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Abstract — In this paper, a new wearable (flexible)
textile fabric-based 3D metamaterials absorber (MMA)
structure is proposed. The proposed MMA was created
from three layers; weft-knitted fabric, silicone, and plain
weave fabric and then, it was simulated in Computer
Simulation Technology (CST). It was obtained maximum
absorption power (99.66%) at 9.38 GHz, and the average
absorption power of 81-95% was obtained in the
frequency range of 8 to 12 GHz depending on the
incident angle in the simulation. The effect of the
wearable textile structure on absorption was investigated.
When compared with other materials, it can be said
that the proposed MMA is broadband, incident angle
independent, TE and TM polarization-independent,
flexible, breathable, wearable, ease of fabrication,
practical, low weight, and cost advantage. With this
designed the textile fabric-based MMA, it can be obtained
both low reflection coefficients and low transmission
coefficients at broadband X-band frequencies. This
provides a good solution for the cloaking of radar
systems.

Index Terms — 3D metamaterial, cloaking, plain weave,
textile, wearable absorber, weft-knitted.

I. INTRODUCTION

Metamaterials, which is not found in nature, is
an artificial material having extraordinary features.
The material has negative dielectric permeability (g)
and negative magnetic permeability (n) in the special
frequency range. Metamaterials can be adapted to the
desired range in the electromagnetic spectrum according
to the application areas. It has a wide potential
application in many areas such as electromagnetic
cloaking [1-2], superlens [3-4], sensing [5], absorber
[6-9], the antenna [10-17], etc. [18-20].

Metamaterial periodic resonator shapes are on the
order of a wavelength of incident electromagnetic waves.
When the EM wave arrives at the metamaterial structure,
the periodic resonator will generate a surface current that
causes electrical resonance. The periodic resonator layer
and the conductive layer will generate reverse current to
the surface current. This will cause magnetic resonance.
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If the electrical and magnetic resonance are obtained at
the same bandwidth, the perfect absorber is obtained
[21-22]. The transmission and reflection coefficients
depend on the MMA.. If the intrinsic impedance of the
medium and MMA are matched, the incident wave will
not be reflected and will be absorbed perfectly as
dielectric losses. Typically, MMA is fabricated on rigid
[21, 23] and flexible [6] materials depending on the
application. Recent studies have been focused on flexible
MMA that can be easily integrated application. Many
materials have been used to get flexible MMA designs,
for example polydimethysiloxane [24], polymer [25-26],
polymide [27-31], silicone [32], polypropylene [33],
composite [34], and textile [3, 35-39]. The advantage of
the textile, compared to other materials is flexibility,
breathability, wearable, ease of fabrication, practicability,
low weight and cost. In the literature, there are many
works on textile-based MMA applications. In these
works, periodic shapes were made by using sticking
techniques on textiles. It was created by using the screen-
printing [22], inkjet printing [24, 40], lithographic
processes [25], and stamping [26] techniques. It is not
found an application at which 3D textile geometry was
used for designing textile-based MMA.

In this study, a 3D textile fabric-based MMA was
designated for the X-band frequency range (8-12 GHz)
in the CST simulation. The MMA consists of the
periodic resonator shapes, a conductive layer, and a
dielectric substrate. The weft-knitted fabric and plain
weave fabric was used as periodic resonator shapes and
the conductive layer, respectively. The 3D periodic
resonator shapes were obtained by forming copper in
the half-loop of weft-knitted fabric. Details of the usage
of plain weave fabric structure as a conductive layer are
given in the [41]. The flexible 1.6 mm thick silicone
dielectric layer was used to combine the periodic
resonator shapes with the conductive layer to
improve the absorption performance. The simulation
measurements were performed in the range of 8-12 GHz
(X-Band), where many communication systems operate.
The incident angle and the polarization effect were
investigated. 99.66% of the highest absorption was
observed at TM polarization with 0" incident angle at
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9.38 GHz. The average absorption power of MMA
is swinging between 81% to 95% depending on the
incident angle. Moreover, the effect of the wearable
textile structure on absorption was investigated by using
the scaling method in the CST simulation program. The
major difference of the designed material from the
previously published studies is that it is not only the 3D
wearable textile structure but also it provides high
absorption in wideband and is independent of incident
angle and polarization [35-39]. Designed MMA can
be used in commercial, communication and military
defense application.

The outline of this study is as follows. It was
introduced the theory, preparation, and simulation of
textile-based MMA in Section Il. Next, the incident
angle effect, the polarization effect, the scaling effect on
the absorption power of the designed MMA were given
in Section I11. Finally, it was described how to use MMA
of results and was drawn future works in Section IV.

I1. MATERIALS AND METHODS

Materials complex permittivity and complex
permeability properties depend on the frequency. When
a perfect absorbent is wanted to design, the imaginary
parts of dielectric materials are also very important
because they add extra dielectric loss. If the intrinsic
impedance of the medium and materials impedance
can be matched, incident electromagnetic waves will
not be reflected. Many researchers have been working
intensively on impedance matching and dielectric loss
with MMA.

MMA structures consist of three layers, which
are periodic resonator shapes, a conductive layer, and
a dielectric substrate. The periodic resonator shape
resonates with the incident electromagnetic waves as its
size is smaller than the wavelength of the incident
electromagnetic waves. The periodic resonator shape
and conductive layer were adapted to the textile structure
to form the MMA structure. To create 3D periodic
resonator shapes, a weft-knitted fabric structure having
a wide range of the loop was used. Since the loop of
plain weave fabric is very smaller than the measured
wavelength, it behaves like a conductive surface. The
silicone material was used to form a flexible structure. It
keeps the two fabrics fixed and create a high dielectric
loss.

The absorption power of materials can be calculated
from the reflection coefficient and the transmission
coefficients of the medium. Total reflection coefficients
and transmission coefficients can be explained by using
the multiple reflections theory [42]. The first interface
medium reflects part of the incident electromagnetic
wave and transmits the other part of the incident
electromagnetic waves. The end interface reflects and
transmits a portion of the waves transmitted from the
first interface. This event continues until the wave

disappears in the lossy medium. Illustration and
mathematical representation of this phenomenon are
given in Fig. 1. The total reflections coefficient, Si1, is
written as a function of frequency as given in (1):
L(w) = py + Yoy 17y (o)™ pFe/onT
R(w) = T (w)? = [8;41%, 1)
where R(w) represents the reflection coefficient.
The total transmission coefficients, Sy1, are written
as a function as given in (2):
T(w) = Yn=1T1T2 (Pi)npge_jwnTe_ij/z ,
T(w) = |521|2 . 2
The absorption power of materials is calculated by
using the equation given in (3):

A(@) =1-T(w) —R(w) =1 = [S11* = 1S11*. (3)

Medium

Fig. 1. Multiple reflections theory.

A. Material properties of the knitted and woven
fabrics

Weft-knitted fabric is one of the basic knitting fabric
structures. Wales and course density construct its
horizontal pattern and vertical pattern, respectively [43].

Plain weave fabric has the simplest structure among
woven fabrics. It consists of the weft and warp yarns
woven together that are knitted one after another. When
the cotton yarn is taken from the conductive yarn that
forms the fabric, the only metal mesh will leave. Hence,
the physical structure of the composite plain weave fabric
is similar to metal mesh. Many analytical solutions have
been derived from this type of structure [44]. The weft-
knitted and plain weave fabrics properties are given in
Table 1.
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Table 1: Fabric properties

Knitting Weaving
Copper varn Density Density
Content (nm) Wales|Courses| Warp | Weft
(%) (1/10 |(Loops/ |(Tread/(Tread/
cm) | cm) | cm) | cm)
Weft-
Knitted 55 |7.06| 50 3 - -
Plain
Weave 11 |7.06| - - 10 10

B. Metamaterials based textile design

The weft-knitted and the plain weave fabric structures
are designed by using computer-aided design software
(AutoCAD). The designed half-loop periodic copper
structure was applied to the drawn geometry of weft-
knitted fabric. Then it was included in the entire loop
structure. The plain weave fabric structure was created as
full copper. In the designs, the yarn thickness was as 50
pm and the dielectric constant of the textile yarn was
neglected. The designed textile fabrics were imported into
the CST program for simulation.

The designed 3D half-loop periodic copper weft-
knitted structure is shown in Fig. 2. The designed copper
plain weave fabric structure is presented in Fig. 3. Silicone
was used as the dielectric substrate. The thickness of the
material was 1.6 mm. The silicone material properties in
the CST program were given in Table 2.

Table 2: Silicone properties

Epsilon (g) 11.9
Mue (p) 1

Electrical Conductivity 0.00025 S/m
Material Density (Rho) 2330 Kg/m3
Thermal Conductivity 148 W/K/m

Heat Capacity 0.7 kj/K/kg

™ G
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Fig. 2. Weft-knitted fabric with half loop copper
structure.

ACES JOURNAL, Vol. 35, No. 2, February 2020

Fig. 3. The copper plain weave fabric structure.

One-unit 3D half-loop periodic copper weft-knitted
fabric structure dimensions were given in Fig. 4 (2). The
3D side view was given in Fig. 4 (b). One-unit copper
plain weave fabric structure dimensions were given in
Fig. 4 (c). The 3D side view was given in Fig. 4 (d).
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1.0 mm \
\
= = NE%
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Fig. 4. (a) One-unit half-loop copper weft-knitted fabric
dimension, (b) one-unit half-loop copper weft-knitted
fabric side view, (c) one-unit copper plain weave fabric
structure dimension, and (d) one-unit copper plain weave
fabric side view.

C. Simulation setup

The MMA was formed by combining weft-knitted
fabric, silicone and plain weave fabric. It is given in Fig.
5. Front view of the weft-knitted fabric (a), side view of
the weft-knitted fabric (b), rear view of the plain weave
fabric(c), and side view of the plain weave fabric (d).
The total thickness of the textile-based MMA is 2.23 mm.
The weft-knitted fabric, silicone, and plain woven
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fabric thicknesses are 0.38 mm, 1.6 mm, and 0.25 mm,
respectively.

The 2-port waveguide measurement system was
created in the CST simulation program to investigate the
absorption power of MMA at 8-12 GHz frequency range.
A full mesh cell MMA is simulated in the CST program
by using the finite-difference time-domain (FDTD)
method. The full mesh cell MMA size was defined
as 10x10 cm. The defined physical properties of the
surrounding space were selected as “normal”. Boundary
conditions were selected according to the polarization
mode (TE, TM). The waveguide simulation setup is
shown in Fig. 6. The MMA was rotated on the axis by
the specified angle to investigate the incidence angle
dependence.

©

Fig. 5. (a) Front view of the weft-knitted fabric, (b) side
view of the weft-knitted fabric, (c) rear view of the plain
weave fabric, and (d) side view of the plain weave fabric.

I1l. RESULTS AND DISCUSSION

The absorption power of materials was calculated
by using S parameters. Polarizations (TM and TE)
and incident angles (-20° to 20°) effects on absorption
are investigated in the measurements. Besides, the
absorption power of MMA was investigated by forming
an MMA structure with a just dielectric substrate
(silicone) without copper to reveal the MMA structure
effect. The effect of silicone on the absorption power of
MMA without copper is also given in Fig. 7 and Fig. 8.

Figure 7 shows the result of the absorption power of
MMA at TM polarization within the 8-12 GHz frequency
range and gives the effect of incident angles on

absorption. The maximum and average absorption power
of MMA are also given on the same figure.

Network

Analyzer

Coaxial
cables

Waveguide

adaptor adaptor

Weft-knitted fabric Silicone Plain weave fabric
Fig. 6. Waveguide simulation setup.
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Fig. 7. Absorption power at TM polarization.

Figure 8 shows the result of the absorption power of
MMA at TE polarization within the 8-12 GHz frequency
range and gives the effect of incident angles on
absorption. The maximum and average absorption power
of MMA are also given on the same figure.

Ideally, a perfect absorber should have very low
transmission coefficients and a reflection coefficient.
The maximum absorption power (99.66%) was obtained
at TM polarization with 0" incident angle at 9.38 GHz.
As the angle increases, the cross-sectional area of
the periodic shape becomes smaller. This causes the
maximum absorption power of MMA occurred at a
higher frequency. The average absorption power of
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MMA is swinging between 81% to 95% depending on
the incident angle. The designed MMA achieved high
absorption power in wideband. It can be said that the
absorption power of MMA is almost independent of
incident angle and polarization.

TE Polarization

ACES JOURNAL, Vol. 35, No. 2, February 2020

achieved at high frequencies (11 GHz < f < 12 GHz) for
normal incidence. When the angle of incidence was
increased, the cross-sectional area would be decreased,
therefore better results were obtained for angular
incidence. The proposed MMA was scaled to investigate
the effect of wearable textile structure on absorption,
too. As a result of scaling, the maximum absorption
frequency is shifted, and the average absorption is a bit
increased. It was found that wearability did not have a
remarkable effect on absorption.

The optimum production process is under process.
When the best production technique is determined,
MMA will be produced. The proposed MMA can be
used to prevent the detection of soldiers and military
equipment from radar. Also, this proposed MMA can be
used as an anechoic chamber for X-band applications.

TE Polarization with +20° Incident Angle
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Fig. 8. Absorption power at TE polarization.

Other simulations were performed to investigate the
effect of flatness, flexibility, compression, and folding of
the structure in the CST program. In these situations, the
textile loop size is changing. Thus, the dimension of the
textile structure was scaled to investigate the effect of
these situations on absorption. The whole textile-based
MMA structure was scaled by -10%, -5%, 0%, 5%, and
10% at TE polarization with +20° incident angle and
simulations were performed. The maximum absorption
resonance frequency is shifted, and the average amount
of absorption is gradually increased. The results are
given in Fig. 9.

1V. CONCLUSION

The textile-based MMA design operating at the
X-band was demonstrated in the CST simulation
program. The absorption power of MMA was calculated
by using the transmission coefficient and the reflection
coefficient. The maximum absorption power (99.66%)
was obtained at TM polarization with 0° incident angle
at 9.38 GHz. The average absorption power of MMA is
swinging between 81% to 95% at 8-12 GHz frequency
band depending on the incident angle. It was found that
the angle of the incident and the polarization type of
electromagnetic waves did not affect the absorption
power of MMA. Initially, it was aimed to design the
MMA absorbing at 8-12 GHz. In the incident angles
simulation results, absorption was as expected at 8-11
GHz. However, the same performance could not be
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Fig. 9. The scaling effect results.
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