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Abstract: Flexible wearable wireless devices have found practical uses as their cost has fallen and
Internet of Things applications have gained further acceptance. These devices are gaining further use
and acceptance in the consumer and wearable space for applications such as logistical tracking and
maintaining sensor information, including temperature, humidity, and location. In such applications,
antennas are exposed to bending and crumbling. Therefore, flexible substrate antennas for use with
polymer-based flexible devices are an important area of research that needs to be addressed. In this
study, the bending capabilities of flexible polymer substrate antennas for general IoT applications
were practically analyzed by fabricating flexible antennas on Polyethylene Terephthalate (PET),
Polytetrafluoroethylene (PTFE) Teflon, and Polyvinylchloride (PVC) substrates operating at 2.45,
4.45, and 7.25 GHz frequencies. The basic premise was to investigate the flexibility and bending
ability of polymer materials, and their tendency to withstand deformation. In the current paper,
we start by providing an equivalent model for the flexible microstrip patch antenna under bent
conditions, followed by outlining the process of designing flexible antennas on polymer substrates.
Finally, the fabricated flexible antennas were tested in an anechoic chamber for various radiation
characteristics such as reflection coefficients, operating frequency shifts, and impedance mismatch
with the transmission line, under bending conditions up to 7 mm. The practical outcomes were
then compared with our recent investigation on flexible polymer substrate antennas for wearable
applications. This study provides a means to select a suitable polymer substrate for future wearable
sensors and antennas with high bendability.

Keywords: polymers substrates; wearable sensors; flexible antennas; bending analysis; wearable
applications

1. Introduction

Flexible wearable wireless devices are gaining significant attention because of their
characteristics of light weight and low cost, low power consumption, high flexibility
combined with robustness, and compact size. These wearable devices have become essen-
tial for many wireless applications. In recent decades, flexible sensors such as antennas
and RFID tags have been designed for WLAN, GPS, military, and biomedical related
applications [1–5]. Presently, as a result of the exponential development of wearable sen-
sors and devices, and the high demand for the flexible electronic systems, various new
challenges have arisen because of the unconventional performance requirements. Tradi-
tional antennas are customarily made of conductive wires or by etching metal patterns
on rigid substrates. When subjected to stretching, folding, or twisting, these types of
antennas become permanently deformed, if not broken, which renders them incompatible
for applications that require high flexibility/bendability and are subject to this continuous
deformation. Therefore, it is very important for the flexible sensors to be lightweight, small,
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durable, moist and heat resistant, and, most importantly, highly flexible without distorting
radiation characteristics.

Flexible antennas have gained significant attention in recent years due to their ad-
vantage of high flexibility, which directly addresses the above problem, in addition to
their convenient integration with other microwave components [6], light weight, energy
efficiency, reduced fabrication complexity, easy mountability on conformal surfaces, low
cost, and abundant availability in the form of substrate films [7]. For this reason, this
investigation focuses on the flexibility and seamless integrity of flexible antennas for
wearable/IoT applications.

To achieve the aforementioned characteristics for flexible antennas, conventional con-
ductors and substrate materials such as metals and ceramics are not essentially appropriate.
This is because these materials are usually rigid, costly, and lack flexibility and mechanical
resilience. A large amount of research has previously explored numerous materials that
exhibit suitable properties as a substrate for conductive materials for flexible antennas,
including conductive polymers, conductive threads, and conductive textile. For dielectric
materials, Polyimide (PI), Polyethylene Terephthalate (PET), Polydimethylsiloxane (PDMS),
Polytetrafluoroethylene (PTFE), and Liquid Crystal polymers (LCPs) have been explored.
A detailed review of these conductive and polymer-based substrate materials is presented
in our recent study in [1].

Wearable devices, such as flexible antennas, and RFID sensors and tags, are critically
affected by bending, twisting, and crumpling [1,3,8,9]. These deformative actions are
sometimes inevitable, resulting in detrimental changes in the radiation performance of the
flexible device. To ensure the robustness and durability of these flexible devices under flex
conditions, a few important parameters for flexible devices are required to be tested for
performance, such as shifts in resonant frequency, return loss, and signal degradation [8,9].
Although radiation patterns, directivity, and gain are all factors that can be affected by
bending [10], one of the major impacts of bending is on the resonant frequency and return
losses, because the curvature on the device is prone to shift the resonant frequency either
towards higher components or lower components of the resonant frequency and cause a
change in its signal strength. The process of applied bending is predisposed to creating a
mismatch in the impedance of the Transmission Line (TL) and the feedline, and changing
the capacitance between the resonators and causing a modification in the effective length
of the radiation element [10]. Therefore, the most reliable flexible antennas are considered
to be those that tolerate the application of a certain level of bending to limit the adverse
impacts on their radiation efficiency. In this regard, polymers are considered to be one of
the best candidates as a flexible substrate for wearable applications [1]. For this reason,
bending impacts on polymer-based flexible antennas, which include deviations from the
central frequency, Transmission Line (TL) mismatch, and the reductions in signal strength
were the focus for analysis and assessment in this study.

The remainder of the paper is organized as follows: Section 2 provides a tutorial on
the flexible antenna structure, bending capabilities, and impacts on antenna parameters.
The steps used to design flexible antennas are described in Section 3, including material
selection, property examination, design and fabrication, and measurement and testing
of flexible polymer-based antennas. Radiation characteristics and bending analysis are
presented in Section 4, and the conclusions are presented in Section 5.

2. Transmission Line Equivalent Circuit Model of a Flexible Antenna

The major aim of this study was to investigate the capability of antennas to flex and
function properly under bending conditions. When deformation of an antenna implicates a
significant change in radiation characteristics, such as return loss of antennas, which results
in a shift in the resonant frequency, the signal degradation is sometimes too high to allow
the signal to be received appropriately at the receiving ends. Therefore, a Transmission
Line (TL) model under flex conditions was analyzed to corroborate the impact of bending
on the radiation characteristics of a flexible antenna.
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In the case of flexible polymer-based antennas, the return loss is severely impacted
when antennas undergo a certain level of bending. A simple TL model for a microstrip
patch antenna is presented in Figure 1, where a co-planar microstrip circuit with aspect
ratio Wm/h is presented with an open-end termination where W, L, Yc and Wm, Lm, Ycm are
width, length, and characteristic admittances for the microstrip patch and TL, respectively,
h is the height of the substrate, and Ys is the self-admittance or radiation admittance and
represents the open-ended TL of the microstrip antenna. The general TL model for a
microstrip patch antenna is shown in Figure 1. In the case of the microstrip feed line, the
equivalent is represented by an open-ended admittance YS.
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Figure 1. The TL model of a flexible microstrip antenna.

Bending Impacts on the Parameters and Radiation Characteristics of Flexible Antenna

Figure 2 illustrates the bending characteristic of the substrate at various bending
levels. The bending of the antenna will change the antenna geometry and shape. Generally,
bending causes a change in the effective length, thus introducing a change in the impedance
characteristics of the antenna (i.e., mainly capacitance), causing a shift in the resonance
frequency and a potential shift in the radiation pattern. Discontinuity in the shape or
geometry of the antenna mainly leads to a distortion of the electric field between the
patch and ground plane [11–14]. The model in Figure 2 describes the bending levels with
additional capacitance, where the length L of the patch is broken up into n equal segments.
This capacitance Cbend is an additional capacitance from the bend of the antenna and varies
with the bending curvature, and γ is the propagation constant.

Previous studies have investigated the bending and crumbling effects of different
antennas, but not necessarily polymer-based ones. The effects of bending on electromag-
netic radiation performance have been addressed in the literature [6,15–17]. At its desired
frequency, an antenna should, ideally, absorb all available energy when receiving and
purge all its energy when transmitting. Under bent and flat conditions, according to [15],
very small differences between input return losses are observed. The radiation pattern, the
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distribution of the electrical field that propagates from the radiating element of the antenna,
is an important characteristic that is mostly dependent on its geography. The crumpling
of the antenna may adversely affect the radiation pattern. In [16], the authors present a
dual-band coplanar waveguide antenna fabricated on a 48 × 33 mm polyimide substrate
that operates at the frequencies of 2.45 and 5.75 GHz. Results showed that crumpling
demonstrated a negligible impact on the antenna’s performance, particularly regarding
resonant frequency and gain, and illustrated that up to 5.3 mm crumpling curvature causes
only minor changes in the resonant frequency while yielding a high gain. Moreover,
this antenna can be integrated into flexible electronic devices that operate in multiple
frequency bands.
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Different flexible materials that improve a bent antenna’s efficiency and radiation
characteristics have been considered in various studies and approaches [18]. Essentially, a
bent antenna’s performance is dependent on the electrical, physical, mechanical, and chem-
ical properties of the flexible substrate material, which we stated comprehensively in [1].
These properties can be adjusted by the combination of different flexible materials [19].
In [6], the proposal of a UWB flexible antenna for flexible applications observed that a
flexible substrate should consequently have high flexibility and robustness, and exhibit
high tolerance against twisting and bending [6]. For such flexible antennas, the fabrication
process may be a challenge because the properties of the flexible materials are significantly
different from the materials used in the fabrication of traditional antennas. In the following
section, the fabrication techniques that have been used extensively for flexible antenna
designs are described.

3. Flexible Substrate Antenna Design

The design procedure for the development of the flexible substrate antennas, illus-
trated in Figure 3, is comprised of five major steps. First, the preferred conductive and
substrate materials are selected according to the required application, in this case for a
wearable flexible antenna. The selection of the substrate material for wearable applications
is generally challenging because of the necessity for compatibility with the human body,
and the need to be able to withstand twisting and bending without distorting its radiation
characteristics. The second step is to investigate the electrical, mechanical, and thermal
properties of the proposed dielectric flexible substrate in terms of its conductivity, resis-
tivity of the conductive material and loss tangent, permittivity, dielectric strength, tensile
modulus, CLTE, density, and moisture absorption, because a suitable flexible substrate
needs to possess a high level of deformability, and thermal and electrical stability, with
low fabrication complexity. Once the conductive and the substrate material are selected
for the antenna, the next step is to design the antenna. This includes the designation of a
geometrical shape appropriate for the required application for its frequency requirement,
its mathematical modelling, which includes a dimensional and parametric analysis, and the
simulation and optimization of the design. In the fourth step, an appropriate fabrication
technique, based on the materials, is selected for the reproduction of the design on the
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flexible substrates. Finally, the fabricated flexible antenna is tested for various radiation
characteristics such as reflection coefficients, radiation patterns, gain, and directivities
of the antenna. Further qualitative tests for wearable applications, irrelevant to conven-
tional antennas on rigid substrates, such as bending impact on S-parameters, durability,
robustness, moisture, and thermal tests, are also necessary.
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Significant research has been conducted on polymers in recent decades for their
application in flexible antennas, due to their advantages of high flexibility, convenient
integration with other microwave components [6], light weight, energy efficiency, reduced
fabrication complexity, easy mountability on conformal surfaces, low cost, and abundant
availability in the form of substrate films [7]. In this study, attention was dedicated to the
design and investigation of flexible polymer-based wearable antennas. The different steps
for the flexible polymer-based antenna design procedure are described below.

3.1. Material Selection

To comply with the flexibility requirements of the antennas, the materials selected for
the conductor, in general, and the substrate more specifically, need to be highly flexible
and mechanically robust. Detailed analysis on the conductive and substrate materials was
demonstrated in [1], which describes the range of properties for suitable polymer substrate
materials. In the case of the conductive material, which is the ground plane and radiating
element, copper is selected due to its qualities of being highly conductive and possessing
very low resistivity. Moreover, copper is highly flexible, withstands a high level of bending
and crumpling, has high tensile strength with an ability to withstand repeated pressure and
deformations, and is resistant to corrosion and oxidization. See Table 1 for the properties of
pure copper.

Table 1. Properties of pure copper.

Properties of Pure Copper [20]

Physical Electrical Mechanical Thermal

Melting Point Density Conductivity Temperature
Coefficient

Tensile
Strength Modulus Thermal

Conductivity CTE

1083 ◦C
8.96 g/cm3

at
20 ◦C

58 MS/m
at

20 ◦C

0.0043/K
at

0–100 ◦C
224–314 MPa 137.8

401
W/m-K

at
0–100 ◦C

17.0 × 10−6

m/m-K
at

0–100 ◦C
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The selection of an appropriate polymer substrate is very important for flexible an-
tennas. It should be highly flexible, easy to integrate with a conductive material, have a
high tolerance level for bending or crumpling, and have a high repeatability endurance.
To corroborate the impact of curvature on different polymer substrates, PET (Melinex
401), PTFE Teflon, and flexible PVC were chosen. The selection of these three dielectric
polymers was based on the analysis of their physical, electrical, and thermal properties,
which showed their suitability for bending applications [1,21].

3.2. Property Examination

After the selection of the conductive and substrate materials, the next step is to
analyze the properties of the selected materials. The propagation and loss properties of the
dielectric substrate need to be known for the prospective material before it is implemented
as the substrate of the antenna. For this purpose, the properties of the conductive material
and the polymers—PET, PTFE Teflon, and PVC sheets—are listed in Table 2. Results
indicate that the PTFE Teflon sheet with a thickness of 100 µm has the highest density,
temperature CTE, and shrinking capability, at 150◦ C, and the lowest dielectric strength,
dissipation factor, and moisture absorption capability. This establishes Teflon as a good
choice for a moisture- and thermal-resistant polymer material. The next substrate, PET
with a thickness of 70 µm, possesses good physical and electrical properties, such as high
tensile and dielectric strength and low dissipation factor, making it suitable for highly
deformational applications.

Table 2. Properties of flexible polymers: PET, PTFE, PVC.

Substrate Model/
Thickness

Physical/Mechanical Properties Electrical
Properties

Thermal/Chemical
Properties

Density
(g/cc)

Tensile
Strength

X-Direction
at 23 ◦C
(Kpsi)

Tensile
Modulus

X-Direction
at 23 ◦C
(Kpsi)

Dielectric
Constants
100 Hz to 1

GHz

Dielectric
Strength
(V/mil)

Dissipation
Factor

Tan σ at 100
Hz to 1 GHz

CTE-15 ◦C
to 300 ◦C
(ppm/C)

Moisture
Absorp-
tion (%)
at 23 ◦C

Shrinkage
(%)

30 min,
150 ◦C

PET

Melinex
401

Polyester
70 µm

1.3 25 420 2.07 4000 0.002
19
to
20

0.1
to
0.7

0.5
to
1.1

PTFE Teflon
100 µm 2.1 3.9 65 2.70 285 0.0002

250
to

275

0
to

0.05

1.5
to
3.0

PVC
Flexible
PVC-O
110 µm

1.4 2.2 217 3.70 635 0.04
6
to
7

0.2
to
1

0.2
to
2

Flexible PVC is a low-cost material with high strength, and is formed by the addition
of compatible plasticizers to PVC to lower the crystallinity of the material. It has very good
resistance to ultraviolet (UV) radiation and is non-reactant to various organic materials,
such as crude oil at high temperatures. Comparatively, it has the worst physical properties,
such as the lesser ability to withstand high pressure and deformability. Hence, these
three polymer substrates, in terms of their ability to withstand high bending, can be placed
in the order of PET, then PTFE, and PVC in the lowest position. Classification in terms of
thermal properties would resort this order to PVC, then PET, and then PTFE, with Teflon at
the lowest position. The implications of certain curvatures on these materials may result in
additional impacts that influence the use of one of these polymers as the selected substrate
for the antennas. As previously discussed in the first part of this article, the bending of the
antenna with a flexible polymer substrate has the greatest impact on its resonant frequency,
S-parameters, and radiation efficiency. Figure 4 shows the actual PET, Teflon, and PVC
polymer sheets used as the substrates in fabricating our proposed flexible antenna design.
After the properties of the polymer substrates and the conductive and substrate material
are tested, the next step is to develop the antenna’s shape and design.
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3.3. Antenna Design

Once the comprehensive examination and verification of the properties of the selected
materials are completed, the design and the shape selections for the antenna remain crucial.
According to different specific applications and frequency requirements, various designs
have been previously published for flexible microstrip antennas, their specific applications,
and frequency requirements including aperture coupled antennas [22–24], planar inverted-
F antennas [25,26], monopole and dipole antennas [27–29], various alphabetic shaped,
E-shaped, F-shaped, and H-shaped antennas [14,30–32], and antennas based on the CPW
feed [33–35]. These are all microstrip antennas and fabricated on flexible substrates.

The basic microstrip patch antennas are mostly used in wireless applications due
to their simple shapes, light weight, and small size, and because they support linear
and circular polarization, are capable of dual and triple frequency band operations, have
low fabrication and manufacturing costs, and are easy to fabricate and integrate with
IoT [11,36–42]. Being extremely compatible with flexible polymer-based antennas, a mi-
crostrip patch antenna design was selected for flexibility tests.

Although there are some limitations, such as a narrow bandwidth as a function of the
thickness of the substrate material at higher frequencies above 5 GHz, these do not impact
our target purposes, including the testing of the bending capabilities of polymers on the
radiation characteristics of the antenna. There are, however, also some disadvantages, such
as low gain and efficiency, and surface wave excitation [43]. Unfortunately, this surface
wave excitation results in power loss as the power is scattered when the antenna bends,
thus causing degradation of the signal strength. The low efficiency of the microstrip patch
antennas is due to the high Q factor, resulting in these losses in relation to the antenna [44].

Amongst the various shapes possible for microstrip patch antennas, the E-shape is
simpler to design and optimize, and was selected herein. The gap between the feedline
and the patch Gpf (see Figure 5) provides a wider bandwidth compared to a simple patch
antenna. Therefore, to determine the flexible polymer-based antenna behaviours for
different applications, nine E-shaped microstrip antennas were designed to operate in three
frequency ranges: 2.2–2.5 GHz, 2.5–5.0 GHz and 5.0–30 GHz.

To corroborate the impacts of bending, an E-shaped microstrip patch antenna was
initially designed on the PET substrate for the operating frequency of 2.45 GHz. Two
more antennas with the same shape and characteristics were then made on the Teflon and
PVC substrates.
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3.4. Antenna Fabrication

Following the excellent results obtained in the simulation process using CST mi-
crowave studio suite 2019, the antenna design was ready for fabrication. For this next
step, to fabricate the antenna on the PET substrate, copper was used as the conducting
material and the ground plane. An RP-SMA female miniature connector with the dimen-
sions 1.7 × 4.1 mm, 8 mm was used for the microstrip feed line. The thickness of the
ground plane and substrate was 0.105 mm and the total thickness with the copper patch
was 0.14 mm. A Keysight Vector Network Analyzer (VNA) series E5063A was used to
perform the measurements; see Figure 6.
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Figure 6. E-Shaped flexible microstrip patch antenna on PET substrate: (a) thickness measurement,
(b) fabricated antenna connected to VNA.

Operating at the 2.45 GHz frequency, and following the same procedures and fabrica-
tion steps to corroborate the bending effects of radiation on other polymer substrates, the
antenna design was then reproduced on both the Teflon and PVC substrates with 100 and
110 µm thicknesses, respectively, as shown in Figure 7.
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3.5. Measurements

Thus far, this investigation studied the antenna operating at 2.45 GHz. The frequency
range analysis was then extended to the three target frequency ranges—2.2 to 2.5 GHz, 2.5 to
5.0 GHz, and greater than 5.0 GHz—to analyze the effects of bending levels of 14 and 27 mm
on the three selected antenna substrates—PET, Teflon, and PVC. These three substrates
were chosen for their excellent physical, electrical, and thermal properties, as described in
Table 2, which shows Teflon has relatively low deformability but is very efficient in moist
conditions and has high thermal efficiency, and PVC has very high flexibility but moderate
electrical properties. Moreover, PET and PTFE Teflon are commercially available in the
very cost-effective form of film sheets. Subsequently, nine flexible patch antennas were
fabricated on PET, Teflon, and PVC substrates, with three for each range of frequencies, to
corroborate the bending impact on the resonant frequency and reflection coefficient, and the
resultant impact on the loss tangent variation on the resonant frequency. Correspondingly,
three antennas were designed to operate at 2.45 GHz, three at 4.25 GHz, and three at
7.45 GHz.

3.5.1. Introduction to the Frankonia Chamber

To conduct the measurements, testing was performed in a Frankonia anechoic chamber
with a frequency range of 30 MHz to 40 GHz at a measuring distance of 3.0 m. The external
dimensions of the chamber were 7355 × 3755 × 3300 mm and the size of the uniform area
was 1.5 × 1.5 m. The chamber provides excellent RF-Shielding, of less than 90 dB for the
frequency range of 1–40 GHz, which is typical for the pan-type module made of 2.0 mm
galvanized steel; see Figure 8 VNA was used inside the Frankonia anechoic chamber.

3.5.2. Measurements of the S-Parameters

As discussed previously, the effects of bending flexible polymer-based antennas have
an impact on radiation characteristics such as resonant frequency, reflection coefficients,
and gain. The impact on the S-parameters, which indicates the percentage shift, or the
deviation, of the resonant frequency and the loss of signal strength, is discussed in our
recent investigation on polymer based flexible antennas in [1]. The reflection coefficient S11
of the three polymer substrate antennas operating at 2.45 GHz is presented in Figure 9.
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Figure 9. Reflection coefficients of E-shaped flexible polymer substrate antennas on PET, Teflon, and PVC substrates
operating at 2.45 GHz.

The measured results of the reflection coefficients S11 of the PET, Teflon, and PVC
substrate antennas operating at 2.45 GHz in the chamber show the resonant frequencies of
2.426, 2.438, and 2.417 GHz, respectively. The reflection obtained for the PET-based antenna
is −35 dB, the Teflon-based antenna is −39 dB, and the PVC-based antenna is −32.5 dB.
Similarly, the S11 parameters of the antennas designed for the operating frequency of 4.25
and 7.45 GHz are presented in Figures 10 and 11, respectively.
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4. Bending Analysis

The bending of flexible antennas is different for the different range of frequencies, and
becomes crucial at higher frequencies because of the small size of the antenna, impedance
mismatching, and the narrow bandwidth. The tested frequency ranges were divided into
three groups to analyze the stable response in each range of frequencies, as described
in [1]. For this purpose, the effects of bending levels on the PET, Teflon, and PVC substrate
antennas for the bending levels of 14 and 27 mm were analyzed for the flexible polymer
antennas with an operating frequency of 2.45, 4.25, and 7.45 GHz, which lie within the
three frequency ranges of (i) 2.2–2.5 GHz, (ii) 2.5 to 5.0 GHz, and (iii) greater than 5 GHz.
To establish a consistent bend in the flexible antenna, polystyrene foam cylinders were
used with the radial curvatures of 27 and then 14 mm, as demonstrated in Figure 12. In
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this figure, the bending of the flexible antenna on the foam at 27 mm, then 14 mm, and the
connection with the VNA are exhibited.
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Figure 12. Cylindrical polystyrene foam to produce flexible antenna bend (a) at 27 mm, (b) at 14 mm,
(c) connected to VNA at 14 mm.

The S11 parameters were obtained for these bending stages and compared with the
parameters in a flat condition. Figure 13 depicts the reflection coefficients of the flexible
PET, Teflon, and PVC substrate antennas operating in the first range at 2.45 GHz with a
bending level of 27 mm and then 14 mm. Similarly, the reflection coefficients of each of the
flexible antennas operating in the second two ranges, at 4.25 and 7.45 GHz, with bending
levels of 27 mm and then 14 mm, are presented in Figures 14 and 15, respectively.

4.1. Effect of Bending on Resonant Frequencies

The results obtained from the experimental verifications of the S-parameters inside
the chamber were analyzed with the shift in the resonant frequency for the various bending
levels provided in Table 3, which shows that the bending or curvature with bend states of
27 and 14 mm on polymer-based antennas generate different impacts on their FS.

Table 3. Percentage (%) FS in resonant frequencies for flexible antennas on PET, PTFE, and PVC substrates at 3 operating
frequencies with bend conditions of 27 and 14 mm.

Resonant Frequency (GHz)

Substrates PET PTFE PVC

Operating at 2.45 GHz

Flat 2.426 2.438 2.417

27 mm 2.412 2.469 2.394

Shift (%) −0.58 1.25 −0.96

14 mm 2.402 2.484 2.366

Shift (%) −0.99 1.85 −3.42

Operating at 4.25 GHz

Flat 4.312 4.381 4.267

27 mm 4.442 4.392 4.294

Shift (%) 2.92 0.25 0.62

14 mm 4.468 4.453 4.366

Shift (%) 3.49 1.61 2.26
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Table 3. Cont.

Resonant Frequency (GHz)

Substrates PET PTFE PVC

Operating at 7.45 GHz

Flat 7.387 7.443 7.507

27 mm 7.425 7.429 7.541

Shift (%) 0.51 −0.01 0.45

14 mm 7.464 7.421 7.658

Shift (%) 1.03 −0.29 1.97

The negative sign with the frequency shift (%) indicates that the shift occurs towards the lowest components of the frequency.
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As observed on the flexible antennas operating at 2.45 GHz, which is a frequency in
the ISM-band used for domestic purposes that lies in the first group ranging from 2.2 to
2.5 GHz, the Teflon-based antennas undergo the highest percentage shift in frequency, of
approx. 1.25%, towards the highest components of the resonant frequency for a bending
state of 27 mm. This result is matched with our investigation in [1]. In contrast, the PET-
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and PVC-based flexible antennas possessed less than 1% of frequency shift towards the
lowest components of the operating frequency, indicated by the negative sign with the
percentage shift. In addition, at the high level of the radial curvature up to 14 mm, the PET
substrate antenna yields very little deviation from the resonant frequency compared to the
flat state, which is about 0.99% towards the lowest component; see Figure 13.
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For the second operating frequency of 4.25 GHz which lies in the C-band suitable for
the WiMAX frequency, the S-parameters of the flexible microstrip patch antennas reveal
that Teflon is much less affected by bending up to 14 mm, providing a 0.25% and 1.61%
frequency shift toward the highest components for the bending states of 27 and 14 mm,
respectively; see Table 3 and Figure 14. In the first part of this study, in the analysis for
the operating frequency range of 2.5–5.0 GHz, PTFE-based flexible antennas were also
ascertained to be more efficient by providing 4% of the shift on average. Hence, for this
operating range, Teflon is a good candidate as a flexible substrate in terms of the deviation
from the resonant frequency of the antenna. Conversely, the PET-based flexible antenna,
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which was very efficient within the 2.2–2.5 GHz range, is highly impacted by bending in
terms of frequency shift while operating at the 4.25 GHz frequency; see Table 3.
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The decrease in the size of the antenna with the increase in operating frequency and
impedance mismatching may be a problem because, with higher level bending and higher
frequency levels, the dissipation factor and dielectric constant of the polymer substrates
may also vary. Keeping all these conditions in mind and by performing extensive electrical
property tests, three antennas were designed and tested in the chamber for the higher
operating frequency of 7.45 GHz. At the higher frequencies, above 5 GHz, impedance
matching and feed line connection is a critical phenomenon that affects performance.
However, although examined and successfully attained, these were not included in the
investigative focus on bending capabilities for this experimental study. The PVC-based
flexible antenna is impacted most by the highest bending level of 14 mm, which yields a
1.97% shift towards the highest component of frequency, whereas the PET-based substrate
antenna gives very little deviation from the resonant frequency compared to the flat case.



Appl. Sci. 2021, 11, 9044 16 of 19

4.2. Effect of Bending on Reflection Coefficients S11

The S-parameters of the designed antennas were critically analyzed to examine the
effects of bending on impedance mismatch or the reflection coefficient S11 and the signal
strength after bending. The impact of bending on the reflection coefficient of the flexi-
ble antennas operating at a different range of frequencies was examined by testing the
three categories of (i) 2.2–2.5 GHz, (ii) 2.5–5.0 GHz, and (iii) greater than 5.0 GHz, where
the antennas, designed on PET, PTFE, and PVC, were analyzed in the chamber for bending
levels of 27 and 14 mm. The S-parameters depict the impact of the different levels of bend-
ing on the reflection coefficient in terms of signal strength and the impedance mismatch
with the TL. A significant change in signal strength is caused by the bending or twisting of
a flexible antenna because of the impedance mismatch with the TL or the creation of the
surface waves. Although signal strength may improve after bending because of its impact
on the directivity of the antenna, most of the time it actually decreases; see Figures 13–15.

In Figure 13, when a radial curvature of 27 mm is applied over the flexible antennas
operating at 2.45 GHz, compared with the flat status of the antennas, the Teflon-based
antenna is highly impacted, with approx. 28% signal degradation, whereas the PET-
based antenna is less impacted, with approx. 7.7% reduction in its signal strength. This
degradation, although more extreme, is similar to that observed with the 14 mm bending
process, where the Teflon-based antenna suffered a high 55% reduction in signal strength,
and the PET-based antenna demonstrated the least degradation with 23%.

For the experimental analysis of the flexible antennas operating at 4.25 GHz, however
(Figure 14), the Teflon-based antenna suffered the least degradation. Compared with
the flat status of the antennas, for the bending level of 27 mm, the Teflon substrate bore
the least impact of only 14% of signal strength reduction, which simultaneously defines
its impedance mismatch at 27 mm and confirms the analysis in [1]. The signal strength
reduction for both the PET and PVC substrate antennas is almost similar at approx. 22%.
Indeed, with the 14 mm bending, the PVC-based flexible antenna suffered an immense
signal reduction of approx. 60%, whereas the Teflon substrate antenna possesses the least
signal strength degradation of 25% lower than its flat status strength.

In Figure 15, which compares the signal strengths in a flat condition for the flexible
antennas operating at the higher 7.45 GHz frequency, the S-parameters illustrate that for the
bending of the antennas to 27 mm, Teflon, as the substrate of the antenna, shows the least
degradation with a low value of 12%. This contrasts with the PVC-based antenna, which
is heavily impacted, with an approx. 50% signal reduction. However, when the bending
curvature increases to 14 mm, the impact measurements are reversed, with the Teflon
substrate antenna being impacted with a high 55% reduction in its signal strength. The
experimental results demonstrate that, with around 9% reduction, the PVC-based antenna
has the highest tolerance for the increased bending, with its comparatively low signal
strength degradation and impedance mismatch being the least affected in this category.
In this analysis, a PVC-based antenna was ascertained to be the most efficient for the
frequency range greater than 5 GHz.

4.3. Dielectric Constant (ε) and the Resonant Frequency Shifts (%)

The permittivity ε of the polymer substrate, its dielectric constant, is a complex value
that depends on the frequency, the roughness of the surface of the material, and the
temperature. As mentioned in [1], flexible substrates for wearable applications normally
have dielectric constants from 2 to 12, where lower values of its dielectric constant, from
2.2 to 3.5, serve to reduce the surface waves and increase the bandwidth and gain of the
antenna in frequencies ranging from 2.2 to 7.5 GHz. Consequently, the three substrates
used for the flexible antennas in this study—PET, Teflon, and PVC—have the dielectric
constants of 2.07, 2.70, and 3.70, respectively.

For the flexible antennas operating at 2.45 GHz, the PET-based flexible antenna, which
possesses a dielectric constant of 2.07, just under the ideal range of 2.2 to 3.5, is the least
impacted by bending at 14 mm with a shift of only 0.99%. By comparison, with the flexible
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antennas operating at 4.25 and 7.45 GHz, Teflon, with its dielectric constant inside the ideal
range of 2.7, proves to have a low impact in terms of the resonant frequency deviation
from its flat status for the highest level of bending up to 14 mm. It is observed that the
Teflon-based antennas, for the operating frequencies of 4.25 and 7.45 GHz, possess shifts
from the resonant frequency of only 1.61% and 0.29%, respectively. By comparison, the
PVC-based flexible antennas, with their 3.7 dielectric constants, which are above the ideal
range, possess a high shift in frequency while undergoing bending at 14 mm, where they
provide the highest level of deviation of 3.42% and 1.97% for the operating frequencies of
2.45 and 7.45 GHz, respectively. Hence, from these experimental verifications, in addition
to the comprehensive literature review in [1], a modified range of dielectric constants of
2–3.5 is recommended for polymer substrate antennas operating in a 2.2–7.5 GHz range for
flexible wearable applications.

5. Conclusions

A practical implementation of flexible antennas with polymer substrates PET, PTFE,
Teflon, and PVC polymer substrates operating at 2.25, 4.25, and 7.45 GHz, is presented in
this paper and compared with the evaluations of our comprehensive study of polymer-
based antennas in [1]. Due to the rapid growth of IoT and subsequent interconnection of
various smart devices, the flexibility of these IoT’s is an important aspect which, in turn,
requires flexible antennas for communication. Therefore, an experimental approach to
examine bending capabilities of polymer substrate flexible antennas is presented in each of
the different range of frequencies, whereby the effects of bending levels of 27 and 14 mm
on the PET, PTFE Teflon, and PVC substrate antennas were analyzed. For the antennas
operating in the first range at 2.45 GHz, the PET-based and PVC-based flexible antennas
were observed to possess a less than 1% frequency shift towards the lowest components,
with the PTFE (Teflon)-based antennas showing the highest impact with a percentage shift
of frequency of 1.25% for the 27 mm bend state. With the 14 mm radial curvature, the PET
substrate antenna gave the best performance with 0.99% of frequency deviation from its
flat status. For the second range, at an operating frequency of 4.25 GHz, the Teflon-based
antenna contrastingly possessed the lowest frequency deviation, which was 0.25% and
1.61% for bending levels of 27 and 14 mm, respectively. For the operating frequency of
7.45 GHz, in the third range, the Teflon-based flexible antenna presented almost no impact
of bending at 27 mm, and for 14 mm only a 0.29% shift towards the lowest components
of the operating frequency. The PVC-based flexible antenna was impacted the most for
the highest bend level where, in terms of the impedance mismatch at 14 mm bending,
with a 1.97% shift, the PVC substrate antenna was ascertained to be the most efficient for
this frequency range. Hence, this successful bending analysis of polymer-based flexible
antennas proved their reliability in terms of bending for various stages of curvature, and
provided a means to select a suitable polymer substrate for future wearable sensors and
antennas with high bendability without significantly distorting the radiation characteristics.
Due to their bendability and flexibility characteristics, these polymer-based antennas are
advantageous for incorporation in designs for future smart sensors, including applications
in the Internet of Things (IoT).
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