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Abstract: In stealth applications, there is a growing emphasis on the development of radar-absorbing
structures that are efficient, flexible, and optically transparent. This study proposes a screen-printed
metamaterial absorber (MMA) on polyethylene terephthalate (PET) substrates using indium tin
oxide (ITO) as the grounding layer, which achieves both optical transparency and flexibility. These
materials and methods enhance the overall flexibility and transparency of MMA. To address the
limited transparency caused by the silver nanoparticle ink for the top pattern, a metal mesh was
incorporated to reduce the area ratio of the printed patterns, thereby enhancing transparency. By
incrementing the fractal order of the structure, we optimized the operating frequency to target
the X-band, which is most commonly used in radar detection. The proposed MMA demonstrates
remarkable performance, with a measured absorption of 91.99% at 8.85 GHz and an average optical
transmittance of 46.70% across the visible light spectrum (450 to 700 nm), indicating its potential for
applications in transparent windows or drone stealth.

Keywords: metamaterial absorber; fractal; metal mesh; optical transparency; flexibility; screen printing

1. Introduction

Advancements in detection technology have taken various forms [1]. Sonar systems
measure reflected sound waves, whereas radar systems measure reflected electromagnetic
waves. Both systems activate after these waves strike a target, facilitating the detection
and measurement of the target’s distance [2,3]. Infrared detectors are commonly employed
to sense and visualize the thermal radiation patterns emitted by all objects [4]. Visible
light detection functions by capturing light reflected from a target and is observable by
the naked eye or a camera. Given the simultaneous use of various detection technologies,
stealth must be concurrently incorporated across all methods. For instance, in a detection
system that uses both radar and cameras for surveillance, the counter-detection system
must effectively evade both radar and visible detection. Focusing solely on stealth in one
domain is inadequate for avoiding detection.

Radar detection, which typically operates within the X-band to achieve optimal res-
olution and range, relies on the radar cross-section (RCS) to identify targets [5]. This is
critical because an aircraft with a low RCS, smaller than that of a bird, for instance, can
significantly reduce a radar’s ability to track it [6]. Achieving electronic wave absorption is
critical for evading radar detection by minimizing reflection and reducing RCS. There are
two common methods for achieving radar absorption, radar-absorbing materials (RAM)
and radar-absorbing structures (RAS). RAMs provide benefits such as wide bandwidth and
insensitivity to incident angles, often incorporating high magnetic materials or compos-
ites [7]. In addition, cost-effective and easily maintainable RASs, such as Salisbury screens
and Dallenbach layers, are commonly used [8–10]. RAM and RAS complement each other’s
advantages and can be synergistically employed [11].

The use of metamaterials as absorbers has recently garnered significant attention
because of their thin profile, controllable and scalable working frequencies, and perfect

Fractal Fract. 2024, 8, 284. https://doi.org/10.3390/fractalfract8050284 https://www.mdpi.com/journal/fractalfract

https://doi.org/10.3390/fractalfract8050284
https://doi.org/10.3390/fractalfract8050284
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com
https://orcid.org/0000-0002-5049-9300
https://doi.org/10.3390/fractalfract8050284
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com/article/10.3390/fractalfract8050284?type=check_update&version=1


Fractal Fract. 2024, 8, 284 2 of 15

absorption performance [12]. Metamaterials, characterized by their artificial composi-
tion consisting of periodic arrays of unit structures, are designed to exhibit properties
uncommon to natural materials, such as negative refractive indices. This distinctive fea-
ture presents diverse opportunities for electronic applications [13,14]. Metamaterial unit
structures are scaled smaller than the wavelength of interest, allowing each unit to act as an
individual particle [15]. In these designed unit structures, the properties of the materials are
not analyzed based on their individual permittivity or permeability but are considered in
terms of effective permittivity and permeability. By leveraging these adjustable electronic
properties, the reflection coefficient is minimized through impedance matching between
the metamaterials and free space, thereby optimizing their function as absorbers [16].

To evade detection by visible light, metamaterial absorbers (MMA) can employ two
primary approaches, camouflage or transparency. Camouflage adapts to visual detection
by mirroring the colors of the surrounding environment. Transparency can be achieved
in the following two ways, similar to radar absorption techniques: material selection and
structural design. Constructing devices with transparent substances such as polyethylene
terephthalate (PET) and polymethyl methacrylate (PMMA) is one such strategy [17–19].
Moreover, transparent conductive materials such as indium tin oxide (ITO) and silver
nanowires are viable options [20,21]. Structurally, transparency is achieved by reducing the
area ratio of non-transparent materials in the MMA composition. Metal mesh or metal wire
patterns are commonly incorporated to achieve transparency [22,23]. This approach offers
the dual benefit of providing electromagnetic shielding while allowing light transmission.
Within MMAs, a metal mesh is typically integrated into the ground layer to enhance
flexibility and transparency. The empty spaces in the mesh allow visible light to pass
through, while the metal’s high conductivity provides electromagnetic shielding.

PET substrates are used not only for their transparency but also for their flexibility [24–26].
ITO or silver nanoparticle inks are employed as flexible conductors, contributing to the
overall flexibility of the fabricated MMAs [27,28]. The fabrication method for these mate-
rials is particularly well-suited to screen-printing technology, which leverages masks to
facilitate high-resolution printing on various flexible substrates [29,30]. Screen printing
offers a simple, cost-effective, and rapid process, providing significant advantages in mass
production capabilities compared to inkjet printing or laser alignment [31,32].

This article introduces the innovative use of fractals in conjunction with metal mesh in
MMAs. Departing from the conventional use of metal mesh as a ground plate [33,34], this
approach positions the metal mesh at the top layer to simultaneously enhance flexibility
and transparency. Fractals are commonly used in electronic devices to enable multi-band
operation or miniaturization [35–39]. In this study, fractals were used to optimize the reso-
nant frequency within the targeted X-band. The developed MMA achieved a remarkable
absorptivity of 91.99% at 8.85 GHz, aligning with the standard requirements for MMAs. In
addition, the material achieved a transparency of 46.70% across the wavelength spectrum
from 450 to 700 nm.

2. Design and Analysis
2.1. Geometric Structure and Simulation Setup

Figure 1a illustrates the proposed MMA, which comprises two conductive layers sepa-
rated by a dielectric substrate. The top layer utilizes silver nanoparticle ink (INK), specifi-
cally DM-SIP-3072S (Dycotec Materials, Calne, UK), with a sheet resistance of 0.4 Ω/sq.
The dielectric layer is composed of a transparent, flexible PET with a relative dielectric
constant of 3.16 and a loss tangent of 0.0073. A continuous ITO film forms the bottom layer,
exhibiting a resistance of 7 Ω/sq. The thicknesses of the PET substrate are 1.50 mm (t).

Figure 1b illustrates a top view of the MMA, depicting a unit structure that maintains
its configuration after a 90◦ rotation. This unit cell is characterized by a second-order fractal
design comprising square rings of uniform wire width that progressively increase with
each iteration. The largest square ring, positioned at the center, has an inner side length
of 2.4 mm, followed by the medium-sized square ring at 1.6 mm, and the smallest square
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ring at 0.8 mm. These rings are interconnected by the shared conductive wire sides. In our
simulations, we defined the structural parameters as follows: periodicity (p) of 8.9 mm and
wire width (w) of 0.2 mm.
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Figure 1. Geometric structure of proposed MMA. (a) perspective view; (b) top view.

Simulations were conducted using a high-frequency structure simulator (HFSS, AN-
SYS, Canonsburg, PA, USA). As illustrated in Figure 2a, the parallel side faces of the unit
cell were configured as master and slave to simulate an infinite array. Floquet ports were
assigned to the top and bottom faces to facilitate the boundary conditions for the electro-
magnetic analysis. The result is a metal mesh form, as shown in Figure 2b, due to the
periodic array.
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The absorptivity (A(ω)) of the MMA is derived from the magnitude of the reflection
coefficient (R(ω)) and transmission coefficient (T(ω)), according to the following equation:

A(ω) = 1 − R(ω)− T(ω) = 1 − |S11|2 − |S21|2 (1)

where ω denotes the angular frequency of the incident electromagnetic wave. In this
context, R(ω) = |S11|2 represents the square of the reflection coefficient, signifying the
proportion of the reflected wave, and T(ω) = |S21|2 indicates the square of the transmis-
sion coefficient, representing the proportion of the transmitted wave. It is customary to
consider 90% absorptivity as the benchmark for bandwidth; this standard was adopted in
the current study.

2.2. Principle of Metamaterial Absorber

To achieve optimal absorptivity, it is essential to reduce both the transmission and
reflection coefficients. The high conductivity of the ground plane results in impedance
approaching zero, which in turn, leads to near-total reflection and negligible transmission.
Conversely, impedance matching between the metamaterial and free space minimizes the
reflection coefficient.

S11 =
ZM(ω)− Z0

ZM(ω) + Z0
(2)

Equation (2) expresses the reflection coefficient under normal incidence, where ZM(ω)
denotes the impedance of the metamaterial. Z0 represents the impedance of free space.

ZM(ω) =

√
µ0µr(ω)

ε0εr(ω)
= Z0

√
µr(ω)

εr(ω)
(3)

Given that metamaterials comprise composite materials rather than single media,
the permittivity and permeability are construed as effective permittivity and effective
permeability, represented by µr(ω) and εr(ω), respectively. This relationship is defined in
Equation (3). Manipulating its structure allows for the customization of the electromagnetic
characteristics of the metamaterial [12].

Figure 3a depicts the proposed metamaterial absorber modeled as a lumped element
RLC circuit and a transmission line [40]. Within the equivalent circuit, the thin current-
carrying wire is modeled as an inductance, while the coupling between unit structures or
between layers is represented by capacitance.

Zin = ZFSS||ZTL (4)
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The input impedance, Zin, is the parallel of the impedance of the RLC and the trans-
mission line.

ZFSS = R + jωL +
1

jωC
(5)

The top pattern of the MMA is functionally equivalent to a series RLC component,
with ZFSS representing its impedance.

β =
ω

c0

√
εrµr (6)

ZTL = Zd
ZL + jZdtan(βd)
Zd + jZLtan(βd)

(7)

Meanwhile, ZTL signifies the transmission line’s impedance, which is determined
by aspects such as characteristic impedance, load impedance, permittivity, permeabil-
ity, frequency, and the transmission line’s length. By integrating Equations (4)–(7) the
input impedance Zin can be represented using the parameters of the equivalent circuit.
As described in Equation (2), in the equivalent circuit model, the reflection coefficient
is minimized when the input impedance is matched with the impedance of free space.
Consequently, as stated in Equation (1), the absorptivity is increased.

Utilizing the Advanced Design System (ADS, Keysight, Santa Rosa, CA, USA) simu-
lation tool, concordance between the HFSS simulation and the equivalent circuit model
was confirmed. Software (ADS 2016.01) optimization yielded R = 18.92 Ω, L = 2.15 nH,
C = 84.83 fF, and ZL = 7.00 Ω. Figure 3b illustrates that employing these optimized parame-
ters ensures agreement between the outcomes of both simulations.

2.3. Simulation Result

Figure 4 illustrates the distribution of electromagnetic fields at a resonant frequency of
8.98 GHz, highlighting the phases with the highest values. Figure 4a shows the electric field
distribution of the proposed MMA, with peak intensities at the square termini. Figure 4b
depicts the current density across the top pattern, with current predominantly traversing
the top and bottom regions of the central five squares. Figure 4c illustrates the current
density within the bottom ground layer, highlighting that the current primarily circulates
through the central portion of the bottom layer, flowing in a direction opposite to that of
the top layer. The structural unit comprising the top layer is instrumental in facilitating
electrical resonance, whereas the overall structure promotes magnetic resonance, thus
enabling efficient coupling of electromagnetic radiation to the resonant structure and
effective impedance matching [41].

Fractal Fract. 2024, 8, x FOR PEER REVIEW 6 of 17 
 

 

2.3. Simulation Result 
Figure 4 illustrates the distribution of electromagnetic fields at a resonant frequency 

of 8.98 GHz, highlighting the phases with the highest values. Figure 4a shows the electric 
field distribution of the proposed MMA, with peak intensities at the square termini. Figure 
4b depicts the current density across the top pattern, with current predominantly travers-
ing the top and bottom regions of the central five squares. Figure 4c illustrates the current 
density within the bottom ground layer, highlighting that the current primarily circulates 
through the central portion of the bottom layer, flowing in a direction opposite to that of 
the top layer. The structural unit comprising the top layer is instrumental in facilitating 
electrical resonance, whereas the overall structure promotes magnetic resonance, thus en-
abling efficient coupling of electromagnetic radiation to the resonant structure and effec-
tive impedance matching [41]. 

 
Figure 4. Field simulation. (a) E-field distribution; (b) top surface current distribution; (c) bottom 
volume current distribution; (d) current distribution side view. 

Figure 5 shows a parametric study on factors influencing the absorption rate and fre-
quency; Figure 5a–c detail the primary factors affecting equivalent inductance, and Figure 
5d–f explore the impact of substrate characteristics on equivalent capacitance. This study 
aids in optimizing design and addressing unforeseen effects. 

Figure 4. Field simulation. (a) E-field distribution; (b) top surface current distribution; (c) bottom
volume current distribution; (d) current distribution side view.



Fractal Fract. 2024, 8, 284 6 of 15

Figure 5 shows a parametric study on factors influencing the absorption rate and
frequency; Figure 5a–c detail the primary factors affecting equivalent inductance, and
Figure 5d–f explore the impact of substrate characteristics on equivalent capacitance. This
study aids in optimizing design and addressing unforeseen effects.
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Figure 5. Simulated absorptivity of proposed MMA with variation in (a) wire width, (b) sheet
resistance of silver ink, (c) ITO film, (d) substrate thickness, (e) permittivity, and (f) loss tangent.

Figure 5a shows that absorptivity is optimized at a specific wire width, with increases
in wire width leading to decreases in absorption frequency. Figure 5b,c illustrate that
an increase in the sheet resistance of silver ink and ITO films slightly enhances both
absorptivity and absorption frequency. Figure 5d confirms that absorptivity is optimized
at a particular substrate thickness, with thicker substrates resulting in lower absorption
frequencies. In Figure 5e, an increase in the substrate’s permittivity is shown to decrease
the absorption frequency. Lastly, Figure 5f indicates that a higher loss in the substrate leads
to a wider bandwidth.

Figure 6 illustrates the absorptivity curves for successive order iterations of a fractal.
The curves represent a single square (initial design), a fractal comprising five squares
(first-order iteration), and a fractal comprising nine squares (second-order iteration). The
plot reveals that higher-order fractals exhibit resonance at lower frequencies. Notably, the
absorptivity peaks vary across designs; the initial design reaches its peak at 79.03% at
17.84 GHz, the first iterative design achieves 88.31% at 11.82 GHz, and the second iterative
design peaks at 98.07% at 8.98 GHz. By leveraging the space-filling capabilities of the fractal
iterations, we achieved frequency optimization. This approach ensures that the final design
is finely tuned to precisely match the target frequency.
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As shown in Figure 7, the single-square design can also achieve similar absorptivity
to the proposed fractal design. However, the fractal design exhibits two distinct advan-
tages, including enhanced transparency to visible light and a more compact unit structure
compared to the single-square design. When transparency is defined as the ratio of the
area devoid of conductor patterns to the total unit area [42], the transparency of the fractal
design is 89.29%, while that of the single-square design is 47.19%. Therefore, the fractal
design achieves higher transparency compared to the single-square design. In addition, the
unit cell size of the fractal design is 8.9 × 8.9 m2, while that of the single-square design is
11.5 × 11.5 mm2 to achieve the same resonant frequency as shown in Figure 7. Therefore,
the fractal design can reduce the unit cell size compared to the single-square design.
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Figure 8a investigates the absorptivity of incident waves at varying angles. The
results indicate that the absorptivity exceeds 90% at an incidence angle of 60◦, reaching a
maximum of 93.18%. Conversely, the absorptivity falls below 90% at an incidence angle of
70◦, achieving only 81.64%. Figure 8b investigates the absorptivity of the incident waves
under various polarization conditions. Although the proposed MMA exhibits symmetry
at intervals of 90◦, it was evaluated for polarization up to 45◦. The results demonstrate
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polarization insensitivity, with absorptivity exceeding the 90% threshold across all tested
angles, thereby affirming the effectiveness of MMA across a broad range of incident angles
and polarization states.
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3. Fabrication and Measurement
3.1. Fabrication

Figure 9 illustrates the screen-printing process in detail. The screen frame engraved
with the desired pattern is shown in Figure 9c. In the screen frame, the blue areas are
where ink cannot pass through, and the white areas allow ink to pass through. Figure 9a
illustrates a side view of the situation before printing. Figure 9d illustrates the screen-
printing machine for the squeegee operation. The successful transfer of the pattern onto the
film is shown in Figure 9b. The sintering process facilitates solvent evaporation, thereby
finalizing the film.
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The samples of the proposed metamaterial absorber (MMA) were fabricated by lay-
ering multiple sheets of 0.25 mm thick PET films (UC224, Hyosung Chemical, Seoul,
Republic of Korea) and 0.07 mm thick adhesive films (ARcare® 92561, Adhesives Research,
Glen Rock, PA, USA). The electrical properties of the materials are characterized by the
resonant cavity method. For instance, the complex permittivity of the PET film bonded
by the adhesive film is measured using the split cylinder resonator (N1501AKEAD-710,
Keysight, USA) at room temperature. Its relative permittivity and loss tangent are 3.16 and
0.0073, respectively.

Additional PET films and adhesive films are laminated to control the thickness of
the screen-printed PET film and MMA, as illustrated in Figure 10. During the lamination
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process, air may enter, causing variations in the distance between the pattern and the
ground and, consequently, affecting the dielectric properties of the substrate. To mitigate
this, a presser is utilized to prevent the formation of air layers. Pressure, sufficient to
prevent pattern deformation, is applied from one end to the other using a presser longer
than one side of the PET film, aiming to remove air as effectively as possible. Subsequently,
a 0.18 mm ITO-coated PET film (ITO film, Guluo Glass, Luoyang, China) was affixed to the
ground plane of the bottom layer using the same lamination method.
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Figure 11a presents a magnified microscopic image to illustrate resolution errors ob-
served in screen printing. Originally, during the design phase, the wire width (w) was
intended to be 0.20 mm, but it measured 0.26 mm in the fabricated sample, with the round-
ing of the square’s corners attributed to resolution limits in the screen-printing process.
Figure 11b displays a microscopic image of the entire unit structure. Such discrepancies
were anticipated, prompting a parametric study, as demonstrated in Figure 5a. Although
variations in wire width (w) influence the resonant frequency and absorption rate, simula-
tions have confirmed that the magnitude of these errors remains within a range that does
not significantly impact the performance of the fabricated samples.
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3.2. Measured Optical Transparency

Figure 12 shows the transparency of the fabricated MMA. As shown in Figure 12a, the
unit cells were arranged in a 13 × 13 array to implement the entire structure measuring
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115.7 × 115.7 mm2. The transparency of the fabricated MMA is such that the logo on
the back of the sample is clearly visible to the naked eye. The differences in Figure 12b,c,
with and without the fabricated MMA, confirm that the transparency is appropriate for
outdoor environments.

Fractal Fract. 2024, 8, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 11. (a) High-magnification microscopic image; (b) low-magnification microscopic image. 

3.2. Measured Optical Transparency 
Figure 12 shows the transparency of the fabricated MMA. As shown in Figure 12a, 

the unit cells were arranged in a 13 × 13 array to implement the entire structure measuring 
115.7 × 115.7 mm2. The transparency of the fabricated MMA is such that the logo on the 
back of the sample is clearly visible to the naked eye. The differences in Figure 12b,c, with 
and without the fabricated MMA, confirm that the transparency is appropriate for 
outdoor environments. 

 
Figure 12. (a) Photograph of the fabricated MMA. Comparative photographs demonstrating the 
transparency of the proposed MMA via (b) the image taken with MMA and (c) the image taken 
without the MMA. 

The proposed MMA boasts significant transparency as a performance characteristic. 
A spectrophotometer (CM-36dG, Konica Minolta, Tokyo, Japan) was used to 
quantitatively assess this aspect. The metamaterial absorber’s structure consists of three 
layers, including the top layer ink pattern, the PET substrate in the middle, and the ITO 
ground plane at the bottom. Optical transmittance across various spectral wavelengths 
was measured while keeping the substrate constant and varying the presence of the top 
and bottom layers. Figure 13a,b illustrate configurations without the bottom layer, 
whereas Figure 13a,c depict examples without the top layer. Figure 13e illustrates the 
sample’s average transparency, which is 46.70% across the visible light spectrum (450 to 
700 nm). The PET substrate alone exhibits 84.12% transparency, whereas PET with an ink 
pattern exhibits 72.98% transparency, and PET with ITO exhibits 56.69%. Compared PET 

Figure 12. (a) Photograph of the fabricated MMA. Comparative photographs demonstrating the
transparency of the proposed MMA via (b) the image taken with MMA and (c) the image taken
without the MMA.

The proposed MMA boasts significant transparency as a performance characteristic.
A spectrophotometer (CM-36dG, Konica Minolta, Tokyo, Japan) was used to quantitatively
assess this aspect. The metamaterial absorber’s structure consists of three layers, including
the top layer ink pattern, the PET substrate in the middle, and the ITO ground plane at the
bottom. Optical transmittance across various spectral wavelengths was measured while
keeping the substrate constant and varying the presence of the top and bottom layers.
Figure 13a,b illustrate configurations without the bottom layer, whereas Figure 13a,c depict
examples without the top layer. Figure 13e illustrates the sample’s average transparency,
which is 46.70% across the visible light spectrum (450 to 700 nm). The PET substrate
alone exhibits 84.12% transparency, whereas PET with an ink pattern exhibits 72.98%
transparency, and PET with ITO exhibits 56.69%. Compared PET only, adding layers
to either the top or bottom reduces transparency. The presence of ink patterns results
in an 86.05% difference in transparency, and the presence or absence of ITO leads to a
66.84% difference in transparency. This highlights the effectiveness of using narrow-area
ink patterns in achieving transparency.
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3.3. Measured Absorptivity

Figure 14 illustrates the absorption measurement setup designed to validate the
performance of the fabricated sample. The sample is positioned in the center of a wedge-
shaped absorber, with horn antennas positioned at a distance of 1 m on both sides to satisfy
the far-field condition. The corresponding time for this distance is calculated, and the
impulse measured using the vector network analyzer (VNA, Anritsu MS2038C) at this time
delay is considered the desired signal. All other signals outside this impulse in the time
domain are removed, and the data are then transformed into the frequency domain. This
method is applied to both a copper plate and air to measure the reflection and transmission
coefficients, assuming that the copper plate reflects all signals while air transmits all signals.

Fn =

√
nλ

d1d2

d1 + d2
(8)
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Figure 14. Measurement setup; (a) side view and (b) front view of the measurement setup and
(c) comparison of the test window with the 1st-order Fresnel zone.

Equation (8) is employed to calculate Fn, the radius of the nth order Fresnel zone.
Where, d1 and d2 denote the distances from each antenna, respectively, and λ represents
the wavelength of the target frequency in air [43]. The calculated radius of the first-order
Fresnel zone is 122.4 mm, indicating that the test window containing the sample may
be insufficiently sized in relation to the Fresnel zone. To mitigate errors caused by the
diffraction of electromagnetic waves due to this constrained window and waves reflected
from other objects, we utilized a time-gating method [44]. We determined the duration
required for electromagnetic waves to travel from the Tx Antenna to the Rx Antenna
via the shortest path. Subsequently, employing the time-gating function of the vector
network analyzer utilized in our measurements, we excluded all electromagnetic waves
that followed paths other than the shortest one.

Figure 15a represents the difference in the reflection coefficient between the sample
and copper as S11, and the difference in the transmission coefficient between the sample
and air as S21, allowing for the removal of environmental effects. The reflection coefficient
reaches a peak of −18.39 dB at 8.82 GHz, whereas the transmission coefficient is lower
than −10.30 dB in the X-band. The result is subsequently converted back to absorptivity,
as demonstrated in Figure 15b, utilizing Equation (1). The measured absorptivity peak
was 91.99% at 8.85 GHz, which did not align with the simulation that achieved 98.00% at
8.98 GHz. To reconcile the discrepancies between the initial simulation and the measured
values, the sheet resistivity of ITO film in the simulation was adjusted from 7 Ω/sq to
45 Ω/sq. This adjustment effectively brought the simulated results in closer agreement
with the measured values.
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Figure 15. (a) Measured reflection and transmission coefficients and (b) comparison results with the
simulation results.

Figure 16 demonstrates the stability of the proposed MMA by evaluating the bend-
ing radius limit at which the MMA maintains its performance, as well as illustrating the
variation in absorption performance under repeated bending. Specifically, Figure 16a inves-
tigates the minimum bending radius required to sustain absorber performance, confirming
that the proposed MMA can tolerate bending without functional loss if the bending radius
is at least 3.5 cm. Below this threshold, damage to the ITO layer on the ground surface leads
to a loss in conductivity. Furthermore, Figure 16b assesses the durability of the proposed
MMA by examining the absorption rate variation after more than 6000 bending cycles. The
results indicate that the MMA retains over 90% of its electromagnetic wave absorption
capacity at the resonant frequency, even after extensive bending. These experimental
findings confirm that the proposed MMA not only exhibits significant flexibility but also
maintains its performance through numerous bending cycles.
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Table 1 compares the proposed MMA with other transparent and flexible MMAs.
Although transparent and flexible substrates come in many varieties, incorporating con-
ductive elements remains a challenge. For this comparison, fractional bandwidth was
calculated according to the following equation:

Fractional Bandwidth =
fhigh − flow

fc
(9)
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where fhigh and flow are the highest and lowest frequencies, respectively. In addition, fc is
the center frequency between fhigh and flow.

Table 1. Fabrication method comparison of the proposed MMA with those of others.

Ref. Freq
(GHz)

Fractional
Bandwidth

Size *
(λ0 × λ0)

Thickness
(λ0) Transparency Flexibility Substrate Conductor Fabrication

Method

[19] 5.8~16.2 94.55% 0.24 × 0.24 0.100 @ 400~800 nm No

PET

ITO
Laser

etchingPMMA

Water

[23] 8.5~23.0 92.06% 0.18 × 0.18 0.085 @ 400~700 nm No Polycarbonate Gold Deposition

[34] 1.98~25.88 171.57% 0.06 × 0.06 0.035 N/A Yes
PET

ITO Laser
ablationAir

[25] 430, 660,
810 N/A 0.11 × 0.11 0.014 N/A Yes PET Aluminum Litho-

graphic

[28] 8.0~18.0 76.92% 0.27 × 0.27 0.123 @ 400~800 nm Yes
PET

ITO
Laser

etchingPVC

[17] 5.3~15.0 95.56% 0.66 × 0.66 0.202 @ visible band Yes
PET ITO Laser

ablation

PVC Copper Electro-
plating

This
work

9.02~9.56 5.81% 0.27 × 0.27 0.043 @ 450~700 nm Yes PET

Silver
nanoparticle Screen

printing
ITO

* The wavelength in free space (λ0) is calculated at flow.

On occasion, conductive functionalities are achieved through the use of metal meshes
or thin conductive wire structures, although such instances are relatively rare. In the
majority of cases, indium tin oxide (ITO) is the preferred material for incorporating con-
ductive properties. However, the choice of substrates and processes that can employ ITO
is significantly limited. A common technique involves patterning on PET substrates via
laser etching. In contrast, this study employs screen-printing technology, which provides
advantages in terms of cost, speed, and scalability for mass production, particularly when
compared with laser etching. However, the non-transparent nature of the silver particle ink
used for printing and the need to cover the entire plane with ITO for grounding reduce
transparency compared with other methods. Despite not being specifically designed for
miniaturization, the MMA proposed in this study demonstrates an acceptable unit cell size
in contrast to others.

4. Conclusions

In this study, we introduce the use of fractals and metal mesh in the screen-printing
fabrication method to produce transparent and flexible MMAs. The proposed MMA
comprises a top pattern, substrate, and bottom ground. The unit cell of the top pattern
features a fractal structure that begins with a large central square and expands outward with
smaller squares in all four directions. The arrangement of this unit cell results in a metal
mesh structure, which ensures flexibility and transparency. By increasing the fractal order
through simulation, we optimized the resonant frequency for the target X-band, which is a
novel approach. Contrary to the prevalent approach in the fabrication of transparent and
flexible MMAs, which predominantly employ ITO to create patterns, thus necessitating
expensive and complex processes, this study has opted for a screen-printing technique. By
employing this method, patterns were printed on PET substrates using silver particle ink,
presenting a cost-effective and simpler alternative to the traditional ITO-based process. The
fabricated sample demonstrates a peak absorptivity of 91.99% at 8.85 GHz and an overall
transparency of 46.70%.
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