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A B S T R A C T

This paper presents an ultra-light, low-cost reconfigurable metasurface functioning as both reflector and 
absorber, with mode switching via a lossy electromagnetic bandgap (EBG) layer. In reflection mode, the 
reflecting EBG (REBG) structure exhibits in-phase reflection characteristics at 2.48 and 5.84 GHz, with its dual- 
band operation achieved through a square patch configuration. In absorption mode, the integration of a lossy 
EBG layer atop the REBG enables relatively wideband absorption, while preserving insensitivity to polarization 
and exhibiting stability against varying incident angles. The absorption band fully encompasses the reflection 
band by employing an artificial intelligence (AI)-driven antenna optimization technique, specifically, the self- 
adaptive Bayesian neural network surrogate model-assisted differential evolution for antenna optimization 
(SB-SADEA) method. With a peak absorption rate reaching 99 %, the developed prototype sustains over 90 % 
absorption efficiency throughout the 2.2–7.28 GHz band. Additionally, this structure can isolate thermal infrared 
radiation, achieving both electromagnetic and infrared camouflage capabilities, with an infrared emissivity as 
low as 0.06. Two co-fabricated textile monopole antennas were experimentally characterized with the REBG to 
validate reflection behavior. The metasurface boosts realized gain by 5 dB at 2.48 GHz and 5.84 GHz. Consistent 
agreement between simulations and measurements proves the dual-mode metasurface’s efficacy.

1. Introduction

Metasurfaces constructed from the periodic arrangements of metals 
and dielectric materials have diversified applications beyond commu
nication and radar technology. Their utility spans imaging, stealth 
technology [1], metamaterial absorbers (MA) [2–6], gain-enhancement 
[7], and numerous other fields. This extensive applicability stems from 
their exceptional traits (like negative permittivity and negative perme
ability), largely absent in natural materials. These distinctive properties 
empower metasurfaces to control the direction, magnitude, and phase of 
electromagnetic (EM) waves. Achieving this control involves adjust
ments in their constituent unit cells’ shape, size, and arrangement. 
Consequently, metasurfaces present a broad range of potential 

applications, harnessing their unique characteristics to manipulate EMs 
effectively.

Metasurfaces as reflectors in antenna structures can be used to 
enhance the gain of antennas [15,16]. Their arrangement of unit cells 
enables the focusing of EM waves toward targeted directions. Utilizing 
wave interference principles, the phase control method induces spatial 
coherence in reflected waves, dramatically boosting energy flux density 
in designated directions. Theoretical modeling demonstrates that care
fully designed periodic metasurface structures can achieve virtually 
complete electromagnetic energy capture at preselected frequencies. 
Surface-type metamaterials (that is, metafilms or metasurfaces) offer 
greater design flexibility in manipulating EM properties for microwave 
absorption compared to conventional materials like MXene [17,18], gels 
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[19], FeSiAl [20], and graphene [21]. This advantage stems from met
asurfaces’ ability to tailor material characteristics and structural di
mensions to suit specific practical needs, allowing for precise control 
and customization of EM wave interactions. On the other hand, to 
broaden the application of electromagnetic absorbers, research on ultra- 
light electromagnetic wave absorbers is of significant scientific impor
tance, especially with the rising requirement for lightweight and high- 
performance materials in modern communication, radar, and stealth 
technologies [22–24]. Additionally, traditional structures for infrared 
isolation often use designs involving indium tin oxide (ITO) films 
fabricated on ultra-thin polyethylene terephthalate (PET) substrates, or 
employ ITO glass coated with precious metals [8–10], which are heavy 
and costly. In contrast, this paper uses more affordable and lightweight 
materials to achieve infrared isolation and microwave absorption. The 
reflector designed in this paper is based on the traditional concentric 
square patch [25], and a comparison of several MA designs is presented 
in Table 1.

The concept of MA was first experimentally demonstrated by Landy 
et al. (2008) through their pioneering work on perfectly matched reso
nant structures [26], and the peak absorptivity can reach up to 99 % at 
11.5 GHz, but it had a narrow absorption band and was polarization- 
sensitive, limiting its application. Ever since, various multi-band 
[3,27], wide-band [28], polarization-insensitive [6,28], and angularly 
stable MAs have been reported in the literature. The literature docu
ments three established methodologies to achieve broadband perfor
mance in MA designs: The first approach is to load lumped components 
into absorbers and combine the resonant absorption of the material with 
the ohmic loss of the lumped element to achieve broadband absorption 
[29]. The second approach is to design a multilayer structure [27,30], 
and the third strategy employs a monolayer absorber architecture 
incorporating multiple resonators with progressively scaled dimensions 
to achieve broadband performance. [31,32]. In this approach, a lossy 
EBG layer is loaded to fuse dual bands to achieve relatively broadband 
absorption.

Many surface-type metamaterial (metasurface) designs rely on 
metallic patterns on inflexible printed circuit boards (PCB) to support 
the fabrication process [33], highlighting the structural geometry of 
EBGs rather than emphasizing the properties of the materials used. 
However, this approach has limited design flexibility. There is a growing 
demand for flexible metamaterials as they can seamlessly integrate into 
wearable devices without compromising electromagnetic performance. 
Consequently, MAs have emerged on flexible substrates like felt [34], 
cotton [4,35], and polydimethylsiloxane (PDMS) [36]. Several studies 
have investigated the fabrication of conductive patterns on flexible 
substrates through techniques such as conductive ink printing [11–13], 
graphene [12], conductive fibers [37], laser etching [5,38], cutting 

processes [34], and yarn embroidery [4,35]. Researchers are also 
investigating the enhancement of metasurfaces’ functionalities by aim
ing for reconfigurability. Conventional reconfigurable metasurfaces 
typically integrate active elements, including positive-intrinsic negative 
(PIN) diodes [39], varactors, microelectromechanical systems (MEMS) 
[40], and liquid metal [41]. Recent progress in fluidic reconfigurable 
metasurfaces has revealed two distinct strategies: (i) ultra-wideband 
absorption through 3D-printed water-filled truncated cones achieving 
154.5 % relative bandwidth (6.5–50.7 GHz) with thermal stability [42], 
and (ii) bi-functional switching between absorption (>90 % in 16.5–24 
GHz) and cross-polarization conversion (4.38–11.9 GHz) via water in
jection control [43]. While these aqueous approaches demonstrate 
exceptional reconfigurability, their rigid substrates and liquid contain
ment requirements render them incompatible with flexible textile ap
plications. The porous characteristics of fabric substrates introduce 
unique challenges for metasurface implementation, including in
compatibility with standard surface-mount technologies and heightened 
sensitivity to mechanical stress, issues exacerbated by fluidic systems’ 
need for hermetic sealing. Hence, an optimization procedure is often 
required to automatically tune the geometrical parameters of textile- 
based metamaterials to meet their desired specifications [44], as 
demonstrated in our work.

Our group previously introduced the concept of applying a resistive 
net on top of a reflective textile EBG, as reported in [45]. The initial 
design, tailored for a single frequency, demonstrated through equivalent 
circuit modeling and current analysis that accurate impedance matching 
could achieve high levels of microwave absorption. Building on this 
foundation, this study proposes a novel multi-band structure that utilizes 
two distinct types of resistive materials to achieve broadband absorp
tion. This advancement significantly enhances the design’s practicality 
for real-world applications. Additionally, the proposed design in
corporates an innovative textile-foam combination, which not only 
supports wideband absorption but also enables effective infrared cam
ouflage functionality and has an additional ultra-light advantage. The 
optimum topological profile that ensures that the proposed reconfig
urable textile metasurface exhibits absorption and reflection over ab
sorption and reflection bands that overlap has been generated using 
artificial intelligence (AI). For antenna optimization, the SB-SADEA al
gorithm combines differential evolution (DE) with a self-adaptive 
Bayesian neural network surrogate model [46]. SB-SADEA, the most 
recent development in the SADEA algorithm series, enhances global 
optimization for antenna design by leveraging machine learning. It 
outperforms traditional methods such as particle swarm optimization 
(PSO) and DE in both robustness and speed [46]. SB-SADEA has also 
been demonstrated to aid in the accelerated design of very complex and 
highly-dimensional antennas, such as a metasurface-based lens antenna 

Table 1 
Performance comparison with state-of-the-art designs.

Ref. Frequency 
(GHz)

Thickness 
(mm)

ε Material PI IAS Flexibility Reconfigurability Infrared 
camouflage

CMPUV (g/ 
cm3)

[6] 3.6–24.6 12.5 (0.4λ) 4.4 FR4, lumped resistors, copper. Yes 40◦ No No / 0.1750
[8] 7–12.7 3.5 (0.12λ) 4.4 FR4, gold, copper, and resistive sheets / 40◦ No No Yes 1.8411
[9] 10.52–20.04 5.9 (0.3λ) 80 ITO, PET, polydimethylsiloxane, and 

water.
Yes 30◦ Yes Yes Yes 1.1400

[10] 1.98–18.6 9.5 (0.33λ) 3 ITO, PET. Yes 45◦ Yes No Yes 0.0504
[11] 8.43–10.38 1.06 (0.03λ) 3 Paper, silver conductive ink. Yes 45◦ Yes No / 0.7653
[12] 8–18 3 (0.13λ) 2.9 Graphene and silicone. Yes 30◦ Yes No / 1.1204
[13] 10.5–11.1 1.2 (0.043λ) 1.8 Ordinary textile, silver conductive 

ink, and copper tape.
/ / Yes No / 1.5510

[14] 8.9–15.2/ 
11.2–24.1

2.6 (0.104λ/ 
0.153λ)

2 Scuba knitting fabric, and metalized 
fabric.

/ 30◦ Yes No / 0.4551

This 
work

2.2–7.28 15 (0.23λ) 1.2 Felt, foam, carbon-coated film, and 
conductive textile.

Yes 40◦ Yes Yes Yes 0.0550

*Working center frequency wavelength (λ), polarization insensitivity (PI), incident angle stability (IAS), dielectric permittivity (ε), calculated mass per unit volume 
(CMPUV).
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for millimeter-wave applications [47], making it an excellent choice for 
this work.

According to the simulation results, it can be observed that the 
proposed design can achieve in-phase reflection at 2.48 GHz and 5.84 
GHz and absorb EM waves from 2.2 to 7.28 GHz with an angular sta
bility of 30◦ and polarization-insensitivity when loaded with a lossy EBG 
layer. This work, to the best of the authors’ understanding, introduces 
the first two-layer design capable of mechanical reconfiguration be
tween reflection and absorption, relatively wide-band, polarization- 
insensitive, and angle-stable textile metasurface structure is being pro
posed. An equivalent circuit-based impedance matching approach is 
applied to the two-layer structure, with optimization carried out using 
the SB-SADEA method. The feasibility of the resulting design is verified 
through comprehensive full-wave simulations and experimental 
measurements.

The structure of the paper is as follows: Section 2 introduces the unit 
cell and the simulated performance of the MA. Section 3 analyzes the 
underlying absorption mechanism. Section 4 presents and discusses the 
experimental results, and Section 5 concludes the paper.

2. Design and analysis of simulation results

2.1. Structural design

The structural configuration and geometric parameters of the pro
posed unit cell are depicted in Fig. 1 (L1 = 38 mm, L2 = 32 mm, L3 = 20 
mm, L4 = 28 mm, L5 = 16 mm, W1 = 6 mm, W2 = 8 mm, W3 = 4.2 mm, 
W4 = 3 mm, H1 = 2 mm, H2 = 13 mm). The proposed absorbing EBG 
(AEBG) structure consists, from top to bottom, of a double-ring-shaped 
carbon-coated film with a square resistance of 200 Ω/sq, a foam sub
strate with a dielectric permittivity of 1.03 and a loss tangent (tan(δ)) of 
0.0008, a crossed resistive network of carbon-coated film also uses 200 
Ω/sq, a double-concentric square bandgap pattern made from conduc
tive textile, a thin felt substrate characterized by a dielectric permittivity 
of 1.2 and loss tangent of 0.005, along with a plain conductive textile 
ground. The carbon-coated film and conductive textile, affixed onto the 
felt substrate, have an equal thickness of 100 µm. The ground makes the 
transmission zero through the structure, creating a barrier against un
desired EM wave propagation. Simultaneously, a strategic application of 
the lossy EBG layer is employed, intricately loaded onto the reflective 
resonators. This approach aims not only to impede reflective surfaces 
but also to dynamically convert reflective EBG into absorptive EBG, 
enhancing the overall absorption characteristics. The structure exhibits 
functional reconfigurability: when the lossy EBG portion is eliminated 
from the design, its operational modality shifts completely to that of a 
reflecting EBG (REBG) implementation.

The unit cell model is meshed in CST Studio Suite (CST) with a 
maximum of 10 tetrahedral elements per model box edge, resulting in 
approximately 15,000 tetrahedra. The analysis is performed using CST’s 
frequency domain solver (FDS), which applies the finite element method 
(FEM). Boundary conditions include free space along the +Z and − Z 
directions, while periodic (unit cell) boundary conditions are imposed 
along the XY plane. The incident EM wave is set to be a plane wave 
parallel to the metasurface. The resistive sheets are simulated as low- 
conductivity surfaces in the design. The geometry of the unit cell 
model is then optimized using the SB-SADEA method to have its 
maximum in-band and minimum in-band return losses, within the fre
quency spectrum of 2.3–7.0 GHz, lower than − 10 dB and − 20 dB, 
respectively. The design parameters, their search ranges, and geometric 
constraints considered for the optimization are detailed in Table 2.

After 114 EM simulations (1.25 h), SB-SADEA achieved a unit cell 
with maximum in-band and minimum in-band return losses of − 11.4 dB 
and − 22.4 dB, respectively. The specifications of the proposed design 
are presented in Table 2, and its electromagnetic performance is sub
sequently evaluated through full-wave simulations conducted in CST, as 
discussed in the following subsections.

2.2. Simulation results of the ultra-light low-cost metamaterials

The simulated return loss for the unit cell operating in different 
modes (that is, AEBG, REBG, AEBG without crossed net, AEBG without 
REBG, and AEBG without REBG and ground) is presented in Fig. 2(a). 
Fig. 2(a) demonstrates that the proposed AEBG is capable of absorbing 

Fig. 1. The proposed design’s unit cell shown schematically.

Table 2 
Parameter ranges and SB-SADEA-based optimal design.

Item/parameters Range SB-SADEA optimum

L4 (mm) 24–36 25.72
L5 (mm) 8–24 16.54
W2 (mm) 1–5 4.87
W3 (mm) 1–8 2.51
W4 (mm) 1–8 1.91
H2 (mm) 1–15 15
P (s/m) 2–100 50
Q (s/m) 2–1000 50
Epsilon2 (units) 1–1.3 1.15
Bandwidth (GHz) N/A 2.1–7.1
Time (h) N/A 1.25 h

*The constraint for the value:1 mm < W4 <
L5
2
, L4 − 2× W3 − L5 > 1 mm. P 

denotes the conductivity of the top resistive film, while Q corresponds to that of 
the crossed resistive network.
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nearly 90 % of incident electromagnetic energy within the 2.2–7.28 GHz 
frequency band. It is designed and realized for potential portable EM 
protection applications. Additionally, under the REBG configuration, 
the unit cell shows in-phase reflective responses at 2.48 GHz and 5.84 
GHz, as shown in Fig. 2(b). It can be adapted to either a single-band 
antenna or a dual-band antenna. Also from Fig. 2(a), one can note that 
the absorption band of the AEBG mode is wider than AEBG without 
REBG mode, which proves that the bottom layer (REBG) not only 
functions as a reflector, but also broadens its absorption wideband, and 

the lossy EBG layer contributes to most of the energy absorption. The 
incorporation of the crossed resistive net assumes a pivotal role in 
reducing radar cross-section (RCS), specifically at the resonant fre
quencies (2.48 GHz and 5.84 GHz) associated with the reflective mode. 
The top double-ring-shaped resistive sheet is employed to tune the 
impedance, ensuring compliance with impedance matching principles. 
The lossy EBG layer serves as the primary region for energy dissipation, 
contributing significantly to the absorption of incident electromagnetic 
waves due to the substantial ohmic losses induced by current flow. 

Fig. 2. (a) The reflection amplitudes in five cases. (b) The reflection phases in two cases.

Fig. 3. (a) Absorption at different θ with φ = 0◦. (b) Absorption at different φ with θ = 0◦ (Definition of theta and phi refer to Fig. 1).

Fig. 4. (a) Distribution of surface currents on the REBG at 2.48 GHz. (b) Distribution of surface currents on the REBG at 5.84 GHz.
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Together, these two layers function synergistically to realize an efficient 
absorber. Nevertheless, an additional peak emerges at 7 GHz due to the 
parasitic resonances originating from certain parts within the structure.

An investigation was conducted to evaluate how polarization angle 
and wave incidence angle affect the absorption properties. The angle θ 
corresponds to the inclination between the z-axis and the xz-plane, and 
the angle φ refers to the angle between the x-axis and the xy-plane. To 
evaluate polarization insensitivity, reflection amplitudes are calculated 
for multiple polarization angles (φ). Similarly, angular stability is 
examined by assessing reflection amplitudes at various incidence angles 
(θ). Fig. 3(a) shows the reflection amplitudes with different polariza
tions, by altering the angle from 0◦ to 60◦. It is insensitive to different 
polarized electromagnetic waves. Fig. 3(b) depicts the variation in 
reflection amplitudes corresponding to incident angles ranging from 
0◦ to 40◦. It shows the relatively incident angle stability up to 40◦. Stable 
absorption is achieved in all cases, confirming the metasurface ab
sorber’s dual advantages of wide-angle stability and polarization 
insensitivity.

3. Absorption mechanism

To clarify the underlying principle of the energy absorption for the 
proposed MA, the surface current, E-field, H-field distribution, and 
power loss density of the design at the resonant frequency are explored 
for EM waves with normal incidence. For the reflective mode, more 
currents are induced in the outer loop at 2.48 GHz, and the currents are 
concentrated in the inner patch at 5.84 GHz, as shown in Fig. 4(a) and 
(b). For the absorptive mode, the outer loop exhibits stronger induced 
currents at 2.48 GHz, while at 5.84 GHz, the currents are predominantly 

concentrated on the inner patch, as illustrated in Fig. 4(a) and (b). In the 
absorptive mode, the highest current densities appear along the edges of 
the resistive outer ring and the inner ring aligned with the incident 
electric field at 2.48 GHz and 5.84 GHz, respectively, as shown in Fig. 5
(a) and (b). Additionally, Fig. 5(c) and (d) demonstrate that the crossed 
resistive network also carries current, contributing to energy dissipation.

In addition, the power loss density and the distributions of the 
electric and magnetic field intensities at 2.48 GHz and 5.84 GHz were 
further simulated and analyzed, as illustrated in Fig. 6. As shown in 
Fig. 6(a), at 2.48 GHz, the electric field is primarily concentrated on both 
sides of the resistive square rings and within the dielectric substrate 
beneath the gap separating the rings. Fig. 6(b) indicates that at 5.84 
GHz, the electric field is mainly localized at the edge of the inner ring 
and the adjacent substrate on its inner side. Meanwhile, the magnetic 
field distribution at 2.48 GHz is predominantly along the left and right 
edges of the outer ring, and at 5.84 GHz, it is concentrated on the cor
responding sides of the inner ring, as presented in Fig. 6(c) and (d). 
Furthermore, Fig. 6(e) and (f) demonstrate that the power loss is chiefly 
focused on the sides of the square rings and the dielectric substrate 
below the gap between them.

The analysis can be further simplified with an equivalent circuit 
representation based on transmission-line theory, where the meta
surface’s unit cell is modeled as a network of impedance components 
[48,49]. According to Fig. 2(a), the S11 of AEBG has three resonance 
frequencies, and there are two resonance frequencies after removing 
REBG. So it can be inferred that the upper lossy EBG layer is analogous to 
two RLC parallel resonances, the whole AEBG is analogous to three RLC 
parallel resonances, and the substrate can be represented by an imped
ance Zo (Zo = 377 Ω), as shown in Fig. 7. The specific values stated as 

Fig. 5. Surface current patterns of (a) the double-ring-shaped resistive sheet at 2.48 GHz. (c) The crossed resistive net at 2.48 GHz. (b) The double-ring-shaped 
resistive sheet at 5.84 GHz. (d) The crossed resistive net at 5.84 GHz.
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follows are obtained from the ADS simulations, R1 = 305 Ω, R2 = 440 Ω, 
R3 = 120 Ω, L1 = 23 nH, L2 = 46 nH, L3 = 49 nH, C1 = 0.124 pF, C2 =

0.015 pF, C3 = 0.009 pF, R4 = 380 Ω, R5 = 500 Ω, L4 = 28 nH, L5 = 35 
nH, C4 = 0.08 pF, C5 = 0.016 pF, exhibiting good correspondence with 
the simulation data, as shown in Fig. 8.

Fig. 9 presents the full-wave simulated absorptivity of the metasur
face under varying foam thicknesses. It can be observed that as the foam 
thickness increases, the absorption first improves and then deteriorates, 
with the optimal performance achieved at around 13 mm. This trend 
indicates that there exists an optimal spacer thickness that ensures 
impedance matching between the metasurface and free space, thereby 
maximizing energy dissipation through the lossy layer. According to the 
transmission line theory, the input impedance Zin of the metasurface 
structure depends on the foam thickness d as Eq. (1) [50]: 

Fig. 6. Spatial distributions of the electric field, magnetic field, and power loss density of the designed metasurface absorber at (a, c, e) 2.48 GHz and (b, d, f) 5.84 
GHz, respectively.

Fig. 7. The equivalent circuits of (a) AEBG, (b) AEBG without REBG or ground.
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Zin = Z1⋅
ZREBG + jZ1tan(βd)
Z1 + jZREBGtan(βd)

(1) 

where Z1 is the characteristic impedance of the foam layer, ZREBG is the 
equivalent impedance of the REBG structure, and β is the phase constant 
in the foam. When Zin approaches the free space impedance Z0, the 
impedance matching is optimized, resulting in maximum absorption.

Fig. 10 demonstrates that the metasurface achieves excellent 
impedance matching with free space across the broadband frequency 
range of 2.2–7.28 GHz. This broadband absorption characteristic is 
achieved by introducing a lossy layer into the reactive electromagnetic 
bandgap (REBG) structure, which effectively modifies the impedance 
matching properties. As shown in Fig. 10, the normalized impedance 
exhibits real and imaginary parts approaching 1 and 0 respectively, as 
calculated by Eq. (2) [48,51,52], indicating optimal impedance match
ing conditions at the air-metasurface interface that enable broadband 
electromagnetic wave absorption. 

Z(w) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 + S11(w))

2
− S2

21(w)

(1 − S11(w))
2
− S2

21(w)

√

=
1 + S11(w)

1 − S11(w)
(2) 

4. Experiment section

4.1. Material measurement

The composition of metasurfaces primarily involves conductive and 
dielectric materials. In this study, a conductive cloth woven with a plain 
weave structure from copper/nickel-coated polyester fibers is chosen as 
the conductive material, while a flexible and abrasion-resistant wool- 
blended felt (incorporating polyester fibers) is selected as the dielectric 
material. The key electromagnetic parameters of these two materials are 
then measured. The surface resistance of the conductive material affects 
its conductivity. In this work, the sheet resistance of the conductive 
material samples was evaluated utilizing the HPS2661 precision four- 
probe resistivity measurement system. This measurement method was 
employed to accurately determine the surface resistance, resulting in a 
measured sheet resistance of 23.8760 mΩ/sq. Additionally, the resistive 

Fig. 8. Comparison of CST and ADS simulation results.

Fig. 9. The full-wave simulated absorptivity of the metasurface under varying 
foam thicknesses.

Fig. 10. Normalized input impedance of the metasurface in the absorbing state 
as a function of frequency at normal incidence.

Fig. 11. The comparison of the patch antenna’s efficiency.
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sheet resistance can be derived as follows Eq. (3): 

RS =
1

δ⋅t
(3) 

where δ is the conductivity of the prepared samples, and t is the thick
ness of the resistive sheet, which can be characterized by the thickness 
gauge.

To ensure consistency between the tested conductive fabric and 
simulated results, the efficiency of a textile patch antenna across the 
frequency range of 2–6 GHz is measured in an anechoic chamber to 
determine the textile’s surface conductivity. The anechoic chamber, 
equipped with two reference standard gain horn antennas and a textile 
patch antenna. By comparing the measured efficiency data with CST 
simulation results using different conductivity settings (Fig. 11), the 

measured efficiency demonstrates strong agreement with the simulation 
results, thereby validating the appropriateness of this conductive textile 
as a material for textile-based metasurfaces.

The key parameters of dielectric materials are the dielectric constant 
and loss tangent. Therefore, the characteristics of the wool-blended felt 
are determined through the utilization of the waveguide transmission 
line method for measurement, which provides a comprehensive under
standing of their behavior within the context of transmission line anal
ysis. The measurement setup comprises a 3656BA vector network 
analyzer and two sets of waveguides as shown in Fig. 12. The mea
surement results are depicted in Fig. 13. From Fig. 13, these foam and 
felt materials exhibit relatively stable dielectric constants within the 
operating frequency range, with comparatively low loss tangents.

4.2. Fabrication of the ultra-light, low-cost metamaterial absorber

A fabricated metasurface prototype consisting of 12-by-12 unit cells 
was manufactured, and the image is depicted in Fig. 14. The single unit 
cell mass measurement using Shanghai Zhuojing Analytical Balance 
BSM120.4 is shown in Fig. 14(e), measured as 1.216 g. Calculations of 
mass per unit volume based on the densities of other common materials 
show that the proposed structure has a clear advantage in terms of 
weight. The substrate is made of felt material, while the patches and 
ground consist of a conductive textile with a surface conductivity greater 
than 105 S/m. The absorption properties of the fabricated prototype 
were assessed experimentally in an anechoic chamber, employing cali
brated standard-gain horn antennas and an Agilent N5230C vector 
network analyzer. The measurement configuration is illustrated in 
Fig. 15. From a practical perspective, evaluating the bending and 
crumpling behavior of the proposed MA is essential. Therefore, the 
performance of the MA under bending and crumpling conditions was 

Fig. 12. The measurement setup for measuring the permittivity and dielectric 
loss tangent of the felt sample.

Fig. 13. The measured results of the foam and felt’ dielectric constant and tangent loss at different frequencies. (a) Foam. (b) Felt.

Fig. 14. The fabricated structure of (a) AEBG. (b) The crossed resistive net. (c) REBG. (d) The surface of the foam. (e) Measurement of unit cell mass using a high- 
precision balance.

M. Zhai et al.                                                                                                                                                                                                                                    Materials & Design 257 (2025) 114470 

8 



further investigated, with the corresponding results shown in Fig. 16. 
The results indicate that the proposed MA is flexible and deformation- 
insensitive. As shown in Fig. 17, the REBG improves the gain of mono
pole antennas at 2.48 GHz and 5.84 GHz by roughly 4 dB.

Fig. 18(a) and (b) show the testing environment for the super surface 
positioned with the front facing up and the back facing down on a 
preheating stage, respectively. The HIKMICRO K20 infrared thermal 
imager (a response band ranging from 7.5 to 14 μm) was used to test the 
infrared blocking effect of the super surface in both orientations. Fig. 19
indicates that at 80 ◦C, the side of the preheating stage with the super 

surface, whether the super surface is facing up or down, shows an 
infrared reading of approximately 28 ◦C on the thermal imager. This 
demonstrates that the structure exhibits infrared blocking capabilities, 
confirming that it possesses infrared isolation functionality. Addition
ally, based on the Stefan-Boltzmann law expressed in Eq. (4) [53]: 

P = εσT4A (4) 

where P denotes the radiated power, ε represents the emissivity, σ is the 
Stefan–Boltzmann constant, T refers to the absolute temperature, and A 
is the surface area. The infrared emissivity can thus be determined based 
on the temperature-dependent radiation behavior, leading to Eq. (5): 

E =
T4

measured − T4
ambient

T4
actual − T4

ambient
(5) 

where Tmeasured, Tambient, and Tactual represent the temperature captured 
by the thermal imaging camera (28 ◦C), the surrounding ambient tem
perature (25 ◦C), and the actual surface temperature (80 ◦C), respec
tively. The calculation is performed by converting these values from 
Celsius to Kelvin, resulting in an estimated infrared emissivity of 0.06.

5. Conclusion

In conclusion, a low-cost, ultra-light dual-mode metasurface has 
been developed to perform either as an EBG-based reflector or a wide
band absorber, depending on the presence of a lossy layer. Operating 
effectively within the 2.2–7.28  GHz range, the proposed design elimi
nates the need for manual parameter tuning by employing the SB- 
SADEA optimization algorithm to efficiently determine optimal geo
metric configurations. The underlying working mechanism has been 
thoroughly analyzed through surface current behavior, electromagnetic 
field distributions, power dissipation characteristics, and an equivalent 
circuit model. Fabrication and measurement of a prototype confirm the 
simulation results, validating both the electromagnetic and infrared 
camouflage performance. Furthermore, the design is scalable and can be 
extended to other frequency bands through appropriate geometrical 
adjustments, indicating its potential for broader applications in tunable 
and multifunctional electromagnetic devices. Compared to electroni
cally reconfigurable metasurfaces, the proposed mechanical switching 
elimination complex circuit control and lowers fabrication cost. How
ever, its response speed is slower due to manual installation or removal 
of the lossy layer, making it unsuitable for rapid or real-time applica
tions. Future work could focus on semi-automated or responsive 
methods to improve switching speed.

Fig. 15. The measurement setup for the absorption.

Fig. 16. Comparison between measured and simulated reflection amplitudes under varying curvature conditions: (a) flat versus bent states, and (b) flat versus 
crumpled states.
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