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Abstract: As the basic materials with specific properties, fabrics have been widely applied in elec-
tromagnetic (EM) wave protection and control due to their characteristics of low density, excellent
mechanical properties as well as designability. According to the different mechanisms and application
scenarios on EM waves, fabrics can be divided into three types: EM shielding fabric, wave-absorbing
fabric and wave-transparent fabric, which have been summarized and prospected from the aspects of
mechanisms and research status, and it is believed that the current research on EM wave fabrics are
imperfect in theory. Therefore, in order to meet the needs of different EM properties and application
conditions, the structure of fabrics will be diversified, and more and more attentions should be paid
to the research on structure of fabrics that meets EM properties, which will be conductive to guiding
the development and optimization of fabrics. Furthermore, the application of fabrics in EM waves
will change from 2D to 3D, from single structure to multiple structures, from large to small, as well as
from heavy to light.

Keywords: electromagnetic shielding fabrics; wave-absorbing fabrics; wave-transparent fabrics;
mechanisms; research status; fabrics structure

1. Introduction

As a carrier of information transmission, EM waves transmission have been exploded
with the development of electronic equipment and communication technology [1]. As
shown in Figure 1, according to the different frequencies and wavelength of EM waves,
in the range of 103–1014 Hz EM waves can be divided into radio waves, microwaves and
infrared, and the generated radiation is non-ionizing radiation [2]. Frequencies between
1015–1022 Hz can be divided into ultraviolet rays, X-rays and gamma rays, and the generated
radiation is ionizing radiation [3]. EM waves with different frequencies are applied in
different scenarios and affect the development of human society to different degrees. On
the one hand, the thermal and non-thermal effects of EM waves on biological tissues will
lead to damage to the human body, such as fatigue, insomnia, tension, headaches and other
symptoms will occur in the human body, and even increase the risk of leukemia and tumors
under long-term exposure to EM radiation [4–6]. On the other hand, high frequencies of EM
waves will interfere with the normal operation of electronic equipment and communication,
even damage equipment and cause communication information leakage [7,8]. EM shielding
materials, wave-absorbing materials and wave-transparent materials are the key to control
EM waves transmission and pollution [9–11]. The development of EM materials that can
work at wide frequencies, have low density, thin thickness and good protective performance
are a hot spot of current research [12,13]. Among them, fabric is favored by researchers for
its low density, excellent mechanical properties and structure diversified.
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Figure 1. Schematic diagram of EM waves spectrum. 

It is called fabrics that the fibers or fibers bundles with specific properties are ar-
ranged and combined in 2D or 3D space according to specific rules to form a collection of 
fiber bundles with a certain thickness, shape and geometric size by textile technology [14]. 
As base materials with specific properties, fabrics can be made into fabric reinforced com-
posites, fabric preforms and other fabric-based composites [15,16]. According to the dif-
ferent fabric structures, it can be divided into woven fabrics, braid fabrics, knitted fabrics, 
etc., as shown in Figure 2 [17–21]. Figure 2a is a 3D angular interlocking woven fabric, the 
red and yellow in which represent yarns of different warp and weft directions. Figure 2b 
is a 3D braided fabric based on the symmetry of space group P4, different colors in which 
represent different paths of braided yarns. Figure 2c is a kind of knitted fabric, green and 
blue in which represent different types of coils that can be connected with each other to 
form a knitted fabric. Due to its low-density gravity and excellent mechanical properties, 
fabrics are widely used in aerospace, transportation, building construction, EM waves 
protection and other fields [22–24]. Fabrics also have excellent designability, by changing 
fibers characteristics, fabrics structures, fabrics layers, yarn density and direction Angle 
(or braiding Angle) to meet the ideal application conditions [25]. With the rapid develop-
ment of fibers metallization, fibers modification and conductive polymer polymerization, 
fabrics have been widely used in the field of EM waves. A series of fabrics composites 
with EM function, flexibility and light weight have been formed [26–28]. According to the 
specific application scenarios, fabrics that meet the EM properties can be divided into EM 
shielding fabrics, wave-absorbing fabrics and wave-transparent fabrics. 
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Figure 1. Schematic diagram of EM waves spectrum.

It is called fabrics that the fibers or fibers bundles with specific properties are arranged
and combined in 2D or 3D space according to specific rules to form a collection of fiber
bundles with a certain thickness, shape and geometric size by textile technology [14].
As base materials with specific properties, fabrics can be made into fabric reinforced
composites, fabric preforms and other fabric-based composites [15,16]. According to the
different fabric structures, it can be divided into woven fabrics, braid fabrics, knitted fabrics,
etc., as shown in Figure 2 [17–21]. Figure 2a is a 3D angular interlocking woven fabric, the
red and yellow in which represent yarns of different warp and weft directions. Figure 2b is
a 3D braided fabric based on the symmetry of space group P4, different colors in which
represent different paths of braided yarns. Figure 2c is a kind of knitted fabric, green and
blue in which represent different types of coils that can be connected with each other to
form a knitted fabric. Due to its low-density gravity and excellent mechanical properties,
fabrics are widely used in aerospace, transportation, building construction, EM waves
protection and other fields [22–24]. Fabrics also have excellent designability, by changing
fibers characteristics, fabrics structures, fabrics layers, yarn density and direction Angle (or
braiding Angle) to meet the ideal application conditions [25]. With the rapid development
of fibers metallization, fibers modification and conductive polymer polymerization, fabrics
have been widely used in the field of EM waves. A series of fabrics composites with EM
function, flexibility and light weight have been formed [26–28]. According to the specific
application scenarios, fabrics that meet the EM properties can be divided into EM shielding
fabrics, wave-absorbing fabrics and wave-transparent fabrics.
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Figure 2. Schematic diagram of three kinds of fabrics. (a) is a 3D woven fabric; (b) is a 3D braided 
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Figure 2. Schematic diagram of three kinds of fabrics. (a) is a 3D woven fabric; (b) is a 3D braided
fabric [20]; (c) is a knitted fabric [21].

The mechanisms of fabrics on EM waves can be divided into the macro level and the
micro level. In macro level, Maxwell’s equations revealed the relationship between electric
fields and magnetic fields, as well as the interaction law between fields and mediums by
mathematical methods [29]. A changing electric field gives rise to a changing magnetic field,
which in turn gives rise to a changing electric field, so that the magnetic field alternates
with the electric field, excites each other, and travels away at a certain speed, producing
electromagnetic waves [30,31]. Based on Maxwell’s equations, scholars have deduced many
mathematical theories and methods for the interaction between EM waves and mediums,
among which, transmission line theory has become a mainstream analysis method with
easy understanding, convenient calculation and high precision [32,33]. Figure 3 shows
the mechanisms of EM waves on material based on transmission line theory, including
reflection loss on material surface, absorption loss of material and multiple reflection loss
inside the material.
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Figure 3. Schematic diagram of EM waves transmission on materials.

In micro level, skin effect, polarization and magnetic loss will occur when EM waves
interact with materials. Skin effect will cause thermal effect caused by an increase of
conductor resistance due to uneven current in the conductor [34]. Polarization will cause
Debye relaxation and dielectric loss and the loss is related to imaginary part of the complex
dielectric constant of materials [35]. The magnetic loss will produce resonance loss and
eddy current loss and other losses, which is related to loss Angle tangent and imaginary
part of complex permeability [36]. According to specific application scenarios, fabrics
with EM properties can be divided into EM shielding fabrics, wave-absorbing fabrics
and wave-transparent fabrics. The following describes the research status of these three
fabrics, respectively.
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2. EM Shielding Fabrics

As one of the effective means to restrain EM interference and realize EM protection,
EM shielding means to limit the transmission of EM energy from one side of the material
to the other side [37,38]. The mechanisms of EM shielding can be analyzed by transmission
line method. Materials with high conductivity are usually used to restrain EM radiation,
with the reflection effect of conductor on EM waves. Shielding effectiveness (SE) is usually
used to represent the shielding ability and effect of materials on EM [39,40].

Although traditional metals and alloy materials have a good EM shielding effect,
their development is limited by the disadvantages of heavy weight, high cost and poor
corrosion resistance. Novel EM shielding materials with lightweight characteristics are
becoming more and more popular. EM shielding fabrics have the advantages of low
density, good flexibility and light weight, which are widely used in the manufacture of EM
protection products such as protective clothing, shielding tents and shielding gun-suit [41].
EM shielding fabrics also have strong one-time molding ability, excellent designability,
breathable fabrics properties, both soft and EM shielding properties, which can be made into
different geometry to shield radiation source, but also can be processed into shielding suit
and shielding cap to make the staff from EM radiation [42]. In addition, metal fibers fabrics
also have other functions, such as antistatic, antibacterial and deodorant. EM shielding
fabrics are the ideal shielding materials with outstanding properties. The research of EM
shielding fabrics can be divided into theoretical calculation and experimental measurement.

2.1. Theoretical Calculation of EM Shielding Fabrics

The expression to measure shielding effect of materials are transmission coefficient T
and Shielding Effectiveness (SE). The transmission coefficient T is the ratio of electric field
intensity Et (or magnetic field intensity Ht) at a place with a shield to electric field intensity
E0 (or magnetic field intensity H0) at the same place without a shield and the formula is
as follows,

T =
Et

E0
=

Ht

H0
(1)

SE refers to the shielding capability and effect of a shielding body against EM interfer-
ence, which is often expressed logarithmically, as defined below [37],

SE = 20lg
(

E0

Et

)
= 20lg

(
H0

Ht

)
= 10lg

(
P0

Pt

)
= 20lg

1
|T| (2)

where lg = log10; P0 is the power density without shielding; Pt is the power density with
shielding body at the same place. For the convenience of calculation, the most used formula
is SE = 20lg

(
E0
Et

)
.

According to Figure 3, SE can be composed of reflection loss SER, absorption loss SEA
and multiple reflection loss SEM.

SE = SER + SEA + SEM (3)

The current theoretical calculation methods of EM shielding fabrics are to directly
equivalent the conductive yarns with shielding performance to metal plates, and then the
equivalent calculation is carried out according to the fabric structures corresponding to
metal plate structures, such as no pore, pore structure, metal grid, layered parallel array and
other structures, so as to calculate SE of fabrics. Based on transmission line theory, there
are three different mechanisms for EM waves attenuation by the shielding body: reflection
attenuation, absorption attenuation and multiple reflection attenuation. Firstly, metal plates
are classified into no pore, pore structure, metal grid, layered parallel array (as shown in
Figure 4), then the theoretical formulas or semi-empirical formulas of EM shielding are
derived based on transmission line theory and equivalent circuit methods [43–46].
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According to the literature [47,48], under the condition of far-field plane waves, trans-
mission coefficient of no pore metal plates is as follows,

T = 4ηeηme−γd

(ηe+ηm)2 /[1− ( ηm−ηe
ηm+ηe

)
2 · e−2γd]

ηm = 3.69× 10−7
√

f µr
σr

ηe = 377Ω
γ = (1 + j)

√
πµ f σ

(4)

where ηe is the impedance of EM wave; ηm is the impedance of the metal plate; γ is
the propagation constant of EM wave in metal; d is metal plate thickness; µr and σr are
relative permeability and relative conductivity of metal plate; µ and σ are permeability and
conductivity of metal plate. Combined with Equation (2), the SE of metal plate without
poles can be obtained.

As for pore structure metal plates, the transmission coefficient of pores Th can be
obtained according to the literature [49],

Th = 4n(
q
F
)

3/2
. (Circular pore) (5)

Th = 4n(
kq′

F
)

3/2
. (Rectangular pore) (6)

where q is the area of a single circular pore; q′ is the area of a single rectangular pore; n is

the number of holes; F is the metal plate area; k = 3
√

b
a ξ2, a and b are short and long sides of

rectangle pore, respectively; when the rectangle is square, ξ = 1; when b
a � 5, ξ = b

2a ln 0.63b
a

.

The transmission coefficient of pore structure metal plate is Th = T + Th. Combined with
Equation (2), SE of metal plate with pole structure can be obtained.

Henn et al. [50] first proposed that metallized fabrics were regarded as pores structure
metal plates, and deduced the SE formulas of metallized fabrics by calculating the value of
pores structure metal plates SE. Safarova et al. [51] used the above method to calculate metal
fibers blended fabrics, analyzed the fabrics pore shape with image processing technology,
approximated the irregular shape into a rectangle, and established the SE model about
fabrics porosity, thickness and fibers volume.

The method of equivalent metal yarns to pores structure metal plates provides an idea
for solving the SE of EM shielding fabrics. However, these models have certain limitations,
requiring that the whole fabric has good electrical connectivity, resistance must equal to
that of metal plates, fabrics must have a certain thickness, and the pores in fabrics need to
be regular. In addition, simply approximating the shape of a single pore to a rectangle or a
circle will cause a large error. When metal fibers content is too low, these models are not
applicable, which is not conducive to the development of EM shielding fabrics.
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SE formulas of metal mesh can be obtained from Literature [52].

SE = Aa + Ra + Ba + K1 + K2 + K3 (7)

where Aa is absorption loss of pores; Ra is reflection loss of pores; Ba is multiple reflection
loss; K1 is the modification item related to the unit area and the number of pores K2 is the
modification item related to skin depth; K3 is the modification item for coupling of adjacent
pores. The calculation formula of each item was shown in Table 1, and the data was derived
from [52].

It is difficult to accurately calculate the SE of metal grids. For the convenience of
calculation, under approximate conditions, the SE of metal materials with good electrical
conductivity mainly comes from reflection loss, and the absorption loss can be ignored.
Engineering calculation of SE can be obtained that [53],

SE = 20lg
1

s

√[
0.265× 10−2R f

]2
+
[
0.265× 10−2X f + 0.333× 10−8 f (ln s

a − 1.5)
]2

(8)

where s is the pitch of the metal grid; R f is AC resistance per unit length of metal grid; a is
metal fibers radius; X f is the reactance per unit length of the metal grid.

Table 1. Formulas of metal plates with pore structure.

Symbols The Calculation Formula Instructions

Aa 27.3 d
w , (rectangular);

32 d
D , (circular)

d is the depth of pores, cm; D is the diameter of
a circular hole.

Ra 20lg
∣∣∣ 1+4K2

4K

∣∣∣ Rectangular pores: K = j6.69× 10−5 f w
Circular pores: K = j5.7× 10−5 f w

Ba 20lg
∣∣∣1− (K−1

K+1 )
2
10−0.1Aa

∣∣∣ f, MHz

K1 −10lg(a · n), r � w

r is the distance between shield and field
source;

a is the area of a single pore, cm2;
n is the number of pores per square centimeter

K2 −20lg(1 + 35p−2.3) P =
Width o f conductor between holes

Skin depth

K3 20lg
[
coth( Aa

8.686 )
]

———————————————

Chen et al. [54] made polypropylene fibers woven with copper wire and stainless-
steel wire conduct fabrics, respectively, proposed the metal grid structure, and calculated
conduct fabrics SE by using the formulas of metal grid structure from the literature. In
the frequencies range of 30 MHz–1.5 GHz, the measured values were quite different from
theoretical values, which may be caused by poor contact or low conductivity of fabrics
at yarn intersections. Cai et al. [55] used a metal grid structure model to calculate the
SE of stainless-steel fibers blended fabrics. When the content of stainless-steel fibers was
5%, 10% and 15%, respectively, the calculated results were close to experimental results
under low frequencies conditions. Rybicki et al. [56] established an equivalent circuit
model of conductive grid yarns based on a periodic metal grid structure, believing that SE
depends on grid size, thickness and resistivity of grid material. Compared with simulation
experiments, this method had certain feasibility.

Although the structure of metal mesh is close to real 2D fabrics in shape, the method
requires that the intersecting points of fabrics grid should be conductive, the pores should
be regular, and the content of conductive fibers should not be too low. Moreover, the yarns
containing metal fibers are a mixture of metal fibers and other fibers, which will affect its
EM parameters and cause large errors. This method is not suitable for the large degree of
buckling or 3D fabrics, which will limit the development of EM shielding fabrics structure
to a certain extent.
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Other optimization methods to calculate SE include Sabrio’s metal parallel array
method, as shown in Figure 4 [57]. The metal grid was divided into two periodic arrays
of parallel metal plates with different angles, and SE of each periodic array metal plate
can be calculated. Liang et al. [58] derived a SE model of 2D metal fibers blended woven
fabrics base on this method. According to the comparison between theoretical values and
measured values, yarn diameter, electrical conductivity and weaving Angle all have a
certain influence on SE. Whether the fabric is conductive at the yarn crossing point has no
effect on this model, which has high applicability.

Yin et al. [59] established the SE model of plain weave fabrics by the way of the
weighted average based on fabrics buckling surface equation and fabrics structure. This
model explained the mathematical relationship between SE and the parameters of plain
weave fabrics such as pitch, thickness and fiber volume content. The trend of this model
was basically consistent with the experiment, which provided a theoretical reference for
the effective design of EM shielding fabrics with a large degree of buckling.

The metal yarn was equivalent to the structure of no pores, pores, metal grid and so
on, requiring yarn crossing point conductive, and fabrics need to have a certain thickness,
which will limit fabrics design and development to a certain extent and there will be
considerable limitations. The method equivalent to parallel metal array structure was more
accurate and had no effect on whether the yarn crossing point was conductive or not, but
this model was not suitable for 2D fabrics with a large degree of buckling and 3D fabrics.
At present, the research on SE are limited to 2D fabrics, and there are few reports on 3D
fabrics. 3D fabrics have greater development potential and stronger functions than 2D
fabrics. The study of the influence of fabrics structure on SE will be the theoretical guiding
significance to the development of 3D EM shielding fabrics.

2.2. The Experiment to Investigate EM Shielding Fabrics

The development of EM shielding fabrics can be generally processed by the method of
surface metallization, metal coating or woven fabrics with conductive fibers, and then to
investigate the influence of various parameters of EM shielding fabrics through experimen-
tal measurement.

The method of metal coating: Li et al. [60] conducted experimental tests on SE of silver-
plated fiber fabrics, copper-nickel fiber fabrics and stainless-steel fiber blended fabrics. The
results showed that, at the same frequency, the shielding effect of vertical polarization
wave direction and horizontal or 45 degree polarization wave direction of silver-coated
fiber fabric and the copper-nickel fabric was higher than that of stainless steel fiber blended
fabrics, and the higher the folding degree, the greater the SE. Duan et al. [61] coated stainless
steel electromagnetic shielding fabrics with carbon nanotubes, graphene, ferrite and nano
nickel powder, respectively, and studied the effect of double-layer mixed coating on EM
shielding fabrics. The test results showed that the best shielding effect was the double
layer combination of graphene + ferrite and graphene + nickel, and the higher the coating
thickness, the better the SE.

The method of surface metallization: Cheng et al. [62] experimentally studied the influ-
ence of different weft densities, warp densities, wire diameters and layering angles on EM
shielding effect of copper-coated twill fabrics, and concluded that the number of conductive
layers, warp and weft densities were positively correlated with SE. Liu et al. [63] prepared
Ni/PPy (polymerization of pyrrole)/PET (polyethylene terephthalate) conductive fabrics
with EM shielding effect by in-situ polymerization of pyrrole and electroless nickel plating,
which had the abilities of flexible, lightweight and breathable. Conductive fabrics with
higher fractal dimensions have higher thickness of conductive layer, higher conductivity
and better EM shielding effect.

The method of braided fabrics with conductive fibers: Lopez et al. [64] explored the
influence of metal fibers content on SE, studied the influence of EM waves frequencies and
fabrics warp and weft density changes on SE, and showed that metal content index was
positively correlated with SE. There was a negative correlation between electromagnetic
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frequencies and SE when metal content is constant. When fabrics metal index was the
same, SE will not change regardless of yarn density. Liu et al. [65] conducted experiments
on different types of EM shielding fabrics, and concluded that under the same parameters,
SE of plain weave fabrics was better than that of twill weave fabrics, and SE of twill weave
fabrics was better than that of satin weave fabrics, and indicated that fabrics porosity was
the key factor to affect the SE. Liu then used the surface digital image analysis technology
to analyze the surface of metal fabrics and establish the characteristic matrix, and found
that the percentage content of metal fibers, porosity and arrangement direction all had
a great influence on SE [66]. Yang et al. [67] tested various parameters of stainless-steel
fibers blended fabrics on the influence of EM shielding. The results showed that stainless
steel fibers content of fabrics was positively correlated with SE, fabrics compactness was
negatively correlated with S, fabric with a small difference in warp and weft density showed
better SE, and the SE of bidirectional blended yarns were better than that of unidirectional
blended yarns.

A large number of experiments have qualitatively studied the factors affecting the EM
shielding fabrics, and the general influence factors were the material properties, EM wave
frequencies, polarization direction, metal yarns EM parameters, metal yarns arrangement
spacing and arrangement, the coating thickness of metallizing fabrics, conductive yarns
percentage content and porosity, etc. There are a few research on the influence of fabrics
structures on EM shielding. There are many kinds of fabrics, and it cannot be ignored that
the influence of different shielding fabrics structure on EM waves. With the diversity of
fabrics structure, EM shielding fabrics will also develop in the direction of diversification.
The research of 3D fabrics SE model or the influence of fabric structure on EM waves could
be very important for the development and optimization of EM shielding fabrics.

3. Wave-Absorbing Fabrics

Wave-absorbing materials can effectively absorb EM radiation, reduce EM pollution,
protect the ecological environment, protect all kinds of electronics and electrical equipment
from EM interference, avoid equipment failure or aging, maintain the normal operation of
equipment, and can provide effective protective measures for the human body. It is one of
the important ways to control EM waves transmission and prevent EM waves pollution
to prevent the human body from being harmed by EM radiation in a strong radiation
environment [68,69]. With the rapid development of electronic information technology,
the application of EM wave-absorbing materials is not limited to stealth military, but deep
into communication anti-interference, electronic information confidentiality, environmental
protection, human protection and many other fields [70]. The application of fabrics in the
manufacture of wave-absorbing materials has the characteristics of good electromagnetic
absorption capacity, strong designability, low manufacturing difficulty and low cost, and
has high application value, such as the manufacture of aircraft fuselage skin, aircraft engine
and radar stealth military tent [71].

3.1. The Mechanism of Wave-Absorbing Fabrics

In the design of wave-absorbing materials, in order to maximize the use of absorbing
materials, the metal substrate is usually added to the bottom of the material to achieve
strong reflection. When the transmitted waves incident on the surface of the metal substrate,
it will be reflected back to wave-absorbing material for absorption loss, as shown in Figure 5.
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(10)

where Zin represents input impedance; Z0 represents free space impedance; f represents
frequency; c represents the propagation speed of EM waves in a vacuum; d represents
material thickness; µg and εg represent complex permeability and permittivity of absorbing
material, respectively; µ0 and ε0 represent complex permeability and permittivity in free
space. ε′ and ε′′ represent real and imaginary parts of complex permittivity; µ′ and µ′′

represent the real and imaginary parts of complex permeability; tan δε and tan δµ represent
the tangent of dielectric loss Angle and magnetic loss Angle.

It can be seen that the material parameters affecting absorbing performance mainly
include complex dielectric constant, complex permeability and loss Angle tangent. As
for wave-absorbing fabrics, the absorbing effect is mainly achieved by absorption loss of
fabrics to EM waves. The key factor to calculate absorption rate is to figure out the EM
parameters of wave-absorbing materials. Since wave-absorbing fabrics with the inhomo-
geneous structure, most scholars’ method are to equalize a inhomogeneous structure to
the homogeneous structure, and calculate the equivalent EM parameters by theoretical
or semi-empirical formulas, such as Maxwell-Garnet equivalent formulas, Bruggeman
efficient medium theory and strong fluctuation theory [73]. Then the absorptivity of the
fabric can be obtained according to transmission line theory. Peng et al. [74] used strong
fluctuation theory to solve the equivalent EM parameters of 2D plain weave fabric com-
posites. Yin et al. [75] solved the equivalent EM parameters of 3D woven fabrics based on
the theoretical strong fluctuation theory and established the wave-absorbing model of 3D
woven fabrics. The relationships between the degree of buckling, the shape of yarns cross
section, the thickness of fabrics, the fiber volume fraction and absorptivity of 3D woven
fabrics were explained mathematically.

3.2. Researches of Wave-Absorbing Fabrics Preparation

For the research of wave-absorbing fabrics development, the fabrics can be divided into
coated wave-absorbing fabrics and structural base type wave-absorbing fabrics. Coated
wave-absorbing fabrics mean the inside or surface of 3D fabrics are coated with wave
absorbents, such as carbon black, graphite and ferrite resistance or magnetic medium mate-
rials. By separating wave absorbent materials and fabric stable structure, 3D structure fabric
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as the stable support structure and wave absorbent play a role in absorbing EM waves.
Xie et al. [76] embedded carbon black (CB) into 3D woven fabrics composite as the wave
absorbent. The results showed that the absorbing performance of composite was signifi-
cantly improved. The introduction of 3D woven fabrics can reduce the complex dielectric
constant of composite, thus improving the impedance matching of composite, reducing the
reflection of EM waves and improving absorbing performance. Zou et al. [77] coated carbon
nanotubes (CNTs) on NaOH-pretreated cotton fabrics by the method of non-adhesive dip
coating. The surface morphology and modification of carbon nanotube functionalized
fabrics were studied by scanning electron microscopy (SEM) and infrared spectroscopy. The
effects of impregnation coating quantity, carbon nanotube concentration and impregnation
temperature on the electrical conductivity, EM shielding effect and absorbing efficiency
of cotton fabric were studied. The measurement results show that the absorption rate
of EM wave was 65.7% by adding multilayer laminated fabric. Simayee et al. [78] mixed
micromagnetic carbonyl iron powder with nano carbon black as the wave absorbent and
coated it on polyester fabrics by the way of filling-drying curing and aluminum sputtering
coating. The experimental results showed that the aluminized polyester fabrics coated
with carbonyl iron powder and nano carbon black have better absorbability than those
without aluminized polyester fabrics. Liu et al. [79] chose polyester woven fabrics as the
basic fabrics. Ferrite and silicon carbide are wave absorbent at the bottom and surface,
respectively. By optimizing EM parameters, the ferrite/sic double-coated polyester fabrics
with absorbing properties were prepared. The results showed that the fabric had the best
absorption performance at the frequency of 10 GHz.

The type of structural base wave-absorbing fabrics refers to the yarns or fiber bundles
with wave-absorbing properties, such as nickel-iron fibers or carbon fibers are directly
woven or woven into 3D fabrics based on stable structure, and then the wave-absorbing
properties and influence parameters of 3D fabrics are tested by experiments. Ayan et al.
used a vector network analyzer to conduct experimental tests on cotton fabric, carbon
fabric and cotton-carbon fabric composites board within 3–18 GHz. The mechanical value
of cotton fabric composite board was lower, but the EM wave absorption value in a certain
frequency range was higher than that of carbon fabric composite board. Cotton-carbon
fabric composites have better absorbing performance than pure carbon fabric composites
in 12~18 GHz frequencies [80]. Fan et al. [81,82] tested three kinds of 3D woven carbon
fiber/epoxy composites with different structures, and the experimental test results showed
that the composite has good EM absorption and shielding efficiency, and its excellent
mechanical properties and absorption capacity can be widely used in radar absorption
structures. Xue, L et al. [83] studied 3D isotropic braided carbon fibers/glass fibers (CF/GF)
bismaleimide composites and tested their EM absorbing properties under the condition of
thermal oxygen aging. The results showed that the composites have better EM absorption
properties than those without aging. Since the surface of the aged composite was not
smooth due to thermal oxygen aging, which will cause a large number of cracks and voids.
These cracks and voids caused more EM waves to react with the material surface, thus
improving the absorbing performance. Tak, J et al. [84] proposed a wearable metamaterial
microwave absorber, embedding two square ring resonators into the conductive fabric
with a thickness of 1mm for indoor radar clear applications. At a specific frequency, the
absorption peak was greater than 90%, and it had a good deformation effect, which can
be easily worn on the body. Alonso-gonzalez et al. [85] fabricated a kind of frequency-
selective surface 3D woven fabric, in which conductive yarns were woven into a cruciform
frequency-selective surface. Due to the symmetry of surface, wave absorption performance
was largely independent of polarization and incident Angle, which can achieve large
broadband wave absorption. Compared with the traditional frequency selection surface,
this type of frequency selection surface was more flexible and convenient, and provided
the possibility of large-scale production. Bi et al. [86] prepared carbonyl iron/reductive
graphene oxide /non-woven fabrics composite by the method of in-situ synthesis, which
has excellent microwave absorption performance in the 2.91–5.1 GHz band, and its qualified
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absorption bandwidth reaches 9.2 GHz. This kind of flexible lightweight fabric composite
can be used as a potential material for wearable EM absorption coatings and devices.

At present, the research on absorbents are relatively mature, however the fabrics with
absorbents are lack of theoretical bases, such as the amount of absorbent and the position of
absorbent can only be measured according to experience or experiment. Moreover, taking
fabrics as the basic structure will affect the EM parameters of whole materials, and the
EM waves absorption frequency of one single type of absorbent is narrow, which is not
conducive to the development of fabric with wide absorption frequencies, and absorbent
has the risk of instability and easy to fall off. As for the research on structure-based
absorbing fabrics, most scholars only focus on absorbing fiber materials, such as metal
modification of fibers or measurement of electromagnetic parameters of fibers. There is still
a lack of reports on how the fabric structure affects EM wave absorption. The development
direction of wave-absorbing fabrics will be ‘thin, light, wide, strong’ ‘thin’ refers to the
thickness is becoming smaller, ‘light’ refers to the mass is becoming smaller, ‘wide’ means
that fabrics can work in the ultra-wide band of EM waves, ‘strong’ refers to the absorption
performance, environmental resistance, temperature resistance and other aspects will be
stronger. Different fabric structures have different effects on absorbing waves, and it is
urgent to study the influence of fabric structures on wave absorption.

4. Wave-Transparent Fabrics

Wave-transparent materials play an important role in national defense and military,
aerospace, national economy and other fields, such as the manufacturing of radar radome,
wave-transparent wall, protective wall and so on [87,88]. The wave- transparent materials
with high transmittance, low reflectivity and loss, good mechanical properties, good
structural stability and fatigue resistance are the focus of recent research [89]. Fabrics have
the advantages of simple structure, easy processing, strong designability, one-time molding,
excellent mechanical properties and structural stability, and low manufacturing cost, which
has great application potential in transmitting materials such as missiles, carrier rockets,
aircraft, microwave towers, microwave relay station, communication antenna radome and
antenna window radome, and transmitting wall manufacturing, etc. [90–92].

4.1. The Mechanism of Wave-Transparent Fabrics

As shown in Figure 6, when EM waves pass through the wave-transparent material,
part of it will be reflected on the material surface, and a small amount of loss will be
converted into heat energy after entering the material, then the rest of the EM waves will
pass through the wave-transparent material. In the macro level, the interaction between
EM waves and material can be divided into three parts, reflected, loss and transmitted.
Equation (11) can be obtained.

T + R + A = 1 (11)

where T means transmission coefficient, R means reflection coefficient, and A means
attenuation coefficient.
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where ϕ = 2πd
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1/2
; d is the thickness of material; ε is the relative dielectric

constant of material; tan δ is the dielectric loss Angle tangent of material; θ represents the
Angle between the incident wave and material; λ is the incident wavelength.

According to Equation (12), the dielectric constant and loss Angle tangent of materials
are the key factors affecting EM waves transmission. The materials with low dielectric
constant, low loss Angle tangent and porosity should be selected as the wave-transparent
materials [94–96].

4.2. Researches of Wave-Transparent Fabrics Preparation

The key way of preparing wave-transparent fabrics is to obtain the ideal wave-
transparent EM parameters, the mainstream approaches are the way of fibers surface
functionalization, and then woven those fibers into fabrics to become the bearing sub-
strate. After that, it is reinforced with a modified resin base and finally forms the inorganic
porous wave-transparent fabric composites with high temperature resistance [97–100].
Tang et al. [100] functionalized the surface of Kevlar (POSS-g-Kevlar@PDA, f-Kevlar) cloth
by the method of dopamine/polyhedral oligomeric silsesquioxane (DA/POSS), and the
corresponding f-Kevlar cloth/bisphenol A cyanate ester (BADCy) matrix wave-transparent
laminated composites were prepared by the method of impregnation, lamination followed
by mold pressing. The obtained transmission efficiency was 92.0%, with good mechanical
properties and heat resistance. Gu et al. [101] conducted surface functionalization treatment
on F-PBO (p-phenylene-2, 6-benzobisoxazole) fibers, and coated them with lysozyme on
the PBO fibers surface. A kind of double cyanate ester F-PBO fibers wave-transparent
laminated composite was prepared by the method of impregnation-winding-lamination.
Its transmission efficiency was 93.6%, and it has good thermal stability and tensile strength.
Zou et al. [102] prepared 2.5D SiNO fibers fabric and 2.5D SiNOf/BN wave transparent
composite with good heat resistance and mechanical properties through borazine infil-
tration and pyrolysis process at 1400 ◦C. The fracture behavior of these composites was
studied according to fibers residual strength, mechanical properties of in situ fibers and
substrate and the fiber/substrate bonding strength. The results showed that the radial
stress increases with the increase of processing temperature, which further improved the
interface bonding strength. Liu et al. [103] modified PBO fibers with incorporation of a
fluoride-containing linear interfacial compatibilizer and curing with cyanate ester. PBO



Polymers 2022, 14, 377 13 of 18

fibers/ cyanate ester wave-transparent laminated composites are prepared. Compared with
Gu J. et al. [101] ’s method, this material has better wave- transparent properties and me-
chanical properties. Su et al. [104] prepared 3D puffiness SiB/NO microfibers by the method
of polyborosiloxane sol electrostatic spinning and NH3 pyrolysis at 1000 ◦C. The average
dielectric constant and loss tangent of SiB/NO fibers were 4.44 and 0.0029, respectively.
Its good morphology and properties make it a candidate material for wave-transparent
ceramic composites.

At present, most of the related research is on the surface treatment or modification of
fibers materials to obtain ideal EM parameters and mechanical properties. However, there
is a lack of research on the influence of fabric structure. The arrangement mode of fibers
and the structural change of fabrics will have a certain relationship to wave-transparent
performance. The research on the influence of structure can push the wave-transparent
fabrics composites transferred from 2D to 3D, which has a prospective guidance for wave-
transparent materials and makes the wave-transparent more diversified.

5. Conclusions

Fabrics, which have been widely employed in EM waves field, can be divided into
EM shielding fabric, wave-absorbing fabric and wave-transparent fabric based on different
application scenarios. The development statuses of these three fabrics were analyzed and
summarized. With regard to the EM shielding fabric, current theoretical methods aimed
to equivalent the yarns with metal properties to metal plates, perforated metal plates or
metal grid structure on the basis of the permutation and combination. In addition, those
methods are suitable for single-layer or double-layer fabric composite materials, and it
is required that the intersection points of fabric grid should be conductive, which has
certain limitations. In detail, for 2D fabrics with a large degree of buckling or multi-layer
fabrics, those methods will cause a large error. The fabrication of EM shielding fabrics
can be processed by means of surface metallization, metal coating or woven fabrics with
conductive fibers. However, the experiment without structure optimization will lead to
both low efficiency and high production cost. In addition, the EM shielding mechanism and
analysis methods of EM properties based on fabric structures are not only hardly reported,
but also lack of optimum design method for shielding fabrics. Furthermore, the theoretical
research on absorbing fabrics mainly aimed to calculate the EM parameters of fabrics base
on various equivalent methods so as to obtain high loss Angle fiber materials. However, the
EM parameters obtained by means of equivalent methods couldn’t meet the requirements
of wide frequencies and ideal EM parameters. In terms of experiments, absorbing fabrics
were mainly studied on fiber materials, in which the ideal complex dielectric constant
and complex permeability could be achieved through surface treatment or modification
of the fibers or fibers base. However, there are problems of high experimental costs and
complicated procedures. In addition, there are few reports on theories based on the struc-
tures of fabrics, and different structures have different effects on absorbing performance.
Therefore, current research should lay emphasis on the development of the design method
of a fabric structure that meets the requirements of absorbing performance. Moreover, the
theoretical methods of wave-transparent fabrics were mature. The key factors affecting
wave-transparent properties were dielectric constant and tangent of loss Angle. At present,
the research on the development of wave-transparent fabrics mainly involved how to
reduce the dielectric constant and loss Angle tangent, and meet the mechanical properties
and ablative properties simultaneously. There are few reports on the influence of fabric
structure on wave-transparent properties. Therefore, the development and optimization
of the wave-transparent fabric structure design can make the wave-transparent fabric
structure more diversified.

In order to meet the needs of different EM properties, fabrics will be diversified,
intelligent, as well as meet the direction of multi-working conditions, such as from 2D
to 3D. 3D fabrics can not only enhance the mechanical properties and thermal stabilities
of composite materials, but also reduce the vertical stratification, which can meet the
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diversified requirements of EM properties in structural design. The fabric structures with
EM properties will be designed from large to small and from heavy to light. In addition,
more and more attentions should be paid to the research on fabric structures that satisfy EM
properties. In brief, by optimizing fabric structure design, the ideal EM parameters of EM
fabrics that meet the requirements of total reflection, zero reflection or total transmission
are expected to be obtained.

Author Contributions: Conceptualization, J.Y. and W.M.; methodology, J.Y.; validation, J.Y., W.M.
and Z.G.; investigation, C.J. and X.L.; writing—original draft preparation, J.Y.; writing—review
and editing, J.Y.; supervision, W.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data can be available in Reference.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Acharya, S.; Datar, S. Wideband (8–18 GHz) Microwave Absorption Dominated Electromagnetic Interference (EMI) Shielding

Composite Using Copper Aluminum Ferrite and Reduced Graphene Oxide in Polymer Matrix. J. Appl. Phys. 2020, 128, 104902.
[CrossRef]

2. Ziegelberger, G.; van Rongen, E.; Croft, R.; Feychting, M.; Green, A.C.; Hirata, A.; d’Inzeo, G.; Marino, C.; Miller, S.; Oftedal, G.;
et al. Principles for Non-Ionizing Radiation Protection. Health Phys. 2020, 118, 477–482.

3. Duncan, J.R.; Lieber, M.R.; Adachi, N.; Wahl, R.L. DNA Repair After Exposure to Ionizing Radiation Is Not Error-Free. J. Nucl.
Med. 2017, 59, 348. [CrossRef]

4. Kim, J.H.; Lee, J.-K.; Kim, H.-G.; Kim, K.-B.; Kim, H.R. Possible Effects of Radiofrequency Electromagnetic Field Exposure on
Central Nerve System. Biomol. Ther. 2019, 27, 265–275. [CrossRef] [PubMed]

5. Ameli, A.; Nofar, M.; Park, C.; Pötschke, P.; Rizvi, G. Polypropylene/Carbon Nanotube Nano/Microcellular Structures with High
Dielectric Permittivity, Low Dielectric Loss, and Low Percolation Threshold. Carbon 2014, 71, 206–217. [CrossRef]

6. Al-Saleh, M.H.; Sundararaj, U. A Review of Vapor Grown Carbon Nanofiber/Polymer Conductive Composites. Carbon 2009, 47,
2–22. [CrossRef]

7. Millenbaugh, N.J.; Kiel, J.L.; Ryan, K.L.; Blystone, R.V.; Kalns, J.E.; Brott, B.J.; Cerna, C.Z.; Lawrence, W.S.; Soza, L.L.; Mason, P.A.
Comparison of Blood Pressure and Thermal Responses in Rats Exposed to Millimeter Wave Energy or Environmental Heat. Shock
2006, 25, 625–632. [CrossRef] [PubMed]

8. Kravtsov, Y.A.; Bieg, B. Propagation of Electromagnetic Waves in Weakly Anisotropic Media: Theory and Applications. Opt. Appl.
2010, 40, 975–989.

9. Lv, H.; Guo, Y.; Yang, Z.; Cheng, Y.; Wang, L.P.; Zhang, B.; Zhao, Y.; Xu, Z.J.; Ji, G. A Brief Introduction to the Fabrication and
Synthesis of Graphene Based Composites for the Realization of Electromagnetic Absorbing Materials. J. Mater. Chem. C 2017, 5,
491–512. [CrossRef]

10. Cao, M.-S.; Cai, Y.-Z.; He, P.; Shu, J.-C.; Cao, W.-Q.; Yuan, J. 2D MXenes: Electromagnetic Property for Microwave Absorption and
Electromagnetic Interference Shielding. Chem. Eng. J. 2019, 359, 1265–1302. [CrossRef]

11. Lin, H.; Wang, C. Influences of Electromagnetic Radiation Distribution on Chaotic Dynamics of a Neural Network. Appl. Math.
Comput. 2020, 369, 124840. [CrossRef]

12. Huang, L.; Chen, C.; Li, Z.; Zhang, Y.; Zhang, H.; Lu, J.; Ruan, S.; Zeng, Y.-J. Challenges and Future Perspectives on Microwave
Absorption Based on Two-Dimensional Materials and Structures. Nanotechnology 2019, 31, 162001. [CrossRef]

13. Yan, J.; Huang, Y.; Liu, X.; Zhao, X.; Li, T.; Zhao, Y.; Liu, P. Polypyrrole-Based Composite Materials for Electromagnetic Wave
Absorption. Polym. Rev. 2021, 61, 646–687. [CrossRef]

14. Hasan, K.M.F.; Horváth, P.G.; Alpár, T. Potential Fabric-Reinforced Composites: A Comprehensive Review. J. Mater. Sci. 2021, 56,
14381–14415. [CrossRef]

15. Kang, Y.-A.; Oh, S.-H.; Park, J.S. Properties of UHMWPE Fabric Reinforced Epoxy Composite Prepared by Vacuum-Assisted
Resin Transfer Molding. Fibers Polym. 2015, 16, 1343–1348. [CrossRef]

16. Bilisik, K.; Yolacan, G. Experimental Determination of Bending Behavior of Multilayered and Multidirectionally-Stitched E-Glass
Fabric Structures for Composites. Text. Res. J. 2012, 82, 1038–1049. [CrossRef]

17. Rajesh, M.; Pitchaimani, J. Dynamic Mechanical and Free Vibration Behavior of Natural Fiber Braided Fabric Composite:
Comparison with Conventional and Knitted Fabric Composites. Polym. Compos. 2018, 39, 2479–2489. [CrossRef]

http://doi.org/10.1063/5.0009186
http://doi.org/10.2967/jnumed.117.197673
http://doi.org/10.4062/biomolther.2018.152
http://www.ncbi.nlm.nih.gov/pubmed/30481957
http://doi.org/10.1016/j.carbon.2014.01.031
http://doi.org/10.1016/j.carbon.2008.09.039
http://doi.org/10.1097/01.shk.0000209550.11087.fd
http://www.ncbi.nlm.nih.gov/pubmed/16721271
http://doi.org/10.1039/C6TC03026B
http://doi.org/10.1016/j.cej.2018.11.051
http://doi.org/10.1016/j.amc.2019.124840
http://doi.org/10.1088/1361-6528/ab50af
http://doi.org/10.1080/15583724.2020.1870490
http://doi.org/10.1007/s10853-021-06177-6
http://doi.org/10.1007/s12221-015-1343-8
http://doi.org/10.1177/0040517511420757
http://doi.org/10.1002/pc.24234


Polymers 2022, 14, 377 15 of 18

18. Abounaim; Cherif, C. Flat-knitted Innovative Three-Dimensional Spacer Fabrics: A Competitive Solution for Lightweight
Composite Applications. Text. Res. J. 2011, 82, 288–298. [CrossRef]

19. Nguyen, Q.; Vidal-Sallé, E.; Boisse, P.; Park, C.H.; Saouab, A.; Bréard, J.; Hivet, G. Mesoscopic Scale Analyses of Textile Composite
Reinforcement Compaction. Compos. Part B Eng. 2013, 44, 231–241. [CrossRef]

20. Ma, W.; Ma, Z.; Zhu, J. Meso-Structure and Processing of Three-Dimensional Braided Material Based on Space Group P4 Symmetry.
Text. Res. J. 2017, 87, 1765–1771. [CrossRef]

21. Kurbak, A. Geometrical Models for Weft-Knitted Spacer Fabrics. Text. Res. J. 2016, 87, 409–423. [CrossRef]
22. Molina, J.; Zille, A.; Fernández, J.; Souto, A.; Bonastre, J.; Cases, F. Conducting Fabrics of Polyester Coated with Polypyrrole and

Doped with Graphene Oxide. Synth. Met. 2015, 204, 110–121. [CrossRef]
23. Shao, F.; Bian, S.-W.; Zhu, Q.; Guo, M.-X.; Liu, S.; Peng, Y.-H. Fabrication of Polyaniline/Graphene/Polyester Textile Electrode

Materials for Flexible Supercapacitors with High Capacitance and Cycling Stability. Chem.—Asian, J. 2016, 11, 1906–1912.
[CrossRef] [PubMed]

24. Ma, W.; Liu, K.; Fan, W.; Huang, Z.; Yin, J. 3D Angle-Interlock Woven Fabric Based on Plain Group P4mm Symmetry. Compos.
Struct. 2020, 231, 111539. [CrossRef]

25. Nurazzi, N.; Asyraf, M.; Khalina, A.; Abdullah, N.; Aisyah, H.; Rafiqah, S.; Sabaruddin, F.; Kamarudin, S.; Norrrahim, M.; Ilyas, R.;
et al. A Review on Natural Fiber Reinforced Polymer Composite for Bullet Proof and Ballistic Applications. Polymers 2021, 13, 646.
[CrossRef]

26. Gao, Y.-N.; Wang, Y.; Yue, T.-N.; Weng, Y.-X.; Wang, M. Multifunctional Cotton Non-Woven Fabrics Coated with Silver Nanoparti-
cles and Polymers for Antibacterial, Superhydrophobic and High Performance Microwave Shielding. J. Colloid Interface Sci. 2021,
582, 112–123. [CrossRef]

27. Gao, J.; Luo, J.; Wang, L.; Huang, X.; Wang, H.; Song, X.; Hu, M.; Tang, L.-C.; Xue, H. Flexible, Superhydrophobic and Highly
Conductive Composite Based on Non-Woven Polypropylene Fabric for Electromagnetic Interference Shielding. Chem. Eng. J.
2019, 364, 493–502. [CrossRef]

28. Ghosh, S.; Remanan, S.; Mondal, S.; Ganguly, S.; Das, P.; Singha, N.; Das, N.C. An Approach to Prepare Mechanically Robust Full
IPN Strengthened Conductive Cotton Fabric for High Strain Tolerant Electromagnetic Interference Shielding. Chem. Eng. J. 2018,
344, 138–154. [CrossRef]

29. Bliokh, K.Y.; Smirnova, D.; Nori, F. Quantum Spin Hall Effect of Light. Science 2015, 348, 1448–1451. [CrossRef]
30. Cornacchia, S.; La Tegola, L.; Maldera, A.; Pierpaoli, E.; Tupputi, U.; Ricatti, G.; Eusebi, L.; Salerno, S.; Guglielmi, G. Radiation

Protection in Non-Ionizing and Ionizing Body Composition Assessment Procedures. Quant. Imaging Med. Surg. 2020, 10,
1723–1738. [CrossRef]

31. Yang, L.; Jie, R.; Hai-Tao, J.; Yong, S.; Hong, C. Quantum Spin Hall Effect in Metamaterials. Acta Phys. Sin. 2017, 66, 227803.
[CrossRef]

32. Wang, K.-J.; Wang, G.-D. Periodic Solution of the (2 + 1)-Dimensional Nonlinear Electrical Transmission Line Equation Via
Variational Method. Results Phys. 2021, 20, 103666. [CrossRef]

33. Hu, X.; Li, S.; Peng, H. A Comparative Study of Equivalent Circuit Models for Li-Ion Batteries. J. Power Sources 2012, 198, 359–367.
[CrossRef]

34. Okuma, N.; Kawabata, K.; Shiozaki, K.; Sato, M. Topological Origin of Non-Hermitian Skin Effects. Phys. Rev. Lett. 2020,
124, 086801. [CrossRef]

35. Van Mechelen, T.; Jacob, Z. Universal Spin-Momentum Locking of Evanescent Waves. Optics 2016, 3, 118–126. [CrossRef]
36. Green, M.; Chen, X. Recent Progress of Nanomaterials for Microwave Absorption. J. Materiom. 2019, 5, 503–541. [CrossRef]
37. Zhong, L.; Yu, R.; Hong, X. Review of Carbon-Based Electromagnetic Shielding Materials: Film, Composite, Foam, Textile. Text.

Res. J. 2021, 91, 1167–1183. [CrossRef]
38. Gurusiddesh, M.; Madhu, B.J.; Shankaramurthy, G.J. Structural, Dielectric, Magnetic and Electromagnetic Interference Shielding

Investigations of Polyaniline Decorated Co0.5Ni0.5Fe2O4 Nanoferrites. J. Mater. Sci. Mater. Electron. 2017, 29, 3502–3509.
[CrossRef]

39. Li, T.-T.; Chen, A.-P.; Hwang, P.-W.; Pan, Y.-J.; Hsing, W.-H.; Lou, C.-W.; Chen, Y.-S.; Lin, J.-H. Synergistic Effects of Micro-/Nano-
Fillers on Conductive and Electromagnetic Shielding Properties of Polypropylene Nanocomposites. Mater. Manuf. Processes 2018,
33, 149–155. [CrossRef]

40. Zhao, B.; Fan, B.; Shao, G.; Wang, B.; Pian, X.; Li, W.; Zhang, R. Investigation on the Electromagnetic Wave Absorption Properties
of Ni Chains Synthesized by a Facile Solvothermal Method. Appl. Surf. Sci. 2014, 307, 293–300. [CrossRef]

41. Sankaran, S.; Deshmukh, K.; Ahamed, M.; Pasha, S.K. Recent Advances in Electromagnetic Interference Shielding Properties of
Metal and Carbon Filler Reinforced Flexible Polymer Composites: A Review. Compos. Part A Appl. Sci. Manuf. 2018, 114, 49–71.
[CrossRef]

42. Jiang, D.; Murugadoss, V.; Wang, Y.; Lin, J.; Ding, T.; Wang, Z.; Shao, Q.; Wang, C.; Liu, H.; Lu, N. Electromagnetic Interference
Shielding Polymers and Nanocomposites-A Review. Polym. Rev. 2019, 59, 280–337. [CrossRef]

43. Chen, C.-C. Transmission of Microwave Through Perforated Flat Plates of Finite Thickness. IEEE Trans. Microw. Theory Tech. 1973,
21, 1–6. [CrossRef]

44. Lee, S.-W.; Zarrillo, G.; Law, C.-L. Simple Formulas for Transmission through Periodic Metal Grids or Plates. IRE Trans. Antennas
Propag. 1982, 30, 904–909. [CrossRef]

http://doi.org/10.1177/0040517511426609
http://doi.org/10.1016/j.compositesb.2012.05.028
http://doi.org/10.1177/0040517516659376
http://doi.org/10.1177/0040517516631320
http://doi.org/10.1016/j.synthmet.2015.03.014
http://doi.org/10.1002/asia.201600411
http://www.ncbi.nlm.nih.gov/pubmed/27156174
http://doi.org/10.1016/j.compstruct.2019.111539
http://doi.org/10.3390/polym13040646
http://doi.org/10.1016/j.jcis.2020.08.037
http://doi.org/10.1016/j.cej.2019.01.190
http://doi.org/10.1016/j.cej.2018.03.039
http://doi.org/10.1126/science.aaa9519
http://doi.org/10.21037/qims-19-1035
http://doi.org/10.7498/aps.66.227803
http://doi.org/10.1016/j.rinp.2020.103666
http://doi.org/10.1016/j.jpowsour.2011.10.013
http://doi.org/10.1103/PhysRevLett.124.086801
http://doi.org/10.1364/optica.3.000118
http://doi.org/10.1016/j.jmat.2019.07.003
http://doi.org/10.1177/0040517520968282
http://doi.org/10.1007/s10854-017-8285-4
http://doi.org/10.1080/10426914.2016.1269924
http://doi.org/10.1016/j.apsusc.2014.04.029
http://doi.org/10.1016/j.compositesa.2018.08.006
http://doi.org/10.1080/15583724.2018.1546737
http://doi.org/10.1109/TMTT.1973.1127906
http://doi.org/10.1109/tap.1982.1142923


Polymers 2022, 14, 377 16 of 18

45. Anderson, I. On the Theory of Self-Resonant Grids. Bell Syst. Tech. J. 1975, 54, 1725–1731. [CrossRef]
46. Casey, K. Electromagnetic Shielding Behavior of Wire-Mesh Screens. IEEE Trans. Electromagn. Compat. 1988, 30, 298–306. [CrossRef]
47. Xue, W.; Cheng, L.; Li, A.; Jiao, N.N.; Chen, B.W.; Zhang, T.H. Research on Electromagnetic Shielding Effectiveness of Composite

Fabrics Made by Stainless Steel Fiber. Adv. Mater. Res. 2013, 821–822, 888–893. [CrossRef]
48. Schulz, R.B.; Plantz, V.C.; Brush, D.R. Shielding Theory and Practice. IEEE Trans. Electromagn. Compat. 1988, 30, 187–201. [CrossRef]
49. Yamamoto, S.; Hamano, A.; Hatakeyama, K.; Iwai, T. EM-Wave Transmission Characteristic of Periodically Perforated Metal

Plates. In Proceedings of the 2016 IEEE 5th Asia-Pacific Conference on Antennas and Propagation (APCAP), Kaohsiung, Taiwan,
26–29 July 2016; pp. 7–8.

50. Henn, A.; Cribb, R. Modeling the shielding effectiveness of metallized fabrics. In Proceedings of the IEEE International Symposium
on Electromagnetic Compatibility, Anaheim, CA, USA, 17–21 August 1992; pp. 283–286.
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