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Received This study aims to investigate the bending effects on the flexible wearable
15 October 2020 antenna by using copper nanowires and polydimethylsiloxane (PDMS). This
project focuses on the bending effect on the proposed wearable antenna in
Received in revised form the presence of skin tissue and at free space. The radiation characteristics
7 December 2020 were simulated and analyzed when the antenna was under flat and bent
conditions. The performance result of return loss and radiation pattern (E-
Available online field and H-field) of proposed wearable antenna was analyzed. The material
31 December 2020 for the proposed antenna is designed to be flexible and wearable for the
application of body-centric wireless communication (BCWCs) at the
frequency of 2.45 GHz with the approval specifications of industrial,
scientific and medical (ISM) band. Radiator for the proposed wearable
antenna is fabricated using copper nanowire, and the antenna substrate is
by using polydimethylsiloxane (PDMS). The performance result of the
proposed wearable antenna was simulated by using CST microwave studio.
From the simulated result for different bending angles, a conclusion was
drawn that bending of structure can improve the impedance matching and
return loss during the bent condition. However, the resonant frequency tends
to shift as the antenna is bent up to 50°. At the critical angle of 70°, the
frequency is shifted to a lower frequency.
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1. INTRODUCTION

In the past decade, there was a phenomenal increment in the growth of communication and
wireless industries. The recently stretchable antenna has been widely researched due to its
potential capabilities application from a wearable device to foldable electronics, include a
flexible display, flexible energy device, smart skin, breast cancer detection and stretchable
circuits [1]. Body-centric wireless communication (BCWCs) has received a promising
increment of attention due to modern-day application which required to be low in cost, light in
term of weight, possibly maintenance-free and straightforward installation. In the realization of
this type of wearable antenna, the flexible structure conductivity material in ground plane and
patch with flexible dielectric materials in designing the antenna has to be considered [2].

Following the recent trend, the antenna in an electronic system has to be flexible and capable
of bending; thus, different solutions are obligatory. In a recent study, polydimethylsiloxane
(PDMS) has become one of the impressive flexible materials for substrate based on the
attractive mechanical and electrical properties. PDMS is one of a -based silicone elastomer that
has shown several significant radiofrequency and mechanical features that shows a low
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permittivity and modifiable dielectric properties. The previous research base on PDMS has
reported with the permittivity, &r is around 2.76 to 3.00 and lossy tangent tan & of 0.01 to 0.05
over 0.2 to 5.0 GHz operating frequency[3][4]. Moreover, the fluid state in the PDMS also
capable of controlling over substrate thickness and the possibility immersing the radiator of the
antenna in the substrate [5]. Other than that, PDMS is well known as a biocompatible polymer
which can be used for the application of microfluidics, lab-on-a-chip, and a biomedical device
such as intraocular pressure sensor used PDMS as the antenna substrate [6].

Metal nanowire (NW) has attracted considerable attention as a new material conductor for the
next generation due to their characteristic and properties. The most common metal nanowire
that usually used is silver nanowire (AgNW) and copper nanowire (CuNW). In this research,
copper nanowire was used as a radiator of the antenna. The AgNWs/PDMS patch has a
conductivity of ~8,130 S/cm [7].

This paper focusses on the bending effect on the proposed wearable antenna in the presence of
skin tissue and at free space. The antenna that has been proposed is patch microstrip antenna
due to its capability of being operated at 2.4 GHz. This antenna utilizes a unique coupling
mechanism between the radiating element and the grounding element [8]. The design of patch
antenna can be in various shapes and size such as rectangular, circular, elliptical and other
shapes. The radiation of a patch antenna can be manipulated by etching the radiating element
pattern in metal trace bonded to the insulating substrate properties by E. Rufus et al. [9].

2. DESIGN AND SIMULATION
2.1. Antenna Design

In this paper, the proposed microstrip patch antenna is designed to operate at 2.45 GHz ISM
band for BCWCs. The patch antenna is performed and optimized in the CST Microwave Studio.

Figure 1 is the front view of the proposed antenna, which is a rectangular patch antenna. The
proposed antenna is in five layers as shown in Figure 2. The antenna performance is analyzed
in free space with the presence of a layer of skin tissue. Design curvature is generated for the
resonant frequency variations and radiation pattern variations by simulating a wearable antenna
that is bent on cylindrical surfaces by a different angle. It was done to simulate the wearable
antenna to be bend on the arm that has some curves based on the arm diameter.

Figure 2 shows the feed line of the proposed antenna, which represented by stairs at the
transmission line. The fringing field is generated at the two slots along the edge of the patch
when a signal is transmitted at the microstrip transmission line as resulting radiation of
electromagnetic waves. The generated fringing field that is is influenced by the dimension of
the patch and substrate height [2]. Figure 3 shows the ground plane dimension of the proposed
antenna.

Table 1 shows the dimension of the proposed antenna after the calculation is done based on
the design equation as outlined in the design equation section.
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Figure 1: Front View of the Proposed Antenna Figure 2: Feeder Line of the Proposed Antenna

Figure 3: Ground Plane of the Proposed Antenna

Figure 4: Layers of the Proposed Antenna
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Table 1: Optimized Antenna Dimensions

Parameters

Optimized Dimension (mm)

Length patch, Lp

Width path cut, Wp;
Length substrate, Ls
Width substrate, Ws

Length substrate cut, Ls:

Width substrate & Width Path, Ws1 & Wp

Length feeder, Ln
Width feeder, Ws
Length feeder, Lt
Width feeder, W,
Length feeder, Lt
Width feeder, Wis
Length feeder, Lt
Width feeder, Wi
Length ground, Ly
Width ground, Wy
Upper substrate
Patch

Substrate

Ground

Lower substrate

Skin

35

2
59.5
80
50
60

4.66
50

56
0.5
0.017
1.6
0.017
0.083

1.5
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2.2. Design Equation

The dimension of the antenna determines the resonant frequency of the patch antenna. To
determine the resonant frequency, Equation (1) is computed [10].

c

fres = m Q)
Where
c = free-space speed of light
L = length of microstrip patch
&eit = effective relative permittivity of microstrip patch

To determine the approximate width of the patch antenna can be calculated by using Equation
(2) after the resonant frequency is determined.

W= c | 2 @)
2fres V& +1

Where

W = width of microstrip patch

fres = resonant frequency

& = relative permittivity of mirostrip patch
c = free-space speed of light

To determine the approximate width of the patch antenna can be calculated by using Equation
(3) after Equation (4) and (5) are determined.

L=—°  2aL 3)

2 fress A/ Ereff

Where
AL = extended length of microstrip patch
fress = resonant frequency
&ress = effective relative permittivity of mirostrip patch

¢ = free-space speed of light
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2.3. Bending Investigation

To investigate the bending effect of the designed wearable antenna, the antenna is bent at three
different angles, at 30°, 50° and 70°. The formula in determining the bending angle of the
antenna is determined by using Equation (6). The width of the antenna patch as the radius, the
antenna bending angle is depicted in Figure 5 and Figure 6.

Adiacent

I 9 :
=

7]

0

-3

o

Hypotenuse (o)

Figure 5: Antenna Bending Angle Figure 6: Pythagoras Theorem

opposite
adjacent (6)

tan 6 =

Where

0 = Measured angle of the central angle in radius
Opposite = Constant value of the length
Adjacent = Radius of the circle

From equation (6) the length of the radius can be calculated; the value of the radius acts as the
radius of a cylinder for intended angle in CST environment. The bending antenna was analyzed
in two conditions. The first condition of the antenna was analyzed in free space while the other
was in the presence of skin tissue.

Figure 7 shows the microstrip patch antenna geometry for different bending angles. This
simulation is to imply the simulation the effect of different size of the human arm if the antenna
is worn. The difference in antenna bending was simulated to study the performance of the
antenna in terms of its return loss, which is discussed further in the next section.

p-ISSN 1675-7939; e-ISSN 2289-4934
©2020 Universiti Teknologi MARA Cawangan Pulau Pinang

80



PO 14345
NS

ESTEEM Academic Journal UNIVERSITI
Vol. 16, December 2020, 75-87 s R?I}?\I?’\)T‘\‘\(’JLOGI
30° bending 50° bending

Patch outer radius = 70.899 mm Patch outer radius = 35.1804 mm

Substrate outer radius = 70.999 mm Substrate outer radius = 35.2804 mm

70° bending

Patch outer radius = 16.1758 mm

Substrate outer radius = 16.2758 mm

Figure 7: Microstrip Patch Antenna Bending Geometry for Different Bending Angles
3. RESULT AND DISCUSSION

The bending effect of the designed wearable antenna, which the antenna was bent at three
different angles at 30°, 50°, and 70° is discussed in this section. The returning loss performance
and the radiation pattern at the bending and flat conditions when the antenna was placed on the
skin layer and at the free space are also presented.

3.1. Antenna At Flat Condition

From Figure 8, the return loss in free space is found to be 12.76 dB with the resonance frequency
of 2.4 GHz. In the presence of skin, the return loss improved drastically to 33.46 dB, but the
resonance frequency is shifted to 2.45 GHz. Figure 9 shows the simulated radiation patterns of
the proposed antenna in the flat case. The omnidirectional patterns are observed in the xz plane.
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Figure 8: Return Loss of the Proposed Antenna under Flat Condition

¥

Figure 9: 3D Radiation Pattern

3.2. Antenna Bending At 30 Degree

From Figure 10, the return loss of the antenna in free space is found to be 18.89 dB with a
resonance frequency of 2.45 GHz. In the presence of skin, the return loss drops to 18.04 dB at
the same resonant frequency. Figure 11 depicted the omnidirectional radiation pattern of the

proposed antenna.
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Figure 10: Return Loss of the Proposed Antenna under 30 Degree Bending Condition
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Figure 11: 3D Radiation Pattern

3.3. Antenna Bending At 50 Degree

From Figure 12, S-parameter shows a well impedance matching with result loss of 26.84 dB in
free space and 29.36 dB at the presence of skin tissue. Figure 13 shows the radiation pattern of
the antenna radiated away from the radiator.

S-Parameters [Magnitude in dB]

. R N\ ===
| \[ TV v Y

| (

-15

-20

=25

-30
0 0.5 1 1.5 2 25 3 35 4 45 5

Frequency / GHz

Figure 12: Return Loss of the Proposed Antenna under 50 Degree Bending Condition

Figure 13: 3D Radiation Pattern
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3.4. Antenna Bending At 70 Degree

Figure 14 shows the return loss of the proposed antenna under 70 degree bending condition
with and without the skin layer, while figure 15 shows the radiation pattern result for the same
bending angle condition.

S-Parameters [Magnitude in dB]
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Figure 14: Return Loss of the Proposed Antenna under 70 Degree Bending Condition

Figure 15:3D Radiation Pattern

3.5. Comparison Analyses

Figure 16 shows the comparison of S-parameter for all the bending angles and flat conditions
with a layer of skin, Figure 17 shows the comparison of S-parameter for all the bending angles
at free space when without a layer of skin. The performance of the proposed microstrip antenna
was simulated in free space and the presence of skin tissue and is tabulated in Table 2 and Table
3, respectively. By considering 10 dB as an acceptable value of return loss foran excellent
wearable antenna design, the return loss performance of the antenna is better with the presence
of skin tissue, due to the permittivity of the skin, &= 34.5 and tan 0 (loss tangent) at 0.347,
which can improve the grounding and matching of the antenna and improve the return loss[11].
The return loss in flat condition with the presence of skin is 19.58 dB more than free space
condition. The resonance frequency also has shifted in the presence of skin condition due to
high permittivity of skin. The simulated result as shown in figure 16, shows that the Si1 is
slightly affected when the antenna is bent to a different bending angle.
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With the presence of skin tissues in Table 2, the Si11 result is at 18.89 dB compared to flat state
33.46 dB. At 50° bending, the return loss is improved to 29.36 dB; where the return loss is at
the best performance. However, when the antenna is bent further up to 70°, it is found that the
return loss is only 17. 32 dB, not as good as at the 50° bending but still in the range of acceptable
return loss for wearable applications. The frequency is shifted to a higher frequency when the
bending angle is increased. The radiation pattern in E-field and H-field was observed having an
omnidirectional pattern. Most of the power was radiated in the upper hemisphere for each
different angles of bending.

From the result, it is shown that antenna return loss and radiation pattern were affected by the
various bending angle of the antenna. From the comparison in Table 2 and Table 3 about the
Sii-parameter simulated result for different bending angles, a conclusion was drawn that
bending of structure can improves the impedance matching and return loss during the bent
condition. However, the resonant frequency tends to shift as the antenna is bent up to 50°; at
the critical angle of 70°, the frequency is shifted to a lower frequency.
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Figure 17: Comparison of S-Parameter for Bending with a Layer of Skin

Table 2: Flat and Bending Antenna Radiation Characteristics with Skin

Parameter Flat Bending
0° 30° 50° 70°
Resonant Frequency (GHz) 243 245 244 245

Return Loss, Su (dB) 33.46 18.89 29.36 18.84
Gain (dB) 345 540 463 2.60
Directivity (dBi) 4788 712 640 3.78

Bandwidth (-10dB) (MHz)  82.77 67.65 69.09 72.92

S-Parameters [Magnitude in dB]
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Figure 18: Comparison of S-Parameter for Bending in Free Space

p-ISSN 1675-7939; e-ISSN 2289-4934
©2020 Universiti Teknologi MARA Cawangan Pulau Pinang

85



ESTEEM Academic Journal g DR
Vol. 16, December 2020, 75-87 ¥ TEKNOLOGI
@ )ARA

Table 3: Flat and Bending Antenna Radiation Characteristics in Free Space without Skin

Parameter Flat Bending
0° 30° 50° 70°
Resonant Frequency (GHz) 2.36 242 245 241

Return Loss, Su (dB) 12.74 18.04 26.84 17.32
Gain (dB) 683 636 562 293
Directivity (dBi) 707 647 571 298

Bandwidth (-10dB) (MHz)  44.42 59.76 71.26 75.10

CONCLUSION

The return loss performance analysis of microstrip patch antenna bending at different angles
with the presence of skin tissue and in a free space condition without skin tissue has been
simulated. H-plane and E-plane bending orientations in the conditions of bending have been
investigated too.

In conclusion, the proposed antenna demonstrates good performance for H-plane and E-plane
bending orientations in the conditions of bending. The antenna offers excellent mechanical
flexibility. Due to the excellent performance when subjected to bending, it can be used in body-
centric wireless communications applications.
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