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Abstract: This paper summarizes the possibility of employing knitted textile barriers as a shield
against electromagnetic fields to protect the human body from their negative impact. Ten variants of
knitted fabrics made of electrically conductive yarns, steel, and copper wire that differed in stitch
pattern, structural parameters, and raw material, were designed, manufactured, and tested. The
knitted fabrics produced differed in structural parameters, including course and wale density, surface
density, thickness, thread length in the loop, wale and course take-up, volume cover factor, and
surface porosity. These parameters were examined in accordance with the research methodology
used in knitting. Barrier measurements were taken in the direction of the wales and in the direction
of the courses for two frequencies of electromagnetic fields: 2-4 GHz and 4-7 GHz. It was observed
that the shielding effectiveness of the manufactured materials depends on the structural parameters
of the fabric, the stiches applied, and the type of yarn.

Keywords: knitted electromagnetic wave shields; shielding measurements; knitted fabric; shielding
effectiveness

1. Introduction

The development of modern civilization and rapid progress in electronics have made
our everyday life much easier; however, this has resulted in new threats, such as exposure
to electromagnetic fields. Protecting people against electromagnetic radiation has been the
subject of scientific research for many years, and numerous materials are being created to
serve as electromagnetic shields [1-3].

An electromagnetic field is a physical field in which forces of an electromagnetic nature
act on a physical object that has an electric charge. An electromagnetic field is a system of
two fields: an electric field and a magnetic field. Natural sources of radiation include the
magnetic fields of the Earth, the Sun, visible and invisible infrared light, solar winds, atmo-
spheric discharges, and the human body. With the development of technology, in addition
to natural radiation, artificial man-made radiation sources have appeared, including X-ray
generators, nuclear reactors, electrical devices, radio and telecommunications systems,
and power installations [4-6]. Maxwell’s theory proves that electromagnetic fields move
through space at the speed of light as electromagnetic waves, which are a disturbance of the
electromagnetic field resulting from the coupling of electric and magnetic fields. Electro-
magnetic radiation can be divided into two ranges, the first of which is ionizing radiation
(high-frequency radiation), and the second is non-ionizing radiation, which transports too
little energy to lead to ionization. The boundary between these two ranges lies between the
spectrum of visible and ultraviolet radiation. Depending on the frequency, wavelength,
and nature, the following are distinguished:
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- Radio waves—waves with the lowest frequencies, ranging from 3 kHz to 3 THz, and,
at the same time, with the largest wavelengths, exceeding 1 m;

- Microwaves—waves with a frequency in the range of 1-300 GHz, used in radar, radio,
and satellite communication, mobile telephony, and GPS navigation. They reach
wavelengths of 1 mm to 1 m;

- Infrared—radiation with a frequency of 300 GHz—400 THz, emitted by objects with
a temperature higher than absolute zero, e.g., by the human body or the Sun. The
wavelength ranges from 700 nm to 1 m;

- Visible light—radiation with a frequency of 400 THz-790 THz and wavelengths from
380 nm to 700 nm.

- Ultraviolet (UV)—radiation with a frequency of 790 THz-30 PHz. Software can allow
one to photograph UV radiation. The Sun is the source of this radiation, and extensive
exposure of the skin to UV radiation is harmful to health.

Electromagnetic radiation covers a very wide frequency range, since an electromag-
netic wave can refer to long waves used in telecommunication, with the lowest frequencies,
and gamma radiation, with the highest frequencies and shortest wavelengths. Due to this
broad spectrum, it is not possible to generally describe the effects that radiation produces.
The first form is very high frequency radiation, with the ability to knock out electrons and
break chemical bonds. It is the most dangerous for humans because it can cause damage to
genetic material and cancer, even in small doses. On the other hand, taking a high dose of
ionizing radiation leads to radiation sickness and death [7-12]. As a result, dose limits have
been introduced, with an effective dose of 1 mSv set as the acceptable limit for the general
population within a calendar year. In the case of apprentices and people in a profession
with exposure to ionizing radiation, the annual dose limit is much higher, amounting to
50 mSv, but it may not exceed 100 mSv over a 5-year period. Pregnant women, on the other
hand, should not be exposed to conditions in which the fetus could receive an effective dose
that exceeds 1 mSv [13,14]. The second type of electromagnetic radiation is non-ionizing
radiation, which has a vibration frequency below 300 GHz and carries too little energy to
produce an ionizing effect on the body. The effects of low-frequency radiation are far less
dangerous than those caused by ionizing radiation. Two types of effects of non-ionizing
radiation can be distinguished: thermal and non-thermal. Thermal effects are associated
with an increase in body temperature by 1 °C, while non-thermal effects occur when the
temperature change does not exceed 1 °C; however, they are very difficult to recognize and
describe due to the very small scale of these effects [15].

The negative impact of electromagnetic fields on the human body is well described
in the literature [12-15]. The impact of radiation from mobile phones is of particular
concern, as new technologies based on increasingly higher frequencies are constantly being
introduced. From time to time, claims that telecommunication infrastructure and devices
increase the risk of brain, head, and neck cancer tend to appear. Other disorders attributed
to the impact of electromagnetic waves used in cellular technology are nervous system
disorders, such as sleep disorders or insomnia, headaches and dizziness, and fatigue or
impaired concentration [16-18].

The studies conducted to date have failed to confirm such a risk. However, it has
been proven that radiation may disturb the speed of biochemical processes, in turn having
a minimal impact on ion transport through cell membranes and potentially resulting in
the production of small amounts of heat-shock proteins, affecting cell functioning. These
changes are not, however, considered to be a direct threat to human health or life [10-20].

The International Agency for Research on Cancer, IARC, has developed a classification
of carcinogenic substances and risk factors that indicates radiation emitted by mobile
phones to be potentially dangerous [21-28]. Additionally, the classification states that
radiation emitted by cellular networks belongs to a group of potentially cancer-causing
agents [25-29]. Most indications of electromagnetic radiation having a negative impact
derive from fertility research. Studies clearly indicate that sperm motility decreases as
a result of radiation, but it was found that this is only one of many factors influencing
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infertility and not its direct cause [30]. Most studies on the effects of electromagnetic
fields on fertility are conducted in men, but they also affect pregnant women. Studies show
different effects caused by electromagnetic fields for both sexes. Studies of pregnant women
indicate that the non-thermal effects of radiation may increase the incidence of spontaneous
abortions [13,14]. Other studies have shown that a radiation dose of 4 Gy causes infertility
in 30% of women. Due to the fact that pregnant women have a higher sensitivity to all
kinds of dangerous factors, regulations have been introduced to control the employment of
pregnant women who might be exposed to electromagnetic fields. Accordingly, pregnant
women are not allowed to work in the range of electromagnetic fields with intensities
exceeding the values for a safe zone [14,30].

In recent years, a lot of controversy has also been caused by the introduction of the 5G
network, as the networks currently use frequencies in the range of 700 to 3600 MHz and
can use frequencies up to 26 GHz. Again, specialists have assured us that the introduction
of this network is harmless to the human body. There is also concern that the use of much
higher frequencies in telecommunications will result in greater intensity of the above-
mentioned symptoms. However, the relatively recent introduction of this network prevents
the validation of exactly which symptoms occur as a result of the produced radiation.

Various methods have been adopted to suppress potentially harmful waves in order
to protect human health and limit exposure to electromagnetic fields. Shielding is the
most commonly used means of radiation protection. Electromagnetic shields are made
of materials characterized by high conductivity, i.e., any raw material with electrically
conductive ability can be used as an electromagnetic barrier, but with varying degrees
of effectiveness. Electromagnetic shields can be made in two ways: first, by inserting a
material that will scatter or absorb the electromagnetic field between the field source and
the area where the field is to be lowered; second, by introducing additional field sources to
lower the level of electromagnetic field in a specific area.

Electromagnetic field filtering is another important and frequently used means of
radiation protection. The filters are usually used on power lines or the inputs and outputs
of all kinds of signal lines and are designed to suppress electrical disturbances that flow to
and from a device [31].

The appropriate type of electromagnetic field suppression depends on the situation
and the place of use. Technological development means that there are increasingly more
materials on the market for use as electromagnetic screens. The following are currently
used in addition to the previously used sheets and meshes: metallic, metalized, and metal-
containing materials; ferromagnetic, ferroelectric, ferrimagnetic, thin-film, and electrically
conductive coatings; electrically conductive polymers; electrically conductive glass and
transparent materials; electrically conductive paper, composites, nanomaterials, and meta-
materials; and high-temperature superconductors [32]. As the power and frequency of
devices that emit electromagnetic waves increase, so does the need to protect against their
harmful radiation, for example, in the work environment. At this point, another problem
arises: how to protect employees from harmful radiation so that they can freely complete
their jobs. In such situations, textile products with properties that suppress electromagnetic
radiation are the best solution. They are increasingly used as electromagnetic screens due
to their low price, air and water permeability, and surface weight.

Electromagnetic barriers are made from textile materials by introducing electrically
conductive elements into their construction. As a result, textile electroconductive barriers
can be created using the following types of yarns: metalized; made of carbon fibers;
containing metal fibers; possessing an electrically conductive core; or containing electrically
conductive additives such as graphite, carbon black, metals, and semiconductors.

Shielding effectiveness (SE) is the measure of how effectively a material can attenuate
electromagnetic fields. This can be expressed using the effective values of electric field inten-
sity at the exposed side of the shield (E;) and the shielded side (E,), as in Equation (1) [33]:

SE = 20-logy, (E;) (1)
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The theoretical shielding effectiveness (SE) of a homogeneous material is typically
described by three components: reflection losses (R), absorption losses (A), and secondary
reflection losses (B), as in Equation (2):

SE=R+A+B )

The latter component (B) can often be neglected (B = 0) when the absorption losses
exceed 8 dB, simplifying the SE to a two-component model. The literature explores this
simplification further for both near-field and far-field scenarios. Since our study investigates
high-frequency electromagnetic waves, far-field analysis is considered more appropriate.
In this case, the reflection losses R are given in (3) and the absorption losses A in (4) [34]:

(o
R =168 + 10l0g;y— (3)
glO‘u f
A=334-1072-t-\/fou 4)

where ¢ is electric conductivity, y is magnetic permeability, and f is frequency.

Existing theoretical formulae for SE components are derived under the assumption
of a solid conductor shield made of homogeneous material. In this paper, we investigate
inhomogeneous material composed of non-magnetic fibers with different electric conduc-
tivity capabilities. While these formulae identify material conductivity and permeability
as key factors that influence shielding properties, we focus on electrical conductivity as
the primary parameter impacting the performance of the presented materials due to their
specific characteristics.

The effectiveness of a shielding material depends on its conductivity: the higher
the conductivity, the more effectively the material will reflect electromagnetic waves.
The conductivity of selected materials varies; for example, silver has a conductivity
of 6.3 x 107 S/m, copper has 5.9 x 107 S/m, gold has 4.5 x 107 S/m, and steel has
5.0 x 10S/m.

Work on textile shielding materials based on knitted fabrics, fabrics, and nonwoven
materials exists in the literature [35-39]. The most commonly used raw materials with
electromagnetic action are silver, nickel, copper, stainless steel, carbon, or materials that are
a combination of these elements. Shielding materials can be produced by soaking fabric in
a solution, producing materials with an EMI shielding of 340-80 dB (with four surfacing
and drying cycles). Shielding materials can also be created by coating technology (nickel,
Ag nanoparticles, carbon nanotubes, FE304 nanoparticles), delivering an EMI shielding
of 30-68 dB in a single layer of fabric [35]. A column-knitted fabric was produced from
silver-plated polyamide threads, with a shielding efficiency of SE 19 dB obtained at the test
frequency of 2.0 GHz; however, it was shown that the shielding efficiency decreased after
washing tests [36]. Most of the shielding textiles found around the world are materials in the
form of woven or nonwoven fabrics. Knitted shielding fabrics also exist, but they are scarce.
Fabrics have completely different structures and a high surface density, so it is difficult
to compare them with knitted fabrics in terms of shielding properties. Shieldex, among
others, sells fabric screens such as Bremen PW fabric, which has a shielding efficiency of
67 dB when measured at the frequency of 0.2-14 GHz; Berlin RS fabric, with a shielding
efficiency of 65 dB; Nora Dell fabric, with a shielding efficiency of 84 dB; Bremen RS fabric,
with a shielding efficiency of 62 dB; Pisa BW fabric, with a shielding efficiency of 82 dB; and
Zell PW CR fabric, with a shielding efficiency of 80 dB at a frequency of 0.2-10 GHz. The
company also offers heat-welded nonwovens, e.g., Bonn (shielding efficiency of 63-78 dB
at 0.2-14 GHz) [40]. The company Marktek Inc. offers shielding fabrics such as EaonTex,
with a surface resistivity of 8~102 ohm/m? [41]; no data on the shielding efficiency of this
fabric were found.

When choosing a material for an electromagnetic screen, it is important to consider that
metal materials degrade during use due to factors such as temperature and humidity [42].
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The tentative facts posited on the negative impact of electromagnetic waves on the
human body inspired the authors of this paper to undertake research on the technology of
knitted elastic electromagnetic screens that are used in clothing for people requiring special
care, including newborns and children, pregnant women, and seniors. The overarching
scientific objective of this research was to analyze the influence of the structural and
electrical parameters of shielding knitted fabrics on the effects of electromagnetic wave
attenuation. The knitted materials produced in this work can be used in everyday clothing
or protective clothing, as well as in home accessories such as blankets, rugs, and curtains.

The cost of producing a shielding knitted fabric from electrically conductive yarn is
slightly higher than the cost of producing a traditional knitted fabric made of cotton or
polyester yarn; however, the high stakes of human health protection designate this cost as
less important.

2. Materials and Methods
2.1. Characteristics of the Produced Knitted Fabrics

For research purposes, nine variants of weft-knitted fabrics with plain stitches and one
warp-knitted sample were constructed from electroconductive yarn. The first four variants
were manufactured using multi-filament silver-plated thread from Shieldex, with a linear
density of 150 dtex. Variant 5 was a plain-weave fabric made of silver-plated Shieldex yarn
in addition to synthetic fibers with a linear density of 340 dtex. Variant 6 was a two-layer
knitted fabric with a face made of silver-plated Shieldex yarn in addition to synthetic fibers,
340 dtex, and a back made of cotton yarn, 180 dtex (plated knitting fabric, polyamide).
Variant 7 was made of silver-plated yarn from Amann in addition to synthetic fibers, and it
had a linear density of 120 dtex (polyester and polyamide fibers). A plain-stitch knitted
fabric made of silver-plated Shieldex yarn with a linear density of 600 dtex was used to
make variant 8.

Variant 9 was made of steel wire with a diameter of 0.063 mm. A double-needle comb
warp-knitted fabric composed of tricot and velvet stitches made of copper wire with a
diameter of 0.073 mm was used for variant 10. The yarns are shown in Figure 1.

()

Figure 1. Microscope thread images: (a) Shieldex, 150 dtex; (b) Shieldex, 340 dtex; (c) Amman,
120 dtex; (d) Shieldex, 600 dtex; (e) Cu wire; (f) steel wire, (g) scale for sample yarn.
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The first nine variants of the knitted fabrics were made on circular weft-knitting ma-
chines with needle gauges E14 and E20, while variant 10 was produced on a double-needle
comb warp-knitting machine, gauge E28.

The knitting machines used in this work are presented in Figures 2—4.

Y

(b)

Figure 2. Single-bearing cylindrical crochet machine (cylinder diameter = 4”; needle number NE = 14;
number of needles, L = 169; number of revolutions, n = 50-200/min). (a) Full view of the machine;
(b) view of the cylinder.

Figure 3. Cylindrical double-bearing crochet machine from Mayer & Cie (cylinder diameter = 30”;
gauge pitch = 1.27 mm; needle number, NE = 20; number of needles, L =2 x 1872).
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Figure 4. The HKS 3 warp-knitting machine from Karl Mayer, with needle number NE = 28.
The parameters of the knitted fabrics produced are given in the next section.

2.2. Characteristics of Methods for Measuring Knitted Fabric Parameters

Thread thickness was determined by analyzing images of the knitted fabrics using
the Opta View program Version 4.3.0.6001. This software works with the OPTA-TECH SN
series stereoscopic microscope (Figure 5a), which is equipped with a digital camera. The
program was used to digitally photograph the structure of a knitted fabric and measure its
structural parameters—in this case, the length and thickness of the thread in the mesh. The
software allowed us to take photos and videos which could then be subjected to graphic
processing such as brightness, sharpness, contrast, and color correction, as well as resizing
and rotating photos. An additional advantage of the software is its ability to perform
measurements on a captured image, allowing for measurement of the distances between
points, the angle created by two intersecting lines, and the area of a selected shape. This
option was used to measure the yarn diameter and the length of the yarn in the mesh.
To determine the length of the yarn in the eye, it was necessary to calibrate the device,
select the measurement option, and then, draw a line along the axis of the yarn in the
eye. In this way, the length of several stitches of the knitted fabric was measured and an
average was taken from the obtained value. The thread thickness was measured in a similar
way. Measurements were taken in several of the widest and narrowest parts of the thread,
and then, averaged, denoting the thread thickness. Due to the experimental method of
measurement, the obtained values may differ slightly from the actual values (Figure 5b,c).

The surface porosity coefficient was determined using an optoelectronic method that
included a computer network, with the TEXTIL-STUDIO computer program being utilized
for this purpose. The measurement station (Figure 6a) was equipped with a WV-CP
Panasonic digital CCTV camera with an image converter, lighting, a computer equipped
with the TEXTIL-STUDIO program, and a TV screen. We determined the surface porosity
coefficient using a measurement station made by taking photos of the knitted fabric.
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Figure 5. (a) Measurement station equipped with a microscope and view system; (b,c) examples of
determining the length of yarn in a stitch. (A dozen or so points lying on the yarn axis in the loop
were manually marked. The program then automatically connected the dots and approximated them
in the form of a curve. After determining the yarn axis, the result of the thread length in the stitch

was shown).

Ay

(b)

Figure 6. (a) Measuring station for determining experimental porosity; (b) histogram made by the
TEXTIL-STUDIO program.

The image recorded by the camera was visible on the TV screen and in the TEXTIL-
STUDIO program window. The program allowed us to set the desired image acquisition
characteristics, i.e., contrast and luminance. After selecting the parameters, a photograph
was taken, and then, transformed into a binary image of the knitted surface, using the
histogram function. This function recorded the number of black and white pixels. The black
pixels correspond to the background of the binary image and the white ones correspond to
the yarn. The number of pixels could be manipulated to obtain the best possible reflection
of the real image in the binary image. For this purpose, we used the functions “Max” and
“Min” shown in the image below (Figure 6b). When a clear image of the knitted fabric
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and its background was obtained, the fill factor value was read. In this case, background
filling was determined, so the obtained value was subtracted from 100 and expressed
as a percentage to denote the surface porosity of the knitted fabric. Figure 7 shows an
example photo of a knitted fabric and its binary image (white color—knitted fabric; black
color—porosity).

(b)

Figure 7. (a) Actual view of the knitted fabric; (b) binary image of knitted fabric.

2.3. Shielding Effectiveness Testing Methodology

Defining reliable test procedures to measure the shielding effectiveness (SE) over a
wide frequency range, namely, between a few kilohertz and a few tens of gigahertz, has
arisen as a crucial challenge due to research on new advanced shielding materials, thin con-
ducting films, and nanomaterials, as well as the increasing operating frequencies of devices
and systems. Various methods of measuring the SE of flat material samples against far-field
or near-field sources have been proposed throughout the years, including waveguide test
fixtures, anechoic chambers, or, more recently, nested reverberating chambers [43-52]. The
usage of single-coaxial transverse electromagnetic (TEM) cells in accordance [50] or [51] are
well-known approaches for measuring the SE of isotropic planar materials against plane
waves with normal incidence. In the first approach, a test sample is placed in a coaxial
waveguide with a continuous inner conductor. In the second test fixture, a flanged coaxial
transmission line holder with an interrupted inner conductor is used.

Coaxial fixtures operate in TEM mode, in which the electric field intensity has a
radial distribution and is perpendicular to the magnetic field of azimuthal orientation (see
Figure 8a). For this reason, the TEM line method is suitable for characterizing homogeneous
materials, as their shielding properties do not depend on the direction of the electric field.
The knitted fabrics made of the conductive yarns used in this study are not homogeneous
materials. Due to the regular arrangement of the yarns (the wales and courses), this type
of material has different shielding properties depending on the orientation of the electric
field in relation to the conductive fibers. In order to identify how the orientation of the
electric field relative to the rows and columns influences the shielding effectiveness, the
method presented below was applied. We employed a rectangular waveguide in the
fundamental mode (TE 10). In this mode, the electric field was parallel to the shorter
side of the waveguide cross-section (y-direction in Figure 8b) and perpendicular to the
direction of the wave propagation. A sample material was placed inside the two sections
of the rectangular waveguide. The shielding effectiveness was obtained from the wave
attenuation measured between the input and output of the waveguide. By changing the
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orientation of the test sample in relation to the direction of the electric field, it was possible
to determine the dependence of the shielding effectiveness on the direction of field.

X
(a) (b)
Figure 8. Electric field orientation in waveguides: (a) coaxial; (b) rectangular in fundamental mode.

The measurement setup presented in Figure 9 was used. The shielding effectiveness
(SE), in decibels, was defined as the ratio of the magnitude of the incident electric field, E1, to
the magnitude of the electric field, E;, transmitted through the material (Equation (1)) [52].

~

\E2

% coaxial to waveguide
transition

N
N\ material sample

\
\_ electric field direction

Figure 9. Measurement setup.

During the measurements, attenuation of the electric field caused by the tested material
increased the attenuation of the signal between the two rectangular waveguides. In order
to measure the attenuation with a vector network analyzer (VNA), we used coaxial-to-
waveguide transitions. A vector circuit analyzer was connected to coaxial transitions using
measuring cables, as shown in Figure 9. The system attenuation (521 parameter) was
measured in the range of the frequencies transmitted by the waveguides. The shielding
efficiency was calculated as the difference between the system attenuation without the
sample compared to the value with the material sample.

In our study, we used electromagnetic waves with a wide frequency range of 2 to
7.4 GHz to investigate shielding effectiveness. This range was chosen because it covers
the frequencies used in popular wireless systems, including 4th-generation mobile radio
communication systems such as the LTE system, which uses the 2.1 GHz band. Additionally,
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popular 5th-generation (5G) systems use the 3.3-3.8 GHz and 3.7-4.98 GHz bands (outside
Europe). The considered frequency range also includes the unlicensed ISM bands (2.4,
5.8 GHz), where the radiation density is high due to the popularity of wireless devices.
The 6 GHz band is used by the latest Wi-Fi networks and is expected to become more
popular in the near future. In order to measure the properties of the materials over a
wide frequency range, two sets of waveguide transitions were used. The first waveguide
used was WR284 as shown in Figure 10a. It had a lowest-order-mode cutoff frequency
equal to 2.078 GHz, and its upper-mode cutoff frequency was 4.156 GHz. Its dimensions
were 72.136 mm X 34.036 mm. The second waveguide used was WR159 as presented in
Figure 10b. It had a lowest-order-mode cutoff frequency equal to 3.712 GHz, and its upper-
mode cutoff frequency was 7.423 GHz. Its dimensions were 40.386 mm X 20.193 mm.
Using these elements, it was possible to characterize the materials in a frequency range
from 2.08 GHz to 7.4 GHz.

(a) (b)

Figure 10. (a) The WR284 waveguide; (b) the WR159 waveguide.

For each fabric variant, measurements were taken in both frequency bands in the
direction along the wales and courses. While measuring the electromagnetic wave along
wales, the fabric was arranged between the waveguides so that the wales were parallel to
the shorter side of the waveguide, i.e., in the direction of wave propagation. While taking
measurements along the courses, the fabric was arranged in the opposite way. The basic
parameter defining the shielding properties of a given material is the shielding effectiveness
(SE). It is an indicator of the electromagnetic field weakening at a specific point in space
due to the introduction of a shielding material between this point and the field. In the
case of the tested knitted fabrics, shielding effectiveness was expressed in decibels, a unit
commonly used in radio engineering and telecommunications.

3. Results

The produced knitted fabrics differed in structural parameters, including course
and wale densities; surface density; fabric thickness; thread length in the loop; take-up
coefficients; and linear, surface, and volume cover factors. The measured parameters of the
produced knitted fabrics are summarized in Table 1, while Figure 11 presents photographs
of the fabrics with different loop densities (fabric face).

No difficulties were encountered in processing the metalized thread during the pro-
duction process.

As seen in the microscopic photos (Figure 11), the produced knitted fabrics differ in
mesh size, porosity, fill factor, and the type of weave used, among others. Detailed data on
the knitted fabrics can be found in Table 1.
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Figure 11. Microscope images of knitted fabrics: (a) knitted fabric 1 (variant 1); (b) knitted fabrics 2
and 3; (c) knitted fabric 4; (d) knitted fabric 5; (e) knitted fabric 6; (f) knitted fabric 7; (g) knitted

fabric 8; (h) kitted fabric 9; (i) knitted fabric 10 (magnification 4.4 x).

Table 1. (a,b) Performance parameters of the shielding knitted fabrics.

(@)
I;nitt.ed C01.1rse Wale Density,  Loop Density, Loop Shape F.abric Loop Wale
abric Density, Pr Pk Prk Factor. C Thickness Length, Ir Take-Up,
Variant (course/10 cm)  (wales/10 cm) (loops/1 dm?) ’ (mm) (mm) Wk
1 151 103 15,553 0.72 0.45 3.08 3.18
2 129 91 11,739 0.73 0.40 3.78 3.44
3 74 68 5032 0.92 0.38 5.03 3.42
4 32 29 928 0.91 0.28 11.14 3.23
5 138 106 14,628 0.78 0.64 3.18 4.54
6 142 99 14,058 0.69 1.38 3.22 4.60
7 111 94 10,434 0.85 0.48 391 434
8 91 74 6734 0.69 0.86 5.40 4.90
9 133 66 8778 0.50 0.60 3.74 4.99
10 98 120 11,760 123 0.67 ¥f11;’§: o \Tffll:j:ff’;
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Table 1. Cont.
(b)
Knitted Course Surface Linear Cover Surface Volume Surface Surface
Fal?ric Take-Up, Wr Mass, i\/lp Factor, Z1 ) Cover Factor, Cover Factor, Por:)sity Resistance
Variant (g/m?) (loops/1 dm*?) Zp Zo (%) (/10 cm)
1 4.40 84.33 13.39 0.96 2.22 64.3 1.3
2 473 67.25 16.43 1.01 2.36 59.6 1.8
3 3.73 47.50 21.87 1.72 3.58 414 1.8
4 3.56 15.50 48.44 421 6.51 29.9 34
5 3.53 201.15 12.72 0.79 2.58 82.0 32
6 3.19 324.09 12.88 0.88 6.18 84.6 52
7 3.69 127.70 19.55 1.22 3.73 65.5 29
8 3.38 239.85 14.59 0.88 2.61 81.3 0.3
9 2.49 96.03 63.33 5.01 63.86 10.0 2000.0
10 Yelver7 8 369.02 Yelvet B 1.08 64.91 35.1 24

The shielding effectiveness measurements of the tested knitted fabrics differ signif-
icantly, depending on the sample’s structural parameters. To illustrate the differences
observed in the attenuation properties between the tested variants, they were summarized
in a graph. In this way, four partial graphs were created, showing successive measurements
of electromagnetic field attenuation in the frequency ranges of 2-4 GHz and 4-7 GHz, taken
along the wales and courses (Figures 12-15).
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Figure 12. Attenuation along courses, frequency range 2—4 GHz.
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Figure 13. Attenuation along courses, frequency range 4-7 GHz.
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Figure 14. Attenuation along wales, frequency range 2-4 GHz.
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Figure 15. Attenuation along wales, frequency range 4-7 GHz.

4. Discussion

The manufactured knitted fabric variants are characterized by loop densities ranging
from 928 to 15,553 loops/ dm?. The thickness of each sample lies between 0.28 and 1.38 mm.
The yarn length in the loop also varies, from 3.08 to 11.14 mm. The surface porosity of the
tested variants ranges from 10 to 824.6%, surface mass from 15.5 to 369.2 g/m?, and surface
resistance from 0.3 () to 2.4 k().

The shielding effectiveness depends on the material variant and the material’s orienta-
tion towards the electric field vector. Based on an analysis of the data presented in Figure 9,
which show attenuation along courses in a frequency range of 2—4 GHz, it can be concluded
that variant 9 had the lowest shielding effectiveness, with an average shielding factor value
of —1.8 dB. The highest shielding effectiveness was exhibited by variant 8, with an average
shielding factor value of —65 dB. Variants 1, 2, and 10 had very similar average values of
around —47 dB. Variant 3 showed slightly worse performance, with an average shielding
factor of —33 dB. Variants 4, 6, and 7 attenuated EM waves to a lesser extent, with average
values of around —25 dB.

The results obtained for the higher frequency range (4-7.5 GHz) and the same electric
field orientation are similar to those obtained for the 2-4 GHz range. Based on an analysis of
the data presented in Figure 10, it can be concluded that variant 9 had the lowest shielding
effectiveness, with an average shielding factor value of —3.4 dB in this range. Variant 8
had the highest shielding effectiveness in this range, with an average shielding factor
value of —58 dB; however, this was lower than the average value for the 2—4 GHz range.
Variants 1, 2, and 10 had very similar average values of around —46 dB. Variant 5 was
slightly worse, with an average shielding factor of —33.4 dB. Variants 3 and 6 had an
average shielding factor value of —26.5 dB. Variants 4 and 7 attenuate EM waves to a lesser
extent, with average values of around —17 dB.

The shielding factors of the different material variants measured with the electric
field oriented along the wales (Figures 11 and 12) are more similar to each other than the
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measurements along the courses. Based on an analysis of the data presented in Figure 11,
which were obtained in the frequency range of 2-4 GHz, it can be observed that variants 7
and 9 had the lowest shielding effectiveness, with average shielding factor values of
—24 dB in this range. In this range, variant 3 had the highest shielding effectiveness, with
an average shielding factor value of —45 dB. Variant 8 showed an average value of —44 dB.
Variants 1, 2, and 10 had very similar average values of around —39 dB. Variant 6 was
slightly worse, with an average shielding factor of —31.3 dB. Variants 4 and 5 had an
average shielding factor value of —29 dB.

Similarly, the material variants can be ranked for the higher frequency range and the
same electric field orientation. Based on an analysis of the data presented in Figure 12,
which were obtained in the frequency range of 4-7.5 GHz, it can be observed that variants 7
and 9 had the lowest shielding effectiveness, with an average shielding factor value of
—17 dB. Variant 3 had the highest shielding effectiveness in this frequency range, with
an average shielding factor value of —38 dB. Variant 8 also showed an average value of
—37 dB. Variants 1, 2, and 10 had very similar average values of around —34 dB. Variant 4
was slightly worse, with an average shielding factor of —25 dB. Variants 6 and 5 had an
average shielding factor value of —23 dB.

The obtained results prove that all of the manufactured knitted fabric variants attenu-
ate electromagnetic waves over the entire range of tested frequencies. As wave frequency
increased, a slight decrease in shielding effectiveness could be observed, which was espe-
cially visible for the high frequencies. Attenuation capacity also varied for different fabric
orientations in relation to the waveguides (direction along the wales and along the courses).

For the measurements carried out along the wales in the full frequency range from 2 to
7 GHz, the highest shielding effectiveness was observed for variants 3 and 8. For 2-4 GHz,
their shielding efficiency was 63 dB, and, for 4-7 GHz, it was 54 dB. Variant 3 was made
from a single synthetic Shieldex yarn with a surface density of 150 dtex, and variant 8 was
from a combined Shieldex thread of 600 dtex.

For the shielding effectiveness measurements taken along the courses in the frequency
range of 2—-4 GHz, the best result of 84 dB was obtained for variant 10, which was made of
copper wire with a diameter of 0.0073 mm; in the frequency of 4-7 GHz, the maximum value
of 73 dB was achieved by variant 8. The obtained results are very good and comparable to,
or even better than, the textile shielding materials commercially sold by Shieldex.

The deterioration in shielding properties with increasing frequency is an expected
phenomenon for the type of shielding material considered. In the case of conductive
electromagnetic shields, efficiency decreases with the introduction of holes in the shielding
material [53]. Each hole can act as a secondary source of radiation in the form of a parasitic
slot antenna, through which electromagnetic wave energy passes to the other side of
the shield. However, this phenomenon is very complex and depends on many factors
such as the geometry of the holes and the material parameters of the shield. In the case
of knitted fabrics, the material is not solid and consists of many irregular holes. Thus,
the phenomenon also occurs in this material. Thorough investigation requires computer
simulations of the knitted fabric structures and will be the next stage of our work.

Analysis of the interaction between the materials described in this article and electro-
magnetic waves is far more complex than for the solid homogeneous materials described
in the literature [35]. In our case, answering the question of the relationship between the
knit’s structure and its shielding properties requires the development of a numerical model
and computer analysis of this complex system [54]. Considering the conductive fibers that
we used, the dominant mechanism will be the induction of electric current in the knit, the
distribution of which results from both the properties of the fibers and the parameters of
the weave as well as the frequency of the EM wave. A different degree of field shielding is
observed depending on the conductivity of the fibers, their spatial arrangement, and the
quality of the electrical contact between them. Since our measurements showed material
anisotropy (shielding level dependent on the orientation of the electric field), it is probable
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that the dominant mechanism responsible for shielding was the induction of currents along
courses. We hope that our further research will allow us to answer this question.

The obtained research results are quite promising in view of further design and
modeling projects aimed at optimizing the barrier properties of knitted fabrics intended for
protective clothing for people with specific needs.

5. Conclusions

The research findings support multiple conclusions about the electromagnetic wave
attenuation properties of the manufactured knitted material variants:

1. Effectiveness across frequency ranges: This research demonstrated that all of the
knitted fabric variations efficiently attenuated electromagnetic waves over the entirety
of the utilized frequency ranges. However, a modest decrease in shielding effectiveness
was noted with the increase in frequency; this was especially apparent at the highest
band (7 GHz).

2. Importance of fabric features: Each fabric’s properties, including surface porosity, loop
density, and yarn length in the loop, affected the shielding capacity. The shielding
performance was further affected by variations in fabric orientation with respect to
the waveguides (along the wales and along the courses).

3. Cloth composition: The kind of yarn or thread used in the cloth, along with its overall
composition, affected how successful the shielding was. Variants using integrated
Shieldex thread or yarn demonstrated encouraging outcomes, particularly at lower
frequencies.

4. Fabric orientation: Shielding performance was impacted by each fabric’s orientation
with respect to the waveguides. When assessed along the courses or along the wales,
certain versions demonstrated the best shielding performance.

5. Prospective uses: The findings of this study have implications for the creation of
knitted materials that are better suited for electromagnetic shielding, especially for
protective gear meant for people with special requirements. These results can be
expanded upon in future design and modeling studies to improve the barrier qualities
of knitted materials for a range of uses.

Knitted materials have enormous potential for use in shielding applications in a variety
of fields, such as electronics, healthcare, and aerospace. These adaptable textiles can be used
to create protective apparel that will shield both workers and users from electromagnetic
radiation. Their versatility can also be seen in the automotive and architecture industries,
where they are used to reduce electromagnetic interference and improve comfort and
safety. The materials presented in this article have many potential applications, and their
development, as well as improvement in methods for measuring their properties, is an
important research direction.
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