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� A flexible wearable metamaterial
absorber is proposed using
embroidery technology.

� The simplified simulation model
performs accurate representation for
embroidery metamaterial unit cell.

� The optimal stitch density of 0.7 mm
was identified for reaching 99%
absorbability at 2.39 GHz.
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Protecting human body from electromagnetic radiation and enhancing the robustness of wearable
devices in complex environments become increasingly important. To address this, a flexible
embroidery-based metamaterial absorber (MA) which can absorb electromagnetic waves of specific fre-
quency was proposed in this paper. The MA consists of embroidered frequency selective surface (FSS),
scuba knitting fabric and metallized fabric. We firstly propose a simplified simulation model to precisely
represent the real-world prototype. Then, the parametric effects on the absorption performance were
analyzed using equivalent circuit model and full wave simulation. By comparing the power loss density
and the power loss rate of each layer, we discover that the resistive loss of the embroidered FSS plays a
dominate role in consuming electromagnetic energy. For in-depth investigations, three prototype sam-
ples with high-to-low embroidery densities were fabricated and tested. It was found that the peak
absorptivity of second sample (with a medium density of 0.70 mm) can reach up to 99% at 2.39 GHz,
which verifies the effectiveness of embroidery-based MAs. Moreover, the comparable absorption perfor-
mance of diverse prototypes shows that a suitable embroidery density is the premise for effective elec-
tromagnetic energy absorption, which provides a measurable design guideline for the future research in
this area.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

The rapid technological progress in radio and telecommunica-
tion engineering in the recent years has given rise to an increasing
amount of electromagnetic radiation pumped into the atmosphere,
every year, which inevitably has a certain impact on human health
[1,2]. In addition, electromagnetic interference (EMI) can also
affect the normal functioning of electronic devices such as mobile
phones, medical instruments, and wearable devices, consequently
bringing in significant electromagnetic compatibility (EMC) issues
[3,4]. Electromagnetic shielding materials can effectively block
radio waves by means of reflection, diffraction, cloaking and
energy absorption, and similar. Among these, an effective method
is to enhance the power consumption of EM shielding materials,
so that the radiative energy could be dissipated in the form of heat,
and as much as possible within the propagating material [5]. At
present, extensive research on electromagnetic wave absorbing
materials such as carbonyl iron [6], graphene [6], carbon nanotube
[7] and MXene [8,9] has been widely conducted, however an effec-
tive bridge to microwave absorbing materials that is attributed by
light weight, flexibility, and dynamically tunable operating band, is
yet to be fulfilled.

Electromagnetic metamaterials have received an upsurge of
attentions since 2006 [10]. These are basically engineered materi-
als, which could exhibit radical electromagnetic properties that are
not usually a feature of natural available materials [11,12]. Recent
research shows that metamaterials have great potential in radio
communication, EMC, shielding, cloaking [13–16]. In the field of
microwave absorption, metamaterials typically have better design
freedom than traditional microwave absorbing materials in terms
of its electromagnetic properties. For example, designers can cus-
tomize the dielectric properties and adjust the frequency response
by optimizing the geometric size of metamaterial units and the
parameters of dielectric layer. However, traditional MAs are mostly
made on rigid printed circuit boards (PCB). Recently, MAs have also
been developed on flexible substrates such as polydimethylsilox-
ane substrate [17], flexible film [18], polyimide substrate [19],
paper [20], and similar.

Textiles are ideal substrate materials for flexible MAs due to
their excellent flexibility, low price. Utilizing printed patterns on
textile substrates is a typical solution [21,22]. However, at present,
these processes can hardly achieve a thin and conductive printing
layer on conformal and non-uniform substrates. Thus, they will
require secondary printing of the pattern or using an intermediate
impermeable coating between the fabric and ink, thereby increas-
ing the number of required processes as well as the overall cost
and complexity. In addition, the fabric will inevitably have a
defected or unpredictable electromagnetic performance when
worn and due to material aging over time. In contrast to printed
surfaces, embroidered surfaces has advantages in terms of robust-
ness and durability, including long-lasting quality after several
washing and ironing cycles [23], which is highly sought for daily
wear products and clothing. The embroidery process is CAD based,
and its embroidery accuracy is sufficient for producing the high
precision layout for microwave applications. Gil et al. [24–26] have
verified the feasibility of embroidery-based MA applied to wireless
sensors and antennas. In addition, Almirall et al. [14] presented a
wearable metamaterial for electromagnetic radiation shielding
using embroidery. They also pointed out that an embroidery den-
sity of 20% was used to reduce the overall cost whilst maintain
EM performance. Since the embroidery density is a key parameter
in the manufacture of embroidery-based MA, it is worth consider-
ing the trade-offs between fabrication standard, textile durability,
EM shielding performance, and prototype flexibility. Unfortu-
nately, very few existing literature has reported the systematic
2

analysis on embroidery density versus conductivity and absorption
performance of the embroidery-based MAs.

Based on this, this paper presents a flexible MA design based on
embroidery technology, and establishes a simplified simulation
model. Along with the design, the effects of structural parameters,
especially the embroidery density, on the absorption performance
and the absorption mechanism of embroidery-based MA are also
explored. In addition, three samples with different embroidery
densities are fabricated. The tested performance of different sam-
ples is cross verified using the results obtained from software sim-
ulation and theoretical circuit modelling. By doing so, the effective
conductivity of embroidery materials could be easily linked to its
embroidery density, which cannot be directly measured using con-
ventional techniques. Consequently, high efficiency, cost-effective
MA can be produced using high precision manufacturing densities
that are software-defined by simulation and guided by theory. The
consistency between the experimental and simulation results ver-
ifies the feasibility of embroidery-based MA, which also provides
reasonable guidelines to identify the optimal embroidery density
in such applications.

This paper is organized as follows. First, the design and model-
ing of unit cells of embroidery-based MA are introduced. Second,
equivalent circuit model and simulation analysis are presented.
Then, the manufacturing and test of embroidery-based MAs are
described. Next, the embroidery-based MA performance valida-
tions and discussions are provided, including performance, impacts
of embroidery density on absorption performance, angular stabil-
ity analysis, and test error analysis, etc. Finally, this work is con-
cluded with some final remarks.

2. Structure design

A unit cell of the proposed structure was constructed using an
FSS periodical structure, a dielectric substrate and a metallic
ground plane, as shown in Fig. 1. The square-shaped ring, which
has a designable resonant frequency, was chosen as the pattern
unit. The dielectric substrate underneath the FSS is a scuba knitting
fabric (er = 2, tand = 0.02) with a thickness of 1.3 mm. Note that
other textiles such as cotton plain cloth, denim cloth or tweed cloth
could also be used as the substrate with adequate design consider-
ations conforming to the material’s dielectric properties. The
absorptivity (A) can be calculated by

A ¼ 1� S11j j2 � S21j j2 ð1Þ
Fig. 1. Schematic geometry of the unit-cell.
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where, |S11|2 and |S21|2 represent reflectivity and transmissibility
respectively. To minimize the EM wave transmission, a conducting
fabric with thickness of 0.05 mm and sheet resistance less than
0.02 X/sq was used as the metallic ground plane. Therefore, Eq.
(1) could be reduced to

A ¼ 1� S11j j2 ð2Þ
In this work, full-wave electromagnetic simulation software

CST has been used to simulate and model the unit cell structure
of the MA. The unit cell boundary conditions were selected along
the x-y plane to imitate the infinite periodic cells, while the open
(add space) boundary conditions were chosen along the z plane.
In addition, the electric field (E) and magnetic field (H) were
orthogonal to each other and being parallel to the incidence plane.
The dimensions of the optimized unit cell were determined as:
P = 29.9 mm, W = 5 mm, L = 28 mm, h1 = 0.3 mm, h2 = 1.3 mm.

An accurate simulation model is crucial for the structural design
of metamaterials, but the high precision structural models for the
embroidery-based metamaterials have been rarely reported.
Therefore, we intend to analyze the physical structure of
embroidery-based MA in order to propose a more precise simula-
tion model. Fig. 2 shows the principle of embroidery and evolution
of three structural models of MA unit-cell. In the ideal model (see
Fig. 2(a) - (b)), the FFS layer has only a single conductive embroi-
dery pattern and no embroidered substrate textile. However, it
can be seen from the local cross-sectional view of the
embroidery-based MA (Fig. 2(d) that the embroidery-based MA
includes not only the embroidered substrate textile and the con-
ductive pattern embedded in the embroidered substrate textile,
but also the non-conductive pattern formed by the bobbin thread.
Fig. 2. Schematic diagram of embroidery principle and three models of the unit-cell: (a) a
of embroidery principle; (d) cross-sectional view of the embroidery-based MA; (e) mod
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On this basis, a model close to the sample prototype is proposed
(Fig. 2(e)). Here, a cotton fabric (er = 1.6, tand = 0.03) with a thick-
ness of 0.3 mm was used as the embroidered substrate textile.
Unfortunately, it is not easy to set accurate design parameters for
simulation, such as dielectric parameters and thickness of the
non-conductive pattern formed by the bobbin thread, because
these parameters are closely relevant to the embroidery process
parameters and the diameter of the bobbin thread. However,
because the materials of the bobbin thread are mostly polyester
or cotton, the dielectric parameters of the non-conductive pattern
are close to ordinary wearable textiles, such as cotton fabric or
polyester fabric, which means that its dielectric parameters might
be close to that of the embroidered substrate fabric used in this
paper. Therefore, the non-conductive pattern and the embroidered
substrate textile could be jointly combined to obtain a simplified
model. The electromagnetic simulation in the following chapters
is based on the simplified model (see Fig. 2(f)).

During the simulation, the conductivity of the top FSS was set to
5 � 104 S/m and 1 � 105 S/m respectively to obtain the simulated
reflection coefficient (S11) and absorptivity as shown in Fig. 3. It
can be seen that the embroidery-based MAs exhibit a distinct point
near 2.4 GHz for both simulations with an absorptivity of more
than 99%. The resonant frequency can also be configured because
of the tunability of the square ring.
3. Equivalent circuit model and simulation analysis

To understand the underlying physics of the realized absorption
peak at 2.39 GHz, we simulated surface current distributions at the
frequency of interest. The distributions of the surface current on
erial view of the ideal model; (b) side view of the ideal model; (c) schematic diagram
el close to the sample prototype; (f) simplified model.



Fig. 3. Simulated reflection coefficient and absorptivity of the embroidery-based
MA with different conductivity.
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the top FSS layer and bottom ground plane at 2.39 GHz and 2.7 GHz
are illustrated in Fig. 4. It can be seen that the surface current at
non-resonant frequency 2.7 GHz is very weak compared with that
at the resonant frequency 2.39 GHz. At 2.39 GHz, when a plane
wave is illustrated on the MA, the surface currents in the FSS, most
of which are occupied at the left and right arms of the single square
loop, form a closed loop. At the same time, the surface currents at
the top surface and metal ground plane are flowing in the opposite
directions, which constitute the circulating current loop leading to
effective magnetic excitation. This also indicates that the FSS layer
is mainly contributed to the absorption.
Fig. 4. Surface current density of the proposed MA on the top layer at (a) 2.39 GH

4

The equivalent circuit model was used to further analyze the
performance of the proposed MA. Ghosh S et al. [27] proposed a
model for the square ring unit cell which can be regarded as series
resonators connected in parallel with coupling capacitance and
short-circuited transmission line. Moreover, the even- and odd-
mode couplings were incorporated to determine the lumped
parameters and absorption frequency of the absorber structure
precisely. The metamaterial designed in this paper has one more
layer of embroidered substrate textile compared with the MA
designed in reference [27] due to the use of embroidery tech-
niques. The relationship between the embroidered substrate tex-
tile and dielectric substrate can be regarded as series in the
equivalent circuit in this paper. For convenience, we grouped the
two layers of fabric as a whole unit and simplified the equivalent
circuit, as shown in Fig. 5. Here, LFSS is the horizontal coupling
capacitance between the adjacent unit cells, which related to the
length (L) of the square ring. CFSS is the FSS capacitance between
two adjacent unit cells, while CC is used to describe the vertical
coupling capacitance between top FSS and bottom metal ground
plane. RFSS is the resistance offered by FSS due to finite conductivity
of conductive thread for embroidery, while Rd is the equivalent
resistance due to dielectric loss in the textile substrate.

From the equivalent circuit model, total input impedance Zin
can be viewed as the parallel connection FSS impedance (ZFSS)
and substrate impedance (ZTML), expressed as

1
Zin

¼ 1
ZFSS

þ 1
ZTML

ð3Þ

The FSS impedance, ZFSS, composed of series resonators, can be
expressed as
z and (c) 2.7 GHz, and on the bottom ground at (b) 2.39 GHz and (d) 2.7 GHz.



Fig. 5. The equivalent circuit of the embroidery-based metamaterial MA.
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ZFSS ¼ RFSS þ jxLFSS þ 1=jxCFSS ð4Þ
The substrate impedance, ZTML, can be expressed as

ZTML ¼ Zd þ ZC ¼ j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl0lrÞ=ðe0erÞ

q
tanðkdÞ þ Rd þ 1=jxCC ð5Þ

where, lr and er are the magnetic permeability and electric permit-
tivity of the dielectric substrate respectively.k ¼ k0

ffiffiffiffiffiffiffiffiffierlr
p

is the
wave number of the incident wave in the substrate, k0 is the free
space wave number.

The reflection coefficient of the MA is directly related with the
input impedance and can be expressed as [28]

S11 ¼ Zin � Z0

Zin þ Z0
ð6Þ

From Eq. (6), the perfect matching at desired resonant fre-
quency can be achieved when the the imaginary part of Zin is 0,
and the real part is equal to Z0.

Eqs. (3)–(6) show that Zin is determined by RFSS, LFSS, CFSS, Zd, Zc.
That is, the reflection coefficient is related to material parameters
of the embroidered substrate textile and dielectric substrate tex-
tile, and the structure parameters including P, W, L, h2, h3. The
design of parameters, such as widths of the square ring, lengths
of the square ring, dielectric constant, thicknesses of the substrate
and unit cell periods of the structure, can be referred to [27]. It is
worth noting that we combine the embroidered substrate textile
and dielectric substrate textile as a whole unit in the equivalent
circuit, which means that their effects on the absorption properties
are consistent in this analysis. This also reminds us to pay attention
to the material parameters of the embroidered substrate textile in
the design.

Our work focuses on the influence of the conductivity of FSS,
that is, the conductivity of embroidery pattern, on the reflection
coefficient. The reason is that the conductivity of the embroidery
pattern is closely related to that of the embroidery thread and
the embroidery density and is the foundation for selecting the
embroidery thread and setting the embroidery process parameters.
Eq. (4) physically explains the effect of RFSS on impedance FSS.
According to the equivalent circuit analysis, it can be inferred that
if the dielectric substrate textile and embroidered substrate textile
are determined, there must be an appropriate RFSS value to make
the equivalent input impedance of the MA perfectly match the free
space impedance, so that to realize the perfect absorption of the
incident wave. We simulated the reflection coefficient with differ-
ent FSS conductivity, as shown in Fig. 6. The results show that the
influence of FSS conductivity on the resonant frequency and reflec-
tion coefficient is significant. Specifically, the resonant frequency
5

moves to the lower frequency with the increase of FSS conductiv-
ity. However, here we focus on the effect of conductivity on
absorption. As expected, there is a suitable conductivity of
1 � 105 S/m to make the MA obtain the optimal absorption perfor-
mance, in which the absorptivity is close to 1 at 2.4 GHz. Mean-
while, when the conductivity varies between 1 � 104 S/m and
1 � 108 S/m, all peak absorptivity is above 90%. However, when
the conductivity is less than 1 � 103 S/m, the peak absorptivity
turns to poor (less than 68%) and cannot meet the application
requirements. The benefits for determining the appropriate con-
ductivity and range include not only ensuring the absorption per-
formance that meets the design objectives, but also in the case that
we might no longer pursuing material conductivity as close to that
of the perfect conductors like copper, but instead using an appro-
priate conductivity to fulfill the design requirements. If the lower
conductivity in this range can also achieve excellent absorption,
the conductive embroidery thread will have more choices (there-
fore broadening the design freedom). Moreover, if the embroidery
density is relatively low, it can still meet the requirements of con-
ductivity, which will reduce the process difficulty and save the
embroidery time. It should be emphasized that the major differ-
ence between this paper and other research focusing on embroi-
dery process parameters is that we are not aiming at improving
the conductivity through process parameters, but instead we are
targeting to identify relatively suitable, cost-effective, and eco-
nomic process parameters for embroidery-based MAs. Table 1
shows the resonant frequency and input impedance of MA with
different FSS conductivity. When the conductivity is 1 � 105 S/m,
the real part of the normalized input impedance is close to 1 and
the imaginary part is close to 0, which confirms the previous anal-
ysis about impedance matching.

In order to further investigate the absorption mechanism of the
proposed MA, the power loss density of MA with FSS conductivity
of 1 � 105 S/m was analyzed, as shown in Fig. 7(a). The results
show that the loss mainly occurs in the FSS and dielectric substrate
of the MA. We further calculated the loss ratio of each material, as
shown in Fig. 7(b). Most of the electromagnetic energy loss is
caused by the resistive loss of the FSS layer and the dielectric loss
of the dielectric substrate, while a small part of the loss is due to
the embroidered substrate textile, and the loss of the ground plane
can be ignored. The above results fully demonstrate that the con-
ductivity of the FSS or embroidery patterns is a key parameter
for the design of embroidery-based MA.
4. Manufacturing and test

In this paper, two kinds of silver plated nylon thread (70 D / 2,
70 D / 3) provided by Suzhou TEX Sliver Fiber Technology Co., Ltd
(Suzhou, China) were chosen for the study. Reference [29] pointed
out that the sewing thread with smaller diameter has higher
embroidery accuracy. However, we found that the silver plated
nylon thread with linear density of 70 D / 2 is easy to break in
embroidery through some preliminary embroidery experiments,
especially when the embroidery density is large. Finally, silver pla-
ted nylon thread with linear density of 70 D / 3 was used. Fig. 8
shows SEM images of silver plated nylon thread (Fig. 8(b) and (c)
are provided by the enterprise). The diameter and conductivity of
the thread are 0.3 mm and 55,096 S/m respectively, and One-ply
yarn is composed of 32 filaments. The bobbin thread is polyester
thread with linear density of 40 S /2.

A JANOME MB-4 embroidery machine (JANOME, Japan) was
used to manufacture FSS on the top layer. The steps involved in
the embroidery process are shown in Fig. 9. To begin with, the con-
ductive shape is optimized via electromagnetic simulation soft-
ware and then is converted to a CAD model. Then, the CAD



Fig. 6. Simulation results of absorber with different FSS conductivity: (a) reflection coefficient; (b) absorptivity.

Table 1
The resonant frequency and normalized input impedance of MA with different FSS
conductivity.

FSS conductivity (S/
m)

Resonant frequency
(GHz)

Normalized input
impedance

real
part

Imaginary
part

1 � 102 2.0 2.29 5.38
1 � 103 2.24 3.49 1.19
1 � 104 2.35 1.8 0.05
1 � 105 2.40 1.00 0
1 � 106 2.41 0.71 0
1 � 107 2.41 0.60 0.01
1 � 108 2.42 0.56 0.04
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model is imported into Artistic Digitizer software to generate a
pattern of needle paths for the embroidery process. In this process,
we can use 3D mode to view the simulation results of embroidery
and adjust the embroidery parameters, such as stitch spacing/den-
sity, stitch length and stitch type, etc. Finally, the embroidery file is
imported into the embroidery machine for fabrication. Fig. 10 (a)
defines stitch spacing and stitch length. It can be seen that the
stitch spacing can obviously adjust the distance between adjacent
embroidery lines, thereby changing the conductivity of the embroi-
dery pattern. For example, lower stitch spacing values can reduce
Fig. 7. (a) power loss density of the MA unit cell at 2

6

physical discontinuities between conductive threads, thereby
boosting the conductivity of embroidery patterns. However, exces-
sively low stitch spacings increase fabrication time and the possi-
bility of embroidery thread breaking. Therefore, three embroidery
FSS samples with embroidery density varying from high to low
were designed, and the corresponding stitch spacing values are
0.48 mm, 0.70 mm, 1 mm, respectively. The stitch type is tatami
stitches, and the stitch length is set to 4.00 mm. After the embroi-
dery was completed, the embroidered FSS, scuba knitting fabric
and nickel copper plated conductive fabric with adhesive backing
were combined in order, as shown in Fig. 10(b).

Using glue and sewing are common compounding methods.
Here, a special glue for fabric is used to bond embroidered FSS
and scuba knitting fabric. Since both the adhesive and glue (the
main component is acrylic ester) used in this paper are commer-
cially available, their adhesion capabilities have proven to be suffi-
cient for most application scenarios. It is important to ensure that
the thickness of the glue is small enough to reduce its impact on
absorption properties. Finally, samples 1, 2 and 3, which vary in
embroidery density from high to low, were fabricated. The corre-
sponding stitch spacings of three samples were 0.48 mm,
0.70 mm and 1 mm respectively, and the local embroidery details
are shown in Fig. 10(a). Fig. 10(c)-(e) show the overall, cross-
sectional and folded photographs of sample 2, respectively. Obvi-
ously, the proposed embroidery-based MA has excellent flexibility.
.39 GHz, and (b) the loss ratio of each material.



Fig. 8. SEM images of (a) silver plated nylon thread, (b) longitudinal section of silver plated nylon filament, and (c) cross section of silver plated nylon filament.

Fig. 9. Production process from CAD model to embroidery.
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The measurements were carried out inside the anechoic cham-
ber with the measurement setup as displayed in Fig. 11. Two
broadband Vivaldi antennas capable to generate 1.5–3 GHz linearly
polarized wave were connected to Agilent PNA N5234A as trans-
mitter and receiver respectively. To satisfy the far field condition,
two Vivaldi antennas were placed in front of the MA at a distance
of 1 m. The size of the MA is 35 � 35 cm2. A copper sheet with the
same size as the sample was used as a calibration. The reflections
(dB) can be obtained by subtracting the reflection of the copper
sheet from the reflection of the absorber to eliminate the test
errors caused by scattering loss, diffraction loss, and edge reflec-
tion, etc.
7

5. Results and discussion

To verify the validity of simulation process and compare the
absorption performance with different embroidery density, the
measured results of three samples and the simulated results with
three conductivity values were compared and are shown in
Fig. 12(a). The simulation results which are in better consistency
with the measured ones will be selected to approximately estimate
the electrical conductivity obtained using different embroidery
densities. The corresponding effective conductivity of sample 1, 2
and 3 (as in Fig. 10) are 1 � 106 S/m, 55,096 S/m and 100 S/m
respectively. We tested the resistance of embroidery pattern by



Fig. 10. (a) the local embroidery details of samples with different embroidery densities; (b) exploded view of three layers used in the design; (c) photos of sample 2: (c)
overall view and (d) cross-section view; (e) folded sample 2 with great flexibility.

Fig. 11. The measurement setup in an anechoic chamber.

Fig. 12. Comparison between simulated and measured reflection coefficie

Y. Yang, J. Wang, C. Song et al. Materials & Design 222 (2022) 111079
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referring to the test method of conductivity of closed-circuit
embroidery elements in reference [30], the test results of resis-
tance are shown in Table 2. The difference of the resistance values
of embroidery patterns with three embroidery densities can reflect
that the three conductivity values used in the simulation are
within a reasonable range.

As can be also seen from Fig. 12(a), the measurement result of
sample 2 is basically consistent with its simulation result at the
resonant frequency and peak value. The measurement results show
that the sample 2 almost completely absorbs the electromagnetic
wave at 2.39 GHz with a reflection coefficient of �27 dB, and the
bandwidth of the measurement results is broader than that of
the simulation results. The test results of sample 1 are not fully
consistent with the simulation results. Specifically, compared with
the simulation results, the measurement results show that the res-
onant frequency shifts to a lower frequency, and there are two res-
onant frequencies. In addition, the absorption performance of the
measurement results is weaker than that of the simulation results,
nt: (a) different electrical conductivity; (b) different incident angles.



Table 2
Resistance value of embroidery pattern.

Sample 1# 2# 3#

Resistance（X） 0.34 0.53 4.03
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and even less than 90% absorption. One possible reason for the
error is that the embroidery density of sample 1 is large, which
not only increases the conductivity of the embroidery pattern,
but also increases the thickness of the pattern. However, the thick-
ness of the embroidery pattern remains unchanged during simula-
tion. The measurement results of sample 3 are also generally
consistent with its simulation results, but the absorption perfor-
mance of sample 3 is poor (less than 30%). The reason is that the
embroidery density of sample 3 is low (see Fig. 10(a)), and the dis-
continuity between the conductive threads makes the conductivity
of the embroidery pattern low.

Overall, sample 2 with medium embroidery density achieved
almost perfect absorption at 2.39 GHz, confirming the feasibility
of embroidery-based MAs. However, sample 1 with high embroi-
dery density do not obtain excellent absorption performance (less
than 90%) as expected, while sample 3 with low embroidery den-
sity has almost no absorption of electromagnetic waves. The rea-
soning of this phenomenon might be that the low-density
embroidery meshes cannot fully shield the 2.39 GHz microwaves
(wavelength = 125 mm). The medium embroidery density makes
the conductivity of the embroidery pattern close to the optimal
conductivity 1 � 105 S/m, and further enhancing the impedance
matching performance. While the high-density embroidery
meshes although improve the shielding, it will also enhance the
thickness of the metamaterial conductive unit cell layer, thus
changing the resistivity/conductivity away from the optimally
matched 1 � 105 S/m. In summary, the embroidery-based MA is
indeed feasible, but prerequisite of obtaining excellent absorption
performance of embroidery-based MA is the appropriate embroi-
dery density which has not been well noticed in previous research.
However, the medium density used in this paper may not be opti-
mized for other designs, as all designs on embroidery density
might be based on uniquely appropriate conductivity, which is a
point we must emphasize. The above result verify the previous
simulation and theoretical analysis that there is a suitable conduc-
tivity value of embroidery pattern, that is, there should have a suit-
able embroidery density to realize the desired electrical
conductivity for optimal EM power absorption at desired frequen-
cies. The result can scientifically guide the design of embroidery
density to obtain excellent absorption performance for
embroidery-based MAs. More importantly, the relationship among
embroidery density, conductivity and absorption performance
confirms the previous hypothesis, that is, embroidery-based MAs
might no longer pursuing material conductivity as close to that
of the perfect conductors like copper, which is beneficial to provide
more choices for conductive embroidery threads and reduce the
process difficulty. In this work, the total number of stitches of a
single square ring corresponding to the stitch density of 0.48 mm
and 0.70 mm is 800 and 600 respectively, which means that the
sample 2 (stitch density is 0.70 mm) with the best absorption per-
formance has obvious advantages in production efficiency and
cost. Note that in our work, a typical square ring was used as meta-
material unit cell for simplicity, therefore the detailed parametric
effect of the proposed ring structure for obtaining a higher electro-
magnetic performance has been well established in previous liter-
ature [27] and is not going to be shown here. The material insights,
i.e., embroidery density of silver-plated thread, will play a more
important role in determining the effective conductivity and
absorbability of the design. We have conducted a systematic study
9

from theory to simulation and practice. The proposed method is
not limited to the proposed square ring metamaterials, it could
be widely adapted by diverse metamaterial designs that uses
embroidery materials and textiles.

In addition, among the process parameters, embroidery density
has the most significant effect on conductivity, so we only consid-
ered the variable of embroidery density in this paper. In fact, the
features affecting the conductivity of embroidery patterns also
include stitch type and stitch length. For example, under the pre-
mise that other process parameters are the same, the stitch type
affects the arrangement or direction of the embroidery thread
and thus the direction of the current, while the stitch length affects
the tightness between the threads. Stitch type and stitch length
have been paid attention to in antenna design, and they also need
further attention in the actual design of embroidery-based MAs. It
is worth noting that, 55,096 S/m is the conductivity of the embroi-
dery thread, which means that the embroidery pattern can obtain a
conductivity close to that of the embroidery thread based on the
embroidery parameters of sample 2. This result is worthy of refer-
ence in the related embroidery structure design.

The simulation and measurement results with an incident angle
increases from 0 to 60� are compared, as shown in Fig. 12 (b). It can
be seen from simulation results that the resonant frequency shifts
slightly to a higher frequency (up to 2.44 GHz) as a function of inci-
dent angles, accompanied by the weakening of the absorption per-
formance, but the absorption can still be higher than 90% (S11 =
�10 dB) at 45�. As the objective of this research is not aiming at
enlarging the incident angular ranges, our structural design selects
the simplest square ring, and the frequency offset can be optimized
through the design for more complicated periodic unit cells in the
future. The measurement results show that when the incident
angle increases to 45� and 60�, the absorption rate can still be
maintained at 93% (S11 = �11.3 dB) and 69% (S11 = �5.1 dB), and
the frequency offset is less than the simulation results, so the pro-
posed embroidery-based MA has reasonably well angle absorption
characteristics.

Further, we compared the simulation results of the simplified
model and ideal model with the measurement results of sample
2, as shown in Fig. 13. Obviously, the resonant frequency of the
simplified model is lower than that of the ideal model. Moreover,
compared with the ideal model, the simulation results of the sim-
plified model are more consistent with the test results, which
proves that the proposed simplified model is more reliable. The
reason is that compared with the ideal model, the simplified model
considers the existence of the embroidery substrate and the struc-
Fig. 13. Comparison between simplified model and ideal model.
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ture of the embroidery pattern, therefore increasing the thickness
of the model.

The reason for the error between test and simulation results is
worthy of attention, which can help to further improve our simu-
lation model and pay attention to some design details. The main
reasons for the error are summarized as follows. First, the surface
and longitudinal direction of the embroidery pattern are not per-
fectly uniform, which can be illustrated by the embroidery process
in Fig. 2(c). Second, the embroidery track has directionality, which
leads to the resistance parallel to the embroidery track is signifi-
cantly less than that perpendicular to the embroidery track, and
finally results in the current difference at different positions. Third,
there are errors in structural dimensions. The accuracy of embroi-
dery pattern size is affected by pattern size and the fineness of
embroidery thread. Specifically, larger periodic unit size and smal-
ler conductive thread diameter are favorable for improving accu-
racy. In addition, the thickness of embroidery pattern is not only
related to the fineness of embroidery thread, but also related to
the embroidery density. The greater the embroidery density, the
greater the thickness of the embroidery pattern. The reason is that
the increase of embroidery density will lead to more serious
mutual extrusion and superposition between embroidery threads.
In addition, the reverse part of the embroidery pattern, that is, the
non-conductive part formed by the bobbin thread, is ignored in the
simulation. Fourth, errors caused by the method of composite
between layers of metamaterials. Fifth, there are inevitable errors
in the experimental measurement process. The existence of these
errors indicates that there are still many aspects worth discussing
about the embroidery-based MA.

Comparisons between the proposed MA and traditional micro-
wave absorbing materials made of carbonyl ion, carbon nanotube,
graphene are presented in Table 3. As can be seen from this table,
compared with low-frequency (2–5 GHz) microwave absorbing
materials, our MA shows advantages in terms of thickness, design
freedom, process complexity and flexibility. Further, a comparative
collection of recently reported textile-based MA is listed in Table 4.
It shows that the embroidery-based MA in this paper demonstrates
superiority in terms of compatibility with textiles, durability and
air permeability. In addition, the production process of the
embroidery-based MA is very simple, whereas only one embroi-
dery equipment is required for the entire process.

The excellent performance of the embroidery-based MA pro-
posed in this paper makes it promisingly to be used in wearable
Table 3
Comparisons between traditional microwave absorbing materials and the MA proposed in

Ref. Conductive material Absorption frequency of interest

[6] Carbonyl iron/RGO 2.91–5.1
[7] Fe3O4/CNTs 3.1
[8] Ti3C2Tx/CNT 3.46–18
[9] Fe3O4/Ti3C2Tx 4.2, 12.5–13.6
This work Silver plated nylon thread 2.39

Table 4
A comparative collection of recently reported textile-based MA.

Ref. Fabrication method Conductive material Compatib

[31] Screen printing Carbon based resistive inks Normal
[32] Screen printing Silver conductive ink Normal
[33] Cut and paste Metallized nylon fabric Normal
[12] Weave Silver plated nylon thread Excellent
This work Embroidery Silver plated nylon thread Excellent

10
microwave products, electromagnetic shielding cover, curtains
and clothing. Moreover, when the embroidery-based MA is applied
to clothing, the design of embroidery structure and the composite
method of fabric can be optimized to integrate aesthetics, comfort
and function. In fact, due to the influence of embroidery thread
fineness and embroidery process, it is difficult to achieve high
embroidery accuracy for a MA with small unit cell (for example,
the dimensions of the units are less than 5 mm). In the future,
design solutions that are more integrated with embroidery meth-
ods and the development of high-strength embroidery threads
with small fineness will be the solution to mitigate this drawback.
6. Conclusion

This paper showcased an embroidery-based MA which can
absorb electromagnetic waves at 2.39 GHz. According to the struc-
tural characteristics of embroidery-based MA, we proposed a sim-
plified model that well represents the sample prototype.
Equivalent circuit model and electromagnetic simulation have
been used to analyze the influence of structural parameters. The
results showed that the resonant frequency moved to a lower fre-
quency with the decrease of conductivity. More importantly, we
have found that there should have a suitable conductivity versus
embroidery density to make the equivalent input impedance of
the MA perfectly match to the free space impedance, thereby effec-
tively absorbing the incident EM wave. We have designed, made,
and tested three samples with different embroidery densities from
high to low. It was demonstrated that the prototype sample with
medium embroidery density (stitch spacing is 0.7 mm) is highly
consistent with the simulated MA with a conductivity of 55,096
S/m, which confirmed the feasibility of the embroidery-based
MA. Compared with the ideal model, the simulation results of
the simplified model are highly consistent with the test results of
the second sample, which indicates that the proposed simplified
model can provide a reliable reference for the related embroidery
structure design in the future. In addition, the comparative results
of the absorption properties of three samples with different
embroidery densities showed that the optimal absorptivity can
reach 99% at 2.39 GHz using the appropriate embroidery density.
This work will have valuable implications in determining the
embroidery density versus conductivity and absorptivity of MA
in practical design, providing a high efficiency, cost-effective and
high precision design method for flexible MAs, as well as a theoret-
this paper.

Thickness(mm) Design freedom Overall Complexity Flexibility

7 Low Complex Yes
5 Low Complex No
5 Low Complex No
5 Low Complex No
＜2 High Simple Yes

ility with textile Durability Air permeability Overall complexity

Poor Poor Medium
Poor Poor Medium
Normal Excellent Complex
Excellent Excellent Complex
Excellent Excellent Simple
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ical analysis and design guideline for the future research on textile
metamaterials, wearable devices, and embroidery technology.
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