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ABSTRACT An engineered composite conductor is essential for developing a wearable antenna that is
not only flexible but also stretchable. This paper presents the use of polydimethylsiloxane (PDMS) as the
substrate and custom polydimethylsiloxane-silver conductive paste for wearable applications. The antenna
is designed with an air gap PDMS substrate between the patch and sawtooth partial ground at 3.5 GHz
to enhance the bandwidth and gain. Furthermore, the proposed antenna is flexible and can be bent as
well as stretched up to 20%, making it suitable for use on the human body. This study investigates the
antenna’s performance under bending and stretching to mimic the human body’s structure and movements.
Additionally, the specific absorption rate (SAR) of the wearable antenna was analyzed for safety purposes.

INDEX TERMS Wearable antenna, stretchable, bendable, silver conductive paste, 5G applications.

I. INTRODUCTION
Fifth generation (5G) wireless communications are expected
to overcome current wireless network issues by provid-
ing new frequency bandwidth, high data rates, low latency,
a manifold increase in base station capacity, and a signifi-
cant improvement in the user’s perceived quality of service
(QoS). In conjunction with conventional microwave frequen-
cies, the 5G architecture offers a highly dense, diversified,
and versatile technology with extra bandwidth availability
for almost unlimited upgradation [1]. Thus, exploring new
less-congested spectrum bands, such as the 3.5 GHz band
under the middle band of 5G frequencies [2], is a great solu-
tion to increase network capacity. One of the biggest trends
in current and upcoming 5G networks is the integration of
devices with the world of wearable technology applications.
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Wearable devices are those that can be worn by a person
and have the capability to connect with each other directly
or through their embedded wireless modules, which interop-
erate with other components such as batteries, sensors, and/or
antennas [3], [4], [5].

Wearable technology is anticipated to play a crucial role in
5G technology and Internet of Things (IoT) ecosystems [6].
According to Cisco’s Virtual Networking Index (VNI) annual
report (2014-2019) [7], the amount of data traffic generated
by wearable devices is projected to increase to 277 petabytes
per month by 2019, and the number of such devices is
expected to reach 578 million by the same year. This repre-
sents a five-fold increase from that in 2014. Wearable devices
are defined as personal wearable items that can connect to
each other or through embedded cellular connectivity. They
communicate with external devices via built-in wireless mod-
ules, which comprise components such as batteries, sensors,
and antennas.
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FIGURE 1. World of wearable technology [4], [9].

Avisual representation of the various technologies that will
be utilized in wearable 5G networks is shown in Figure 1,
which shows that wearable technology has a broad range of
applications in daily life. It extends beyond wristwatches, fit-
ness bands, and encompasses numerous medical applications
[8]. In healthcare augmented reality glasses, and wearable
devices are utilized to monitor critical health parameters
of patients, such as glucose monitoring systems, capsule
endoscopy to examine the gastrointestinal system, wearable
doppler units, and thermometers to monitor the heart rate,
blood pressure, and body temperature. Additionally, wear-
ables have applications in entertainment and rescue opera-
tions, such as augmented reality glasses and smartwatches
that serve as touch screen computers. Wearable technology
can also be integrated into clothing, footwear, protective gear,
and rescue equipment in emergency response systems.

In contrast to conventional rigid antennas, wearable anten-
nas are primarily attached to the human body for wireless
body sensor networks, which require particular considera-
tions such as light weight, flexibility, robustness, ease of
interpretation, and user comfort. Thus, while developing

wearable antennas, the choice of material used is crucial.
Previous researchers preferred to use fabric materials, such
as cotton, wool, felt, fleece, and denim/jeans as substrates.
Meanwhile conductive thread, Shieldit Supper, Flectron, and
copper sheet/tape were used as patch and ground, since they
offer flexibility. However, it is worth noting that they are not
stretchable [10], [11], [12], [13]. Hence, using polydimethyl-
siloxane (PDMS) as the substrate for wearable antennas has
become a popular choice because of its low Young’s modulus
(<3 MPa), implying high flexibility and stretchability, which
allows for more freedom and control of user motion [14].
Moreover, PDMS also offers thermal stability, homogeneity,
relative isotropic, an acceptable loss in the microwave region
with low permittivity and high volume resistivity, which
helps prevent the generation of parasitic currents in the sub-
strate [15]. However, previous studies used PDMS substrates
embedded with conductive fabric [16], [17], [18] and PDMS-
copper foil [19], [20], [21], [22], which are rigid conductive
materials that limit the stretchability of the antenna package.

Thus, in this study, a custom-made flexible silver-PDMS
(Ag-PDMS) composite conductive paste based on a PDMS
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substrate is proposed for wearable antenna applications. The
typical microstrip patch antenna is designed on a microwave
laminate/ printed circuit board or even a textile antenna,
where the conductive patch and substrate thickness are depen-
dent on the manufacturers’ specifications which are not
controlled by the designers. Therefore, using a custom-made
material gives designers the flexibility to vary the conductiv-
ity patch value and the thickness of the substrate to achieve
the desired characteristics of a wearable antenna. To achieve
the specifications of a wearable antenna, the conductive
paste formulated to strongly adhere to the PDMS substrate
antenna was analyzed, so it’s does not crack when subjected
to mechanical deformation, such as bending and stretching.

As with any wearable antenna, the antenna structure is
affected by the need to conform to the human body shape
and body movements thereby affecting the antenna’s per-
formance. There a lack of study in the area of antenna
bending and stretching analysis in a single microstrip patch
antenna. Most of the textile antennas focused on bending
analysis [23], [24], [25], [26], whereas other researchers have
only focused on stretching analysis [20], [27], [28]. Thus,
this study investigated the effects of bending and stretching
wearable antennas to enhance our understanding of their per-
formance under such deformations. Furthermore, this study
also conducted a Specific Absorption Rate (SAR) analysis to
ensure the safety of the proposed wearable antenna for use on
the human body.

II. METHDOLOGY
This section discusses the methodology concerning the
design and development of a polydimethylsiloxane-silver
composite wearable antenna.

A. SUBSTRATE PPREPARATION
PDMS, commercially available as Sylgard 184, comes in
liquid form in two parts: a base and a curing agent. The PDMS
substrate sample was prepared by mixing the base and curing
agents at a ratio of 10:1. The amount of base and curing
agent required was measured using a digital scale in grams
based on the mould size. The acrylic mould size of 40 ×

40 × 2 mm3 was custom-made and prepared earlier. Next,
the sprayer remover mould was applied into a rectangular
acrylic mould before the PDMS mixture was poured, so that
the cured PDMS could be easily removed from the mould.
After that, the PDMS substrate was treated under vacuum
suction to remove air bubbles and then cured under thermal
curing at 100 ◦C for over 35 minutes, as shown in Figure 2.
A major constraint in the design of microstrip patch anten-

nas is that the dielectric properties of the materials used
reflect the size and antenna operating frequency. Unlike,
the well-known rigid commercial boards (RF4, Rogers,
or Taconic), the dielectric properties are available even in
the Computer Simulation Technology (CST) software library.
However, for custom-made substrates such as PDMS, it is
important to measure the dielectric properties and create a
‘newmaterial’ with a specific dielectric value of PDMSwhile

designing the antenna using CST software. Even though
PDMS dielectric properties are available, the value can vary
between different suppliers or even different batches of the
same supplier. In addition, the dielectric properties are gen-
erally not constant in frequency and are dependent on the
mixture, orientation, and molecular structure of the material
[29]. Hence, it is suggested to have your own dielectric
properties measurements for selected materials at a particular
operating frequency before start to designing antenna rather
than cite other paper.

FIGURE 2. Overall process of PDMS substrate fabrication.

In this study, an open-ended coaxial probe method was
used to measure the dielectric properties of the PDMS sub-
strate. The measurement system consisted of an Agilent
85070D High Temperature Dielectric Probe Kit, Agilent
E5071C P-Series Network Analyzer (PNA), Agilent material
characterization software, and a laptop (optional) used as an
extension window. This probe is suitable for measuring solid
or semi-solid materials, as well as liquids, over broadband
frequency ranges. For this type of measurement, good contact
between the Material Under Test (MUT) and probe is very
important. Another criterion is that theMUT has a smooth flat
surface, and the diameter of the sample (>20 mm) is much
larger than the open-ended coaxial probe aperture. Any insuf-
ficient contact or a rough surface reduces the measurement
accuracy by several orders of magnitude.

Figure 3 shows that, the measured dielectric constant,
ε′
r and dielectric loss factor, ε′′

r at 3.5 GHz are 2.74 and
0.157, respectively. Meanwhile, the dissipation factor of the
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material, also known as the electrical loss tangent, tan δ is
0.057. It can be obtained using equation (1) [30].

tan δ = ε′′/ε′ (1)

The measured dielectric constant of PDMS substrate is in
good compliance with other works, where (ε′

r = 2.65, tan
δ = 0.02 at 2.42 to 2.52 GHz) [31], (ε′

r = 2.8, tan δ = 0.02 at
2.45 GHz) [32], (ε′

r = 2.76, tan δ = 0.03 at 0.2 to 5 GHz)
[33], (ε′

r = 2.7, tan δ = 0.019 at 2.4 GHz) [20], (ε′
r = 2.68, tan

δ = 0.02 at 2.45 GHz) [34], and (ε′
r = 2.5 - 3.0, tan δ = 0.01 -

0.05 at 0.5 to 3 GHz) [35]. On the other hand, the dielectric
constant, ε′

r of the PDMS used was 2.74 were, which is range
(2.2 ≤ ε′

r ≤ 12) for typical dielectric constant substrates for
microstrip antennas [36].

FIGURE 3. Measured dielectric properties of PDMS substrate.

B. PREPARATION OF CONDUCTIVE Ag-PDMS PASTE
COMPOSITE
The preparation of conductive materials composite consists
of silver (Ag) powder in the size range of 2-3.5 µm. The
poly(dimethylsiloxane) hydroxyl (OH-PDMS) terminated
with an average molecular weight (Mn) of 110 × 103 g/mol
and a viscosity of 50 × 50 cSt functioned as an intermediate
between silver and the PDMS substrate. Cyclotetrasilox-
ane (D4), containing four repeating units of silicone (Si)
and oxygen (O) atoms in the closed loop cycle used to
make OH-PDMS, became more liquid. Therefore, it could be
easily mixed with the silver powder. (3-glycidyloxypropyl)-
trimethoxysilane (ETMS) and (3-trimethyloxysily) propyl
methacrylate (ATMS) were used as additives to improve
the processability and productivity of Ag-PDMS composites
by enhancing adhesion. Vinyltrimethoxysilane (VTMS) was
used as the coupling agent, and dibutyltin dilaurate (DBTDL)
was used as the curing agent [37], [38], [39].
The Ag-PDMS conductive paste sample was fabricated

using 65 wt% silver powder; OH-PDMS (0.2g), D4 (250µL),
ETMS, VTMS, and ATMS (10 µL each) were mixed by
magnetic stirring for 10 minutes at 210 rpm. The curing
agent DBTDL (5 µL) was added to the mixture and stirred
momentarily before a squeegee was printed onto the PDMS
substrate, as previously described in Section A. To create a

conductive strip that can strongly adhere to the stretchable
PDMS substrate, the entire package was then thermally cured
for 40 minutes at 60◦C. Unlike the approach provided in [37],
this study did not employ ultrasonication, that might break
the polymer chain and release heat, which will continually
speed up the curing process. As a result, the working window
time was shortened, particularly during the squeegee printing
process. Figure 4 illustrates the overall process of Ag-PDMS
conductive paste fabrication on the PDMS substrate sample.

FIGURE 4. Overall process of Ag-PDMS conductive paste sample
fabrication.

Usually, the conductivity parameters of copper cladding
on well-known rigid boards such as FR, Rogers, or Taconic
which are used for fabricating conventional antennas are
available from suppliers or even in the CST software library.
However, unlike the custom-made Ag-PDMS composite
paste used in this study, its conductivity needs to bemeasured.
Thus, the four-point collinear probe measurement method
was used to measure the Ag-PDMS conductivity in this
study, using the Keithley 4200A-SCS parameter analyzer
from Tektronix and the MPI TS50 manual probe system.
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The conductivity of Ag-PDMS conductive paste was
measured four times, and the resulting average was
6.58 × 106 S/m.

C. ANTENNA DESIGN
Firstly, a rectangular patch antenna was designed and simu-
lated at 3.5 GHz. A rectangular patch antenna namedAntenna
Step 1, made of a PDMS substrate with a thickness of 2 mm
and fully ground at the back with a conductive thickness of
0.1 mm. The overall dimension of Antenna Step 1 is shown in
Figure 7. The conventional geometry of a rectangular patch
antenna has certain limitations. It is inherently narrowband
and exhibits less ideal matching due to its resonant char-
acteristics. This is because the patch dimensions are finite
along the length and width, leading to fringing of fields at
the edges of the patch. The extent of fringing depends on
the patch dimensions and the substrate height [36]. When
electromagnetic waves are radiated or received by the rect-
angular patch antenna, they interact with the edges of the
finite-sized patch. This interaction causes the electric and
magnetic fields to extend or ‘‘fringe’’ beyond the physical
boundaries of the patch. The extent of this fringing effect
is influenced by the dimensions of the patch (length and
width) and the height of the substrate on which the patch
is mounted. The fringing of fields at the edges can affect
the behaviour of the antenna, such as its radiation pattern,
impedance matching, and bandwidth.

To address this issue, one approach is to design the antenna
with thicker substrates having a lower dielectric constant.
This choice offers several advantages, including improved
efficiency, a wider bandwidth, and loosely bound fields for
efficient radiation into space. However, a trade-off exists as
thicker substrates with lower dielectric constants result in
larger element sizes [40]. On the other hand, for microwave
circuitry applications, thin substrates with higher dielec-
tric constants are preferred. These substrates require tightly
bound fields to minimize unwanted radiation and coupling,
leading to smaller element sizes and better integration in
compact circuits [40].

Hence, for this research, the initial design of a rectangu-
lar patch antenna starts with the parameter study of PDMS
substrate thickness. The parameter study is to evaluate the
PDMS thickness at (1, 1.2, 1.4, 1.6, 1.8, and 2.0) mm. This
value is calculated by considering the fabrication process and
PDMS flexibility. The fabrication of PDMS with a thickness
of less than 1 mm is challenging (to make thin mould) as
the substrate could break easily when stretched. Meanwhile,
a substrate thickness of more than 2 mm will make PDMS
stiffer and less flexible.

Figure 5 shows the simulated reflection coefficient, S11
of patch antenna Step 1 at different substrate thickness. The
result indicates that the increase in substrate thicknesses
will increase antenna bandwidth and improve the impedance
matching of S11. Moreover, the gain of patch antennas
increases with the increase in substrate thickness, as shown in
Figure 6. It can be observed that, when the substrate thickness

increases, a volume of fringing effect occurs between the
edge of the patch and the ground plane, (which is a substrate
between the patch and ground) leading to better antenna
performance [41]. Since the fringing effect is reflected in
the effective dielectric constant, the parameters involved are
the width of the patch, the dielectric constant of substrate
and thickness of the substrate (by referring to equation 3).
In this set of observations, the best substrate thickness for
this proposed antenna Step 1 was 2 mm. The optimization
of patch length was conducted at every changing of substrate
thickness to get a centre frequency of 3.5 GHz. The patch
length is decreased by about 0.6 to 0.8% at every 0.2 mm
increases in PDMS thickness. This is due to the inherent
nature of microstrip antennas, as can be observed through
the utilization of equations (2), (3), and (4) [36]. Equation
(2) represents a method for determining the optimal width of
the patch, denoted as ‘‘W’’, which yields favorable radiation
efficiencies. This width is ascertained using the formula:

W =
c
2fr

√
2

εr + 1
(2)

FIGURE 5. Reflection coefficient, S11 of substrate thickness analysis.

FIGURE 6. Gain of substrate thickness analysis.

Here, C signifies the velocity of free space, fr denotes the
resonant frequency, and εr represents the dielectric constant
of the substrate material.

Moreover, equation (3) provides insight into the patch
length at the resonant frequency. This length, denoted as ‘‘L’’,
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FIGURE 7. Overall step of antenna proposed design (a) Front view
antenna Step 1 (b) Front view antenna Step 2 (c) Rear view antenna
Step 1 and 2 (d) Front view of substrate 1 (e) Front view of substrate 2
(f) Rear view antenna Step 3 (g) Front view of substrate 1 (h) Front view of
substrate 2.

FIGURE 7. (Continued.) Overall step of antenna proposed design (i) Small
PDMS blocks between substrate 1 and 2 (j) Rear view antenna Step 4.

is determined while accounting for the fringing field effect
and is given by:

L =
c

2fr
√

εeff
− 21L (3)

In equation (3), εeff corresponds to the effective dielectric
constant of the substrate material, which can be expressed as
per equation (4):

εeff =
εr + 1

2
+

εr − 1
2

 1√
1 + 12 h

W

 (4)

where, h signifies the thickness of the substrate. Additionally,
an additional parameter 1L is introduced due to the fringing
field effects at the radiating edge, and its value is calculated
according to equation (5):

1L = h0.412

(
εreff + 0.3

) (W
h + 0.264

)(
εreff − 0.258

) (W
h + 0.8

) (5)

With these equations in consideration, the substrate thick-
ness, h is nonlinear to the patch length, L. In other words,
the increase in substrate thickness will affect the effective
dielectric constant, εeff , which leads to a decrease in patch
antenna length. Additionally, for patch antennas, the length,
L of the element is usually λ0/3 ≤ L ≤ λ0/2 [36], and the
substrate thickness analysis (1 to 2 mm) resulted in the patch
length optimization being in the range as suggested.

Subsequently, in pursuit of enhanced antenna performance,
the design of Antenna Step 2 involves the integration of slits
along the right, left, upper, and lower edges of the rectangular
patch utilized in Antenna Step 1. Prior researchers have suc-
cessfully elevated impedance matching, bandwidth, and gain
through the application of slit antenna techniques [42], [43],
[44], [45]. The strategic implementation of slits on the patch
radiator contributes to an improved impedance match, par-
ticularly at higher frequencies. These introduced slits induce
modifications in the current distribution across the radiator,
consequently influencing current path lengths and impedance
at the input point [46]. Moreover, the incorporation of slits,
achieved by eliminating segments from the four edges of
the original rectangular patch, indirectly reduces the overall
patch dimensions and subsequently lowers production costs.
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Although applying the slits at the patch can improve the
reflection coefficient, S11 of antenna Step 1, the antenna’s
performance is still not satisfactory. Thus, for antenna Step 3,
an air gap was introduced between substrate 1 (1 mm
thickness) and substrate 2 (1 mm thickness) as shown
in Figure 7 (e) and (f). The top of substrate 1 contained a
patch antenna, and a fully ground antenna at the bottom of
substrate 2. Finally, to enhances the antenna’s performance,
step 4 was proposed. In antenna Step 4, the sawtooth partial
ground, and reflector were integrated while maintaining the
patch shape and air gap from Step 3. The first layer of the
substrate (1mm thick) contained an antenna patch at the front.
The second substrate (1 mm thick) had a sawtooth partial
ground at the top and was fully conductive at the back, acting
as a reflector. Small PDMS blocks were steak/glue between
substrates one and two to create an air gap of 1 mm thickness.
The size and placement of the PDMS block were finalised
by considering the overall size of the substrate. Nine PDMS
blocks, each measuring 10 × 10 mm, were extensively tested
extensively to provide adequate support for the first and sec-
ond substrates, creating an air gap between them. The PDMS
blocks were strategically positioned at the edges and middle
of the substrates to ensure a sturdy structure. Additionally,
extra PDMS blocks were placed at the bottom of the substrate
to support the placement of the SMA connector. Meanwhile,
the 1 mm thickness of PDMS substrate for each layer was
chosen for antenna 4 instead of 2 mm, which is to minimize
the antenna size and at the same time, providemore flexibility
during the stretching. Moreover, the fabrication of PDMS
substrates with thicknesses below 1 mm is more challenging,
and the substrate can easily break during stretching. Mean-
while, the fabrication of a PDMS substrate with a thickness
of more than 2 mm increases the stiffness and reduces the
flexibility of bending and stretching. Figure 7 shows the
overall steps of the proposed antenna design evolution.

1) REFLECTION COEFFICIENT AND GAIN ANTENNA
COMPARISON
The simulated reflection coefficient, S11 for the four-step
antenna design evolution is shown in Figure 8. Antenna
Step 1 produces the reflection coefficient, bandwidth and
gain of −19.89 dB, 285 MHz and 2.16 dBi respectively at
3.5 GHz. In Step 2, the reflection coefficient was improved up
to −30.19 dB but the bandwidth and gain slightly decreased
to 234 MHz and 2.14 dBi respectively. As illustrated in
Figures 8 and 9, the presence of an air gap in Step 3 can
enhance the reflection coefficient and gain up to −40.54 dB
and 5.80 dBi respectively. Air has a low permittivity and is
used as a substrate, consequently changing the volume of the
fringing effects, leading to an effective gain and reflection
coefficient [47].
Next, the integrated sawtooth partial ground and reflector

in Step 4 can enhance the reflection coefficient, S11 and
gain of -58.63 dB and 6.23 dBi respectively. The increase in
operative S11, when the sawtooth partial ground plane was

introduced is due to the distributed modulation of the distance
between the ground plane and the lower part of the patch.
Such modulation allows for a more effective electromagnetic
coupling between the ground plane and the patch, resulting
in better S11 [48], [49]. Meanwhile, the integrated reflector
at the back, helps redirect the radiated energy from back the
to the front. This can increase the power density in the front
lobe antenna, which can lead to a higher gain. The pres-
ence of a reflector in the microstrip patch increases the
gain of the antenna, which is consistent with the results
of other studies [50], [51], [52]. Although, the bandwidth
in Step 4 was slightly decreased to 234 MHz, it already
met the targeted results for the operating bandwidth for 5G
applications. Therefore, the antenna designed in Step 4 was
chosen for fabrication and the prototype antenna was tested
for validation.

FIGURE 8. Simulated reflection coefficient, S11 of antenna Step 1, 2, 3,
and 4.

FIGURE 9. Simulated antenna gain Step 1, 2, 3, and 4.

2) ANTENNA DIRECTVITY COMPARISON
Figure 10 shows the directivity of antenna steps 1, 2, 3, and
4 across the frequency range of 3.2 to 3.9 GHz. Antenna
Step 1 has an average directivity of 7.46 dBi and maximum
directivity of 7.54 dBi at 3.7 GHz. For antenna Step 2, the
average directivity was 7.77 dBi and the maximum directivity
was 7.92 dBi at 3.7 GHz. Meanwhile, for antenna Step 3, the
average directivity was 8.45 dBi and the maximum directivity
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was 8.66 dBi at 3.7 GHz. Meanwhile, the average directivity
and maximum directivity at 3.6 GHz for antenna Step 4 were
8.61 and 8.71 dBi, respectively. The increases in the directiv-
ity of the antenna from Step 1 to Step 4 was aligned with the
increased performance of the antenna reflection coefficient
and gain [36].

FIGURE 10. Simulated directivity of antenna Step 1, 2, 3, and 4.

3) RADIATION PATTERN COMPARISON OF ANTENNA STEP
1, 2, 3, AND 4
The comparison radiation patterns of antenna steps 1, 2, 3,
and 4 are plotted in the X-Z plane as shown in Figure 11.
It was observed that all the antenna steps operated in the
forward directional with a minor lobe at the back, which
is beneficial for wearable antenna applications. The major
lobe radiation pattern significantly increases from antenna
Step 1 to antenna Step 4. Meanwhile, the improved tech-
nique applied in designing antenna Step 2 up to antenna
Step 4 substantially reduced the back-lobe radiation. The
reduction of back-lobe radiation in wearable antenna applica-
tions significantly reduces the specific absorption rate (SAR)/
electromagnetic radiation towards the human body.

FIGURE 11. Simulated radiation pattern in X-Z plane of antenna Step 1, 2,
3, and 4.

4) SURFACE CURRENT COMPARISON
In general, a uniform distribution of current on the surface of
the patch antenna is desired, as it results in a more efficient

current flow, a better radiation pattern, and a higher gain [36].
The patch’s radiation is usually treated as radiation from two
magnetic dipoles located at each end of the patch. These
magnetic dipoles travel along the length of the slots and are
in phase with each other. However, not much radiates on
the sides of the patch compared to the gaps at the edges
of the patch. Most electrical currents are directly beneath
them on the underside of the patch and the ground plane,
as they are on the microstrip. The patch and ground currents
are close together and hidden in opposite directions by the
patch, which is why these currents do not radiate, as shown
in Figure 12 (blue region on the patch). Figure 12 depicts
the surface current distribution plot at 3.5 GHz for antenna
steps 1, 2, 3, and 4 based on the simulation. The results
show that the application of slits in Antenna Step 2 leads
to a more uniform surface current distribution on the edges
of the patch antenna compared to Antenna Step 1, which
exhibits green and yellow areas on the edges. Furthermore,
Antenna Step 3 demonstrates improved suppression (more
blue colour) at the edges of the patch owing to the inclusion
of an integration air gap between the patch and ground.
Finally, the implementation of a sawtooth partial ground and
reflector in Antenna Step 4 effectively filters the undesired
surface current by achieving a matching impedance between
the upper sawtooth partial ground and the lower part of the
patch. Antenna Step 4 exhibits a larger suppression area
around the edges of the patch compared to the other Antenna
Steps, indicating a more uniformly distributed current.

FIGURE 12. Simulated surface currents of antenna (a) Step 1, (b) Step 2,
(c) Step 3, and (d) Step 4.

D. ANTENNA FABRICATION
After evaluating the simulated performance, the antenna
design in Step 4 was deemed the most optimal and was thus
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selected as the final design. The antenna was subsequently
fabricated to facilitate experimental verification. Because the
fabrication process for the proposed antenna is completed
in-house and requires manual customization, additional pre-
cautions are necessary due to the use of potentially hazardous
chemicals. Initially, the PDMS substrate was fabricated using
a method similar to the PDMS preparation sample outlined in
Section II-A, with the exception of using a mould size larger
than the sample mould size. Consequently, more time was
required to extract air bubbles from the PDMS substrate.

Additionally, the fabrication process for the silver (Ag)
conductive paste is applied using a process similar to that
detailed in Section II-B, which outlines the fabrication of
conductive material samples. During this process, a cutting
printer (Silhouette Cameo 3) was used to cut transparent
stickers with a thickness of 0.1 mm, which functioned as
stencils. The proposed antenna design is exported from CST
accordingly, and the patch antenna dimensions are transferred
to Silhouette Studio printer software for the cutting process.
The cut patch antenna dimension stickers are then placed
on the PDMS substrate to squeegee print the silver paste,
with the stencil sticker removed once the squeegee has been
printed and is ready for curing. The same technique was
applied to the squeegee print of conductive paste on the
ground plane antenna.

An SMA connector, also known as a SubMiniature version
A connector, was employed to connect the patch antenna
to the edge feed line. The silver conductive epoxy adhesive
8330S, sourced fromM.G. Chemicals in Canada, was utilized
as an adhesive between the SMA and the antenna. This adhe-
sive comprises two components, silver, and adhesive, which
are mixed in equal proportions as depicted. Subsequently,
the entire antenna assembly was thermally cured at 65◦C
for two hours to enhance the SMA’s adhesion to the stretch-
able antenna. Figure 13 shows the manufactured prototype
antennas.

FIGURE 13. Fabricated antenna prototype Step 4 (a) front view and
(b) back view.

Surface roughness in patch antenna design can have a
significant impact on antenna performance. Research studies
[53], [54], [55] have shown that surface roughness affects the
conductivity of both the patch and the ground used in antenna
construction, leading to potential degradation in overall

performance. Specifically, surface roughness can consider-
ably reduce the antenna’s efficiency and gain [54], adversely
affecting its ability to radiate and receive electromagnetic
waves effectively. Studies conducted at millimeter-wave fre-
quencies [55] have revealed that surface roughness has a
particularly noteworthy effect on antenna arrays, resulting in
increased antenna losses and reduced efficiency and gain. The
degradation caused by surface roughness can have a more
substantial impact on high-frequency antennas compared to
those operating in the lower or middle bands. One key reason
for this difference lies in the relative size of the antenna com-
ponents with respect to the wavelength at different frequency
ranges. At lower or middle frequencies, the wavelengths are
longer, and the physical size of the patch antenna becomes
relatively larger as well. Consequently, the impact of surface
roughness on the patch’s surface becomes less significant in
terms of wavelength fractions. Conversely, at higher frequen-
cies, the wavelengths are shorter, and the physical size of the
patch antenna is relatively smaller, making it more sensitive
to even minor irregularities on the surface. It is important
to highlight that the proposed antenna in this research is
designed to operate in the middle frequency range, thus, the
surface roughness at the patch and ground will have less
impact on antenna performance compared to the millimeter
wave antenna.

III. RESULT AND DISCUSSION
This section discusses the analysis of the performance of
the Step 4 prototype antenna concerning the reflection coef-
ficient, S11, gain, directivity, and radiation pattern under
normal (flat), stretching, and bending conditions.

A. SIMULATED AND MEASURED ANTENNA
The simulated and measured reflection coefficient, S11 of
the antenna in Step 4 is shown in Figure 14. The measured
antenna prototype was shifted to high frequencies (3.54 GHz)
with a slightly decreased bandwidth of 220 MHz compared
to the simulated 234 MHz. The shifted frequency of the
prototype antenna was due to the manual process employed,
some thickness variation of PDMSwas inevitable, and the use
of glue to combine substrates 1 and 2 was not considered in
earlier simulations. However, the S11 of the prototype antenna
is in good agreement with the targeted bandwidth of 5G
applications.

To verify the discrepancies between the simulated and
measured results, antenna Step 4 was redesigned and simu-
lated by considering the existence of thin glue layers between
the substrates. The electrical properties of the UHU glue used
in antenna Step 4 were measured using a performance probe
(Keysight 85070E), resulting in dielectric constants and loss
tangents of 8.44 and 0.11, respectively at 3.5 GHz. Since the
thickness of the glue is uncertain and the value cannot be
determined accurately, hence, the analysis of the thickness of
the glue; (Tg1 and Tg2) varies between 0 (no glue) to 0.1, and
0.15 mm, as shown in Figure 15.
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FIGURE 14. Simulated and measured reflection coefficient, S11 of
antenna Step 4.

FIGURE 15. Illustration of antenna Step 4 with glue layers thickness of
Tg1 and Tg2.

The reflection coefficient results of the re-simulated
antenna in Step 4, with the varying existence of glue lay-
ers Tg1 and Tg2 are shown in Figure 16. It cleared the
shifted frequency of the measured prototype antenna result
was mainly due to the existence of thin glue layers between
the substrates. The existence of glue on substrates 1 and 2
(Tg1 and Tg2 = 0.15 mm) was in good agreement with the
measured prototype antenna.

FIGURE 16. Simulated reflection coefficient of Antenna Step 4 when
varying glue thickness Tg1 and Tg2.

Meanwhile, the measured maximum gain and directivity
of the prototype antenna (at 3.45 GHz) were 6.38 dBi and
7.69 dBi, respectively, which are in agreement with the sim-
ulated 6.23 dBi and 8.69 dBi, respectively. Figure 17 shows
the simulated and measured normalised radiation patterns of
the antenna in Step 4. The main lobe in the upper graph of the
X-Z plane implies that the antenna radiation was dominant at

the front of the antenna patch with minor lobe radiation at
the back. The small lobe radiation at the back is a good deal
for wearable antennas consider the specific absorption rate
(SAR), radiation must be low for human safety.

FIGURE 17. Simulated and measured radiation patterns of the antenna
Step 4 (a) X-Z plane and (b) Y-Z plane.

B. STRETCH ANALYSIS
The stretch analysis for antenna Step 4 was conducted at
the 10% and 20% stretch levels. A mechanical test was per-
formed on the antenna prototype using a fixture, as shown in
Figure 18 (a). The reflection coefficient of the stretch analysis
for Antenna Step 4 is presented in Figure 18 (b). As expected,
stretching the prototype antenna increased the patch length,
resulting in a lower resonant frequency due to the nature of
the microstrip patch antennas. This phenomenon is consistent
with equation (6) [37], which relates the resonant frequency
(fr) of the antenna to the free space velocity (c), patch length
(L), and effective dielectric constant (εeff). The empirical
analytical equation used in previous studies [56], [57], [58]
shows that the resonance frequency is inversely proportional
to the electrical length along the direction of the current flow
on the patch antenna. Therefore, an increase in the electrical
size of the antenna stretching results in a longer wavelength
and a lower resonant frequency.

fr =
c

2L
√

εeff
(6)

Figure 19 shows the directivity and gain measurements of
the stretch antenna in step 4. The directivity and gain of the
unstretched antenna are 7.96 dBi and 6.38 dBi, respectively.
As the antenna is stretched to 10% and 20%, the directivity
and gain values slightly decrease to 7.58 dBi and 5.75 dBi,
respectively, and 7.42 dBi and 5.62 dBi, respectively. The
reduction in antenna performance during stretching is primar-
ily due to the piezoresistive effect. When mechanical strain is
applied, the electrical resistivity of the material changes.

Consequently, the conductive pathways in the material are
disrupted, causing separation of the conductive filler and
decreased conductivity [37]. Disruption of the conductive
path decreases the conductivity during stretching, as demon-
strated in several studies [35], [59], [60]. This decrease in
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FIGURE 18. (a) Fixture to stretch the prototype antenna and (b) Measured
reflection coefficient, S11 of antenna stretching.

conductivity negatively affects the gain and directivity per-
formance of the antenna [27].

Figure 20 depicts the normalised radiation patterns of the
prototype antenna under the influence of stretching. The radi-
ation patterns of the stretched antenna exhibit a high degree
of similarity to those of the unstretched antenna in terms of
forward directivity radiation, with a minor lobe located at the
back. Notably, the minor lobe of the stretched antenna exhib-
ited a marginal reduction. Stretching of the antenna causes
a considerable decrease in the back-lobe radiation, which
leads to a reduction in antenna gain and a corresponding
decrease in radiating power, resulting in a smaller amount
of radiation at the back. Hence, this explains the significant
drop in directivity and the significant reduction in back-lobe
radiation when the antenna is stretched.

FIGURE 19. Measured of directivity and gain of prototype antenna during
the stretching.

C. BENDING ANALYSIS
To emphasize the suitability of the prototype antenna for
conformal wearable systems, it was tested at various bending
angles. This was achieved by wrapping the wearable antenna
around a plastic cylinder to model the bending that would
occur when the antenna was deployed on a human arm,
as depicted in Figure 21 (a). The antenna bending analysis
covered angles of 21◦, 30◦, and 40◦, taking into account

FIGURE 20. Measured radiation patterns of the prototype antenna
stretching (a) X-Z plane and (b) Y-Z plane.

variations in human arm sizes for adults, teenagers, and chil-
dren [61]. Each of these bending angles was analyzed four
times, and the average value was considered as the result for
each angle. The angles of the antenna bends reflected on the
cylinder circumferences, which were selected based on being
closed to midarm circumferences size group as tabulated in
Table 1. The outer radius and circumference of the cylinder
can be calculated using equations (7) and (8), respectively.

S = rθ (7)

C = 2r (8)

The parameters for determining the antenna arc length
involve S, the length of the arc, r, the radius of the circle, r, the
central angle measured in radians, and C, the circumference
of the cylinder or human arm. As the antenna was designed
to bend along the X-axis, its width was considered for com-
puting the arc length, as illustrated in Figure 21 (b).

FIGURE 21. (a) Antenna prototype bent and (b) Cylindrical- rectangular
patch cavity model for patch antenna bent on cylinder surface.

The measured reflection coefficient, S11, of the antenna
bent at different angles is shown in Figure 22. From the
observation, the operating frequency of the bent antenna was
shifted to a lower frequency as the antenna’s bent angles
increased. However, all shifted frequencies are in good agree-
ment and operate in the 5G band as shown in Figure 22.

The impact of antenna bending on S11 can be understood
through the application of the cylindrical-rectangular cavity
theory. Elrashidi et al. [41], [62] presented the resonance
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FIGURE 22. Measured reflection coefficient of antenna bending.

TABLE 1. The calculation of circumferences and angles of cylinder related
to the midarm circumferences size [61].

FIGURE 23. Cylindrical-rectangular cavity model for patch antenna bent
on cylinder surface [63].

frequency modulation of conformal antennas caused by their
curvature in this theory, which is denoted by:

(fr )mn =
1

2
√

µε

√( m
2θa

)2
+

( n
2b

)2
(9)

In Figure 23, the parameters for the patch antenna are
defined as follows: µ represents the magnetic permeability,
ε is the electric permittivity, 2θ is the angle that bounds the
width of the patch, a is the radius of the cylinder, and 2b is
the length of the patch antenna due to its bend in the H plane
(longitudinal). The parameters m and n represent the number
of mode orders for the transverse magnetic wave TMmn
for H-plane bending and the transverse electric wave TEmn
for E-plane bending [63]. Analytical equation (9) demon-
strates that the angle θ of the antenna bending is not directly
proportional to the resonance frequency. This explains why
increasing the bending angle resulted in a decrease in the

resonant frequency. Moreover, the curvature of the antenna
creates an extended fringing field, that affects the resonance
frequency, as referenced in [64]. The shift of the antenna
bending towards a lower frequency is consistent with findings
from other studies [26], [32], [66].

FIGURE 24. Measured directivity and gain of antenna bending.

The measured directivity and gain of the antenna bends are
shown in Figure 24. The directivity of the antenna without
a bend was 7.96 dBi and slightly decreased to 7.47 dBi,
7.02 dBi, and 6.88 dBi when the antenna was bent at 21◦,
30◦, and 40◦, respectively. A similar decreasing pattern hap-
pens to the gain when antennas are bent (0◦

= 6.38 dBi,
21◦

= 5.47 dBi, 30◦
= 5.32 dBi, and 40◦

= 5.18 dBi).
This result indicates that the decrease in directivity when the
antenna is bent leads to a gain loss. The ground antenna was
situated in the centre, sandwiched between a front patch and
a back reflector. This arrangement resulted in the reflection
of energy becoming confined within the bending region,
as opposed to a flat antenna where the reflector plane can
reflect the energy back to the front with greater efficiency.
Additionally, the patch antenna is near the ground when it
is bent, causing a fair amount of energy to couple into the
ground, resulting in a decrease in energy propagation and gain
loss [67].

FIGURE 25. Measured radiation patterns of the prototype antenna
bending (a) X-Z plane and (b) Y-Z plane.

The normalised radiation patterns of an antenna under-
going bending in both the X-Z and Y-Z planes are shown
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TABLE 2. Previous reported polymer base wearable antennas comparison with proposed antenna.

in Figure 25. The observed radiation patterns indicate that
the bent antenna performs similarly to the unbent antenna,
with the exception of a slightly larger back lobe resulting
from the curvature of the antenna in the H-plane towards the
rear. The primary front lobe of the antenna remains good
under all bending conditions, indicating that most of the
energy is propagated from the front patch of the antenna,
which is beneficial for wearable antenna applications.

FIGURE 26. Simulated SAR value for 1g tissue.

D. SPECIFIC ABSORPTION RATE (SAR) ANALYSIS
As the wearable antenna was incorporated into the
human body, its safety was investigated. To conduct this

investigation, specific absorption rate (SAR) analysis was
simulated using CST software. This analysis involved the
utilization of Hugo human model tissue, with the antenna
positioned on the centre arm, as shown in Figure 26. The SAR
parameter is a defined measure for assessing the quantity of
electromagnetic (EM) power generated by an antenna that
is absorbed by human tissue, where SAR is expressed in
units of watts per kilogram (W/kg) [67]. The Institute of
Electrical and Electronics Engineers (IEEE) defines SAR as
the time derivative of the incremental energy (dW) absorbed
by dissipation in an incremental mass (dm) contained in a
volume (dV) of a given density (ρ) [69], [70]. This can be
expressed through the use of equation (10) [68], [70].

SAR =
d
dt

(
dW
dm

)
=

d
dt

(
dW
ρdV

)
(10)

In accordance with the relationship between absorbed
power, sample volume, andmass density (whereW represents
absorbed power, V represents sample volume, and ρ rep-
resents mass density), numerical values were calculated for
the maximum specific absorption rate (SAR) using the CST
software. At 1g of tissue, the maximum SAR was determined
to be 0.42 W/kg, while at 10g of tissue, the maximum SAR
value was 0.19W/kg. The slightly higher SAR value for 1g of
tissue can be attributed to the fact that SAR absorption levels
are dependent on the surface area. Specifically, the SAR for
10 g of tissue is distributed over a larger surface area, resulting
in a lower density of radio frequency (RF) energy throughout
the area. Both analyses revealed SAR values beingwell below
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the maximum limits of 1.6 W/kg for 1g of tissue and 2 W/kg
for 10g of tissue, which are established in IEEE standards
for human exposure to radio frequency electromagnetic fields
spanning the range of 3 KHz to 300 GHz (IEEE standard
C95.1-1991) [68].

E. COMPARATIVE ANALYSIS OF PUBLISHED WORK
PERFORMANCE AND PROPOSED ANTENNA
Table 2 provides a comparison between the proposed antenna
and other wearable antennas in terms of conductivity, band-
width, directivity, gain, and flexibility. The proposed antenna
used an Ag-PDMS composite material with the highest con-
ductivity value as well as could stretch and bend along the
PDMS substrate material. This level of flexibility is not avail-
able for other wearable antennas that are limited to bending
or stretching.

In addition, the proposed wearable antenna is the first to
use an air gap between the substrates, which is achieved by
integrating small PDMS blocks. This design, along with a
sawtooth partial ground and reflector at the back, results in
a gain of 6.38 dBi, which is the highest among the antennas
compared. The proposed antenna was also tested for stretch,
bending, and specific absorption rate (SAR) analysis and was
found to be suitable for 5G wearable device applications.
The size of the antenna (60 × 60 mm) is reasonable and can
be easily attached to the human body. Overall, the proposed
antenna has significant advantages over other wearable anten-
nas in terms of conductivity, flexibility, and gain, making it a
promising option for 5G devices.

IV. CONCLUSION
The focus of this study was to develop, design, analyse,
and build a prototype of a wearable patch antenna for 5G
electronic applications at 3.5 GHz, using a conductive silver
paste based on a polymer composite as the antenna mate-
rial. To achieve a flexible and compact wearable antenna,
different silver weight percentage compositions of the silver
conductive polymer composites were investigated. The use
of a custom-made silver composite as a conductive antenna
is promising for various research areas, not only wireless
communication.

Initially, a conventional microstrip patch antenna was
designed and analysed using the measured electrical prop-
erties of the conductive silver paste based on a polymer
composite with a conductivity of 6.58 × 106 S/m. Subse-
quently, the antenna was enhanced by implementing small
polydimethylsiloxane (PDMS) blocks between the substrates
to create an air gap, adding a sawtooth partial ground, and
adding a reflector at the back. This resulted in improved
stretchability, bandwidth, and gain of up to 20%, 13.65%, and
6.38 dBi, respectively.

The proposed antenna was also subjected to mechanical
stretch and bending analysis, which yielded results that were
consistent with those of other studies. Moreover, the stretch-
ing and bending of the antenna maintained resonance in
the 5G bandwidth with a high gain compared to previous

wearable antennas. Finally, the preliminary specific absorp-
tion rate (SAR) of both antennas was analysed for safety
purposes. The simulated SAR values for the antenna were
within the safety limits for human exposure to electromag-
netic frequencies.

The integration of an air gap substrate, partial ground, and
reflector onto a microstrip patch antenna, as well as the use
of silver paste based on polymer composites, has a significant
impact on improving antenna performance, especially gain.
The analyses of stretch, bending, and SAR also revealed
competitive results for wearable antennas that can be inte-
grated with upcoming 5G electronic devices. For future work,
certain considerations must be taken into account, particu-
larly when fabricating the antenna prototype. It is essential
to measure the parameters of all the materials used in the
antenna prototype before designing the antenna in simulation,
as the choice of materials significantly affects the antenna’s
performance.
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