indicate significant differences between the values.

Table 4. SNK ranking for the EMSE of single jersey fabrics with diverse metal wire amounts
Metal Wire EMSE (1 GHz - 18 GHz)

RL-CO 0.02998 a
RL-CU 8.60867 b
RL-SS 9.64939 ¢
RL-CUx2 12.66529 d
RL-SSx2 15.95900 e
RL-CUx3 16.72949 f
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RL-SSx3

17.72974 g

*Lower cases indicate significant differences between the values.

Table 5. SNK ranking for the EMSE of fabrics with diverse knitting structures and metal wire amounts

Fabric Code

EMSE (1 GHz - 18 GHz)

RL-CU
RL-SS
MIS-CU
RL-CUx2
MISS-CU
MIS-SS
PIQ-CU
RL-SSx2
RL-CUx3
PIQ-SS
RL-SSx3

8,61a
9,65 Db
12,32 ¢
12,67 d

13,79 ¢

1436 f
1475g
15,96 h
16,73
17,31]
17,73k

*Lower cases indicate significant differences between the values.

= = =RLSSx2 == =RLLUxZ

RL-85x3 RLCUx3

PIQ-SS = = =PlaLCU

— WI5-55

- = = MIS-CU

- — = MIs5-CU

1 2 3 4 5 6 i 8 9 10 1 12 13 14 15 16 17 18

Frequency, GHz

Figure 5. EMSE of the fabrics with diverse knitting structure and
metal wire amounts

According to variance analysis the wave frequency and
fabric type highly affect the EMSE results. Single jersey
fabrics with three CCYs involving SS wire have the highest
EMSE values (Table 5). Single pique knitted fabrics
involving SS wire have the second highest EMSE values.
For a better understanding, EMSE values (dB) of the
fabrics and percentage of electromagnetic shielding (%) are
shown in Figure 6.

si1a% Sasg USEIN 96.34% BAESH 0746k 97EE%N 98,14% 9831%

B,16%
REIIN

18 16739 17.31d8 177348
15,9648
1% 14.35dp 147548

60
&
13,7940 50 5
123248 126748 =
12 a0 F
9,65 49
10 ge1des
’ 0
8
[ 20
4
10
2
o o

HLCU  HL-S5  MSOU  ALOUSE MISS-CU MIS-55  PIGCU RL-S55x RLCUXY  PIO-55  HL-S5x3
wem EMSE, dB  —=—EMSE, %

EMSE, dB
=

Figure 6. Comparison of EMSE values (dB) and percentage of
electromagnetic shielding (%) of the fabrics according
to SNK test results

4. CONCLUSION

In this study, the influence of knitting structure and metal
wire amount on the EMSE of knitted fabrics via the free
space  measurement technique  were investigated
comparatively.

The parameters affecting the EMSE can be summarised as
follows:

e Course per cm value

e Loop length value

e Increase in the resistance caused by the deformation of
the metal wire

e Resistance change caused by the knitting structure and
the metal wire amount

e Change in the aperture shape and the aperture
length/width ratio caused by the knitting structure and
the metal wire amount

The primary result of this study is that knitted fabrics with
CCYs have an EMSE ability in the main direction in which
the metal wires are running. Weft knitted fabrics have very
low resistance in the horizontal direction due to the
conductive material running in the horizontal direction by
forming loops. The resistance in the vertical direction is
realized by the contact of the conductive material with each
other. In this study, we have both metal wires and cotton
yarns in the fabric structure. EMSE results show that the
knitted fabrics are not conductive in the vertical direction
indicating that course per cm values directly affect the
EMSE values whereas wales per cm values have limited
effect on the EMSE.

Variance analysis for the EMSE indicate that the effect of
knitting structure, metal wire type, metal wire amount, and
incident wave frequency is highly significant. Also, the
fabrics with SS wire have higher EMSE values than fabrics
with Cu wire for all knitting structure types. The Cu wires
have lower resistance value than the SS wires. However,

42
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the results showed that the fabrics with SS wire have higher
EMSE values than the fabrics with Cu wire for the same
knitting structures. This might be due to the higher increase
in the resistance caused by the deformation of Cu wires
than SS wires.

EMSE values increase as the metal wire amount in the
fabric increases, as expected. However, it was also found
that EMSE values do not increase as much as the metal
wire amount in the fabric increases as it was expected. The
resistance of the fabric and the apertures in the fabric affect
the EMSE of the knitted fabric. Therefore, both the metal
wire amount and knitting structure change the resistance of
the fabric and the apertures in the fabric structure, resulting
in the change of the EMSE values. EMSE test results of
diverse knit structures show that fabrics with tuck and miss
loop structures have higher EMSE values than single jersey
fabrics. While single pique fabrics with tuck loop structures
have the highest EMSE values, cross miss and weft locknit
fabrics, that both have miss loop structures, have higher
EMSE values than single jersey fabrics. Since cross miss
fabrics have more miss loop structures, they have higher
EMSE values than weft locknit fabrics.

In our study, single jersey fabrics with three CCYs
involving SS wire (RL-SSx3) have the highest EMSE
values (17,73 dB), and single pique knitted fabrics also
involving SS wire (P1Q-SS) have the second highest EMSE
values (17,31 dB). Although RL-SSx3 fabrics have three
times as much SS wires as PIQ-SS single pique fabrics, the
difference in EMSE between these two fabrics is not as
high as it was expected. Although RL-SSx2 Single Jersey
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fabrics have twice as much SS wires as PIQ-SS single
pique fabrics, they have lower (15,96 dB) EMSE values
than PIQ-SS single pique fabrics. This result can be
considered as the most interesting and the most important
result of the study. The study shows that the knitting
structure has a great impact on the EMSE of knitted fabrics.
It can be concluded that single pique knitted fabrics
involving SS wire combine a high EMSE with a lower
production cost.

The aim of this research is to investigate the influence of
the basic knitting structure and the metal wire amount on
the electromagnetic shielding effectiveness of knitted
fabrics experimentally. A detailed study on observing the
complex knitting structures’ EMSE properties via
experimental investigations and/or full-wave
electromagnetic modelling of the fabrics is recommended
as follow-up research.

Acknowledgement

The work of Serkan Tezel was supported by The Scientific
and Technological Research Council of Turkiye
(TUBITAK-BIDEB 2214). This study is a part of the PhD
thesis of the first author. The authors would like to thank
Yesim Tekstil Co., Tirkiye, for their support during
knitting operations, Sarkuysan Elektrolitik Bakir Co.,
Tirkiye for providing copper wires, and Mebiteks Tekstil
Co., Turkiye, for providing stainless steel wires and for
their support during the yarn doubling operations.

10. MIL-STD-285-1956: Method of Attenuation Measurement for
Enclosures, Electromagnetic Shielding, for Electronic Test Purposes.
11. Tezel S, Kavusturan Y, Vandenbosch GA, Volski V. 2014.

Comparison of Electromagnetic Shielding Effectiveness of Conductive
Single Jersey Fabrics with Coaxial Transmission Line and Free Space
Measurement Techniques. Textile Research Journal 84(5), 461-476.

12. Palamuteu S, Ozek A, Karpuz C, Dag N. 2010. Electrically
Conductive Surfaces and Their Electromagnetic Shielding Efficency
Measurements. Tekstil ve Konfeksiyon 20(3), 199-207.

13. Ceken F, Kayacan O, Ozkurt A, Ugurlu S$S. 2011. The
Electromagnetic Shielding Properties of Copper and Stainless Steel
Knitted Fabrics. Tekstil 60(7), 321-328.

14. Geken F, Kayacan O, Ozkurt A, Ugurlu SS. 2012. The
Electromagnetic Shielding Properties of Some Conductive Knitted Fabrics
Produced on Single or Double Needle Bed of a Flat Knitting Machine.
Journal of the Textile Institute 103(9), 968-979.

15. Ceken F, Pamuk G, Kayacan O, Ozkurt A, Ugurlu SS. 2012.
Electromagnetic Shielding Properties of Plain Knitted Fabrics Containing
Conductive Yarns. Journal of Engineered Fibers and Fabrics 7(4), 81-87.

16. Kayacan O. 2014. The Effect of Washing Processes on The
Electromagnetic Shielding of Knitted Fabrics. Tekstil ve Konfeksiyon
24(4), 356-362.

17. Ciesielska-Wrébel 1, Grabowska K. 2012. Estimation of the
EMR Shielding Effectiveness of Knit Structures. Fibres &amp; Textiles in
Eastern Europe 20(2), 53-60.

TEKSTIL ve KONFEKSIYON 33(1), 2023

43



18. Ozkan 1. 2019. Investigation on antimicrobial activity and
electromagnetic shielding effectiveness of metal composite single jersey
fabrics. Journal of Engineered Fibers and Fabrics 14, 1-11.

19. Ozkan 1. 2020. Investigation of the technical and physical
properties of metal composite 1x1 rib knitted fabrics. Industria Textila
71(01), 41-49.

20. Ozkan 1. 2020. Investigation on The Electromagnetic Shielding
Performance of Copper Plate and Copper Composite Fabrics: A
Comparative Study. Tekstil ve Konfeksiyon 30(2), 156-162.

21. MUihl T, Obelenski B. 2004. Knitted and Warp-Knitted Fabrics
Offering Electromagnetic Shielding. Melliand Textilberichte 7-8, 587-588,
Melliand English E88.

22. Stegmaier T, Schmeer-Lioe G, Abele H, Planck H. 2008.
Schielding Effect of Textiles Against Electromagnetic Waves - New High-
Frequency Test Device. Technical Textiles 51(3), 128.

23. Perumalraj R, Dasaradan BS. 2009. Electromagnetic Shielding
Effectiveness of Copper Core Yarn Knitted Fabrics. Indian Journal of
Fibre &amp; Textile Research 34, 149-154.

24. Ortlek HG, Alpyildiz T, Kilic G. 2013. Determination of
electromagnetic shielding performance of hybrid yarn knitted fabrics with
anechoic chamber method. Textile Research Journal 83(1), 90-99.

25. Cheng KB. 2000. Production and Electromagnetic Shielding
Effectiveness of the Knitted Stainless Steel/Polyester Fabrics. Journal of
Textile Engineering The Textile Machinery Society of Japan 46(2), 42-52.

26. Bedeloglu A. 2013. Electrical, electromagnetic shielding, and
some physical properties of hybrid yarn-based knitted fabrics. Journal of
the Textile Institute 104(11), 1247-1257.

27. Eren S, Ulcay Y. 2015. Production of Bi-Component Polyester
Fibres for EMR (Electromagnetic Radiation) Protection and Examining
EMR Shielding Characteristics. Tekstil ve Konfeksiyon 25(2), 140-147.

28. Celen R, Ulcay Y. 2019. Investigating electromagnetic
shielding effectiveness of knitted fabrics made by barium titanate/polyester
bicomponent yarn. Journal of Engineered Fibers and Fabrics 14, 1-9.

29. Tunakova V, Tunak M, Bajzik V, Ocheretna L, Arabuli S,
Kyzymchuk O, Vlasenko V. 2020. Hybrid knitted fabric for
electromagnetic radiation shielding. Journal of Engineered Fibers and
Fabrics 15, 1-9.

30. Mohammadi Mofarah H, Shaikhzadeh Najar S, Mohammad
Etrati S. 2019. Investigating the electromagnetic shielding effectiveness of
copper/cotton full Milano and 1 x 1 rib weft-knitted fabrics. Journal of the
Textile Institute 110(6), 891-900.

31. Huang CH, Lin JH, Yang RB, Lin CW, Lou CW. 2012.
Metal/PET Composite Knitted Fabrics and Composites: Structural Design
and Electromagnetic Shielding Effectiveness. Journal of Electronic
Materials 41(8), 2267-2273.

32. Yu ZC, Zhang JF, Lou CW, He HL, Chen AP, Lin JH. 2015.
Determination of electromagnetic shielding and antibacterial propertiesof
multifunctional warp-knitted fabrics. Journal of the Textile Institute
106(11), 1203-1211.

33. Cheng KB, Lee KC, Ueng TH, Mou KJ. 2002. Electrical and
impact properties of the hybrid knitted inlaid fabric reinforced
polypropylene composites. Composites Part A - Applied Science And
Manufacturing 33(9), 1219-1226.

34. Jagatheesan K, Ramasamy A, Das A, Basu A. 2018.
Electromagnetic shielding effectiveness of carbon/stainless
steel/polypropylene hybrid yarn-based knitted fabrics and their composites
Journal of the Textile Institute 109(11), 1445-1457.

35. Sancak E, Akalin M, Usta I, Yuksek M, Ozen MS. 2018. The
Effects of Fabric and Conductive Wire Properties on Electromagnetic
Shielding Effectiveness and Surface Resistivity of Interlock Knitted
Fabrics. Fibers and Polymers 19(4), 843-853.

36. Lin JH, Lou CW, Liu HH. 2007. Process and Anti-Electrostatic
Properties of Knitted Fabrics Made from Hybrid Staple/Metallic-Core
Spun Yarn. Journal of Advanced Materials 39(1), 11-16.

37. Palanisamy S, Tunakova V, Militky J. 2018. Fiber-based
structures for electromagnetic shielding — comparison of different

materials and textile structures. Textile Research Journal 88(147), 1992-
2012.

38. Volski V, Vandenbosch GA. 2009. Full-wave electromagnetic
modelling of fabrics and composites. Composites Science and Technology
69(2), 161-168.

39. Soyaslan D, Goktepe O, Comlekgi S. 2010. Determination of
electromagnetic shielding performance of plain knitting and 1X1 rib
structures with coaxial test fixture relating to ASTM D4935. Journal of the
Textile Institute 101(10), 890-897.10

40. Ortlek HG, Kihig G, Okyay G, Bilgin S. 2011. Electromagnetic
Shielding Characteristics of Different Fabrics Knitted From Yarns
Containing Stainless Steel Wire. Industria Textila 62(6), 304-308.

41. Ortlek HG, Giinesoglu C, Okyay G, Okyay G., Tiirkoglu Y.
2012. Investigation of Electromagnetic Shielding and Comfort Properties
of Single Jersey Fabrics Knitted From Hybrid Yarns Containing Metal
Wire. Tekstil ve Konfeksiyon 22(2), 90-101.

42. Rajendrakumar K, Thilagavathi G. 2013. A Study on The
Effect of Construction Parameters of Metallic Wire/Core Spun Yarn Based
Knitted Fabrics on Electromagnetic Shielding. Journal of Industrial
Textiles 42(4), 400-416.

43. Lin JH, Huang YT, Li TT, Lin, CM. Lou CW. 2016.
Manufacture technique and performance evaluation of electromagnetic
shielding / far-infrared elastic warp-knitted composite fabrics. Journal of
the Textile Institute 107(4), 493-503.

44. Turksoy HG, Bilgin S. 2016. Electromagnetic shielding
effectiveness of spacer knitted hybrid fabrics. Industria Textila 67(5), 297-
301.

45. Chiumento A. 2010. Modeling of Shielding Textiles (M.Sc.
thesis). Retrieved from https://www.politesi.polimi.it/handle/10589/11282
46. Hékansson E, Amiet A, Kaynak A. 2007. Dielectric

Characterization of Conducting Textiles Using Free Space Transmission
Measurements: Accuracy and Methods for Improvement. Synthetic Metals
157(24), 1054-1063.

47. Marvin AC, Dawson L, Flintoft ID, Dawson JF. 2009. A
Method for the Measurement of Shielding Effectiveness of Planar Samples
Requiring No Sample Edge Preparation or Contact. IEEE Transactions on
Electromagnetic Compatibility 51(2), 255-262.

48. Volski V, Aerts W, Vasylchenko A, Vandenbosch GA. 2006,
June. Analysis of Composite Textiles Filled with Arbitrarily Oriented
Conducting Fibres Using a Periodic Model for Crossed Strips. In: 11th
International Conference on Mathematical Methods in Electromagnetic
Theory (58-63). Kharkiv, Ukraine

49. Tezel S, Kavusturan Y, Vandenbosch GA. 2013, May. Effect of
Spandex Yarn on Electromagnetic Shielding Effectiveness of Double
Jersey Knitted Fabrics. In: 14th National &amp; 1st International Recent
Developments, Textile Technology and Chemistry Symposium (112-13).
Bursa, Tlrkiye.

50. Smirfitt JA. 1965. Worsted 1x1 Rib Fabrics Part | Dimensional
Properties. Journal of the Textile Institute Transactions 56(5), 248-256.

51. Munden DL. 1960. Dimensional Stability of Plain Knit Fabrics.
Journal of the Textile Institute Proceedings 51(4), 200-209.

52. Volski V, Vandenbosch GA, Vasylchenko A. 2011. A
Dedicated Technique to Measure Shielding Effectiveness of Textiles
Using A Two Horn Antenna Set-Up. Journal of the Textile Institute
102(2), 164-171.

53. Wan C, Jiao Y, Li X, Tian W, Li J, Wu Y. 2020. Multi-
dimensional and level-by-level assembly strategy for constructing flexible
and  sandwich-type  nanoheterostructures  for  high-performance
electromagnetic interference shielding. Nanoscale 12(5), 3308-3316.

54. Tokarska M, Orpel M. 2019. Study of anisotropic electrical
resistance of knitted fabrics. Textile Research Journal 89(6), 1073-1083.
55. Liu S, Liu Y, Li L. 2019. The impact of different proportions of

knitting elements on the resistive properties of conductive fabrics. Textile
Research Journal 89(5), 881-890.

44

TEKSTIL ve KONFEKSIYON 33(1), 2023



56. Liu S, Yang C, Zhao Y, Tao XM, Tong J, Li L. 2016. The
impact of float stitches on the resistance of conductive knitted structures.
Textile Research Journal 86(14), 1455-1473.

57. Basyigit IB, Dogan H, Helhel S. 2019. The effect of aperture
shape, angle of incidence and polarization on shielding effectiveness of
metallic enclosures. Journal of Microwave Power and Electromagnetic
Energy 53(2), 115-127.

58. Basyigit IB, Tosun PD, Ozen S, Helhel, S. 2011, August. An
affect of the aperture length to aperture width ratio on broadband shielding
effectiveness. In: 2011 30th URSI General Assembly and Scientific
Symposium (1-4). istanbul, Tiirkiye.

59. Bedeloglu A, Sunter N, Yildirim B, Bozkurt Y. 2012. Bending
and tensile properties of cotton/metal wire complex yarns produced for
electromagnetic shielding and conductivity applications. Journal of the
Textile Institute 103(12), 1304-1311.

TEKSTIL ve KONFEKSIYON 33(1), 2023

45



	1. INTRODUCTION
	2. MATERIAL AND METHOD
	3. RESULTS AND DISCUSSION
	3.1. The Effect of Knitting Structure on the EMSE of Fabrics
	3.2. The Effect of Metal Wire Amount on the                    EMSE of Fabrics
	3.3. The Effect of Knitting Structure and Metal Wire Amount on the EMSE of Fabrics

	4. CONCLUSION

