
1. Introduction
The nature of smart materials has inspired re-
searchers to improve the development of smart poly-
mers in recent years. Smart materials can be defined
as materials that incorporate the functions of sensing,
actuation, and control [1, 2]. A review [3] has clas-
sified smart polymer nanocomposites (SPN) into sub-
categories; stimuli-active polymers [4, 5], shape mem-
ory polymer [6–8], smart electrorheological (ER) and
magnetorheological (MR) polymer [9, 10], self-heat-
ing polymer [11–13], self-healing polymer [14, 15],
self-cleaning polymer [16, 17], self-sensing polymer
[18, 19], energy-harvesting, and energy storage poly-
mer [20–22]. Furthermore, the applications of SPNs
are widely used in sensors and actuators [23, 24], air-
craft and aerospace [25–27], stretchable electronics

[28–30], wearable electronics, and smart textile ap-
plications [31–34].
This study mainly focused on the development of
stretchable and flexible polymer wearable antenna
for 5G applications. 5G wearable antennas offer a
wide range of usage in people’s daily lives. Which
include medical applications in addition to wrist-
watches, exercise bands, and augmented reality
glasses [35–37]. In addition, a wearable antenna has
been used as a medium for  transferring data in
healthcare to monitor patient`s critical health condi-
tions, military, as well as for rescue operations [38–
40]. Such antennas are mainly attached to the body
for a wireless body sensor network, which requires
specific considerations, such as lightweight, flexibil-
ity, robustness, ease of integration, and comfortable
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to the user, as opposed to rigid conventional anten-
nas. Therefore, the material chosen is the main key
in designing a wearable antenna. For example, fabric
materials, such as felt, cotton, and denim, are used as
antenna substrate, while the conductive fabric,
Shieldit Super, and copper sheet are used as a patch
and ground of the antenna [41–43] to offer flexibility
but is non-stretchable. Thus, polydimethylsiloxane
(PDMS) as a substrate has become a popular choice
for research purposes, as it offers flexibility and
stretchability, subsequently providing a higher de-
gree of freedom or control of user movements. How-
ever, previous work by [44, 45] used PDMS substrate
embedded with conductive fabric while [46–48]
used PDMS-copper foil, which is rigid conductive
that will limit the stretchability. Hence, this study used
conductive silver-PDMS (Ag-PDMS) formulated
paste so it can stretch and be strongly embedded on
the PDMS substrate antenna without cracking when
subjected to mechanical deformation, such as stretch-
ing or bending. On the other hand, the wearable an-
tenna always faces some common problems when at-
tached to the body, where the antenna structure simply
deforms to the shape and movement would affect the
antenna performance. Therefore, this study also per-
formed an analysis on the wearable antenna in stretch-
ing and bending conditions, resulting in the reflec-
tion coefficient S11, bandwidth, radiation pattern,
directivity, gain, and specific absorption rate (SAR).

2. Methodology
2.1. Substrate sample preparation
Sylgard 184 (PDMS) consisted of two parts (base
and curing agent) and was in a liquid form in its ini-
tial stage that was used as a substrate. The substrate
sample of 40×40×2 mm3 was prepared by mixing
the two parts in the ratio of 10:1 as suggested by the
material provider company [49]. This ratio has also
been used by another researcher as a substrate, and
it showed good stiffness when stretching, rolling,
and twisting [50]. After it was well mixed, the sam-
ple was treated under vacuum suction to remove air
bubbles and subsequently cured under thermal cur-
ing at 100 °C over 35 minutes. The dielectric con-
stant, εr′, of the substrate was measured using a
Keysight 85075E dielectric probe kit from Keysight
Technologies at 3.5 GHz, which was 2.74. The de-
tails of the parameters obtained are shown in Table 1.
The dielectric changed depending on the frequency,
temperature, mixture, orientation, pressure, and

molecular structure of the material. The dielectric
constant, εr′, is a measure of how much energy was
stored in a material from an external electric field
and the ability of a material to be polarized by an
electric field [51]. The loss factor, εr″, is a measure
of how lossy or dissipative a material is to an exter-
nal electric field, also known as the imaginary part
of the permittivity [52, 53]. The interactions of elec-
trical property through complex relative permittivity
of the material, εr, is defined as Equation (1) [54]:

(1)

The electric loss tangent, tan δ, of the material was
also named the dissipation factor, which signified the
ratio of the imaginary part (energy loss) to the real
part (energy stored) of the complex permittivity, as
defined in Equation (2) [54]. All of these parameters
are important in formulating and designing the mi-
crostrip patch antenna:

(2)

2.2. Conductive silver paste preparation
Applied materials
Five different silver fillers (40, 50, 60, 65, and 70 wt%)
were prepared. The silver powder size was 2–3.5 µm.
The poly(dimethylsiloxane) hydroxyl (OH-PDMS)
that was terminated with an average molecular weight
(Mn) of 110·10 g/mol and viscosity of 50·103 cSt,
cyclotetrasiloxane (D4) functioned as an intermedi-
ate, (3-glycidyloxypropyl)-trimethoxysilane (ETMS)
and (3-trimethyloxysily) propyl methacrylate (ATMS)
functioned as additives, vinyltrimethoxysilane (VTMS)
functioned as a coupling agent, and dibutyltin dilau-
rate (DBDL) functioned as a curing agent. All the
materials above were purchased from Sigma Aldrich
(USA), except for D4, which was a gift from Penchem
Technologies Sdn. Bhd. (Penang, Malaysia).

The fabrication of conductive paste
The OH-PDMS (0.2 g), D4 (250 µl), ETMS, VTMS,
ATMS (10 µl each), and Ag powder fillers (40, 50,
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Table 1. The parameters of the substrate (PDMS).
Parameter Value

Frequency, f                     [GHz] 3.5
Dielectric constant, εr′ [–] 2.74
Dielectric loss factor, εr″ [–] 0.157
Loss tangent, tanδ [–] 0.057



60, 65, and 70 wt%) were mixed using a magnetic
stirrer 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 prepared earlier in Section 2.1.
The entire package was then thermally cured for
40 minutes at 60 °C to create a conductive strip that
can strongly adhere to the stretchable PDMS sub-
strate. It must be noted that unlike the method pre-
sented in [50], this paper did not use ultrasonication;
as it can break the polymer chain and produce heat
that will speed up the curing constantly, thus, caus-
ing a reduced working window time, especially dur-
ing the squeegee printing process. Figure 1 shows
the five Ag samples of filler: 40, 50, 60, 65, and
70 wt%. High-resolution patterns can be achieved
when Ag fillers between 40–65 wt% are used, as the
composite does not flow after removing the stencil
due to its high viscosity. However, 70 wt% was the
most viscous paste in this group and was difficult to
spread thinly, rendering it unsuitable for printing use.

The measurement of the conductivity
The four-point collinear probe measurement method
was done using a Keithley 4200A-SCS parameter
analyser from Tektronix (Beaverton, USA). This tech-
nique involves four equally spaced probes in contact
with a material of unknown resistance. The two outer
probes are used for sourcing current, and the inner
probes are used for measuring the resulting voltage
drop across the surface of the sample material. The
volume resistivity obtained using Equation (3) [55]
has been programmed in the measurement setup:

(3)

where ρ is the volume resistivity [Ω·cm], V is the
measured voltage [V], I is the source current [A],

and t is the sample thickness [cm]. Therefore, the
conductivity, σ, of the material can be calculated
using Equation (4) [55]:

(4)

The measured conductivity at different wt% is pre-
sented in Figure 2, which resulted in the high con-
ductivity value compared to other studies [50, 56–
59]. The high threshold loading is attributed to the
increased conductivity of composite, where the fillers
form a continuous network within polymeric matri-
ces and perform better electrical properties. This sce-
nario is similar to that reported in other works [50,
60, 61]. However, apart from the filler loading, the
type of materials, size and concentration of rein-
forcements, dispersion of fillers within a polymeric
matrix, and processing techniques also governed the
electrical properties of the polymer composite [62].

2.3. Antenna design and fabrication
The microstrip patch antenna was designed at
3.5 GHz for 5G application using Equations (5)–(8)
[63]. W is the width, and L is the length of the patch
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Figure 1. Ag-PDMS paste with different Ag filler loading and 70 wt% Ag is not fabricated due to the high viscosity.

Figure 2. Variation of conductivity at different Ag weight
percentages.



antenna calculated using the measured parameter
material from Table 1 (Equations (5) and (6)):

(5)

(6)

where c is the free space velocity, fr is the resonant
frequency, and εr is the dielectric constant of the sub-
strate. By considering the fringing field effect, the
width and length of the patch at the resonant fre-
quency were determined using Equations (5) and (6),
respectively. The εeff is the effective dielectric con-
stant of substrate material which can be defined as
Equation (7):

(7)

where h is the substrate thickness, while the addi-
tional ΔL is caused by the fringing field at the radi-
ating edge, given by Equation (8):

(8)

The initial parameters obtained from the calculated
formula were then used to design, simulate, and op-
timise the rectangular patch antenna using Computer
Simulation Technology (CST) software before being
fabricated as a prototype. A 65 wt% Ag was used as
conductivity (σ = 6.58·106 S/m) for the antenna patch
and ground. Meanwhile, the dielectric constant, εr′ =
2.74, and loss tangent, tan δ = 0.057, at 3.5 GHz of
PDMS are used as substrates. The optimised dimen-
sions of PDMS substrate were 60×60 mm2 with a

2 mm thickness, fully ground at the back with a
0.1 mm thickness, and the patch antenna was
39×24.15 mm2 with a 0.1-mm thickness. The detailed
dimension of the proposed antenna is illustrated in
Figures 3a and 3b.
The fabrication of the prototype antenna applied a
similar process as the fabrication of the conductive
sample illustrated in Sections 2.1 and 2.2. A cutting
printer, Silhouette Cameo 3, was used to cut trans-
parent stickers at 0.1 mm thickness (acting as a sten-
cil) accordingly, which followed the patch antenna
dimension. The cut patch antenna dimension stickers
were then placed on the PDMS substrate to squeegee
print the silver paste. The stencil sticker was re-
moved after the squeegee was printed and ready for
curing. The same technique was applied to print the
conductive paste and ground plane antenna. A coax-
ial cable-type radio frequency (RF), also known as
SubMiniature version A (SMA), was connected to
the edge feed line of the patch antenna. The silver
conductive epoxy adhesive 8330S obtained from
M.G. Chemicals (Burlington, Canada) consisted of
two components, silver and adhesive were mixed in
equal amounts before being applied as an adhesive
between the SMA and antenna. The whole antenna
package was then thermally cured at 65 °C for two
hours to provide an SMA for strong adherence to the
stretchable antenna. The fabricated prototype of mi-
crostrip patch wearable antenna are illustrated in
Figures 3c and 3d.

3. Experimental results and discussion
3.1. Antenna simulation vs. prototype
The simulated PDMS antenna performances using
CST software were compared with the prototype. The
reflection coefficient, S11, for the prototype antenna
was obtained using a N5245A type vector network
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Figure 3. Dimension and prototype of the rectangular patch antenna: a) top view dimension; b) side view dimension; c) top
view patch antenna (prototype); and d) back view ground plane antenna (prototype).



analyzer (VNA) from Agilent Technologies inc.
(Santa Clara, USA). The antenna tested was connect-
ed to the VNA port 1 via coaxial cable to measure
the S-parameters (S11), resonant frequency, and
bandwidth. Figure 4a shows the comparison of S11
between the simulated and measured antennas. The
antenna performed best when the S11 was below –
10 dB, where 90% of the power was transmitted, and
the bandwidth was calculated from the lower frequen-
cy to the upper frequency of S11 < –10 dB [63]. The
measured resonant frequency prototype antenna was
3.5 GHz, which was similar to the simulated value.
However, S11measured (–22.32 dB) was better than
the simulated (–19.89 dB), indicating that the fabri-
cated antenna was better matched with 50 Ω input
impedance [64]. The bandwidth for the simulated
and measured antenna was 285 and 196 MHz, respec-
tively. The measurements of the prototype antenna

radiation pattern, directivity, and gain were done
using an anechoic chamber and Programmable Net-
work Analyser PNA (E83268) from Agilent Tech-
nologies (Santa Clara, USA). Figure 4b illustrates the
plotted normalized radiation pattern simulated and
measured in the x-z plane. The main lobe in the upper
graph (Figure 4b) implied the antenna was operated
in a directional pattern at the front antenna and minor
lobe radiation at the back. The three-dimensional
(3D) simulated radiation pattern in Figure 4c showed
as 360° angle of the antenna radiation properties as
a function of space coordinated in terms of directivity
strength. The directivity of the simulated and meas-
ured antenna was 7.45 and 7.7 dBi, respectively. The
directivity of an antenna is defined as the ratio of the
radiation intensity in a given direction from the an-
tenna to the radiation intensity averaged over all di-
rections [63]. The performance of the antenna can also
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Figure 4. a) Reflection coefficient, S11 simulated and measured; b) normalized x-z plane of radiation pattern simulated and
measured; and c) 3D simulated radiation pattern of the simulated and measured antennas.



be measured by the gain that represents the efficiency
of the antenna operating at the desired resonant fre-
quency. The antenna gained in this work for simulated
and measured was 2.16 and 2.61 dBi, respectively,
which had a similar gain average (1–3 dBi) with other
reports that used PDMS as  a substrate [44, 48, 65].

3.2. Antenna stretching analysis
A mechanical test of stretching the antenna prototype
was carried out using the fixture, as illustrated in
Figure 5. The stretch analysis was performed at 5 and
10% stretch for the simulated and measured. During
stretching, the antenna length will increase, and the
thickness will decrease consequently. Meanwhile,
the width and volume of the antenna were fixed ei-
ther with the antenna stretched or not. Thus, by using
the volume formula (volume = width × length × thick-
ness), a new dimension of the antenna stretch can be
obtained. The antenna was then redesigned in the CST
software by increasing the length from the original

size to 5 and 10% stretch, as well as decreasing in
thickness accordingly. Figure 6a shows the simulated
and measured resonance frequency that shifted to the
lower frequency when the antenna was stretched.
Apparently, the effect of stretching the antenna that
led to the decrease in resonant frequency is expected
due to the nature of the microstrip patch antenna.
This corresponds to Equation (9) [50]:

(9)

where fr is the resonant frequency, c is the free space
velocity, L is the patch length, and εeff is the effective
dielectric constant. The observation is consistent with
previous studies [66–68], where an empirical-ana-
lytical equation showed that the resonance frequency
varies inversely proportional to the electrical length
along the direction of current flow on the patch an-
tenna. In other words, as the total electrical size of
the antenna stretching increases, the wavelength will
increase accordingly, resulting in a lower resonant
frequency.
The directivity and gain of the antenna stretching are
presented in Figure 6b. In the initial state (0% stretch-
ing), the measured directivity antenna was 7.7 dBi and
stretching 5 and 10% along its x-axis resulting in a
significant decrease to 7.6 and 7.46 dBi, respectively.
The same pattern occurred to antenna gain, where the
measured antenna without stretching, 2.62 dBi, slight-
ly declined to 2.29 and 2.09 dBi when the antenna
stretched at 5 and 10%, correspondingly. The decrease
in antenna performance during stretching is mainly
because of the piezoresistive effect. In this condition,
the electrical resistivity of the material changed when
a mechanical strain was applied. During stretching,
dislocation of the conductive filler breaks the con-
ductive pathways causing separation of the conduc-
tive filler further from each other, which resulted in
decreased conductivity [50]. The destruction of the
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Figure 5. Fixture to stretch the prototype antenna.

Figure 6. a) Reflection coefficient, S11 of antenna stretching. b) Directivity and gain of antenna stretching.



conductive path leads to a decrease in conductivity
at the onset of stretching, which is also shown in sev-
eral studies [60, 69, 70]. Consequently, the decrease
of conductivity when the antenna is stretching affect-
ed the reduction of antenna gain performances [71].
Figure 7a illustrates the plotted normalized radiation
pattern of antenna stretching simulated, and meas-
ured results are in good agreement. The antenna
measured radiation behaviour during stretching
showed a forward directivity, similar to the antenna
without stretching. Meanwhile, there was an in-
significant difference in the 3D radiation pattern
when the antenna was stretching (Figure 7b).

3.3. Bending analysis
Ideally, the wearable antenna should be attached to
the user’s forearm. Consequent to the flexibility of

the antenna, some antenna deformation is expected.
For this reason, the antenna bending analysis was
measured at three different angles (21, 30, and 40°),
as there are different arm sizes for adults, teenagers,
and/or children [72]. A cylinder structure was used in
the CST simulation to bend the antenna as a repre-
sentative model of the human arm. The outer radius
of the cylinder can be calculated using Equation (10):

(10)

where S is the arc length, r is the radius of the circle,
and θ is the measured central angle in radian. Since
the antenna was made to bend along the x-axis, the
antenna’s width was used in the calculation as the
arc length, as shown in Figure 8a. The antenna bent
was designed and simulated using the CST software,

S ri=
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Figure 7. a) Normalized radiation pattern of stretching antenna; and b) 3D simulated radiation pattern of antenna at 10%.
stretching.

Figure 8. a) Cylindrical- rectangular patch cavity model for patch antenna bent on cylinder surface; b) antenna bent in CST
simulation software; and c) the bent antenna prototype.



as illustrated in Figure 8b. The prototype antenna was
also tested under several bending angles to emphasise
its suitability for conformal wearable systems. It was
done by wrapping the wearable antenna around a
plastic cylinder, mimicking the bending when the an-
tenna was deployed on a human arm, as shown in
Figure 8c. The simulated and measured reflection
coefficient indicated in Figure 9a showed the shifted
resonance towards the lower frequency when the an-
tenna was bending. Generally, this was due to the
changing structure of the antenna in the bent form that
affected the surface current flow. The surface current
path was elongated when the antenna bending along
the x-axis increased the wavelength, consequently
leading to a lower resonant frequency. The antenna
bending analysis was shifted to a lower frequency
and was verified by referring to other works [73–75].
The simulated and measured antenna directivity as
well as gain at different bending angles is demon-
strated in Figure 9b. It was observed that the gain and
directivity decreased concurrently when the antenna

bent at 21 and 40°. Meanwhile, the observation was
vice versa when the antenna bent at 30° angle. The
radiation pattern measurement of the wearable an-
tenna in bending conditions compared with simula-
tion are plotted in Figure 9c. The bending antenna
that performed forward directional radiation was
slightly identical to the antenna in a flat condition.
Meanwhile, the back lobe of the antenna radiation
was slightly increased when the antenna was bent.
The 3D radiation pattern antenna bending at 40° is
shown in Figure 9d, which shows a retained radia-
tion shape due to a slightly lower directivity of the
antenna without bending.

3.4. Specific absorption rate (SAR) analysis
As the antenna was attached to the human body arm,
the safety issue was investigated. For that reason,
the SAR analysis was simulated in CST software
using a Hugo human model, where the antenna was
placed on the middle-arm, as shown in Figure 10.
SAR is the measurement that indicates the amount
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Figure 9. a) Reflection coefficient, S11 of antenna bending. b) Directivity and gain of antenna bending. c) Normalized radi-
ation pattern antenna. d) 3D simulated radiation pattern antenna at 40° bending.



of electromagnetic (EM) power produced by the an-
tenna that is absorbed by the human body. SAR is ex-
pressed as the absorbed power per unit of tissue mass
and its unit is W/kg [76]. The maximum SAR value
for the purpose antenna was 0.34 W/kg for 1 g of tis-
sue at a resonance frequency of 3.5 GHz. The SAR
value was very low compared to the maximum limit
of 1.6 W/kg identified in IEEE standard safety levels
for human exposure to radiofrequency electromag-
netic fields, which ranges from 3 kHz to 300 GHz
(IEEE std C95.1-1991) [77].

4. Conclusions
A stretchable and bendable conductive ink paste was
developed based on the polysiloxane composite and
silver particles as the conductive filler. Four different
samples of silver powder wt% were made with PDMS
as a substrate. The higher silver wt% showed better
conductivity. The proof-of-concept prototype mi-
crostrip patch antenna was designed and fabricated
at a resonance frequency of 3.5 GHz with a reflec-
tion coefficient below –19 dB. The bandwidth was
196 MHz in its initial state but was subsequently de-
creased slightly during its stretching at 5 and 10%
with 188 and 270 MHz, respectively. However, the
bandwidth antenna with bending consistently in-
creased compared to the antenna without bending.
The antenna performances reflected the directivity
and gain, which slightly fluctuated when the antenna
was stretching and when bending was reasonable.
Meanwhile, the antenna radiation pattern maintained
the forward directional radiation pattern at the front
of the antenna and minor lobe radiation at the back
when the antenna stretched and bent. Additionally,

the SAR value of the antenna was 0.34 W/kg for 1 g
of tissue, which was far less than the maximum limit
(1.6 W/kg) of the standard safety level for humans
that are exposed to electromagnetic radio frequency.
The SAR analysis showed the conductive polymer
antenna was safe to be used on the human body as
well as its ability to undergo stretching and bending,
which would make it an attractive candidate for an-
tenna wearable 5G applications, implanted medical
devices, and body sensor networks.
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