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Electromagnetic shielding effectiveness of copper core yarn knitted fabrics
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A study on electromagnetic shielding effectiveness of copper core yarn knitted fabrics through Taguchi design and
ANOVA has been reported. The copper is selected as the conductive filler to produce copper yarns for making knitted
fabric. The electromagnetic shielding effectiveness of these knitted fabrics has been measured in the frequency range
20-18000 MHz using network analyzer equipment. It is observed that with an increase in tightness factors, wale density and
course density, the shielding effectiveness increases. The interlock knitted fabric has better electromagnetic shielding
effectiveness than rib and plain knitted fabrics. With an increase in copper wire diameter, a decrease in shielding

effectiveness is observed.
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1 Introduction

During the last decade, concerns have increasingly
grown on electromagnetic interference (EMI) and
effect of electromagnetic wave radiation from
electronic and telecommunication devices on the
human body'. Human tissues may be accidentally or
intentionally exposed to electromagnetic sources such
as radar, microwave oven and industrial microwave
equipment. The effect of electromagnetic wave
exposure on the human body is still unclear. In the
case of industrial applications, electromagnetic
shielding materials are used to exclude the unwanted
electromagnetic radiation or signals, for example to
carry out sensitive electrical measurements or to
prevent malfunctioning of equipment’s confidential
data from being interrogate, TEMPEST protection is
used. It is also used to provide protection against the
electromagnetic pulse, which can disrupt neighboring
equipment such as computers. Electromagnetic
shielding provides protection by reducing signals to
levels at which they no longer affect equipment or can
no longer be received. This is achieved by reflecting
and absorbing the radiation. Polymeric composites are
extensively used as passive and active elements in
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some electrical circuit components in different
technological applications™ due to their light weight,
easy processibility, flexibility, corrosion resistance
and cost-effectiveness. But elastomers and plastics
contain very low concentrations of free charge
carriers. They are electrically non-conductive and
transparent to electromagnetic radiation. To provide
conductivity and shielding from EMI, incorporation
of fillers of high intrinsic conductivity such as
particulate carbon blacks, carbon and graphite fibres,
or metal powder to the polymer matrix is required*”.
The amount of electrically conductive filler required
to impart high electrical conductivity to an insulating
polymer can be dramatically decreased by the
selective localization of the filler in one phase, or best
at the interface of a continuous two-phase polymer
blend”''. Unfortunately, most polymer composites
used for household electrical and electronic devices
are electrically insulating and transparent to
electromagnetic radiation and electrostatic discharge
(ESD). The potential health hazards (e.g. cancer)
associated with exposure to electromagnetic fields'*"’
are also the matter of concern. To shield and limit
against EMI and ESD, conductive polymer
composites started replacing coated materials for
various shielding applications in the electrical and
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electronic industries, especially for electronic
household materials. This trend has been driven
mainly because of the better characteristics of these
polymers in terms of ESD, shielding from EMI,
thermal expansion, density, and chemical (corrosion
and oxidation resistance) properties'>*>. However,
conductive polymers have rigid characteristics owing
to their chemical conformation of benzene rings,
making their formation difficult. A few studies have
reported conductive knitted fabrics reinforced
composites as electromagnetic shielding effectiveness
(EMSE) and ESD materials. Previously,
Cheng et al>?*® fabricated some knitted fabric
reinforced polypropylene composites for use as
EMSE and ESD materials, and indicated that the
knitted fabric reinforced polymer composites are
suitable for making complex shaped components and
application in electromagnetic shielding. In this work,
the electromagnetic shielding effectiveness of the
conductive knitted fabrics made of copper filament
with varying structure, tightness factor, thickness and
diameter of copper wire has been studied. The aim of
this study is to develop conductive knitted fabric with
desirable EMSE and ESD properties. Copper has been
selected as the shielding material mainly because of
its superior electrical properties compared to other
metals. Moreover, copper exhibits high absorption
and low reflection to electromagnetic energy. The
absorption loss is defined as the product of
conductivity and permeability. It has been reported”’
that the materials with high absorption loss and low
reflection loss are highly effective in shielding the
electromagnetic energy. Copper is also less expensive
as compared to other materials. Hence, copper has
been chosen as the conductive filament®. The desired
level of the EMSE for usage in high end applications
such as in military applications, electronic enclosures,
and others is around 50-70 dB. The development of
fabrics with such shielding effectiveness would be a
handy tool for safeguarding electronic appliances
from EML

2 Materials and Methods

Copper wire with diameter 0.1, 0.11 and 0.12 mm
was used as conductive filler for producing copper
core yarn. Cotton fibre was used as sheath
material. Different copper core yarns were produced
using ring spinning machine with core attachment.
From the produced copper core yarn, different types
of plain, rib and interlock knitted fabrics were
produced (Table 1).

2.1 Experimental Design

Taguchi method was applied to identify the
optimum level of fabric parameters for electromagnetic
shielding effectiveness performance characteristic
individually. Taguchi method replicates each
experiment with the aid of an outer array that
deliberately includes the sources of variation that a
product would come across while in service. Such a
design is called a minimum sensitivity design or a
robust design. The robust design method is called
Taguchi method. To achieve the optimum design factor
setting, Taguchi advocated a combination of two stage
process. First step is related to the selection of
robustness seeking factors and the second step is
related to the selection of adjustment factors to achieve
the desired target performance. Various stages in the
experimental design have been dealt by many
researchers in the past. In other experimental designs,
uncontrollable factors are kept under observation
during experimentation, whereas Taguchi methods
include those factors in the experimentation to make
the design a robust one in the form of signal-to-noise
ratios (S/N). In robust design, one minimizes
sensitivity to noise by seeking combinations of design
parameter settings. The most appropriate S/N ratio can
be selected depending upon the properties of interest
(Table 2) for both scaling factors and adjusting factors.
The experiments using the controlled and uncontrolled
variables at different levels (Table 1) were carried out
randomly to avoid the systematic errors. The selection
of appropriate orthogonal array (OA) is a critical step

Table 1—Controlled and uncontrolled variables

Controlled variable

Uncontrolled variable

Factor Notation

Level 1
Copper wire diameter, mm A 0.1
Knitted fabric structure B Plain
Tightness factor C 12.99
Thickness, mm D 0.79
Frequency, MHz E -
RH % F -

Level 2 Level 3 Noise level 1  Noise level 2
0.11 0.12 - -
Rib Interlock - -
13.13 15.22 - -
0.85 0.90 - -
- - N1(High) N2 (Low)
- - N3 (High) N4 (Low)
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in Taguchi’s experimental design. The OA selected
should satisfy the following criterion:

Degrees of freedom (DOF) of OA > Total DOF required

Therefore, Ly Taguchi orthogonal array and 3
levels were selected to assign various columns. The
experiments were conducted according to the trial
conditions specified in Lo OA. A total of 36
experiments (three repetitions at each trial condition)
was conducted.

Using Taguchi analysis and analysis of variance
(ANOVA), the optimal performance parameters were
determined and the optimal values were predicted.
The average values of performance characteristics at
each level and against each parameter were calculated
and are given in Table 3.

2.2 Electromagnetic Shielding Effectiveness Test
The EMSE of the conductive fabric was calculated
by following ASTM D4935-99 test methods.
Shielding effectiveness (SE) of EM enclosures is well
defined and can be easily understood. It is the ratio of
the signal received from a transmitter without the
shield to the signal received with the shield; or in
terms of the insertion loss when a shield is placed
between the transmitting antenna and the receiving
antenna.
The basic characteristic of the conductive fabric is
attenuation  property. Attenuation of the

Table 2—Signal-to-noise (S/N) ratio and its significance

its

Case S/N ratio

SIN (0) = 10 logyo (t* / 5%)
S/N (0) = -10 logyo (v / n)
S/N (0) = 10 log,o [(1/yi%) / n]
S/N (0) = 10 log; (p/1-p)

Target is the best
Small-the-better
Larger-the-better

Binary scale (GO/NO-GO)

yi .-t —Response variable, s—dependant, p—proportion of
good products and n—number of trials of experiments.
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electromagnetic energy is a result of the reflection,
absorption and multi-reflection losses caused by a
specific material inserted between the source and the
receptor of the radiated electromagnetic energy.

Attenuation caused by a material is characterized,
depending on the measuring method used, by the two
quantities, namely shielding effectiveness (SE), and
insertion loss (A).

2.2.1 Shielding Effectiveness

Shielding effectiveness (SE) is defined as the ratio
of electromagnetic field strength measured without
(Ey) and with (E,) the tested material when it
separates the field source and the receptor, as shown
below:

SE = E()/ El
In decibels,
SEdB = 2010g E() / E1

This depends on the distance between the source
and the receptor of electromagnetic energy. In the far
field zone, it characterizes the attenuation of the
electromagnetic wave. The measurement carried out
in the near field zone characterizes the attenuation
effectiveness for the electric or magnetic field
component only.

2.2.2 Insertion Loss

Insertion loss (A) is a measure of the losses (or
attenuation) in a transmitted signal caused by the
tested material being inserted into the measuring
channel. The insertion loss can be measured using the
following relationship:

A = U()/ U1
In decibels,

AdB =20 IOg (U()/ Ul)

Table 3—Experimental test setup for optimization of electromagnetic shielding effectiveness

Expt. Copper wire  Knitted fabric ~ Tightness  Thickness N1 N2 N1 N2 S/N
No. diameter structure factor N3 N3 N4 N4 ratio
1 0.1 Plain 12.99 0.79 34 44 36 58 32.13
2 0.1 Rib 13.13 0.85 36 46 38 61 32.59
3 0.1 Interlock 15.22 0.90 37 49 39 63 32.89
4 0.11 Plain 13.13 0.90 32 41 35 46 31.46
5 0.11 Rib 15.22 0.79 35 40 38 59 32.18
6 0.11 Interlock 12.99 0.85 36 41 34 52 31.87
7 0.12 Plain 15.22 0.85 31 39 33 47 31.15
8 0.12 Rib 12.99 0.90 33 37 35 44 31.28
9 0.12 Interlock 13.13 0.79 34 39 35 45 31.50
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where U, is the channel output voltage without the
tested material and U, the same voltage with the
tested material.

A spectrum analyzer with coaxial transmission
equipment was used to measure the EMSE of the
copper core conductive fabric at frequencies ranges
20— 200MHz, 200 MHz — 1GHz and 1-18GHz.

2.3 Test Procedure

The tests were carried out in an anechoic chamber
in which no acoustical reflections or echoes exist. The
floor, walls and ceilings of the chamber are lined with
a metallic substance to prevent the passage of
electromagnetic waves. Radio frequency signal is
generated by a signal generator and it is transmitted
through an antenna outside the chamber. Signal from
the signal generator is measured by spectrum analyzer
with antenna inside the chamber. The first
measurement (calibration) was carried out without the
test fabric. The tests in the different frequency ranges
are conducted.

3 Results and Discussion

Higher shielding effectiveness value indicates the
better electromagnetic shielding effectiveness from
copper knitted fabric and hence “larger the better”
signal to noise is employed to optimize the fabric
parameters. Table 3 shows the orthogonal array of the
experimental  setup  followed by  shielding
effectiveness and the relevant signal-to-noise ratios.
Figure 1 shows the effect of copper knitted fabric
parameters on shielding effectiveness values in terms
of S/N ratio. The shielding effectiveness appears to be
highly influenced by knitted fabric structure and
copper wire diameter as compared to tightness factor
and thickness of developed conductive knitted fabric.
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Fig. 1—Signal-to-noise ratio of electromagnetic shielding

effectiveness of copper knitted conductive fabric

3.1 Effect of Copper Wire Diameter on EMSE

The copper wire diameter has a significant
influence on shielding effectiveness of the fabric.
Figure 1 shows the effect of wire diameter with
constant course and wales densities of copper knitted
fabric. With an increase in wire diameter, a general
decrease in shielding effectiveness is observed. Since
copper is a rigid material compared to polymeric
textile material, it offers resistance to bend while
knitting the fabrics. With the increase in diameter, the
bending of copper thread becomes more difficult,
resulting in openness in the knitted fabric structure,
thereby providing less shielding effectiveness as
compared to the other samples.

3.2 Effect of Knitted Fabric Structure on EMSE

Figure 1 shows the effect of knitted fabric structure
on EMSE of the copper core knitted fabric samples
with incident frequency from 20 MHz to 18000 MHz.
Interlock knitted structures show better EMSE at low
frequency to higher frequency range (20-18000 MHz)
than the plain and rib structures, as due to their
interlocking of two copper core yarn they offer
grouping of yarn, thereby reducing the porosity of the
fabric. The interlock and rib knitted structures have
46-63 dB shielding effectiveness between the
frequency range 750 MHz and 1000 MHz.

3.3 Effect of Thickness on EMSE

It can be understood that the increase in the
shielding effectiveness of the knitted fabric with the
decrease in thickness is due to the presence of
increased copper content per square meter of the
fabric. Figure 1 shows the effect of thickness of
knitted fabric on EMSE of copper knitted fabric. It is
observed that the thickness of knitted fabrics shows
negligible influence on electromagnetic shielding
effectiveness at low to higher frequency level. The
ANOVA carried out for electromagnetic shielding
effectiveness of fabric shows the neutral / negligible
effect on thickness.

3.4 Effect of Tightness Factor on EMSE

It can be understood that the increase in the
shielding effectiveness of the knitted fabric with the
increase in courses and wales densities is due to the
presence of increased copper content per square meter
of the fabric. Figure 1 shows the effect of tightness
factor of knitted fabric on EMSE of copper knitted
fabric. It is observed that the fabrics with higher
tightness factor have good shielding effectiveness
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Table 4—ANOVA - factor effects and F values of response variables for electromagnetic shielding effectiveness

Design factor Degree of Factor F value Empty or F after ~ Dominant or significant or ~ Optimum

freedom effect, %  (Before pooling) pooled F=<1.5  pooling neutral/negligible level
Copper wire 2 79 39 No 218 Dominant 0.1
diameter, mm
Khnitted fabric 2 16 8 No 44 Dominant Interlock
structure
Tightness 2 6 3 No 15 Significant 15.22
factor
Thickness, mm 2 0 0 Pooled - Neutral/Negligible -

than lower tightness factor fabrics at low to higher
frequency level. This is due to the more number of
threads per unit area in the knitted fabric.

ANOVA carried out for the signal-to-noise ratio of
various combinations of the design and noise factors
shows the predominant controlling nature of knitted
fabric structure, copper wire diameter, tightness
factors and thickness as shown in the Table 4.
ANOVA also shows the dominant effects of copper
wire diameter and fabric structure as compared to
tightness factors and thickness.

Effect of individual variables in terms of their
average S/N ratio along with the % factors effects and
F values (pooled and unpooled) again confirm the
dominant nature. Confirmation tests in the Taguchi
methods supplements assure validity of the results
obtain in the experimental designs and orthogonal
array selected in the study and various levels of the
design parameters and their interaction. Confirmation
test carried out with optimum parameter for the
response variable shows the closer results to that of
original results and does not show any significant
difference at 95% confidence levels. The values
obtained in confirmation tests along with the original
values for response variables considered in the study
are given below:

Original results 63
Confirmation results : 62
Significance at 95% confidence level : No
Scaling factors : Al,B3
Adjustment factor C3

4 Conclusions

The conductive fabric produced from copper
core yarn knitted fabric provides an attenuation of
30-63 dB at the medium frequency range
700-1000 MHz. Hence, these fabrics can be used to
shield the house-hold appliances, such as FM/AM

radio, wireless phone, cellular phone, computers,
buildings, secret rooms and various electronic gadgets
that operate up to 1000 MHz frequency. The
following observations have been made in this study:

4.1 With an increase in walse density, course
density and tightness factors, an increase in shielding
effectiveness is observed from low frequency to
higher frequency range (20-18000 MHz).

4.2 Interlock fabric structure has higher EMSE
at low frequency to higher frequency range
(20-18000 MHz) than the plain and rib structures.

4.3 An increase in copper wire diameter shows a
general decrease in electromagnetic shielding
effectiveness. Since copper is a rigid material
compared to polymeric textile material, it offers
resistance to bend while knitting the fabrics. With the
increase in diameter, the bending of copper thread
becomes more difficult, resulting in openness in the
knitted fabric structure, thereby providing less
shielding effectiveness.

44 The ANOVA carried out for electromagnetic
shielding effectiveness of knitted fabric shows the
neutral/ negligible effect on thickness.

The variation in the shielding effectiveness of the
fabric can be contributed to the fact that the electrical
property of the material varies depending upon the
frequency. Hence, it is suggested to use the fabric at
the frequencies where higher attenuation is obtained.

Industrial Importance: These fabrics can be used to
shield the industrial appliances, such as industrial
electronic gadgets, power lines, mobile radio, TV
broadcast and receiver, cardiac pacemakers,
automotive  electronic  equipment, inadvertent
detonation of explosive devices, electronic control
systems of airlines, cooling systems for
telecommunication applications, voltage regulation of
synchronous generators, wireless communications,
military secret room, military tents, etc.
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