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ABSTRACT: In this paper, an optimized flexible Microstrip Patch Antenna (MPA) for wearable applications is introduced, particularly
characterized by its design concepts of scalable design and comprehensive performance evaluation. The proposed antenna leverages the
mechanical flexibility of a leather substrate, complemented by polyimide layers on the upper and lower surfaces of the copper patch,
enhancing both structural integrity and electromagnetic performance. The design is optimized for the operation at 2.4GHz, ensuring
durability and stability even under dynamic bending conditions. Various critical performance metrics, such as resonance frequency,
bandwidth, return loss, Voltage Standing Wave Ratio (VSWR), Specific Absorption Rate (SAR), and gain, are evaluated experimentally
and through simulation across bending angles of 0–90◦. Results show that the antenna can reliably operate in an extreme bending scenario
while having a resonant frequency near 2.44GHz with a return loss (S11) less than−20 dB up to 60◦ bending. At approximately 31MHz
bandwidth stability is preserved, and the VSWR is less than 1.2, thus the impedance matching is effective. Further gain measurements are
alsomade under deformation, which further confirms the stable performance and thus reliability of the wearable application. Additionally,
SAR analysis is conducted to ensure the antenna’s compliance with electromagnetic exposure safety limits. The maximum SAR value of
0.516W/kg remains well within FCC (1.6W/kg) and ICNIRP (2.0W/kg) standards, confirming safe radiation levels. Polyimide shielding
improves durability, reduces interference, and minimizes backward radiation, making the design ideal for Wireless Body Area Networks
(WBANs) and biomedical monitoring.

1. INTRODUCTION

The rapid advancement of wearable electronics, the Internet
of Things (IoT), and flexible communication systems has

necessitated the development of antennas that can operate reli-
ably under mechanical deformation. This demand stems from
the growing uses of wearables that require efficient communi-
cation in which a large number of wearable devices need to ex-
change information to reach the desired level of performance,
such as those applications in healthcare [1], sports [2], and per-
sonal monitoring systems [3]. Recently, these technologies re-
lied largely on the use of microstrip patch antennas which offer
compact size, lightweight structure as well as ease of fabrica-
tion [4]. However, because flexible substrates are necessary for
wearable applications, the materials and processes remain to be
optimized to address performance degradation due to mechani-
cal stresses caused by bending or stretching of the material dur-
ing use [5]. The mechanical deformations also cause frequency
shifts of resonant frequency, increase of the return loss, and re-
duction of bandwidth, resulting in the diminishing efficiency
and reliability of the antenna [6].
It is necessary for flexible microstrip patch antennas de-

ployed in dynamic environment to have consistent performance
under deformation. Due to their high stiffness, these antennas
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have been studied in recent studies, which in turn investigate
various ways to improve the flexibility and robustness of these
antennas, using, for example, Kapton polyimide as a substrate
material [7, 8]. The good thermal stability and mechanical flex-
ibility of polyimide based antennas have been demonstrated
as promising for biomedical applications. In addition, perfor-
mance analysis of flexible rectangular microstrip patch anten-
nas is used to demonstrate the importance of substrate selection
to optimize antenna performance in the presence of mechanical
stress [9, 10]. However, increased mechanical resilience and
electrical stability remains an important need for these advance-
ments.
For example, to overcome the challenges of structural re-

silience and electromagnetic performance under bending condi-
tions, polyimide sheets are incorporated as protective layers for
flexible microstrip patch antennas [11, 12]. Polyimide’s ther-
mal stability, mechanical flexibility, and favourable dielectric
properties are also favoured [13]. The structural integrity of the
antenna is reinforced by applying polyimide layers to the upper
and lower surfaces of the copper patch and its electromagnetic
performance from bending in optimized [14]. Polyimide layers
have been extensively investigated and confirmed to maintain
performance during both mechanical deformation and dynamic
movement [15]. Moreover, leather substrates have been inves-
tigated as an alternative for wearable application due to the ad-
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ditional durability and water resistance, as well as robust me-
chanical properties providing further flexibility and user com-
fort [16, 17]. User comfort is improved by the natural perme-
ability of leather and supported by its structural strength for
further long term usage in wearable applications [18]. More-
over, leather’s biocompatibility makes it suitable for biomedi-
cal monitoring systems [19]. Studies indicate that leather sub-
strates maintain low dielectric loss and stable performance un-
der bending, validating their potential in flexible antennas [20].
To meet the demand for the rapid advancement of wearable

electronics, the Internet of Things (IoT), and flexible commu-
nication systems, antennas which can operate under mechan-
ical deformation are under development. There is a growing
demand for such features as wearable devices become more
popular (e.g., for the use with healthcare, sports, and personal
monitoring systems [1–3]. Recent applications of microstrip
patch antennas, which are widely recognized for their small
size, low weight, and simple fabrication, have evolved to crit-
ical components of these technologies [4]. The flexible sub-
strates necessary for such wearable applications impose unique
challenges, such as performance degradation as a result of me-
chanical stresses such as bending, stretching, or twisting during
use [5]. These mechanical deformations can generate shifts in
resonant frequency, higher return loss, and lower bandwidth,
which in turn affects the efficacy and reliability of the antenna
[6].
Flexible microstrip patch antennas used in dynamic environ-

ments must maintain their consistent performance during defor-
mation. Recent studies have looked at varying substrate mate-
rials, such as Kapton polyimide, to provide more flexibility and
robustness to these antennas [7, 18]. Polyimide based antennas
have shown promise for biomedical applications with their high
thermal stability and flexibility [21]. Also, performance analy-
sis of flexible rectangular microstrip patch antennas driven for
wireless Body Area Networks (WBANs) stresses the impor-
tance of substrate choice to achieve optimum performance in
response to mechanical stress [9, 10]. However, despite these
benefits there is still a real need to improve this protective layer
which enhances its mechanical resilience as well as its electrical
stability [22].
To resolve structural resilience and electromagnetic

performance issues under bending conditions, flexible mi-
crostrip patch antennas have been protected by polyimide
sheets [11, 12]. It is for its thermal stability, mechanical
flexibility, and favourable dielectric properties that polyimide
is favoured [13]. Structural reinforcement of the antenna is
realized by applying polyimide layers on upper and lower
surfaces of the copper patch to improve the electromagnetic
performance of the antenna under bending conditions [14].
Polyimide layers have also been extensively shown to maintain
performance during mechanical deformation and dynamic
movements [15]. Leather substrates have also been explored as
an avenue of material compatibility with wearable applications
for providing durability, water resistance, and robust mechan-
ical properties, which increase overall antenna flexibility and
user comfort [16, 17]. Natural permeability of leather serves to
support user comfort while structural strength provides support

for the ongoing use in wearable applications [18]. Leather is
also biocompatible [19], making it well suited for biomedical
monitoring systems. Studies showed that leather substrates can
give low dielectric loss and stable performance under bending
so that they can work as flexible antennas [20].
A design methodology combining a leather substrate with

polyimide layers is used to optimize the structural and electro-
magnetic properties of the antenna. Using this novel approach,
the mechanical flexibility and electrical stability necessary for
wearable applications are achieved. The enhanced performance
of the polyimide protected antenna versus its unprotected coun-
terpart is evaluated in detail in a prior study, with the results
published. It is shown that polyimide shielding has an impor-
tant role to play in preserving dynamic bending performance
and is suitable for flexible and wearable electronics.
Performancemetrics, such as resonant frequency, return loss,

bandwidth, voltage standing wave ratio (VSWR), and gain,
were assessed through numerical simulations and experimen-
tal validation across bending angles from 0◦ to 90◦. Results
show that polyimide protection greatly improves antenna sta-
bility and reliability, making this antenna suitable for wearable
and flexible communication applications.

2. ANTENNA DESIGN AND SIMULATION

A flexible microstrip patch antenna operating at resonant fre-
quency of 2.4GHz is proposed to fulfil the requirements of
Wi-Fi applications. A rectangular patch with dimensions of
44.2mm × 35.8mm is used in the antenna, fabricated on a
leather substrate with a thickness of 0.92mm and a total thick-
ness of 1.1616mm, and a dielectric constant of 2.95 for leather
and 3.67 for polyimide. As [23] states, leather was chosen be-
cause it is both mechanically flexible and well suited for wear-
able electronics. The intrinsic dielectric constant (εr) of leather
remains unchanged with polyimide, but the effective dielectric
constant (εeff) of the composite structure ismodified. In amulti-
layer system, εeff is influenced by the dielectric properties and
thickness of each material. With leather (εr = 2.95) and poly-
imide (εr = 3.67), εeff increases slightly, enhancing impedance
matching and reducing fringing fields. Polyimide also stabi-
lizes dielectric properties under bending, mitigating variations
caused by humidity, temperature, and mechanical stress, ensur-
ing consistent resonance stability.
Polyimide sheets (0.0508mm thick) were applied to both the

top and bottom surfaces of the copper patch, serving as a buffer
layer to prevent performance degradation under mechanical de-
formation. While leather offers flexibility and biocompatibil-
ity, its lower dielectric constant (εr = 2.95) can lead to in-
creased fringing fields. Polyimide (εr = 3.67) compensates
for this by improving electromagnetic performance, impedance
matching, and durability while also shielding against external
interference.
The 0.0508mm polyimide layer provides an optimal balance

between electromagnetic stability and mechanical flexibility.
It ensures impedance matching without excessive frequency
shifts, maintains stable return loss and VSWR, and reinforces
mechanical resilience. This combination of leather and poly-

142 www.jpier.org



Progress In Electromagnetics Research C, Vol. 153, 141–148, 2025

imide makes the antenna highly suitable for wearable applica-
tions, particularly WBANs and biomedical monitoring.
In addition, polyimide is used as an insulation layer to pre-

vent signal interference on the user’s body. Equations (1) to
(7) were used to determine the antenna design parameters, and
Equation (8) was used to calculate the bending angle to evalu-
ate the effects that mechanical deformation may have on per-
formance. The the design steps are as follows.
Step 1: The width of the patch antenna is calculated using

the formula:

W =
c

2fo

√
2

εr + 1
(1)

where c is the speed of light in vacuum (3× 108 m/sec), fo the
resonant frequency, and εr the dielectric constant of the sub-
strate.
Step 2: The effective dielectric constant is determined by:

εeff =
εr + 1

2
+

εr − 1

2

 1√
1 + 12h

W

 (2)

Step 3: When two substrates are used, the effective dielectric
constant is:

εe =
εeff1t1 + εeff2t2

t1 + t2
(3)

where εeff1 and εeff2 represent the effective dielectric constants
of the two substrates, respectively, and t1 and t2 are the thick-
nesses of the substrates.
Step 4: The length extension caused by fringing effects is

computed as:

∆L = 0.412h
(εe + 0.3) +

(
W
h + 0.264

)
(εe − 0.258)

(
W
h + 0.8

) (4)

Step 5: The length of the patch antenna is given by

L =
1

2fo
√
εe
√
µ0ε0

− 2∆L (5)

Step 6: The dimensions of the ground plane are calculated
as:

Lg = 6h+ L (6)
Wg = 6h+W (7)

Step 7: The bending angle for the antenna is determined us-
ing:

θ =
L× 360◦

2πr
degrees (8)

where r is the radius of the cylinder on which the antenna is
bent.
A widely used electromagnetic simulation tool ANSYS

HFSS was used to model and simulate the antenna. The
frequency range selected for simulation was from 2GHz to
4GHz, since the antenna was desired to exhibit behaviour at

the 2.4GHz operating frequency. It was simulated in free space
using radiation boundary conditions and the antenna excited
by a strip line feed. A fine mesh was used to simulate the
antenna geometry and all polyimide layers, to ensure accurate
modelling of the antenna geometry and of the polyimide layers.
Illustrations of the simulated and fabricated microstrip patch
antennas are shown in Figures 1 and 2, respectively.

(a) (b)

FIGURE 1. The antenna’s performance under different bending condi-
tions: (a) Flat Condition and (b) 90◦ Bend in simulation.

(a) (b)

FIGURE 2. The antenna’s performance under different bending condi-
tions: (a) Flat Condition, (b) 60◦ Bend condition in real time.

The antenna’s performance under mechanical deformation
was modelled in a series of bending simulations. The antenna
was simulated at bending angles from 0◦ to 90◦, simulating
conditions where the antenna could have been bent during use.
Impedancematchingwas then studied bymeasuring both return
loss (S11) and VSWR at each angle as the antenna is bent along
the x axis. The gain and bandwidth were also analysed at this
bending angle to observe any performance degradation, and ad-
ditionally, gain and bandwidth were analysed at each bending
angle to see if the system degraded in performance.
The comparison of antenna performances with and without

polyimide protection was performed using key performance
metrics such as return loss (S11), VSWR, gain, and bandwidth.
The VSWR and return loss, necessary for transmitting an effi-
cient signal, were expected to be below 2 and −10 dB, respec-
tively. The antenna efficiency was evaluated across a range of
gain and bandwidth under bending conditions with the poly-
imide layer and focusing on how to minimize degradations in
the efficiency due to bending.
While material variations, fabrication tolerances, and mea-

surement errors are valid concerns, careful analysis supports the
accuracy of the reported data. Thematerial properties of leather
(εr = 2.95) and polyimide (εr = 3.67) are based on manu-
facturer specifications, with polyimide exhibiting low moisture
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(a) (b)

FIGURE 3. (a) Return loss measurement using a Vector Network Analyzer (VNA) and (b) comparison of simulated and measured return loss results
across various bending angles.

absorption and high thermal stability, minimizing fluctuations.
Simulations in ANSYS HFSS use fixed values, justifying nu-
merical precision. The fabrication techniques enable accurate
control of the patch dimensions by minimizing dimensional de-
viations. Dimensions of the patch were maintained at a width
of 44.2mm and length of 35.8mm, with thickness of the poly-
imide as 0.0508 and substrate height as 0.92mm. The return
loss, VSWR, gain, and bandwidth were measured using a Vec-
tor Network Analyzer (VNA) (Agilent Technologies, 9GHz)
and an anechoic chamber (7m × 3m × 3m) covering a fre-
quency range of 800MHz to 40GHz, ensuring high measure-
ment precision. The VNA exhibited an accuracy of ±0.05 dB
for return loss and±0.02 for VSWR. Despite minor losses, the
strong correlation between simulated and measured results val-
idates the reported precision.

3. RESULTS AND DISCUSSION
Various bending conditions were taken to analyse the perfor-
mance of the proposed flexible MPA for wearable applications.
The analysis was performed based on key performance metrics
such as return loss (S11), VSWR, gain, bandwidth, and radia-
tion patterns to evaluate the electromagnetic reliability of the
antenna. The design and fabrication process were validated by
the comparison of simulated and measured results. They are
also discussed based upon performance variations from zero to
ninety degrees bending angle where polyimide protection lay-
ers protect electrical and mechanical stability. VSWR, return
loss, and bandwidth stability show that the antenna maintains
consistent performance under mechanical stress, and the radia-
tion patterns prove that the antenna is directional and gain sta-
ble. In this section, the performance of the antenna is discussed
in detail, making a strong case for the antenna to serve as a
building block for IoT, flexible electronics and wearable com-
munication systems.

3.1. Return Loss Analysis
Figure 3 shows the return loss (S11) results for the antenna with
simulated andmeasured data very much aligned, indicating that
the antenna performs well under bending (0◦ to 90◦). Simu-

lated and measured return losses of −45.8 dB and −46.2 dB
were observed at 2.4GHz, which correspond to minimal reflec-
tion and strong impedance matching at 0◦. At higher bending
angles, the return loss is under −20 dB up to 60◦ and only be-
comes slightly lower to −14.7 dB at 90◦, which is within the
acceptable limits for wireless communication. The frequency
shift is negligible (< 40MHz) across all bending angles, due to
the polyimide layers that provide structural stability and main-
tain uniform electromagnetic field distribution at deformation.
This combines the optimized dielectric constant of an effective
dielectric constant (εr = 3.67) of the polyimide layer and a
dielectric constant of the base substrate (εr = 2.95), which
maintains same impedance matching and performance. Using
ANSYS HFSS simulations, these findings, as validated earlier
through studies [23], prove the robustness and reliability of the
antenna under deformation and prove the suitability of the an-
tenna for wearable applications. Table 1 shows a comparison
of return losses with and without polyimide protection.

3.2. Voltage Standing Wave Ratio (VSWR) Analysis
Figure 4 shows the VSWR results which show how the antenna
adapts impedance matching across different bending angles. A

FIGURE 4. Comparison of VSWR for different bending angles between
simulated and measured results.
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TABLE 1. Comparison of resonant frequency return losses, bandwidths, VSWRs, and gains with and without polyimide protection under different
bending angles.

ANGLE

RESONANT

FREQUENCY (GHz)

RETURN

LOSS(dB)

BANDWIDTH

(MHz)
VSWR

GAIN

(dBi)

Without

Polyimide

With

Polyimide

Without

Polyimide

With

Polyimide

Without

Polyimide

With

Polyimide

Without

Polyimide

With

Polyimide

Without

Polyimide

With

Polyimide

0◦ 2.4 2.4 −24.14 −37.6 25.5 26.6 1.02 1.11 5.6 6.34

10◦ 2.42 2.44 −23.14 −32.55 26 31.1 1.14 1.04 7.4 6.43

20◦ 2.38 2.44 −21.57 −22.83 27.9 32.2 1.29 1.15 7.1 6.42

30◦ 2.39 2.44 −19.38 −22.28 24.6 31.5 1.24 1.2 7.1 6.41

40◦ 2.38 2.44 −19.9 −21.29 25.2 31.5 1.57 1.18 7 6.38

50◦ 2.38 2.44 −16.21 −21.69 25.3 31.5 1.17 1.17 6.9 6.44

60◦ 2.37 2.44 −17.3 −22.31 25.2 30.7 1.22 1.16 6.7 6.36

70◦ 3.73 2.47 −25.3 −13.84 25 22.5 1.39 1.5 6.6 6.44

80◦ 3.68 2.47 −28.4 −13.34 23.1 22.2 1.5 1.54 6.4 6.392

90◦ 3.6 2.47 −22.9 −12.84 22.9 20.4 1.4 1.59 6.3 6.39

VSWR lower than 2 at resonant frequency 2.4GHz, for both
measured and simulated data, shows good impedance matching
with low signal reflection under various bending conditions. At
higher bending angles (up to 90◦), we show consistent VSWR
values for the polyimide protected antenna, indicating superior
flexibility and mechanical resilience. The measured results are
found to have good agreement with the simulated trends and
validate the accuracy of this design model and fabrication pro-
cess. It is noted that the VSWR values increase slightly with
increasing bending angle beyond 60◦, due to changes in the ef-
fective dielectric properties and current distribution resulting
from deformation. The values, however, stay within acceptable
limits for practical wireless communication uses. Impedance
stability is preserved through bending, which is reinforced by
these findings and underscores the use of polyimide shielding as
being suitable for wearable electronics. Table 1 gives the com-
parison of resonant frequency, return loss, bandwidth, VSWR,
and gain of the antennas with and without polyimide protection
under different bending conditions.
The differences between simulated and measured VSWR

values arise due to fabrication tolerances, material variations,
and environmental factors. Simulations assume ideal, uniform,
and lossless dielectric properties, whereas real substrates
exhibit permittivity and loss tangent variations, affecting
impedance matching. Connector and soldering losses, as
well as slight misalignments in the feed structure, further
contribute to deviations. Bending and flexibility introduce
mechanical stress, altering surface currents. Measurement im-
perfections such as radiation leakage, cable losses, and fixture
misalignments also impact results. Despite these variations,
the measured VSWR remains within the acceptable range
(< 2), ensuring effective impedance matching [23–27]. The

polyimide layers enhance stability, confirming the antenna’s
suitability for wearable applications.

3.3. Radiation Patterns

To properly validate the performance of the antenna under
bending conditions, this work utilized an anechoic chamber to
make very accurate measurements of the antenna’s radiation
patterns. The critical parameters like gain and bandwidth un-
der realistic operating environment can be evaluated with this
setup. Through this systematic approach we ensure that the de-
rived antenna’s physical and electrical parameters are accurate
and its performance under bending conditions optimized. Fig-
ure 5 shows radiation patterns of the antenna for 0◦, 30◦, 60◦,
and 90◦ bending angles. We find that the radiation character-
istics are omnidirectional throughout the entire bending angle
range and are stable. The radiation pattern for antenna is uni-
form at 0◦ (flat condition, suitable for the use in Wi-Fi appli-
cations). The major lobe direction and radiation efficiency are
fairly maintained; however the patterns are slightly distorted
for increases in the bending angle.
Flexible antenna designs with the polyimide protection did

not suffer from bending induced surface discontinuities. There
is a slight change of side lobes and reduced back radiation at 90
degree bending.
The results show that using a leather substrate with poly-

imide shielding improves the antenna’s strength and perfor-
mance, making it suitable for wearable devices. The mechan-
ical flexibility and electromagnetic reliability of the proposed
design make this design suitable for IoT and body worn com-
munication systems.
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(a)

(b) (c)

FIGURE 5. (a) Measurement setup for radiation pattern, (b) comparison of simulated and measured radiation patterns at 0◦ and 30◦ bending angles,
and (c) comparison of simulated and measured radiation patterns at 60◦ and 90◦ bending angles.

3.4. Bandwidth Analysis

Analysis of bandwidth performance of flexible MPA with and
without polyimide protection was carried out at varying bend-
ing angles from 0◦ to 90◦ and tabulated in Table 1. Results
show wider and more stable bandwidth for the polyimide pro-
tected antenna than the unprotected antenna across all of these
bending conditions. The bandwidth of the polyimide protected
antenna at 0◦ (flat condition) is 26.6MHz, slightly higher than
that of the unprotected antenna (25.5MHz), which shows better
performance due to the enhanced stability from the polyimide
layer. The polyimide protected antenna has 31 ∼ 32.2MHz
bandwidth for bending angles of moderate 10 ∼ 60◦, while
that of the unprotected antenna drops to 24.6 ∼ 27.9MHz
bandwidth. The polyimide protected antenna retains 20.4 to
22.5MHz bandwidth at higher bending angles (70◦–90◦), much
higher than the unprotected antenna that takes only 22.9MHz in
the 90◦ configuration. Mechanically resistant and electrically
stable polyimide layers are demonstrated with these results to
maintain consistent impedance matching as well as structural
integrity under applied deformation. The results support the re-
liability and flexibility of the antenna for wearable applications
and support previous flexible antenna findings [23] on poly-

imide shielding to maintain electrical performance under me-
chanical stress.

3.5. Gain Analysis
The gain performances of the flexure MPA with and without
polyimide protection were evaluated over the range of bending
angles from 0◦ to 90◦ (Table 1). The mechanical robustness
and electromagnetic reliability of the polyimide protected an-
tenna are demonstrated by maintaining stable gain values over
all bending angles. In flat condition (0◦), the polyimide pro-
tected antenna achieves a gain of 6.34 dBi, exceeding 5.6 dBi in
the unprotected antenna, suggesting better impedancematching
and radiation efficiency conveyed by the polyimide layer.
The polyimide-protected antenna maintains its gain above

6.3 dBi from 10◦ to 60◦ bending, but an antenna without poly-
imide protection maintains higher gain between 7.4 dBi at 10◦
and 6.7 dBi at 60◦. The gain level of the protected antenna stays
between 6.39 dBi and 6.44 dBi from 70◦ to 90◦ whereas the un-
protected antenna loses 6.3 dBi of its gain when being bent to
90◦.
To date, the polyimide protected antenna shows overall con-

sistent gain performance under deformation which makes it
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FIGURE 6. SAR Distribution of the Flexible MPA on a Human Arm at
2.4GHz.

suitable for wearable applications that require radiation stability
and mechanical flexibility, which validates the superior perfor-
mance of this antenna as reported in previous studies [23].

4. SPECIFIC ABSORPTION RATE (SAR)
The SAR analysis shown in Figure 6 confirms that the antenna
maintains safe radiation levels while ensuring effective per-
formance. The maximum observed SAR value of 0.516W/kg
is well within regulatory limits, reinforcing the feasibility of
this design for wearable applications [28–34]. The SAR distri-
bution reveals that energy absorption is concentrated near the
antenna and gradually dissipates, indicating minimal penetra-
tion into body tissues. The flexible leather substrate provides
a dielectric buffer, further reducing energy absorption and en-
hancing user safety. The inclusion of polyimide layers aids
in stabilizing impedance and minimizing radiation exposure
fluctuations. The observed SAR values remain significantly
lower than the Federal Communications Commission (FCC)
(1.6W/kg) and International Commission on Non-Ionizing Ra-
diation Protection (ICNIRP) (2.0W/kg) thresholds, validating
that the antenna does not pose a health risk. Future enhance-
ments, such as ground plane shielding and optimized radiation
patterns, can further mitigate SAR while maintaining antenna
efficiency.

5. CONCLUSION
A flexible MPA operating at 2.4GHz was fabricated using a
1mm thick leather substrate (εr = 2.95) with two polyimide
layers (εr = 3.67). The antenna was evaluated for return loss,
VSWR, gain, bandwidth, and radiation patterns, demonstrat-
ing consistent and reliable performance across various bend-
ing angles, promoting its application in wearable and flexi-
ble communication systems. The polyimide-protected antenna
achieved return loss better than −20 dB up to 60◦ bending and
remained functional at 90◦ bending with a 40MHz frequency
shift. Impedance remained well-matched with VSWR below
1.2 across most bending angles.
The polyimide-protected MPA achieved 20.4–32.2MHz

bandwidth, consistently outperforming the unprotected design.
Gain values remained stable between 6.34 dBi and 6.44 dBi,
proving mechanical resilience and electromagnetic reliability
even under extreme bending conditions. Radiation patterns

were omnidirectional across all bending angles, maintaining
stable radiation efficiency and usability in flexible applications.
The antenna exhibited a maximum SAR of 0.516W/kg, which
is well within FCC (1.6W/kg) and ICNIRP (2.0W/kg) safety
limits, ensuring safe usage for wearable electronics.
Leather substrate and polyimide layers played a crucial role

in reducing backward radiation and stabilizing performance un-
der mechanical stress. The results confirm that mechanical ro-
bustness and electromagnetic reliability are enhanced with the
combination of leather and polyimide, making the antenna a vi-
able option for wearable electronics, IoT devices, and flexible
communication systems. Future work will explore additional
flexible materials, advanced shielding techniques, and higher
frequency optimizations to further enhance the antenna’s per-
formance for next-generation wireless applications.
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