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Abstract

With the transition to wireless technology, antennas are one of the most availed electronic
devices incorporated along with the systems where wireless data transmission is necessary.
However, as flexible technology has become more popular, it has led to the development of
flexible antennas for sensing purposes. These antennas reduce the number of components
while having dual or multi-functional capability and are adaptable to any structural surface.
The antenna sensor exhibits both communication and sensing mechanisms using a single
device. Initially, the conventional rigid antennas used additional elements for sensing
property, which makes the antenna geometry bulky. Also, they could not accommodate the
conformability towards any uneven structural surfaces. The antenna as a sensing device
requires a sensitive section through which it can sense directly without using additional
devices. Hence, the flexible or stretchable dielectric material with conducting metallic or
nanomaterial-based materials shows a drastic growth for antennas in sensing purposes.

Mostly, microstrip technology is designed with various combinational soft materials
for its dielectric and conducting elements to be effectively used as antenna sensors. These
pliable materials are the essential factors that developed the flexible antenna as a sensor
instead of a traditional sensor that senses variations in current or voltage. Mainly, the
radiating element of the antenna holds a key role in sensing the applied physical measurand
by exploiting the electromagnetic performance of the antenna. The antennas with flexible
metallic materials (e.g. cu tape, al film) having high electrical conductivity leading to
excellent electromagnetic performance were used for sensing, but the metals are not so
sensitive towards diverse applications. Fortunately, the utilization of nanomaterials as
the conducting element of the antenna extended a wide range of antenna-based sensing
applications.

These nanomaterials are very sensitive to any applied external physical parameters.
Unlike rigid, flexible metals and nanomaterials have the advantage of flexible morpholog-
ical structures and different chemical compositions. Hence, any structural or chemical
changes in the nanomaterial can directly be sensed through their electrochemical properties.
With nanomaterials as an added advantage, the research is expanding towards developing
antenna sensors for various applications by creating novel nanomaterials and making the
fabrication process less complex, enabling bulk production. Therefore, one of the main
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parts of this work is carried out in developing flexible antennas for sensing applications by
using nanomaterials as radiating elements.

This work reports on developing the nanomaterials, studying their morphology, chemical
composition, fabrication methods, and the sensing analysis of the antenna as a sensor.
The materials and their synthesis process used for creating and utilizing them as radiating
elements are laser-induced graphene, which is created by engraving polyimide sheet with a
laser source, MXene material by minimally intensive layer delamination (MILD) process,
and nickel diselenide (NiSe2) through hydrothermal method. The obtained nanomaterials
were further analyzed using different characterization techniques to confirm the existence
of the produced material. By utilizing the above-described nanomaterials, different facile
fabrication techniques were used in manufacturing the antenna for various applications such
as laser engraving, laser cutting and drop coating, masking and coating, and PCB printing.

For contact-based sensing applications exclusively, using the antenna for different sensing
parameters and its analysis as a sensor is discussed. Here, the antenna as a sensor is
used for sensing strain (compressive and tensile), pressure, and level parameters. The
sensing analysis is carried out based on the change in the |S11| parameter when an external
parameter is applied in contact with the antenna. The antennas were examined for strain
sensing under different bending and folding conditions, pressure sensing using various
low-pressure loads, and for level sensing, liquids with differently concentrated solutions
were used. As a result, these antennas showed a good sensing response towards the applied
parameters. As a short-term or a binary sensor, a transient antenna is presented, which
melts and dismantles with heat as an external trigger. It could be used as a disappearing
antenna for security-related applications.

As a part of sensing, sensing analysis is performed through contactless wireless sens-
ing for motion detection applications. The RF signal between the presented antenna pair
is used for smart motion detection. The receiving antenna is made flexible to accommodate
conformal applications. Here, the received power level of the RF signal at the receiving
antenna is used as a parameter for motion detection sensing. The attenuation in power
level varies for different types of obstruction.

A flexible SIW antenna is designed based on the one-sixteenth mode of a circular SIW
cavity. SIW antenna, in this instance, is manufactured exclusively with flexible non-textile
materials, making it useful for flexible planar antenna applications. Additionally, the
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antenna is demonstrated for its flexible performance by straining it to the maximum extent
without any structural damage. Consequently, the presented flexible SIW antenna is well
suitable towards conformal wireless applications.
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Chapter 1

Introduction

The antenna is the crucial interface between electronic devices and the invisible electro-
magnetic (EM) radiation, enabling wireless communication between devices. The current
electronics technology is advancing towards the compactness of devices with a flexible
nature in developing cost-effective, lightweight, deformable, and conformal devices by
offering novel opportunities in the fields of communication, biomedical and aerospace
[1]. The conventional rigid antennas with a fixed geometry restrict their adaptability
to accommodate diverse applications that necessitate the ability to conform to curved
surfaces. Consequently, flexible antennas have gained enormous interest due to their
deformable nature and the conformal ability to irregular surfaces and dynamic structures.

1.1 Flexible Antenna Applications

Flexible antennas with simple structures are becoming prominent in the wireless commu-
nication sector by expanding their applications towards various fields as shown in Fig. 1.1.
The selection of materials, design considering material characteristics, and fabrication
process for the flexible antennas are entirely application-dependent [2]. Now-a-days as a
part of smart home, almost many of the indoor devices are having wireless connectivity,
which serves a part of continuous monitoring. The internet of things (IoT) concept
utilized by communication technology enhances and improves the device connectivity
using various antenna designs over different frequency bands. Accordingly, the requirement
of a compatible and conformal nature for flexible antennas with ultra-wideband grabs
attention towards the selection of easily bendable materials for IoT applications [3], [4].

1
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Figure 1.1: Applications of flexible antenna in various fields.

Lately, electronics are utilized within (Implantable) and outside (Wearable) the
human body as part of body-centric applications when necessary, facilitating diverse
wireless connections that provide the benefits of enhanced security and surveillance. When
it comes to wearable antennas, the most desirable criterion is their lightweight nature,
in this regard textile antennas have gained popularity as they are made from organic
textile materials that are easily integrated with clothing [5], [6]. These designed antennas
were also tested with specific absorption rate (SAR) due to the effect of human body on
the wearable antenna [7]. Whereas, the implantable antennas are designed mainly by
considering miniaturization and less power consumption with bio-integrated materials,
since they should be radiating from inside the human body, which are open to many
biomedical applications [8].

The antennas used for wireless communication applications include single, dual,
multiband or ultra-wideband frequency, which is application dependent and is considered
according to the Federal Communications Commission (FCC). The swift development of
communications along with the increasing demands for flexible, adaptable, and bendable
antennas has made printed antennas highly recommendable in the market [9]. The flexible
dual or multiband printed antennas were utilized simultaneously for two or more different
applications like Bluetooth, WLAN, WiMAX, and 5G, which enhanced the advancement
of wireless communications in the market [10]–[12]. The flexible UWB antenna with less
power consumption and high data rates makes it attractive for indoor applications [13].
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As a part of wireless technology radio frequency identification (RFID) holds a
crucial role in remote communication, without the need of external power. In general
RFID is designed specifically for identification and tracking applications for short-range
communication applications. The RFID tag manufactured with flexible and novel materials
extended the RIFD technology to wide range of applicaitons. As for the upcoming 5G
systems RFID device has a key role in integrating RFID technology with IoT as I-RFID
while making data transfer secure. The flexible RFID tag as a sensor works with the help
of additional components such as, logic control and energy harvesting modules to transmit
the data through near-field communication [14].

The interest towards flexible antenna-based sensor is driven by several reasons, out
of which it is mostly utilized for both wireless communication and sensing purpose with
minimal components [15]. The EM characteristics of flexible antennas used exclusively
for communication must remain stable in both conformal and non-conformal conditions.
Whereas, flexible antennas, whose EM properties change while wrinkling, strain, and
bending conditions would be significantly utilized for the advanced modern electronics
such as antenna sensors. As a result, the flexible antennas made with textile, paper,
or polymer make them highly captivating for the next generation devices. Hence, the
utilization of soft materials for the microwave equipments have made a breakthrough
towards various wireless sensing applications in expanding the future of flexible antennas
as sensors.

1.2 Flexible Antennas for Sensing

The sensors are becoming exceedingly commercial in the wireless world, which converts
physical measures into electrical signal for digital data transmission. For more than a
decade, antenna-based sensors have grabbed a great attention due to their dual func-
tionality, simple configuration, multimodality sensing with cost-effective methods. These
sensors have the advantage of dual functionality, where it acts as a data transmitter and
a sensor within single device [16]. The main principle of operation by using an antenna as
a sensor is, that it converts various physical attributes like Humidity, pressure, strain, etc.
into a measurable parameter that leads to a change in the electromagnetic characteristics
of the antenna.

The antenna-based sensor acts as passive sensors, since it requires minimal components
on-board for data transmission. It can be fabricated using inexpensive materials with
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Figure 1.2: An overview of the flexible antenna sensors and their sensing parameters.
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traditional and novel fabrication techniques. The integration of flexible antenna sensors
in accordance with the device orientation to provide the wireless data transmission is
necessary for further communication enhancement. Mostly, the first choice in choosing
the antenna type for the antenna sensor is microstrip antennas, due to their narrow band
nature, which is very convenient for sensing any physical parameter through the frequency
variation. Also the simple design of the microstrip patch allows an easy fabrication along
with bulk productivity.

For designing a flexible antenna sensor, the selection of material, designing techniques,
and fabrication methods are necessary for customized applications as shown in Fig.
1.2. The function of the antenna as a sensor mainly depends on material selection and
geometrical changes of the antenna in terms of resonant frequency, which is mostly
measured by means of reflection coefficient for various physical parameters. By using
the variations in antenna parameters, the measurement of diverse physical parameters is
carried out with respect to sensitivity. The sensitivity relays on the resistive property and
deformability of selected materials. The high sensing response with respect to frequency
by altering the physical and chemical properties of the patch makes it a good candidate
towards antenna based sensors for various applications in IoT.

1.3 Nanomaterials for Antenna Sensors

Currently, there is a high demand for developing various novel conducting and non-
conducting materials along with the emerging fabrication techniques that can be utilized
for manufacturing flexible devices [17]. Generally, the radiating portion of the antenna
whether it is rigid or flexible with metal or nanomaterial, it detects and senses the variation
in relative permittivity of any physical meausrand that is located in the radiation span of
the antenna. Copper is the best-known conducting material used as a radiating element
for all the traditional rigid antennas. But as the technology is scaling down to the Nano
dimension, the flexible/conformal applications were also expanding by utilizing novel
nanomaterials.

For fabricating the flexible antennas mostly copper, aluminium, and silver nanoparticle
inks are often used as radiating elements in satellite communication [18], RFID [19], and
other wireless communication systems [20]. These antennas normally consist of notable
electrical conductivity for transmitting or receiving electromagnetic waves. Besides,
resistance to degradation caused by mechanical deformation is also an important factor for



Chapter 1. Introduction 6

the conductive material. So, the performance of flexible antennas depends significantly on
the electrical conductivity of the material and its deformable nature [21]. Flexible antennas
manufactured using flexible metals are recommendable for wireless communication and
by using extra supporting elements they were also utilized for sensing purpose. But by
considering nanomaterial as a radiating element, the antenna itself can act as a device for
both communication and sensing purpose.

Compared to flexible metals the nanomaterials are ultra-flexible in terms of their
structure, which adds an extra advantage in enhancing the sensitivity of the antenna.
The antenna-based sensors utilizing different nanomaterials as the conducting part for
sensing various physical measurands can be categorized into two cases. In the first case,
since different nanomaterials have different morphological structures, they can sense the
deformations easily for the physical quantities like strain, pressure, crack, structural health
monitoring, and motion detection. Secondly, the nanomaterial takes a key role in sensing
some sensing applications like, gas, pH, temperature, Humidity and moisture by changing
its chemical and electrical properties. Hence, the deformations or changes in chemical
and electrical characteristics of the nanomaterial tend to enhance the sensitivity of the
antenna as a sensor while exploiting its EM properties.

1.4 Motivation

Recently, the usage of flexible and semi-flexible antennas increased drastically over the
conventional rigid antennas mainly because of their flexible, conformable and deformable
nature. Several wireless applications adopted the flexible antennas due to their structural
adaptability towards any uneven surface. Out of which flexible antenna sensors gained more
interest because of their dual ability of communication and sensing with a single device.
The antennas possessing conformal nature can be attached to any of the structural surfaces
without much effect on the antenna’s EM performance for flexible related applications.
But when it comes to the antenna for sensing purposes, the EM properties were exploited
to sense the applied physical parameter. This attention to flexible antennas has extended
not only to the flexibility but also to sensing by considering the effect on EM performance
as an advantage.

Antennas as a sensor measure the properties of materials based on EM radiation
and its interaction with matter. The selection of material is necessary with various
physiochemical characterizations for flexible and highly sensible applications. Based on



Chapter 1. Introduction 7

the properties of the material, the EM characteristics of the antenna changes accordingly.
Specifically, the electrical, chemical and mechanical properties of the selected material were
considered for the sensor applicative-based utility. Moreover, functional nanomaterials are
more sensitive to the physical parameters applied when compared to the conducting metals
for sensing applications. These conducting nanomaterials serve as a base for electronic
devices in broad range of applications that needs stretching, straining, bending, and
folding among other physical attributes that could not be attained by traditional devices.
Therefore, the advancement of new methods for flexible microstrip antennas is necessary in
selecting the materials and manufacturing the device by maintaining the EM performance
of the antenna while enhancing its sensitivity towards various sensing applications.

1.5 Objectives

• By the investigation and characterization of the nanomaterials as the conducting
part of an antenna, it is possible to create a less expensive material with a highly
flexible nature for real-time wireless sensor, which contributes in enhancing the
sensing capability of the antenna.

• To analyse the flexible antennas for various sensing applications while exploiting the
essential radiation characteristics of the antenna.

• To design and develop a miniaturized/low-profile planar nanomaterial-based antenna
through an effective fabrication process enabling bulk production for short-range
wireless communication purposes.

1.6 Thesis Overview

Chapter 1 gives a short introduction about flexible antennas and their applications.
The discussion on the antenna as a sensor and the importance of using various flexible
materials along with microstrip designs and simple fabrication techniques for expanding
sensing applications. Additionally, the analysis of how nanomaterials stand in enhancing
the sensitivity parameter of antenna.

Chapter 2 discusses the historical background for the development of flexible antennas
based on nanomaterials, which opened the door for expanding the applications involving
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various sensing parameters. Surveying diverse nanomaterial-based antennas by under-
standing the characterization of the materials and their performance towards EM radiation.
Studying antenna sensors in response to various applicative physical quantities with their
principle of operation and methods for investigating the antenna as a sensor.

Chapter 3 presents a direct laser-induced graphene engraved flexible microstrip antenna
for human motion monitoring by giving an insight into the fabrication process. The
chemical characteristics of LIG were investigated by various morphological and composition-
based characterization techniques, to confirm the formation of graphene. While assessing
the strain and its effect on LIG material, the sensitivity of patch antenna is analyzed.
In order to explore the feasibility of using the manufactured prototype for real-time
applications, the fabricated prototype is attached to a human hand for the purpose of
monitoring motion.

Chapter 4 describes the importance of functional nanomaterials over metals as a con-
ducting element of the antenna, particularly in the context of sensing applications. An
MXene-based antenna prototype for pressure and level sensing is created and tested
under different stability conditions to demonstrate its real-time sensing performance. A
comprehensive demonstration of a versatile, affordable MXene-based antenna sensor is
carried out. This opens new research directions for 2D materials-based antennas with
potential uses in security, healthcare, and other fields.

Chapter 5 proposes a transient/nanomaterial-based antenna using hydrothermally syn-
thesized few-layered NiSe2 as a short-term pressure sensor. One of the main contributions
is developing a generic theoretical framework by combining the Density Functional Theory
(DFT) calculations with |S11| - Parameter analysis for designing and reliably analyzing
the transduction mechanism of such a sensor. The prototype of the designed antenna is
extensively tested and analysed for pressure-sensing capability along with the transient
behaviour, demonstrating it as a highly promising sensor for transient technology-based
wireless sensing applications.

Chapter 6 illustrates a study on contactless flexible antenna-based motion sensor for
smart wireless communication. Here, two separate antennas for transmitting and receiving
the RF signal were considered at 2.44 GHz resonant frequency for contactless wireless
motion detection. The operating principle of the antenna as a motion sensor is explained
by detecting the attenuated power of the received RF signal at the receiving antenna in the
presence of obstruction. This theory demonstrates in expanding contactless technology-
based motion sensing for smart-home and short-range wireless applications.
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Chapter 7 introduces a miniaturized sixteenth-mode nanomaterial-based flexible substrate-
integrated waveguide (SIW) antenna. The miniaturized geometry of the sixteenth-mode
SIW is elaborated from the cavity-backed circular SIW antenna. The advancement of the
sixteenth-mode design, along with the step-by-step manufacturing process of the flexible
SIW, is detailed. The SIW antenna prototype has undergone flexibility demonstration by
straining it to the maximum extent without structural damage, showing its adaptability
toward conformal applications.

Chapter 8 concludes the work presented in this thesis by sorting it according to the
conceptual analysis, such as antenna for sensing purpose, transient antenna for security-
related applications, contactless antenna-based sensing, and flexible SIW antenna. It
provides an insight to the future research expansion in nanomaterial-based flexible antennas
for wireless sensing applications with miniaturized designs and simple fabrication process.



Chapter 2

Background & Literature

2.1 Historical Background

In the microwave domain, the idea of flexible structures came into existence as smart
aperture antennas, to reduce the complexity in structure while achieving directivity
variation and increase in ground coverage [22]. They were made of adaptive materials and
are utilized for beam scanning and shaping purposes without the need to relocate the
antenna [23]. Sequentially, the notion of flexibility, the ability to accommodate structural
adjustments while attaining desired radiation characteristics through diverse algorithms
has emerged with a flexible space antenna reflector for satellite communication and space
observation [24]. As a segment of the space antenna, because of the launcher capability,
foldable rigid petals and knit gold-plated molybdenum wire as a reflective mesh were
utilized to achieve compact stowage volume with a lightweight structure [25].

As depicted in the timeline Fig. 2.1, an entirely flexible or conformal antennas
came into existence with the invention of the strip transmission line technique during the
World War II epoch, which later replaced various conventional microwave components like
waveguides and coaxial structures using Microstrip technology [26], [27]. Within a short
period, the progress of the microstrip microwave antenna [28] made a revolutionary change
in antenna technology [29] due to its lightweight, ease of fabrication, and planar geometry
with thin structure. Consequently, the idea of conformability, characterized by their ability
to wraparound the surface of the respective non-planar applicative devices was developed
with a microstrip patch array [30] as a proper conformal antenna for avionic applications
to provide omnidirectional coverage [31]. Due to space limitations, the antenna utilized in

10
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Figure 2.1: Timeline for the emergence of flexible antennas along with their applica-
tions.

avionics must be extremely thin with multi-functional capability and wraparound ability
along with its adaptability to the changes in an open environment [32].

The requirement for small and portable antennas with a conformal nature prompted
the research to dig deeper into the domain of microstrip antennas (MSA). Gradually, the
simulative study of microstrip patch antenna (MPA) on curved and cylindrical surfaces
with respect to planar MSP were initiated by investigating the RF parameters using
different methods. Theoretical analysis of a cylindrical-based rectangular patch was
presented for the effect of curvature on the resonant frequency [33], radiation pattern,
input impedance and Q-factor [34]. By using Dyadic Green’s function, the impact of
dielectric thickness and dielectric constant on the radiation patterns of a wraparound
antenna were obtained [35]. Likewise, the curvilinear FD-TD method was applied for
numerically predicting the RF characteristics of MSA when mounted on the non-planar
surface [36]. As an initial implementation, a conformal microwave array (CMA) was
developed for the purpose of microwave hyperthermia in biomedical applications. To make
the patient comfortable and to heat the tissue uniformly beneath each element, a flexible
and less bulky CMA applicator was created on a single-layer copper foil [37], [38].

The growth of flexible concept utilizing MSP has enhanced within a short period
towards wireless communication. Especially, the research towards flexible wearable
antennas with multi-band characteristics has surged because of the invention of personal
communication technology [39]. A single compact featherweight FlexPIFA antenna
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operating at dual-band frequencies is presented to meet the demands of wearable wireless
communication for long and short-range applications [40]. As a part of wearable technology,
a patch antenna is entirely fabricated with textile material utilizing fleece fabric as substrate
material and knitted copper for conducting part by analyzing the impact of the human
body on the performance of the wearable antenna [39], [41]. A wearable antenna is made
to test the variation in return loss and gain when bent in both E & H planes where a
return loss difference of 25 MHz and 5 MHz respectively and a peak gain of 2.4 dB was
shown [42].

The primary benefit of wearable antennas is that they can be easily integrable into
clothing, which enabled a wide range of wireless wearable applications. A conformal
wideband PIFA antenna is designed to offer reliable communications in the presence of its
shape deformation on the space suit of an astronaut while monitoring their health and the
ability to perform task in an unpredictable environment [43]. To achieve a better gain, a
flexible linearly polarized eight-element array is fabricated with a conductive nora fabric
on the felt substrate for use in industrial, scientific, and medical (ISM) band [44]. Another
work presented a dual band textile antenna on an electro-magnetic bandgap (EBG)
substrate for reducing back radiation when placed against human body [45]. In various
studies, the textile-made antennas were performed almost similar to the conventional rigid
antennas with an added advantage of flexibility for wearable purpose [46], [47].

For the MSP antenna to be flexible/conformal, various novel dielectric materials
were introduced for mechanical flexibility, deformability, easy integration of components
with lightweight [48]. Subsequently, the requirements of the flexible antenna were set
forth for miniaturization and to provide a multilayer integration approach for system-
on-package technology operating in Millimeter-wave frequency range. The usage of
low-temperature co-fired ceramics (LTCC) [49] or organic liquid crystal polymer (LCP)
[50] as dielectric materials offered a significant advantage in the development of flexible
multi-layer technology for RF and microwave devices in easily integrating the circuit
components between different layers.

The conducting part of the antenna holds a crucial role in influencing key performance
parameters like radiation efficiency, directivity, resonant frequency, etc., Many conducting
polymers and conductive materials based on nanomaterials were used to make the antenna
flexible and helped in broadening its range of applications. A quantitative theoretical
analysis of nanotubes and nanowires along with the exploration of their properties as
antennas and their operation at microwave frequencies were studied [51]. Then, the
research expanded to fabricate the antenna with conductive polymer inks and carbon
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nanotubes (CNT) rather than metal conductors to take a further step toward conformal
applications for energy harvesting [52], [53]. Also, the first graphene-based nano-antenna is
developed with a thin graphene nano-ribbon for EM nano-communications in the terahertz
band [54]. Nanomaterial-based antenna sensors grabbed great attention due to their quick
responsiveness with electrochemical properties towards the applicative measurands [55].
By using nanomaterials, it is possible to develop devices ranging from one to few hundred
nanometers, which serves as a building block for future nanotechnology based sensors.

2.2 Radiating Elements for Flexible Antennas

For the antenna to be completely flexible, the material selected for the patch as a radiating
element should also be flexible, possessing excellent electrical properties. As shown in Fig.
2.2 and Fig. 2.3, various metal-based and nanomaterial-based conductive materials were
utilized to make the radiating element of the antenna flexible for diversifying the flexible
antenna applications. The materials utilized as radiating elements for the flexible antenna
were classified as metal-based and nanomaterial-based materials.

2.2.1 Metal-Based

For metal-based flexible antennas, metals with high conductivity, such as aluminium,
silver, and copper, were used for radiating elements in the form of foils and tapes. The
conductive copper tape is used on a denim material to manufacture a flexible textile
antenna with a simple planar geometry [56], [57]. A flexible antenna sensor with a simple
design using aluminium tape is shown for identifying micro-strains, cracks, and folding
[58]. A flexible copper wire antenna is made similar to the conductive E-Fiber antenna for
the performance comparison [59]. A conformal log-periodic antenna with an aluminium
foil on a balloon-shaped polyvinyl chloride is presented for VHF systems [60]. These
conductive tape/film-based antennas, when bent, cannot deform back easily. Even though
deformed, they will have wrinkles formed on their surfaces.

Various textile-based conducting materials were presented using different fabrication
techniques due to a significant outreach towards wearable antennas. The conducting
materials used for wearable antennas should withstand the harsh environment and fabric
care washing, whereas metals are unsuitable for this application. A flexible conductive E-
fiber-based wire antenna embedded into a stretchable polymer is presented for withstanding



Chapter 2. Backgroung & Literature 14

Figure 2.2: Metal-based flexible conducting materials utilized for antenna.

hostile environments [59]. The combination of nickel and copper conductive polyester
fabric is considered for washable and reusable properties towards rough handling of antenna
for daily usage [61]. To observe the weaving effect on the EM performance of the antenna,
the copper yarn-weaved radiating element in parallel and perpendicular to the feeding
directions is simulated and measured [62]. Nevertheless, these fabric-based antennas need
specialized equipment to include the conductive components seamlessly. They also cause
difficulties while integrating the connector and feedline.

Different stretchy conductive materials, including conductive rubber, liquid metals in
the elastic substrate, and copper traces [63], were created to accommodate the deformability
and mechanical strain [64]. A conductive rubber with single or double-layer coated copper
is used as a stretchable conductor for reconfigurable antennas [65]. Eutectic gallium
indium (EGaIn) is a liquid with less viscosity at the room temperature. The fluid inside
the elastomeric channels is mechanically stabilized by its thin oxide coating [66]. However,
because of their comparatively poor electrical conductivity, antenna elements still have
problems with conductor loss and radiation performance.

Consequently, the exploration of the utilization of nanomaterials in microwave domain
is inevitable because of their rapid response towards any applied external changes, which
is an added advantage for antenna sensing applications.



Chapter 2. Backgroung & Literature 15

2.2.2 Nanomaterial-Based

The name itself hints that nanomaterials consist of particles one billionth of a meter
in size or one nanometre. As history says, manipulating matter at its atomic and
molecular levels has always inspired scientists, resulting in the discovery of nanomaterials.
They exhibit more refined properties than they possess at a bulk level. New techniques
for manipulating and synthesizing nanomaterials came into existence and led to the
development of nanotubes and quantum dots. Nanomaterials have found their place in a
wide range of applications, especially for developing flexible devices in the field of electronics
[17]. Upon this success, the concept is further expanded towards the advancement of
flexible antennas and their applications. As shown in Fig. 2.3, various nanomaterial-based
antennas were designed, developed, and analyzed for wireless communication applications.

Figure 2.3: Material-based classification of nanomaterials utilized as radiating elements
of antenna.

When it comes to nanomaterial-based antennas, different types of applicative-specific
nanomaterials were used to fabricate the radiating element of antenna. Out of which,
nanomaterial-based antennas for sensing applications were highlighted due to their effective
performance compared to the conventional one. Since the radiating element of the
antenna should possess significant conductivity the metal-based nanomaterials were
developed in the form of conductive nanoparticle inks and nanowires. The development of
conductive nanoparticle inks using metallic materials has happened rapidly because of their
superior electrical conductivity. Printable silver Nano ink-based ultra-wideband antenna
is presented for wireless electronics. Even in the bent conditions the EM properties of
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the antenna remain unchanged [67]. As a part of reversibly deformable antennas, silver
nanowires (AgNWs) were used on the PDMS substrate for strain-sensing applications [64].

Nanomaterials were used in several applications recently due to their adjustable
physiochemical properties like transparency, deformability, lightweight, stretchability, and
low cost [68]. Conducting polymers, such as polyaniline [69] and polypyrrole [70], are
attractive materials for deformable antennas, but their low conductivity illustrates the
need of functional nanomaterials in antenna manufacturing.

The conductivity of the materials was effectively increased by the newly developed 2D
carbon-based functional nanomaterials, such as graphene [71] and carbon nanotubes [72]
metallic submicron and nanoscale layers [73]. A wearable, flexible multi-layer graphene film
antenna is studied for strain sensing purposes based on the change in its electrochemical
properties [74]. Using nanomaterials such as carbon and graphene paved the way for much
lighter, stronger, and cheaper antennas. Also, they modify the structure of the antenna to
the nanoscale, which makes it more responsive to any structural changes.

Primarily, graphene and carbon nanotubes are mostly used as radiating elements of
antenna because of their high current-carrying capacity and thermal stability [75]. To use
graphene in antenna applications, the researchers have explored various modifications of
graphene and its forms, which include graphene oxide, reduced graphene oxide, chemically
functionalized graphene, and graphene-polymer composites [76]–[78]. Carbon material
is also modified in different ways to suit the requirements of applications, specifically
for antennas. Carbon is customized based on its structure, such as single-walled carbon
nanotubes (SWCNTs) [79] and multi-walled carbon nanotubes (MWCNTs) [80].

Nanocomposites consist of significant electrical conductivity, less weight, improved
thermal stability, and tunable electromagnetic properties, which are essential for antenna-
based sensing applications. Therefore, recently, nanocomposites were developed based
on mixing one or more nanoscale materials with a matrix material at varying mixed
ratios to acquire acceptable electrical and electromechanical properties [81]. Two different
nanocomposites (PANI/CCo & (PDMS/AgNW)) were used in two separate slots to
improve the radiation properties of the antenna, which resulted in the improvement of
bandwidth with a good impedance matching [82]. The combination of graphene/polymer-
based nanocomposite showed significant electrical properties that are a key factor for
high-performance antennas [78].

The metals are highly conductive and provide good EM performance but are signifi-
cantly less effective towards antenna-based sensing applications, while nanomaterial-based
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antennas are highly responsive toward any applied changes through external parame-
ters. Therefore, synthesizing and investigating various nanomaterials for improving the
sensitivity of the antenna is necessary.

2.3 Antenna Sensors

Recently, researchers have focused on electromagnetic wave sensing using flexible microstrip
antenna technology. These microstrip antennas act as sensors that can detect the changes
in the applied physical input through scattering parameters and transmit the data. The
EM wave interactions of reflection and transmission coefficients with the respective applied
physical parameters onto the antenna sensor allow to sense and analyze the variations in
physical quantities. Some physical quantities like crack, pH, glucose, gas and, structural
health monitoring, etc., are assessed by the antenna-based sensor using the sensing function
for various applications, as depicted in Fig. 2.4.

Figure 2.4: Applications of flexible antenna sensors in various fields.
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2.3.1 Biomedical

Respiration is a physiological task that is to be monitored for the detection of abnormalities
in the breath rate. The presented antennas are made of textile that can be seamlessly
integrated into the clothing, which can directly detect the breath rate wirelessly [83]. The
antenna as a breath sensor operates with a shift in resonant frequency or variation in RSSI
range based on the chest expansion, air volume displacement in the lungs, and different
breathing patterns, including eupnea, apnea, hypopnea, and hyperpnea [84], [85].
A rapid variation of blood pressure is seen in hypertensive patients, which is a high-risk
factor that leads to various health problems, including heart failure and aneurysm. By
placing a pair of antennas on the human arm, the blood pressure (BP) is measured based
on the pulse transit time of a pulse wave, which refers to the time difference between
the changes in distal and proximal transmission coefficient waveforms to varying artery
coefficients [86]. Here, the EM transmission propagation characteristics of the antenna as
the sensing element were used to measure and monitor the BP non-invasively [87].

A continuous screening of glucose levels is essential for diabetic patients, where several
research works were demonstrated showing implantable and non-implantable antenna
sensors for glucose detection through in vivo and in vitro analysis [88]. The implantable
antenna-based biosensors were proposed to detect and monitor the glucose levels invasively
through the shift in resonant frequency [89]. Several works proved to sense the glucose
also through non-invasive analysis using the dielectric properties of the sensing region of a
microstrip antenna [90]–[92].
Intake of sugar and salt percentage in food and beverages is also equally important to
cut the disease at its root. An MSA sensor is proposed to detect the contents of sugar
and salt on the basis of reflection coefficient with respect to the variation in dielectric
properties of the substance [93]–[96].

In women, the commonly detected disease is breast cancer, which needs regular
check-ups by continuous monitoring and early detection. The dielectric medium with
similar properties to the breast tissue is used for the antenna only to detect breast cancer
and its tumor depth through electromagnetic (EM) waves [97], [98]. Recently, a flexible
antenna sensor is developed to detect and monitor breast cancer in the microwave band.
The electromagnetic microwave is utilized to detect the changes in electrical properties by
analysing the S-Parameters in the presence and absence of tumor-affected tissue. Here,
two procedures are used to metallize the flexible antennas, such as the first employs Roger,
and the second utilizes conductive textile on a cotton substrate. Both the reflection and
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transmission coefficients were measured using single-antenna and dual-antenna sensing
tests [99].
Wireless capsule endoscopy is a painless and non-invasive technique for diagnosing gas-
trointestinal disease. As a part of the capsule, the antenna detects the difference in
permittivity of the gastric based on the resonant frequency [100]. According to the capsule
size and instability, the antenna is miniaturized by making a layered structure with less
power consumption and dual polarization ability [101].

2.3.2 Environmental

The patch antenna for temperature sensing was analysed with the relationship between
frequency shift and temperature variation. To reduce the difference between predicted and
measured sensitivities, a strain constant is introduced to balance the strain effect on the
dielectric constant of the substrate [102]. The temperature also influences the conducting
elements (Patch and ground) along with the dielectric materials due to their dependency on
temperature. The temperature variation influences the electrical and chemical properties
of the materials used for the antenna fabrication. Using conditioning monitoring (CM)
specific parameters can be tracked continuously to identify quantitative measurement
changes [103]. A dual-function flexible loop antenna is presented with a conducting
polymer poly (3,4-ethylenedioxythiophene): polystyrene (PEDOT: PSS) printed on a PVC
substrate specifically for temperature sensing. Here, due to the temperature variation,
the resistance of the (PEDOT: PSS) has a drastic change, which also tends to vary the
resonant frequency of the antenna [104].

The antenna-based sensor is utilized to sense the humidity level in the environment
by detecting the changes in terms of the reflection coefficient with respect to humidity. As
the relative humidity in the climate changes, so does the resonant frequency as a sensing
element [105]. The humidity performance is also validated by introducing different organic
compounds that can affect the environment and humans, including acetone, ethanol,
methanol, etc., into an antenna sensing test chamber. Here, the MXene & graphene
oxide-modified polyimide materials were used as conducting material, which acts as a
sensing part while changing the EM properties of the antenna when exposed to humidity
[55], [106].

To sense some physical parameters like gas, the antenna sensor uses separate conduct-
ing materials like, semiconductor metal oxides or carbon nanotubes [107]. By changing
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their electrical properties in response to physical quantities, these materials aid in enhanc-
ing the sensitivity of the antenna as a sensor through EM properties. A sensitive silver
porous film is loaded on the patch for sensing the oxygen gas, which detects the variation
in concentration of O2 by analyzing the reflection parameter [108]. A Microstrip patch
along with a circular waveguide is proposed to sense different gases as they flow through
the pipe [109].

2.3.3 Internet of Things

The body-centric communication refers to the in-body, on-body and off-body network by
using implantable and wearable devices. The antenna sensors were in both implantable
and wearable applications for biomedical and security purposes [110], [111]. For the
implantable purpose the antennas were miniaturized with low power consuming capacity
for sensing and monitoring the human internal related issues [112]. By detecting the salt
concentrations in sweat, a disposable antenna sensor is presented for monitoring sweat
non-invasively [113].

Continuously monitoring the data and transmitting it wirelessly is necessary for human
health monitoring or surveilling the structure of a machine. A flexible biodegradable paper
antenna with aluminium tape is presented for monitoring and detection of human motion
under compressive and tensile bent strain. The evaluation of strain sensing performance
is made with respect to the normalized resonant frequency for different compressive and
tensile bending angles [58]. In smart home sensing applications, it is crucial to detect all
the essential physical factors in order to ensure the comfort of the occupants[114].

2.3.4 Industrial

Several methods were presented in the literature to sense the pressure, and most of them
use frequency shift for detecting pressure [115], [116]. Here, the pressure detection is made
with an extra element placed as a metal reflection plate or a flexible fabric spacer over the
microstrip antenna with some measured distance. So, when the pressure is applied to the
device, the distance between the antenna and the reflection plate or spacer varies with
respect to the shift in resonant frequency [117], [118]. Other ways to monitor the pressure
changes are using deformable and stretchable sponge antenna and reconfigurable dipole
antenna. The first antenna consists of polydimethylsiloxane (PDMS) with gold nanowire
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and the second with a microfluidic channelled substrate material as PDMS, which is filled
with a liquid metal (eutectic gallium–indium alloy) [119], [120].

Under the applied strain on sensor, the influence of strain variation ratio is observed
by using the strain sensitivity. Related to mechanical properties, strain sensing is one
of the direct measurements from the deformation of a material. By using the change
in resonant frequency of the antenna the applied strain is measured [121], [122]. The
coplanar waveguide monopole antenna as a strain sensor gave a linear resonant frequency
shift [81]. To sense the strain with respect to resonant frequency, three different versions
of textile antennas, such as meshed patch over solid ground, meshed patch over meshed
ground, and gold meshed patch over solid ground were fabricated and analysed for better
strain sensitivity [123].

The occurrence of a crack in the ground plane of the crack-sensing field tends to
a change in the current flow. The current flows around the crack formed instead of a
straight direction, which causes the shift in the frequency of the antenna. Where, the
effect of the crack orientation is directly proportional to the resonant frequency [124].
When a sub-patch is partially constructed over a rectangular radiation patch, the width of
the crack is represented by the resonate frequency shift that results from their overlapped
length. A cavity model theory is used as a proof of concept to demonstrate the resonant
frequencies of the crack sensor with respect to the length between the overlapped patch
and the sub-patch [125]. By using resonant frequency offset, a dual-band antenna is
presented for detecting multiple cracks in metals and their length, width, and depth, which
can also be extended to a multiband sensor [126].

For security-related applications, detecting motion and continuous monitoring became
an important parameter, which can be implemented contactless through frequency sensing
[127]. A wearable coplanar keyhole antenna is presented for on-body motion detection
by analysing the motion of various humans in response to reflection and transmission
coefficients [128].

In the industrial sector, it is crucial to identify ice formations in order to prevent
any potential harm or malfunction of equipment. Patch antennas are proposed to detect
the presence of ice along with its size, thickness, and weather conditions [129]. Here, the
antenna as a sensor is used for detecting water and ice, which is analyzed in terms of
the transmission coefficient. The freezing rate is also extracted through exponential data
[130].
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2.3.5 Agriculture

For water level detection, simple microstrip patch antennas are utilized as sensors while
analysing the effect of changing dielectric constant on the resonant frequency [131], [132].
Another antenna sensor is utilized to detect the oil-water mixture, which is made with two
substrate layers to achieve a better sensitivity by avoiding copper contact with oil [133].
For the offset measurement of soil moisture, the antenna sensors were used in sensing and
detecting the moisture content wirelessly by burying the antenna in soil [134]. Also, the
soil samples with different pH values were considered to detect the moisture content using
S-parameter [135], [136]. The other patch antennas were proposed to sense the moisture
content in the rice grain with a dual frequency analysis [137], [138].

The potential of the hydrogen (pH) factor of liquid is sensed using a metamaterial
antenna, which is designed by using a hexagonal split-ring resonator. Based on the
dielectric distraction phenomena, the metamaterial-based sensor is used to measure the
transmission coefficient of the antenna with various concentrated solutions. The dielectric
constant varies depending on the presence of positive and negative ions in the solution.
The higher retardation force tends to increase the resistance, which shows a parallel effect
on the dielectric value of the material [139]. Therefore, the amplitude of the S-parameter
varies along with a certain change in pH level. The frequency of a slot antenna here is
regulated by a back-metal coating applied to a pH-sensitive hydrogel designed in a specific
pattern on a glass substrate. The variation in resonant frequency is directly proportional
to the variation in pH value between a particular provided pH range [140]. The pH liquid
dropped on the slotted rectangular region causes a change in the dielectric constant,
resulting in a shift in radio frequency (RF) signals [141].

2.4 Summary

In literature, the microstrip patch antenna with extended techniques is widely used because
of its compactness and adaptable size with easy integration in electronics using flexible
materials. Most antennas used for sensing were rigid and not adaptable to the applicative
surface. The work presented on the nanomaterial-based antennas was scant. Because of
their feasible electrochemical properties, the analysis of antennas as sensors while using
nanomaterials as a radiating element is necessary. This promising detailed study could
further expand the nanomaterial-based flexible antenna towards a wide variety of sensing
applications.



Chapter 3

Laser-Induced Graphene Printed Flex-
ible Antenna for Strain Monitoring

3.1 Introduction

The requirement for wireless data transmission using flexible antennas is becoming one
of the main focuses for the IoT driven sensing applications. With graphene as an active
material, the antenna-based strain sensors are drawing significant attention for continuous
motion detection and structural health monitoring in biomedical and industrial areas
[142]. The performance of the antenna mainly depends on the geometry of the radiating
surface, and structural property of the selected materials. The deformation of the antenna
structure by applying external forces leads to an instant variation in the frequency response
[64]. The utilization of the antenna as a sensing element simplifies the sensor design by
enabling the wireless read-out of analog information without the use of on-board analog
to digital circuits (ADC) circuits, inductive loops, and battery for power supply. Hence,
a compact and highly sensitive flexible microstrip antenna act as a good candidate for
antenna-based IoT enabled strain sensing applications.

In addition to the wireless sensor nodes used to obtain strain signals, the MPA is
shown to be a feasible sensor for wireless strain sensing [143]. Conventional MSA with
rigid structures have constrains for conformal demands. The progress of antenna-based
sensors using soft materials has led to advancements in a broad range of communication
applications [57]. Furthermore, the sensors for wearable [144], and body-centric [145]
applications are fabricated using various materials for effective sensitivity and radiation

23
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characteristics. Such possibilities become limited while enhancing the sensitivity by
modifying the geometrical structures only [146]. However, material selection with flexibility
and better physical and chemical properties is one of the highly challenging aspects of
antenna-based sensors.

There were several reports of antennas fabricated using different conductive inks and
printing methods utilizing various flexible dielectric substrates [12], [147]. The properties
like stability, mechanical strength, electrical sensitivity, and stiffness that porous graphene
can tolerate under extreme strain have drawn much interest [148]. To produce graphene,
various techniques have been utilized with high proportions of strong acids, and oxidants
[149]. A graphene-based flexible film fabricated using a three-step process involving
thermal annealing and roll compressing, has reported high stability and less weight [150],
[151]. Nevertheless, these techniques have lower control over a 3D structure, requiring a
lengthy process with high temperature for graphene synthesis.

As an alternative, laser-induced graphene (LIG) is becoming popular for diverse
flexible and wearable electronic applications [152], [153]. LIG is produced by direct scribing
infrared CO2 laser on carbonated polymers without requiring any additive chemical and
high-temperature treatments [154]. The production of few-layer graphene using laser
direct writing (LDW) is a simple, relatively inexpensive, and rapid process with high
precision and throughput [155]. Unlike other existing multistep synthesis methods, LDW
is a straightforward single-step process that allows engraving complex designs directly by
generating few graphene layers onto the polymer films [156]. The direct CO2 lasing on
polymers offers an efficient substitute as a conductive material with patterns of few-layer
graphene on its surface in a fully controlled manner [157]

Here, a flexible and compact LIG-based antenna sensor with a high compressive
and tensile strain sensitivity of 14.08 and 11.34, respectively is presented. The device
is utilized for wireless strain sensing purposes using a single-step fabrication process.
Besides, various LIG printing technology prospects were also studied while designing
the flexible antenna. A 26.22×27.58×0.12 mm3 sized rectangular patch antenna using
LIG and copper tape on each broadside of the polyimide (PI) sheet was created as an
alternative to existing multistep fabrication techniques using the synthesized conductive
inks. The surface composition of the engraved LIG material has been reviewed using
various structural and morphological characterization methods. The effect of bending on
operating frequency was examined to measure sensor sensitivity. The device can convey
data through microwave transmission of WLAN frequency at 5.8 GHz with remarkable
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sensing capability and can be utilized in IoT sensor applications, such as biomedical and
industrial purpose.

3.2 Experimental Section

3.2.1 Design & Methodology

A simple MPA for sensing applications operating in the industrial, scientific, and medical
(ISM) band has been designed using an infrared CO2. Firstly, an appropriate low thickness
substrate material for the laser ablation process is selected as it provides the desired
mechanical stability for the microstrip antenna during the straining process. A deformable
PI sheet of thickness 0.127 mm, having a dielectric constant (εr) of 3.5 and a loss tangent
of 0.0026, was chosen as the substrate [158]. The top and bottom conductive parts of the
substrate, such as ground and patch, are given copper attachment (5.96 × 107 S/m) and
LIG imprinted (7.18 × 102 S/m), respectively. Dimensions of the designed antenna with
an inset feed are obtained from the standard microstrip rectangular patch antenna design
equations [159].

3.2.2 Materials & Methods

The LIG film obtained by inscribing CO2 laser on the PI sheet is studied further using
different characterization techniques. Chemical characterization includes scanning electron
microscope (SEM) from field electron and ion (FEI-Apreo LoVac) was used to determine
the surface and structural morphology. Furthermore, confocal Raman Microscopy (Witec
Alpha 500) and fourier transform infrared spectrometer (FTIR-4200 from Jasco) were
used to observe the chemical compositions of LIG. X-Ray diffraction (XRD) method
(ULTIMA-IV by Rigaku) was used for phase identification of LIG. A vector network
analyzer (VNA-ZVL by Rohde and Schwarz) was used for measuring the radio frequency
(RF) characterization while examining the sensing performance of the device. To observe
the conductivity of induced graphene with lasing parameters, a four-probe conductive
meter (by Ossila) was utilized.

MPA as a sensor was developed using CO2 laser fabrication process (VLS 3.75 from
Universal Laser Systems). Below a certain threshold power of the laser, the PI sheet acts
as an insulator with a relatively higher sheet resistance. The gradual increase in power
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Figure 3.1: A detailed illustration of the fabrication procedure of LIG antenna-based
sensor.

tends to reduce its sheet resistance and increases the conductivity of engraved porous
graphene. The laser spot allows elevated local heating to carbonize the PI sheet at certain
ambient conditions [160]. By irradiating laser onto the PI, sheet forms a highly flexible
porous material that can be used for strain sensing [161]. Fig. 3.1 depicts the fabrication
procedure of the LIG antenna-based sensor using CO2 laser at an optimal power of 3 W.
One side of the PI sheet is attached to a single-sided adhesive copper tape before realizing
the LIG. The CO2 laser with required power and speed, as shown in Fig. 3.1, induces
graphene by engraving on the PI sheet. Finally, the CO2 laser directly cuts an outline as
per the specified antenna dimensions. The major microfabrication issues can be overcome
by maintaining consistency in dimensions, enabling bulk fabrication within less time. For
example, the duration required to engrave a PI sheet of 5 × 5 mm2 takes less than 60 s.

3.3 Results and Discussion

3.3.1 Chemical Characterization

The SEM images are used to depict the morphological evaluation of the plain PI sheet
and the LIG engraved PI sheet. Fig. 3.2a shows the plane surface of the PI sheet without
LIG. Fig. 3.2b and 3.2c depicts the lengthwise images of PI sheets engraved with LIG
having rough 3D porous graphene structure with cross interlinks at high magnifications.
Most of the pores possess circular or oval-shaped geometries with random distributions.
These pores of LIG are versatile and can be controlled by altering the laser power [162].
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As depicted in Fig. 3.2d, by using the cross-sectional SEM imaging, the depth of the
engraved LIG observed was measured to be approximately 60 µm. The transition of a
plane surface of the PI sheet to few layers of porous graphene exhibits a clear structural
morphology of LIG.

(a) (b)

(c) (d)

Figure 3.2: (a) SEM image of a plane PI sheet, (b) & (c) Lengthwise images of LIG
(d) Cross-sectional image of LIG.

The developed LIG on the PI sheet was examined to understand the structural
information of the material. The sample was characterized using Raman Spectroscopy,
and the peaks are demonstrated in Fig. 3.3a. The intensity peaks of D, G, and 2-D bands
observed are 1330.039 cm−1, 1557.686 cm−1, and 727.80 cm−1. The carbon structure can
be explained using the intensity ratios of D band and G band (ID/IG) [163]. The obtained
(ID/IG) and (I2−D/IG) values for the LIG sample are 0.853 and 0.467, respectively. These
results indicate the formation of graphene oxide (GO). Since the device was fabricated in
ambient environmental conditions, the presence of oxygen was also observed.

XRD spectra play a key role in characterizing the crystalline structure of a material.
Fig. 3.3b illustrates the XRD spectrum of LIG material carried out with a scanning range
of 100 – 800. A broad diffraction peak from 150 – 300 proves the existence of amorphous
carbon structures having various peaks with different intensities due to the appearance of
oxygen functional groups along with water molecules. The same is also evident from FTIR
spectra as shown in Fig. 3.3c. The strong intensity peak at 2θ = 26.120 indicates the
presence of graphite (JCPDS card no. 75-2078), and by using Bragg’s law, the calculated
d spacing is around 3.4Å, which is between (002) planes. The peak centered at 2θ = 21.70
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corresponds to reduced graphene oxide (RGO), and the abrupt peak appeared at 2θ =
14.50 is referred to as GO having some random structures with low peak intensity.

(a) (b)

(c) (d)

Figure 3.3: (a) Raman spectra of LIG (b) XRD pattern of LIG (c) FTIR spectrum of
LIG (d) XPS spectrum of LIG.

Fig. 3.3c exhibits the FTIR Spectrum for observing the characteristic chemical
composition of LIG powder produced from CO2 laser. The extracted powder is mixed with
Potassium Bromide (KBr) in the ratio of 1:100 to turn it into a transparent palette by
applying appropriate pressure. The FTIR spectrum obtained from the palette measurement
has a vibrational peak at 3452.0 cm−1, indicating the presence of hydroxyl group (O-H)
with strong intensity and a broad peak. The region between 3000 cm−1 and 2800 cm−1 is
analogous to the stretching vibration of the methyl group (C-H bond). The peak at 1456.0
cm−1 corresponds to the methylene region. From the plot, remaining vibrations at 1629.6
cm−1, 1029.8 cm−1, and 599.8 cm−1 exhibits aromatics (C=C) with strong intensity, an
alkoxy group, and some halo compound [164]. The above vibrational peaks show the
presence of carbon materials like graphene and GO by the interaction of oxygen along
with some impurities.

For the elemental characterization of LIG material, XPS analysis was performed.
From the observation shown in Fig. 3.3d, the de-convoluted peak values were at 284.5
eV, 285.1 eV, 286.5 eV, and 288.6 eV, which represents the sp2, C-O, C=O, and O-C=O
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functional groups, respectively. The functional groups indicate that the formed LIG
sample consists of GO. The XPS spectrum confirms the presence of C and O groups with
the absence of impurities.

3.3.2 RF Characterization

The LIG antenna has been simulated in ANSYS HFSS V.15.0. As proof of concept,
a prototype antenna was fabricated, and the return loss measurements were compared
using a vector network analyzer (VNA). The radiation characteristics such as return loss,
E-Plane and H-plane patterns for polarization, and a realized gain over the operating
frequency band were analyzed. Fig. 3.4 depicts the fabricated LIG antenna.

Figure 3.4: Fabricated LIG antenna.

The |S11| parameter is plotted in Fig. 3.5a. The measured and simulated results have
a centre frequency at 5.8 GHz with a return loss less than -10 dB. Fig. 3.5b shows the
plot of gain and efficiency over the operating frequency of the antenna. A maximum gain
of 4.24 dBi was observed at the centre frequency of 5.8 GHz. The Efficiency greater than
50% was observed at the required bandwidth for ISM band 5.725 – 5.875 GHz. Since
the antenna is compact in size and is designed on a very thin substrate, the efficiency is
comparatively low but is sufficient for the target application.

Fig. 3.6 depicts the simulated and measured radiation patterns of co-polarization
and cross-polarization at 5.8 GHz as the center frequency. Both the XZ and YZ planes
have comparable gain at 00 around 4.24 dBi for simulated and 1.82 dBi for measured with
stable unidirectional radiation patterns. The cross-polarization radiation levels of both
the planes are also better than -30 dB at the operating frequency.
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(a) (b)

Figure 3.5: (a) Simulated and measured |S11| parameters at 5.8 GHz (b) The frequency
with gain & efficiency plot.

Figure 3.6: Simulated and measured 2-D radiation patterns at 5.8 GHz (a) XZ-plane
(b) YZ-plane.

3.3.3 Strain Analysis

The LIG printed antenna was subjected to different tensile and compressive strain,
while the resulting frequency shift was analyzed for strain sensing performance. The
frequency change of the LIG antenna is mainly due to the applied external strain. As
the LIG has a porous structure, the pore dimension changes with the applied strain. For
compressive strain, the pores of the LIG material become more compact resulting in
enhanced conductivity and possibly an increase in the frequency. When it comes to tensile
strain, the pores of the LIG material gets enlarged which leads to reduced conductivity
and possibly a decrease in frequency.The physical property of the conducting part varies
along its length that tends to change with the frequency of operation. The resonant
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frequency of an MPA with length L is given by (3.1),(3.2) & (3.3) [159]

fr = c

2Leff
√
εreff

(3.1)

∆L = 0.412h
(εreff + 0.3)(W

h
+ 0.264)

(εreff − 0.258)(W
h

+ 0.8)
(3.2)

εreff = εr + 1
2 + εr − 1

2

[
1 + 12 h

W

]− 1
2

(3.3)

where, Leff = (L+ 2∆L) is the effective length of the patch, which is slightly more
than the actual patch length L due to the presence of fringing field at both the ends of
the patch. εreff is the effective dielectric constant of the dielectric substrate. Hence, Leff

and εreff are two factors, which play a key role to determine the resonant frequency of
the antenna.

As shown in Fig. 3.7a, when the antenna is bent inward (compressive strain), the
effective length of the patch reduces resulting in an increase in the resonant frequency.
Similarly, from the Fig. 3.7b, during the tensile strain, the antenna is bent outward
and the relative length of the patch increases. Hence the resonant frequency decreases.
Another dominant factor, which plays a significant role in finding resonant frequency of the
antenna is the changing dielectric constant due to the bending of the substrate. A flexible
substrate, having less thickness with more variation in dielectric constant while bending,
can provide a better bending performance and stability. It is experimentally found for a
wide variety of dielectric substrate materials that the dielectric constant decreases with
increasing compressive strain and enhances with increasing tensile strain [165], [166]. From
Fig. 3.7c and 3.7d plots, because of the wideband, there is an overlap between each band
for each applied input parameter. However, for sensing purposes here, the main focus is
on the change in resonant frequency for different inputs applied, which could be distinctly
identified.

A decreasing dielectric constant results in higher resonant frequencies, which we have
observed for our proposed antenna under the compressive strain. On the other hand, we
have obtained a lower value of resonant frequency with increasing tensile strain thereby
indicating that the dielectric constant is increasing with tensile strain. Hence we can well
anticipate that the dielectric substrate used in designing the proposed antenna comes
under this category.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.7: (a) and (b) Images for compressive and tensile bending of LIG antenna,
respectively (c) and (d) Frequency versus S-Parameter variation plot for compressive &
tensile strain, respectively (e) and (f) Sensitivity plot with the applied compressive &

tensile strains for N=2 devices.

From Fig. 3.7c and 3.7d plots, it is clear that as the radius of the radiating element
decreases, the frequency shifts towards right for compressive strain and shifts left for
tensile strain. The sensitivity is calculated as ε = ±h/2r and S = (4f/fo)/4ε [58]

where ε is the amount of strain applied, h is the height of the antenna (0.127mm),
r is the bending radius, S is the sensitivity and 4f is the frequency difference between
bent (f) and flat states (fo) of the antenna. Fig. 3.7e and 3.7f shows an approximately
linear change in normalized frequency with applied strain. Using two fabricated devices,
the sensitivity values observed for the compressive strain are 14.08 with R2 = 0.938 and
tensile strain is 11.34 with R2 = 0.918, approximately.
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(a) (b)

(c) (d)

Figure 3.8: (a) - (c) Images of LIG antenna at various folding & unfolding angles (d)
Angle with respect to normalized frequency plot.

To observe the sensing performance of the LIG antenna sensor, angle measurement
by folding and unfolding movement using compressive strain is carried out. As depicted
in Fig. 3.8a - 3.8c, the antenna sensor was bent in different angles between 0-1500 while
folding and unfolding. From Fig. 3.8d, an increase in normalized frequency while folding
the antenna and a decrease in frequency when unfolding is shown.

The fabricated sensor is utilized in real-time applications to evaluate the repeatability
performance using two different cases. In the first case [Fig. 3.9a & Fig. 3.9b], the antenna
as a sensor is subjected to a motion detection test while placing the antenna ground on
the palm for compressive bending analysis Fig. 3.9c depicts the compressive bending and
stretching plot of antenna based sensor. In the second case [Fig. 3.9d & Fig. 3.9e], the
LIG antenna ground is placed on the backhand for tensile bending analysis. Fig. 3.9f
depicts the tensile bending and stretching plot of antenna-based sensor.

By alternating between bent and stretched hand positions as shown in the figure
Fig. 3.9c & Fig. 3.9f, uniform change in normalized frequency under repeatable strain
positions is noted. The hand positions 1, 3, 5, 7, 9 are considered for bending, and 0, 2, 4,
6, 8, 10 are for stretching to observe the consistency in frequency. In stretched position,
for both cases the normalized reference frequencies(f/f0 = 1) are same. Whereas in bent
positions, the frequency is increasing from the reference frequency (stretched position) for
compressive strain, and is decreasing for tensile strain. A consistent restoration to the
original frequency from bent position for each and every individual bending cycle is noted.
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(a) (b) (c)

(d) (e) (f)

Figure 3.9: (a) & (b) Images of LIG antenna at compressive bend and stretch positions
(c) & (d) Images of LIG antenna at tensile bend and stretch positions (e) & (f) Hand
position with respect to normalized frequency plot for compressive & tensile strain.

This indicates the repeatability and suitability of the LIG antenna as a sensor for motion
detection and health monitoring applications.

Table 3.1: Comparison table for sensitivity & compactness of LIG antenna-based
sensor with previous works

Material (Substrate/Radiating Patch) Electrical Size Dimensions (mm) Sensitivity Reference

Cellulose filter paper/Aluminium 0.23λ0 × 0.3λ0 × 0.002λ0 29.5 × 37.7 × 0.3 3.34 [58]

Silicone elastomer/Copper 0.35λ0 × 0.35λ0 × 0.017λ0 30 × 30 × 1.5 3.35 [167]

Cellulose paper/Copper 0.64λ0 × 0.38λ0 × 0.002λ0 119.4 × 70 × 0.46 5.39 [74]

Cellulose paper/Graphene 0.64λ0 × 0.38λ0 × 0.002λ0 119.4 × 70 × 0.46 9.8 [74]

polydimethylsiloxane (PDMS)/Copper 1.21λ0 × 1.21λ0 × 0.12λ0 50 × 50 × 5 - [168]

Jean cotton/Copper 0.52λ0 × 0.58λ0 × 0.024λ0 64 × 71 × 3 - [169]

Rubber/Copper 0.49λ0 × 0.44λ0 × 0.015λ0 60 × 55 × 1.88 - [170]

Polyimide Sheet/LIG 0.50λ0 × 0.53λ0 × 0.002λ0 26.22 × 27.58 × 0.12 14.08 This Paper

Table 3.1 shows the comparative analysis of sensitivity and physical dimensions of the
fabricated prototype antenna with state-of-the-art. This study shows that the proposed
design offers better sensitivity compared to the previously reported works while retaining
comparable dimensions. The λ0 in the Table 3.1 is the free space wavelength.
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3.4 Summary

This work demonstrates a flexible rectangular LIG patch antenna with an inset feed at
the 5.8 GHz ISM band. The performance of the antenna with LIG is examined using
various characterization techniques. The chemical characterization of the LIG addresses
the formation and composition of the graphene onto the PI sheet. From the measured
RF characteristics, the antenna provides a gain of 1.82 dBi in the operating band. The
strain sensing analysis of the fabricated prototype antenna was used for examining the
sensitivity. The significant sensitivity of the antenna-based sensor enables its usage in
real-time IoT strain sensing applications, such as human motion detection and structural
health monitoring. Finally, more rigorous optimization of laser parameters can provide
even better sensitivity and stability for enhancing the performance of the antenna.



Chapter 4

MXene-Based Flexible Patch for Pres-
sure and Level Sensing

4.1 Introduction

Flexible antennas with simple structures are becoming prominent in the communication
sector, majorly for sensing applications. Generally, for fabricating the patch antennas
mostly copper, aluminium, and silver nanoparticle inks are often used as radiating elements
in satellite communication [18], radio frequency identification (RFID) [19], and other
wireless communication systems [20]. These antennas normally consist of high electrical
conductivity for transmitting or receiving electromagnetic waves. Besides, resistance
to degradation caused by mechanical deformation is also an important factor for the
conductive material. So, the performance of flexible antennas depends significantly on
the electrical conductivity of the material and its deformable nature [21]. Moreover,
metals are not excellent candidates for sensing applications when compared to functional
nanomaterials.

In general, devices with high sensitivity and flexibility were developed by synthesizing
novel nanomaterials to analyse physical parameters [171], [172]. However, microwave
sensing has become one of the diversifying technologies for various wireless sensor applica-
tions. By using the microwave sensors, continuous sensing of two different physical sensing
parameters such as pressure and level can be monitored in a simplified manner. With the
progress of the IoT, there is a need for the compact integration of radio communication
devices without sacrificing portability, flexibility, and lightweight properties [173]. MPA’s

36
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are the most conventional planar antenna type, especially those used in the sub - 6 GHz
frequency range [174]. Recently, the usage of nanomaterials for the conducting part and
high dielectric constant thin materials as a substrate have made patch antennas more
effective for wireless applications. Therefore, the advancement of new methods for flexible
patch antennas is necessary for selecting the materials and fabricating the device.

Lately, a new material MXene was introduced to compensate for the mentioned issues
with an excellent electromagnetic interference (EMI) shielding performance [175], [176].
MXenes belong to the family of 2D materials and are represented by Mn+1XnTX , where
M denotes the early transition metals (Ti, Zr, V, Nb, or Mo) and X represent carbon
and/or nitrogen. Here the TX symbolizes the terminating groups (–OH, –F, or =O),
which are mechanically durable, metallic with good conductivity [177]. The MXene films
allow simple, eco-friendly, and scalable manufacturing from aqueous solutions with no
surfactant or binder [178]. The MXenes were developed in several ways using a variety of
patterning and coating processes, including spray coating, dip coating, inkjet printing, and
3D printing [179], [180], [181]. A few applications like RFID tags and dipole antennas were
demonstrated using MXene as a promising material for wireless communication [182]. In
addition, the rapid research is expanding in utilizing MXene as an advanced nanomaterial
for supercapacitors [183], electromagnetic wave absorption [184], [185], energy harvesting
[186] and wearable technologies [187]. Hence, flexible antennas utilizing MXenes are
assuring due to their decent electrical conductivity and better mechanical deformability.

The work proposes for the first time the fabrication of MXene on a paper-based
flexible rectangular MPA with a target resonant frequency of 5.8 GHz for pressure and level
sensing applications. The chemical properties of MXenes were experimentally investigated
in demonstrating their potential for usage in MPA’s. The proposed rectangular patch
antenna has a narrow single band with a reasonable gain and stable radiation patterns
having the electrical dimensions of 0.49 λ0 × 0.47 λ0 × 0.002 λ0. The key idea of this
research is to use the single antenna-based sensor for multiple applications as presented
for both pressure and level sensing. In both the cases, the shift in the resonant frequency
is observed due to the variation in the effective physical parameters of the MXene and the
polyimide caused by the variation in the sensing parameters.
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4.2 Experimental Section

4.2.1 Synthesis of MXene

The synthesis of multilayer Ti3C2TX MXene solution was produced by selective etching
of Aluminium (Al) layers from Ti3AlC2. Fig. 4.1a elaborates the detailed illustration of
the MXene synthesis using the minimally intensive layer delamination (MILD) process.
Firstly, 0.8 g of Lithium Fluoride (LiF) was dissolved in 10 ml (6M) hydrochloric acid
(HCl) under continuous stirring for 5 minutes. After the complete dissolution of LiF in
HCL, 0.5 g of Ti3AlC2 powder was added to it. The then blended solution was again
stirred constantly with 700 rpm speed and was upheld for 36 hrs at 350 C. The resultant
solution was diluted with approximately 150 mL of De-Ionized (DI) water, then followed
with multiple wash cycles by centrifugation until the pH of the solution is higher or equal
to 6. Once the solution becomes neutral, it is ultra-sonicated in an ice bath for 60 min,
which finally results in the MXene colloidal solution with a multi-layered structure.

4.2.2 Fabrication of Mxene Based Antenna

Fig. 4.1b depicts the detailed fabrication process of the MXene coated paper-based
antenna. The resultant Mxene solution was utilized in producing thin MXene film on
cellulose paper by vacuum filtration technique. The Mxene coated cellulose paper film
was then cut with a laser according to the specified patch dimensions (13.3 × 17.23 mm2).
Here, the laser-cut MXene coated film works as a patch with the measured conductivity
of 2.89 × 105 S/m (using four-probe), which is affixed to the substrate material polyimide
sheet. The copper tape as a ground plane with the conductivity of 5.96 × 107 S/m is
attached to the other side of the polyimide sheet having a thickness (h) = 0.127 mm,
relative permittivity (εr) = 3.5, and loss tangent (δ) = 0.0026 [158]. This work is proposed
to design a conventional MPA adhering to ISM standards, which is operating at 5.8 GHz
resonant frequency for sensing applications. A microstrip antenna was designed by using
the standard microstrip antenna design equations [159], to resonate at 5.8 GHz. Fig. 4.1c
shows the geometry of the MXene coated cellulose paper-based patch antenna along with
the fabricated prototype.
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Figure 4.1: a) Process for the synthesis of MXene solution b) Fabrication procedure
of MXene film antenna based sensor c) Geometry of the rectangular patch antenna with
dimensions resonating at 5.8 GHz [Ls = 25.8, Ws = 24.584, L = 13.3, W = 17.23, Lf =
12.303, Wf = 0.618 (all the dimensions are in mm)] along with its fabricated prototype.
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4.3 Results and Discussion

4.3.1 Chemical Characterization

The XRD patterns of both Ti3AlC2 and fully exfoliated Ti3C2TX are recorded to investigate
the material structure, as shown in Fig. 4.2a. The attained diffraction peaks of the Ti3AlC2

pattern were analogous with the JCPDS card number 52-0875. The resultant Ti3C2TX

pattern depicts the elimination of crystal plane (1 0 4) at 2θ = 38.790, and the characteristic
peak (0 0 2) has shifted from 2θ = 9.470 to 6.90, which indicates the exfoliation of Al
layers from Ti3AlC2 pattern. It also shows the presence of –F, –OH, –O terminal groups
formed in the Ti3C2TX after the eradication of Al atoms from the original Ti3AlC2 [188].

The functional groups formed on the surface of the Ti3C2TX were examined using
FTIR spectra, as shown in Fig. 4.2b. The band observed at 3468.4 cm−1 is the stretching
vibration of –OH, and the peaks at 1601.5 cm−1 and 1035.2 cm−1 confirm the existence
of C=O and C–O, respectively. The two typical peaks at 1337.8 cm−1 and 568.5 cm−1

correspond to the surface terminal group of C-F and bending vibration of –OH [189], [190].

Fig. 4.2c shows the XPS survey spectra of the Ti3C2TX material that is coated on
the cellulose paper. The peaks at various binding energies 35.0, 60.0, 285.0, 456.0, 531.0,
563.0, and 686.0 eV were attributed to Ti 3p, Ti 3s, C 1s, Ti 2p, O 1s, Ti 2s and F 1s
respectively. The detailed information of Ti 2p, C 1s, O 1s, and F 1s XPS spectra is
depicted in Fig. 4.2d – 4.2g. As shown in Fig. 4.2d, two doublet peaks located at 461.6
and 455.5 eV in Ti 2p de-convoluted XPS spectra are allocated to Ti–C bonds indicate the
existence of Ti3C2TX structure after the electrochemical exfoliation procedure [191]. The
binding energies at 455.3, 456.4, 457.5, and 459.4 eV were assigned to Ti–C, Ti–X, which
relates to sub-stoichiometric titanium oxycarbides or titanium carbides, TiXOY and TiO2

[192]. Fig. 4.2e shows the C 1s spectra that can be fitted to five components centered
at 281.9, 284.3, 285.2, 286.5, and 289.0 eV, which are attributed to the bonds of Ti–C,
C–C, –CH2 & –CH3, C–O, and –COO respectively. The O 1s spectra in Fig. 4.2f shows
three components at 529.8, 530.8, and 532.7 eV, allocated to O–Ti species, related to
amorphous or crystalline TiO2, C=O, and C–O bonds, respectively. The XPS spectra of F
1s depicted in Fig. 4.2g illustrates two peaks at 684.8 and 686.8 eV, which were assigned
to F–Ti and F–M bonds (i.e. M is an unknown metal), respectively. The appearance of
F–M might be from the minimal residual amounts of MF3. The de-convoluted core-level
fitted XPS spectra were in correspondence with the reported literature [193], [194].
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Figure 4.2: a) XRD patterns of MAX (Ti3AlC2) and MXene (Ti3C2TX) b) FTIR
spectra of Ti3C2TX film, c), d), e), f) and g) are the XPS survey spectra of Ti3C2TX

and the patterns of Ti2p, C 1s, O 1s and F 1s respectively, h) Raman spectra of Ti3C2TX
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Figure 4.3: SEM images of Ti3C2TX film-coated cellulose paper a), b) Cross-sectional
view c) Top view d), e), f), g), h) Elemental mapping images of Ti, C, O and F at
3 µm resolution i) energy dispersive X-ray (EDX) spectrum with weight and atomic

percentage of elements for Ti3C2TX

Furthermore, the synthesized Ti3C2TX material was analysed for molecular interac-
tions by Raman spectroscopy, as depicted in Fig. 4.2h. The Raman shift at 205 cm−1

is assigned to the first order out-of-plane vibrations corresponding to Ti and C elements
[195]. The Raman bands appeared at 420 cm−1 and 633 cm−1 representing the vibrational
band of Eg and A1g and were allocated to the in-plane modes of Ti and C, which belong
to the surface functional groups of Ti3C2TX [196], [197].

The SEM images shown in Fig. 4.3a, 4.3b portrays the cross-sectional view, and
Fig. 4.3c, 4.3d shows the top view at magnification levels (100 µm, 1 µm) and Fig. 4.3c,
4.3d shows the top view of MXene coated cellulose paper with magnifications (300 µm, 3
µm). The thickness of the Mxene coated cellulose paper is analyzed form cross-sectional
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view, which is ∼210.675 µm. The high-resolution cross-sectional SEM image shown in
Fig.4.3b depicts the layered structure of Ti3C2TX with visible Interlayer spacing between
the layers. Also, from Fig. 4.3c, it is evident that Ti3C2TX is uniformly deposited on
the cellulose paper. Further, the elemental distribution of Ti3C2TX is confirmed with the
elemental mapping images as depicted in Fig. 4.3d - 4.3h. The EDX spectrum shown in
Fig. 4.3i and elemental mapping images revealed the existence of Ti, C, O, F, elements
indicating the presence of Ti3C2TX on cellulose paper.

4.3.2 RF Characterization of MXene-Based Antenna

The presented rectangular MPA was designed, optimized, and simulated using the HFSS
V.15.0. The fabricated prototype was interfaced with a VNA to measure the |S11|
parameter. Fig. 4.4 exhibits the simulated and the measured |S11| parameters. The
simulated antenna resonates at 5.8 GHz with a fractional bandwidth (FBW) of 3.96 %,
whereas the measured one resonates at 5.84 GHz having an FBW of 1.72 %.

Figure 4.4: Simulated and measured plots of |S11|

Fig. 4.5 depicts the simulated radiation patterns in the XZ and YZ planes of the
designed patch antenna. The antenna has a unidirectional pattern with the simulated
and measured gain of -4.941 dBi and - 6.1413 dBi respectively in both the planes at 5.8
GHz resonant frequency. The designed antenna also offers a difference of 40 dB between
co-polarization and cross-polarization levels in both the planes. The observed reduced gain
for the MXene based antenna is primarily due to its lower conductivity of the patch and
is comparable with the other flexible antennas in the literature. Therefore, the proposed
MXene based antenna can be used for IoT-based sensing applications.
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Figure 4.5: Simulated & measured radiation patterns of XZ & YZ planes at 5.8 GHz

4.3.3 MXene Based Antenna for Pressure Sensing

The pressure in this context refers to the loading pressure. Different loads are considered to
apply the pressure on the rectangular patch antenna for analysing the effect on the antenna
parameters. Fig. 4.6a presents the applied pressure with a load on the antenna. Three
discrete loads of different weights were placed one after the other on the MXene patch
which is connected to VNA via an SMA connecter to observe the frequency variations.
Fig. 4.6b depicts the comprehensive plot for change in resonant frequency while applying
different loading pressure, varying from 2.169 kPa to 3.429 kPa. From Fig. 4.6c, it is
clear that as the loading pressure on the antenna increases, the resonant frequency of
the pressure sensor reduces significantly. By varying pressure with different loads, an
approximately linear variation in the resonant frequency was observed. Hence, the pressure
sensor at this range between 2.169 kPa to 3.429 kPa can be used in solid-state pressure
switches which are available in different pressure ranges from 0-1 bar.

In order to observe the restoration of the frequency with and without pressure, a
continuous repeatability analysis was performed. For each increment of pressure, the
normalized resonant frequency is observed to decrease by approximately 20 MHz. When
the pressure is applied as presented in position 1 (Fig. 4.7a), the resonant frequency
decreases, and while no pressure is applied as shown in position 0 (Fig. 4.7b), the frequency
returns to its original state, indicating the deformable nature of the antenna. As depicted
in Fig. 4.7c, the resonant frequency of the antenna-based sensor is stable during the
continuous measurements and is easily restored after the removal of external pressure.
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Figure 4.6: a) Pressure sensing with a load on the antenna, b) Frequency variation
plot with and without applied pressure, c) Pressure versus normalized frequency plot

This is possible due to the thin layers of the antenna while applying a relatively lower
amount of pressure.

Figure 4.7: Repeatability analysis by applying continuous loading pressure a) With
different pressure loads, b) Without pressure loads, c) Plot for continuous measurements

with different pressure loads

The enhancement in the sensitivity of MXene based antenna with external stimuli (i.e.,
pressure) as a force transport layer was well attained owing to a significant enhancement
in the contact area even at applied minimal external pressure. The external pressure
transmits the load onto the conductive layered Ti3C2TX thin-film, decreasing the interlayer
spacing between the layers depicted in the SEM image above in Fig. 4.3b, leading to
a reduction in interlayer resistance, consequently increasing the probability of electron
hopping in between the layers. However, upon the external load, the interlayer resistances
from R1 to Rn are decreased to RL1 to RLn, and the equivalent circuit diagram can be
deemed akin to resistors in parallel, as displayed in Fig. 4.8. In brief, when external
pressure was applied onto the MXene based antenna, the distance between two parallel
sheets of Ti3C2TX was reduced. It became more petite than the tunneling distance
owing to which there is a reduction in the tunneling resistance. Hence, the increased
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Figure 4.8: Illustration of conventional underlying transduction mechanism for MXene
antenna based pressure sensor schematic

electron hopping upsurges the fabricated device current, which in turn helps to decrease
the resonant frequency of the antenna at applied external load. The tunneling resistance
can be theoretically determined using Eqn. (4.1) [198].

Rtunnel = V

aJ
= 2

3
h2t

ae2
√

2mΦ
exp

(4π
h

√
2mΦt

)
(4.1)

Where V, J, a, e, and m denote the potential difference applied, tunneling current
density, the cross-sectional area of the tunnel, charge, and mass of the electron. Also, h, φ,
and t indicate Planck’s constant, height of the potential barrier, and thickness of insulating
material (in this case, air) between the conductive flakes/ layers of Ti3C2TX , respectively.
As mentioned, the Rtunnel is directly proportional to te

√
t, Which indicates that with the

application of external pressure, the void space (i.e., insulating medium) between the
layers reduces, decreasing the tunneling resistance steeply. However, quantification of
tunneling resistance will require integration of the parameters over a 3D coordinate system
along with a sophisticated in-situ TEM technique to quantify the change in interlayer
distance (tf – to) under applied pressure which is well studied in the literature [199]. The
schematic conventional underlying transduction mechanism for the MXene antenna-based
pressure sensor is illustrated in Fig. 4.8.

Further, the linearity in the sensitivity signifies the tunneling resistance that has
been responsible for the increment in current when external pressure is applied. Thus, the
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enhancement of current flow in the radiating element creates the change in the magnetic
field as shown in Eqn. (4.2),[200] which in turn increases the electric field (E-field) strength.

n̂× H̄ = J̄s (4.2)

The increment of E-field strength within the antenna is due to the application of
external pressure. Fig. 4.9a – 4.9d depicts the electric field distribution of the antenna
with and without loads. At the maximum pressure load, the E-field strength is higher
when compared to that in case of the antenna without pressure.

Figure 4.9: Electric field distribution within the substrate at the resonant frequency
in case of a) Without pressure b) With 2.169 kPa (50 g) applied pressure c) With 2.58

kPa (100 g) applied pressure d) With 3.429 kPa (200 g) applied pressure

The pressure-sensing operation has also an effect on the dielectric constant, which is
related to the piezo-dielectric and piezo-resistivity properties. Here the dielectric constant
changes according to the pressure applied as shown in Eqn. (4.3) [201].

∂lnα

∂p
= 3
ε

∂lnε

∂p
(4.3)

Where α is the polarizability, ε is the dielectric constant, and p is the applied pressure
onto the material. From Eqn. (4.3), the increase in applied pressure leads to an increase
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in the dielectric constant of the polyimide material which in turn reduces the resonant
frequency of the antenna. The resonant frequency (fr) is inversely related to the effective
dielectric constant (εreff ), when the effective length of the patch (Leff ) is constant. So, as
the dielectric constant increases with applied pressure, the resonant frequency decreases
accordingly as shown in Eqn. (4.4) [159].

fr = c

2Leff
√
εreff

(4.4)

Figure 4.10: a) Stability analysis with discontinuous measurements, b) Experimental
relationship between frequency and pressure

Thus, the pressure sensing operation is based on the resonant frequency shift due to
the pressure applied on an MXene based patch antenna.

Figure 4.10a shows the plot of stability performance with respect to the different
loading pressure. The measurements were taken discontinuously over a period of fifteen
days with a five-days of an inherent gap. The same loading pressures were applied on the
antenna-based sensor for several days and observed the frequency shift with the function
of pressure. As per the results, approximately the normalized frequency variations are
the same for various pressure loads on different days. As shown in Fig. 4.10b, a linear
relationship exists between normalized frequency and applied pressure. The sensitivity
of the antenna for pressure sensing is approximately 247 MHz/kPa, which can be used
for low-pressure sensing applications. The sensitivity of pressure is calculated using the
following Eqn. (4.5) [159], where freference is the initial resonant frequency, fshift is the
shifted frequency after applying the pressure.
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∆f
f

= |freference − fshift|
freference

(4.5)

4.3.4 MXene Based Antenna for Level Sensing

This work mainly focuses on the effect of the interaction between the liquid level and the
dielectric property of the antenna. The change in liquid level exactly at the radiating
element of the antenna tends to shift the resonant frequency due to the variation in
dielectric constant from air to liquids. There is a scope to exploit this property to design
a level sensor for different liquids. To test the level sensing mechanism, various liquids
with differently concentrated solutions were used. Formic acid with molecular weight
46.03 g/mol, 11 mmol glucose, de-ionized (DI) water, and saline water were considered to
observe the change in frequency for differently concentrated solutions. Figure 4.11a &
4.11b shows the antenna, which is kept at room temperature is attached to the beaker
with half-filled and completely filled levels. As depicted in Fig. 4.11c, all the four variants
are having the shift of frequency with respect to the change in the liquid level. The minute
difference in resonant frequency shift between the examined liquids could be attributed
to the variation in the dielectric constants of the liquids. Here, since the antenna-based
sensor is attached to the beaker, the frequency change is nearly same for all the considered
aqueous solutions and the frequency shift does not depend on the pH level of the liquids.
This experiment proves, regardless of the concentrations of the liquid, that the frequency
shift is mostly similar depending on the occupancy of the liquid level.

Figure 4.11: a) & b) Antenna attached to the beaker with a half-filled and filled liquid
solution, c) Level versus normalized frequency plot for differently concentrated solutions

The level sensing performance of the antenna-based sensor was measured at different
temperatures varying from 250 C (room temperature) to 1500 C with various concentrated
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liquids as shown in Fig. 4.12a & 4.12b. The antenna is heated using the magnetic stirrer
hot plate at temperatures 800 C and 1500 C, which is then mounted on the empty beaker
at a medium height at each temperature. By filling the water in the beaker, it is observed
that the level sensor exhibits almost the same frequency shift starting from medium level
at each temperature. This results in the device can be used at high temperatures until
1500 C, which has a stable effect on frequency variation.

Figure 4.12: a) & b) Measurement of the frequency with respect to level by temperature
variations of antenna at 800 and b) 1500

The basic principle of the antenna-based level sensor presented depends on the
dielectric perturbation phenomenon. It does not require a direct interface in monitoring
the liquid level, thus offering a simple mechanism as compared to traditional sensors. Here,
the antenna-based sensor-enabled beaker is presented with two different cases. In the first
case, the beaker is empty Hence, the air is acting as an effective dielectric constant to the
antenna and thus no variation in resonant frequency is observed. In the second case, when
the beaker is getting filled with liquids such as, acidic or neutral solutions the effective
dielectric constant changes to the dielectric constant of solutions, which tends to vary
the resonant frequency by sensing the liquid level variation. Once the level crosses the
radiating element of the antenna, the frequency becomes constant. Thus, the resonant
frequency depends on the effective dielectric constant as shown in Eqn. (4.4) [159].

The placement of the antenna on the beaker makes it to be used as a discrete level
sensor, i.e., either as a high-level detector or a low-level detector sensor. The frequency
shift is the same regardless of the location of the antenna with respect to the beaker. As
shown in Fig. 4.13a & 4.13b, when the antenna is placed on the lower side portion of
the beaker the frequency shift was observed from 20 mL to 40 mL approximately. While
in Fig. 4.13c & 4.13d the antenna is placed on the top side portion of the beaker, the
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frequency shift was noted from 60 mL to 80 mL approximately. This experiment shows
the placement of the antenna holds a dominant role in using it either as a high-level or
low-level sensor for continuous observations for various IoT applications.

Figure 4.13: a) & b) Low-Level sensing c) & d) High-level sensing

4.4 Discussions

Table 4.1 presents the comparison of different features of the flexible antennas with the
proposed work in this literature. Most of the reported works developed novel conductive
materials/inks for usage in flexible wireless applications. Based on the conductivity of the
conductive material the characteristic parameters like gain and efficiency of the antenna
vary. The geometry of the antenna reduces with an increase in flexibility depending upon
the design and the thickness of the materials utilized in device fabrication. In addition
to the flexible nature of the antenna, the change in antenna parameters with respect to
physical parameters like strain, pressure, temperature, and level makes it suitable for
flexible antenna-based wireless sensing applications.
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Table 4.1: Parameter comparison table for flexible antennas

Conducting Material Conductivity [S/m] Electrical Dimensions Gain [dBi] Sensing Parameter Reference

Conductive polymer 1.5 × 104 (0.16 × 0.10) λ0 - 8.6 Wireless sensor
applications [202]

Silver Nanoparticle 3.53 × 107 π (0.04 × 0.04) λ0 - 5.6 - [203]

flexible multi-layer graphene film ∼106 (0.64 × 0.38) λ0 - Strain [74]

Liquid metal (eutectic gallium–indium alloy) 3.4 × 106 (0.40 × 0.24) λ0 - Pressure [120]
Silver flakes, TEA, 4-methyl-2-pentanone,
Fluorine rubber ink 8.49 × 104 (0.66 × 0.58) λ0 (Approx.) - - [204]

Nanocomposite 7.5 × 103 (0.34 × 0.24) λ0 1.22 - [205]

Silver Nanowires 8.1 × 105 (0.43 × 0.38) λ0 0.37 Strain [64]

MXene 2.89 × 105 (0.49 × 0.47) λ0 - 6.14 Pressure/Level This Paper

4.5 Summary

The MXene based flexible and conformal antennas for pressure and level sensing are one
of the promising candidates for wireless sensor applications. The synthesized MXene has
a favorable chemical characteristics that can be utilized as a low-cost flexible radiating
material. The antenna is designed at the operating frequency of 5.8 GHz having a gain of
around - 6.14 dBi with unidirectional radiation patterns. This gain is suitable for flexible
wireless sensing applications and is in line with the literature. To analyse the pressure and
level sensing performance, the antenna has undergone testing with repeatability, stability,
and temperature parameters. The antenna parameters are exploited to sense the applied
pressure and level of the liquid. The calculated sensitivity of the pressure sensing is
approximately 247 MHz/kPa. In level sensing, there is an ample amount of frequency shift
with respect to the change in liquid solution levels. As a result, the proposed MXene based
antenna is suitable for both IoT-based wireless pressure and level sensing applications.
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Heat Triggered Transient Microstrip
Antenna for Pressure Sensing Appli-
cations

5.1 Introduction

The evolution of wireless communication devices has become an active area of research
with the rapid development of novel materials [206]. Antennas have multiple parameters,
e.g., S-parameters, radiated power, etc., which are very sensitive to external physical
quantities such as temperature [207], strain [74], and pressure[120]. Hence, those antenna
parameters are recently being studied and exploited as well-behaving sensing parameters.
Moreover, currently, there is a requirement for one-time usage devices while ensuring
biodegradability in several wireless communications-dependent security applications[208].
The transient antenna-based sensor is one pathway that opens up new methods for building
such devices. Besides its self-destructive nature, the transient technology opens a wide
range of security applications while securing confidential data [209]. Even though transient
electronics field has evolved over the past decade, reports on the fabrication and study of
transient antennas for sensing applications remain scant. Consequently, there is a scope for
utilizing transient electronics in developing transient antennas for wireless communication
and IoT applications.

53
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The transient devices require materials that get degraded with an external trigger
in a controlled environment. As the dielectric material, various water-soluble and acid-
soluble polymers and green materials [210], [211], which will degrade through fungal
biodegradation, were studied [212], [213], . But the degradation of material through
biodegradation will take a longer period when compared to the external stimuli. Lately,
some water-soluble polymers like Polyvinyl Alcohol (PVA), Polyvinylpyrrolidone (PVP),
polycaprolactone (PCL), and other materials were considered in manufacturing transient
devices [214], [215]. While degradation in wet transience, the materials exhibit swelling or
a long time solubility. Hence, transient devices with other triggers, such as heat, light and
temperature, are needed. Wax-based dielectric heat-triggered devices can be one of the
possible solutions to resolve the issue.

Transitory technology is advancing its research across multiple domains because of
its momentary nature which is helpful for a range of short-term applications. Some of
the previously presented transient electronic applications include RF power harvesting
systems [216], the transient electronic antenna [214], electrochemical sensors [217], wearable
pressure sensors [218], and thin film transistors [219], and their disappearing nature is
wet transience. Sensors with conformal and flexible nature are one of the diversifying
fields in healthcare, robotics, security, etc., by making them wireless, low-cost, and precise
[220], [221]. The sensor-based applications require effective nanomaterial to sense any
physical parameter. The complex and miniaturized antenna designs are essential for
various communication application purposes [222], [223]. The simple patch antenna with
nanomaterial makes the device more sensitive towards sensing applications.

The utilization of functional nanomaterial is necessary to make the antennas sensitive-
friendly and short-term usage devices. Existing research shows the development of
transition metal di-chalcogenides (TMD) based antennas with LIG-MoS2 [224] and silver
nanoparticle ink [225] in enhancing RF performance. Specifically, in the two-dimensional
(2D)-TMD family, the Nickle di-chalcogenides (NiS2) have gained significant attention
due to their distinct optoelectronic properties, environmental stability, and compatibility
with low-cost synthesis process. The researchers developed non-metal-doped transition
metal-based materials to enhance the inherent activity and charge-transfer rate of the
Ni-based di-chalcogenides [226], [227]. The sixth group elements, such as O, S, and Se are
utilized to incorporate into transition metal Ni, out of which the metallic nature of Se is
higher when compared to S and O [228]. In a recent report from our group, a detailed
experimental and theoretical investigation was performed for different TMDs for physical
sensing, where the performance of NiSe2 was found to be the best because of its lower
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density of states and bandgap [229]. Thus, it is noteworthy to carry forward the research
on NiSe2 as a conducting material for antenna-based physical sensing parameters.

The work presents a timely and original contribution by developing a Wax/NiSe2

transient antenna for low-pressure sensing applications, emphasizing the detailed analysis of
the transduction mechanism through a complementary approach, including experimental
characterization and first principle calculation. In our work, the S-parameter of the
proposed antenna is exploited as a sensing parameter. The wax is utilized as a substrate
that shows instant transience upon application of an external heat trigger, and NiSe2 is
a conducting material to the patch for efficient sensing. The synthesis of NiSe2 and its
material and electrical characterizations were studied to confirm the material characteristics
and its suitability for antenna application. Using the acquired parametric values of the
chosen materials, the antenna is designed in HFSS software and also is analysed for
pressure sensing. Then, the fabricated Wax/NiSe2 antenna is analysed for low-pressure
sensing analysis using different pressure loads in terms of the resonant frequency. Then, the
repeatability and transience behaviour of the Wax/NiSe2 antenna is analysed to observe
its performance. As per the study, this Wax/NiSe2 antenna is suitable for short-term
industrial low-pressure sensing applications.

5.2 Materials & Methods

5.2.1 Synthesis of NiSe2

The widely used hydrothermal method is considered for the synthesis of NiSe2. Initially,
213 mg of Se and 113 mg of NaBH4 were added to the 30 mL of water, where NaBH4

helps to disperse the Se powder in Deionized (DI) water. After that, the solution is
placed in a sonicator for 15 minutes. Later, 570 mg of NiCl2 is added to the solution.
Then, magnetic stirring is employed for 1 hour at 750 rpm until the dispersed solution
is obtained. The thoroughly stirred solution was transferred to Teflon and placed in the
hydrothermal reactor at 200 0C for 20 hrs. Finally, the synthesized solution is transferred
to the centrifuge tube and kept in the centrifuge at 3000 rpm for 30 minutes. The centrifuge
process is repeated three times to remove any residues in the solution. Later, the DI water
is carefully separated from the centrifuge and added to 5 ml of acetone. The reason for
adding the acetone is that while coating NiSe2 on the wax surface, the acetone quickly
evaporates and keeps the NiSe2 on the surface of the wax. The complete synthesis of the
NiSe2 procedure schematic is shown in Fig. 5.1
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Figure 5.1: Complete synthesis procedure of NiSe2.

5.2.2 Characterization of NiSe2

The morphology of the coated NiSe2 on the engraved surface of wax was analysed using
scanning electron microscopy. Fig. 5.2a depicts the SEM image of NiSe2 on the wax
surface. It illustrates that NiSe2 got distributed on the wax surface as nanocrystals and are
chained with each other. The chemical composition, binding energies, and surface states
of NiSe2, X-ray photoelectron spectroscopy, were performed. Fig. Fig. 5.2b illustrates the
broad range spectra of NiSe2. The survey spectra depict the binding energy peaks of Ni
2p, Se 3d, C1s, and O1s, confirming the presence of NiSe2. Fig. Fig. 5.2c illustrates the
Ni 2p de-convoluted spectra. Two spin-orbit doublets and two shake-up satellites of Ni 2p
spectra, with peaks for Ni 2p3/2 and Ni 2p1/2 at 855.87 eV and 873.83 eV, respectively,
were obtained with a binding energy split of ∼18.20 eV. The obtained peaks matched
with Ni2+, which confirms the Ni in divalent states of NiSe2. From Fig. Fig. 5.2d, the Se
de-convoluted spectra peaks at 59.21 and 54.20 eV for Se 3d3/2 and Se 3d5/2, respectively,
states that the NiSe2 has metal selenium bonds [230]. The high-resolution XRD spectra
of NiSe2 is reported in our recent works [229].

5.2.3 Antenna Design

For transient antenna-based sensing, a conventional microstrip antenna is designed using
microstrip patch design equations [159] by selecting materials before calculating dimensions.
For the transient nature of the antenna, a dielectric material like wax is chosen that
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Figure 5.2: Characterization of NiSe2. a) SEM morphology of NiSe2 on wax surface,
b) Survey spectra, Ni 2p, c) De-convoluted spectra of Ni 2p, d) De-convoluted spectra

of Se 3d.

disappears while heat is given as an external trigger. Materials sensitive to the applied
and derived physical qualities are a requirement for the antennas for sensing operation.
Utilizing nanomaterial like NiSe2 as a conducting patch for the antenna gives an efficient
sensitivity when applied pressure. The variation in resonant frequency with respect to
effective dielectric constant when pressure is applied on the antenna is analysed from
the following patch design Equations (5.1) & (5.2). Where, f0 is the operating frequency
of the antenna, C is the speed of the light (3×108 m/s), L is the physical length of the
patch, ∆L is the extended length due to the fringing field effect and εreff is the effective
dielectric constant of the dielectric material.

L = c

2× f0
√
εreff

− 2∆L (5.1)

f0 = c

2 (L+ ∆L)√εreff

(5.2)

5.2.4 Device Fabrication

The fabrication of the Wax/NiSe2 antenna starts by melting Candelilla wax pellets
(dielectric constant = 2.4 and loss tangent = 0.0093) [231] at 80 0C using a hotplate. The
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melted wax solution is then poured into a pre-prepared rectangular acrylic sheet template
with dimensions of 26.9 × 24.93 mm2. The negative template of the acrylic sheet with the
patch structure is prepared to provide an outline of the patch on the wax substrate. Then
the patch template is used on the wax surface to manually engrave the marked pattern
because NiSe2 liquid cannot get appropriately coated on the plane wax surface. Finally,
the NiSe2 liquid is coated on the wax surface as a conductive material. The conductivity of
NiSe2 is around 4.52 × 105 S/m, which is measured using a four-probe device. Compared
to the other transition metal-based composites, Ni-based composites, specifically, NiSe2

is highly considered due to its effective electron transfer efficiency. Fig. 5.3a shows the
preparation of the wax substrate and coating of NiSe2 as a patch on the front side of the
wax substrate. The actual digital images of the wax substrate with copper tape attached
to the back side of the wax substrate are depicted in Fig. 5.3b. Using silver paste, the
SMA connector is attached to the NiSe2 and copper tape of the wax substrate. Finally,
the Wax/NiSe2 antenna was kept in a hot air oven at 50 0C for one hour to solidify the
silver paste. The fabricated prototype of the Wax/NiSe2 antenna is shown in Fig. 5.3c.
The dimensions of the presented antenna are illustrated in Fig. 5.3d.

Figure 5.3: Fabrication procedure of Wax/NiSe2 antenna. a) Fabrication of wax
substrate and coating of NiSe2 liquid on the wax surface, b) Real image of the wax
substrate and copper tape attached to the wax substrate, c) Fabricated Wax/NiSe2

antenna prototype, d) Dimensions of presented antenna.
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5.3 Results and Discussions

The Wax/NiSe2 antenna is attached to the measurement setup with a vector network
analyzer (VNA, R&S ZVL Series) for the analysis of the S-Parameter, as shown in Fig.
5.4a. In Fig. 5.4b, the |S11| parameter is simulated, and measured results of Wax/NiSe2

antenna at 5.8 GHz is presented. Both the simulated and measured results have a resonant
frequency of around 5.8 GHz, which are in accordance with each other. A bandwidth of 25
MHz is observed in the simulation, while the bandwidth is approximately 285 MHz in the
measured result. The cause of difference in bandwidth might be due to the facile fabrication
effects that are not considered in simulations which include, the surface roughness of the
dielectric material, complex nanomaterial properties and connector loss. The intrinsic low
conductivity of NiSe2 and the defect in synthesis of NiSe2 during hydrothermal process
leads to effect the overall conductivity of NiSe2, which also plays a major role in bandwidth
variation.

Figure 5.4: a) Wax/NiSe2 antenna connected to the VNA, b) Simulated and measured
|S11|-Parameters of the presented Wax/NiSe2 antenna.

Fig. 5.5 presents the simulated radiation patterns of XZ and YZ planes, respectively,
at 5.8 GHz resonant frequency. The maximum gain obtained is around 6.12 dBi with
minimum cross-polarization for both planes.

5.3.1 Pressure Sensing

The fabricated Wax/NiSe2 antenna is subjected to pressure sensing analysis with respect
to the resonant frequency. Since the NiSe2 patch on wax has nanocrystal morphology,
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Figure 5.5: Simulated Wax/NiSe2 antenna radiation patterns at 5.8 GHz.

the resonant frequency varies while applying pressure onto the patch. As the physical
structure of the nanocrystal expands while applying pressure loads, the gaps between the
crystals reduce by increasing the patch length. Due to this, the conductivity varies and
probably leads to the reduction in frequency. Hence, as the applied pressure increases, the
reduction in resonant frequency is noticed. The relation between operating frequency and
length is analysed using the microstrip patch antenna Equations (5.1) & (5.2).

For the pressure sensing analysis, different pressure loads are considered from 1.48
kPa to 3.42 kPa. These pressure loads are utilized separately, one after the other, to apply
pressure on the Wax-based NiSe2 patch and analyse the change in antenna parameters.
Fig. 5.6a depicts the applied pressure load onto the NiSe2 patch while connected to the
VNA. The variation in frequency is observed while applying the pressure on the NiSe2

patch using different loads. It is observed in Fig. 5.6b that both in simulated and measured
results, there is a drastic reduction in the normalized frequency as the applied pressure is
increasing. This observation shows the sensitivity of the device towards applied pressure.

The repeatability analysis depicted in Fig. 5.7a is considered for around 50 cycles
(Trail Number) with different pressure loads to observe the repeatable nature of the
fabricated device. When no pressure is applied, the normalized frequency reaches its
maximum initial resonant frequency. In contrast, when a pressure load is applied on the
Wax/NiSe2 antenna, as shown in Fig. 5.7a, there is a reduction in frequency according
to the applied amount of pressure using different pressure loads. To conclude, while the
amount of pressure applied increases, the frequency reduces linearly with a minute change
in resonant frequency for each span of the trail. A linear variation in normalized frequency
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Figure 5.6: a) Wax/NiSe2 antenna with an applied pressure load, b) Variation of
normalized resonant frequency with pressure.

is observed with respect to the applied pressure loads. From Fig. 5.7b, the sensitivity
for the proposed antenna is approximately 0.0683 kPa−1, which is significant for sensing
purposes. Therefore, this Wax/NiSe2 antenna has potential in transient low-pressure
sensing applications.

Figure 5.7: a) Repeatability plot of Wax/NiSe2 antenna with and without pressure
loads, b) Sensitivity analysis for the pressure sensing.

5.3.2 Theoretical Methods & Analysis

To interpret the variation in resonant frequency with respect to the dielectric constant
when pressure is applied on the antenna, density functional theory (DFT) based ab initio
calculations were performed. In this work, the tri-layer (3L) Nickel Selenide (NiSe2) was
considered for representing the experimentally synthesized NiSe2 Nano-flakes. The NiSe2 is
a Group-X Transition Metal Di-Chalcogenides (TMDs) considered in hexagonal 1T-phase,
where one nickel (Ni) atom is covalently sandwiched between two selenium (Se) atoms in
individual sites of a hexagonal honeycomb lattice structure and forming a single atomic
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layer [229]. As shown in Fig. 5.8a the NiSe2 transform from semiconducting to metallic
phase from monolayer to multi-layer configuration and exhibits AAA interlayer stacking
orientation, where the adjacent atomic layers are identical to each other. Moreover, under
applied normal pressure, the interlayers distances of 3L-NiSe2 are reduced, which leads to
a normal compressive (Snormal) [232] strain that can be calculated as follows

Snormal = dstrained − drelaxed

drelaxed

(5.3)

In Equation (5.3), dstrained and drelaxed represent the interlayer distance of the strained
and relaxed 3L-NiSe2, respectively. In this case, S<0 indicates the presence of normal
compressive stress in the lattice.

Here, the DFT-based ab initio calculations are performed by using the Atomistix
Tool Kit (ATK) and Virtual Nano Lab (VNL) simulation packages which are commercially
available from Synopsys Quantum Wise [233]. The 3L-NiSe2 are considered in their
unit-cell (1×1×1) configuration, with a vacuum of 40Å in the out-of-plane directions to
eliminate artificial interactions from periodic images in that direction. Here, the ab initio
calculations are performed using the Linear Combination of Atomic Orbitals (LCAO)
double zeta-Polarized basis set with a 10×10×1 Monkhorst-Pack grid for sampling the
k-points in Brillouin zone with a density mesh cut-off energy of 125 Hartree.

In order to minimize the system’s overall energy, the unit cell is first relaxed. Addi-
tionally, the forces acting on each individual atom are reduced using the Limited-memory
Broyden Fletcher Goldfarb Shanno (LBFGS) algorithm, which has force and stress error
tolerances of 0.01 eV/Å and 0.0001 eV/Å3 respectively. For geometry optimization, the
Local Density Approximation (LDA) Density Functional Theory (DFT) method is used
along with Perdew Zunger (PZ) exchange-correlation functional [233]. The electronic and
optical properties are calculated using the Generalized Gradient Approximation (GGA)
method with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [233].
Furthermore, the Grimme DFT-D3 empirical correction is incorporated with GGA-PBE
to account for the weak van der Waals forces acting between the layers [233]. It should
be noted that under applied normal compressive strain, the Brillouin zone of 3L-NiSe2

preserves its hexagonal symmetry, and correspondingly, the energy band structure of
both relaxed and strained 3L-NiSe2 is analysed by considering by high symmetry route
(G-M-K-G) of Brillouin zone with fifty points per segment as shown in Fig. 5.8b. Moreover,
in this work, the optical spectrum calculations are performed using 15×15×1 k-points
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sampling while keeping ten bands below above and twenty bands above the Fermi level
[233].

Initially, the 3L-NiSe2 is geometry optimized, and its electronic (band structure)
and optical properties (k vs. freq.) are explicitly calculated following the procedure
mentioned above. Next, the 3L-NiSe2 is subjected to different normal compressive strains
by varying the interatomic distances and is geometry optimized for individual strain values.
Consequently, the energy band structures of strained and relaxed 3L-NiSe2 are compared
and are depicted in Fig. 5.8b.

Fig. 5.8b clearly indicates that both relaxed and strained 3L-NiSe2 are metallic in
nature, which agrees with the experimentally measured conductivities in this work. It is
worth mentioning that the fabricated device contains a percolating network on few-layer
NiSe2 nano-sheets, where both the intra-flake as well as inter-flake electronic conductivities
are expected to influence the overall conductivity of the percolating network. Moreover,
the results clearly demonstrate that the application of a smaller compressive strain does
not significantly influence the overall energy band structure, whereas the band structure
is notably modulated for a larger compressive strain. Next, the relative changes in the
out-of-plane dielectric constant with frequency are considered for relaxed and different
strained configurations of 3L-NiSe2 and are illustrated in Fig. 5.8c. In this context, it
should be noted that for the theoretical study, the frequency range is considered from 0
to 10 GHz, which covers the experimentally realized resonant frequency of the antenna
(5.8 GHz). The results indicate that the dielectric constant remains independent of
applied frequency within the studied frequency range. To further elaborate on the strain
dependence on the dielectric constant, the zero frequency dielectric constant of relaxed
and strained 3L-NiSe2 are exclusively analysed and are presented in Fig. 5.8d.

Fig. 5.8c & 5.8d exhibit that the dielectric constant increases with the applied
compressive strain, and the rate of change also increases with the applied strain. Such
observation can be attributed to the notably higher modulations in energy band structure
at a larger applied strain, as shown in Fig. 5.8b. Such an increase in dielectric constant
with increasing compressive pressure leads to the experimentally observed reduction in the
resonant frequency following Equation (5.2), as demonstrated in Fig. 5.6b. Usually, in con-
ventional antennas εreff is derived solely from the dielectric material sandwiched between
the metal. Since NiSe2 has some dielectric nature as per the DFT theoretical analysis, here
the εreff is having the combined dielectric values of both wax and NiSe2.Consequently,
the theoretical analysis satisfactorily explains the observed experimental trends of this
work. In this context, it is worth mentioning that an ideal condition is considered for the
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theoretical analysis considering strain response on the dielectric constant of individual
pristine 3L-NiSe2. At the same time, under experimental conditions, the effective dielectric
constant can be influenced by other factors, including the effect of pressure on wax,
wax/nanomaterial interface, inter-flake interface, and the impact of defects like Se or Ni
vacancies in the Nano-flakes. However, the qualitative trend observed in experimental
results and theoretical analysis are in good agreement, wherein the theoretically observed
increase in the dielectric constant of NiSe2 with increasing pressure appears to dominate
the overall qualitative trend observed in experimental results.

Figure 5.8: (a) Schematic representation of 3L-NiSe2 lattice in supercell (4×4×1)
configuration from top-view and unit cell configuration (1×1×1) from side-view, (b)
plots of comparative energy band (E-k) structures of relaxed and normal compressive
strained 3L-NiSe2 for low and high strain conditions, (c) plots of out-of-plane dielectric
constant vs. frequency response of 3L-NiSe2 for different applied normal compressive
strain, (d) plots of zero frequency dielectric constant vs. applied normal compressive

strain in 3L-NiSe2.

5.3.3 Transient Behaviour

To verify the transient nature, the dismantling process of the Wax/NiSe2 antenna with
heat as a trigger is depicted in Fig. 5.9. Candelilla wax has a hydrocarbon content of 42
% [234], When triggered with heat, the hydrocarbon molecular bonds break, and the wax
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vaporizes while turning into liquid form. Due to the heat trigger, initiating the reaction
between oxygen and hydrocarbons tends to produce water and carbon dioxide, as shown
in equation 4C31H64 + 95O2 ←→ 62C2O + 128H2O. In this procedure, due to heat, the
solid Wax/NiSe2 antenna dismantles by transforming the wax substrate from solid-state
to liquid form.

Fig. 5.9a depicts the initial phase of the antenna at the room temperature of 26 0C
before initiating the heat trigger. From the captures, as shown in Fig. 5.9b - 5.9d, the
Wax/NiSe2 antenna started melting at around 45 0C to 50 0C leaving partial remains. By
the 150th second, the complete device got dismantled, which is instantaneous compared to
the wet transience (i. e., dismantling using a liquid substance). Modulation of transient
time is also an important factor when it comes to the transient behaviour of a device.
Here, the modulation of transient time is not possible with respect to the variation in
thickness of the substrate that leads to a change in the centre operating frequency. But
by instant temperature trigger, the variation in modulation time is possible. As shown in
Figure 9e as the trigger temperature increases there is a drastic reduction in transient
time. Consequently, this transient Wax/NiSe2 antenna can be used in a wide range of
short-term security-based low-pressure sensing applications.

Figure 5.9: Illustration of the transient behaviour of Wax/NiSe2 antenna at various
time intervals. a) Initial phase, b) 100 s after the initiation of heat trigger, c) Partially
dismantled device at 130 s, d) completely dismantled after 150 s, e) Modulation of

transience time by varying temperature.

5.4 State of the Art

In below Table 5.1, the comparison between various flexible antennas along with their
dielectric and conductive materials are considered. From the study, the nanomaterials
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and conductive polymers [146], [235] provides better-sensing property when compared to
metals due to their material morphology. The combination of flexible and rigid materials,
as shown in [236], [237] also improves the sensitivity of the device. Only using rigid
materials like [101], [116] requires external support for the sensor to analyze sensing
parameters. For transient applications, the materials must disappear when triggered with
an external stimulus like, PVA/TiO2 film gets dissolved in water [214]. As far as the
authors’ knowledge go, there are no reports on transient technology-based antenna for
sensing purposes. Here, the prototype of a transient technology-based antenna and the
sensing application is proposed, which dismantles within seconds when triggered with heat
after its usage.

Table 5.1: Material comparison table for different sensing applications.

Dielectric Material Conducting Material (Patch) Electrical Dimensions Gain (dBi) Sensing Application Transient Nature Reference

PET Graphene-assembled film (GAF) (0.60×0.60×0.001)λ0 - Strain - [146]

T-Shirt Conductive polymer (0.39×0.03×0.003)λ0 [Approx.] 2.14 Strain - [235]

FR4/PDMS Copper (0.36×0.36×0.015)λ0 - Moisture - [236]

Cotton Copper Tape (0.57×0.52×0.02)λ0 3.81 Temperature - [237]

RT6010 PEC (0.021×0.024×0.0031)λ0 −9.7 Wireless Capsule endoscopy - [101]

RO3003 Copper - - Pressure - [116]

PVA/TiO2 Silver - 0.5 - Yes [214]

Candelilla Wax NiSe2 (0.52×0.48×0.03)λ0 6.12 Pressure Yes This Paper

5.5 Summary

A transient technology-based antenna with heat as an external stimulus is developed to
extend the antenna performance for wireless sensing applications like, environment sensors
and security based applications. Here, Candelilla wax is used as a substrate which is a
quick degradable material upon heat trigger. A few layers of nickel di-chalcogenides shows
metallic property and hence is very lucrative for use as a conductive patch for microstrip
antennas, which can also withstand the mechanical strain. The simulations and measured
results depicts the variation in frequency response with respect to the pressure applied.
Additionally, theoretical analysis is performed to prove the effect of effective dielectric
constant on the resonant frequency with the application of pressure on the antenna.
Further, the antenna is verified for its transient behaviour, which gets dismantled within
150 seconds from the initial room temperature. In essence, the research is expected to
offer theoretical understanding-driven design insight, which is expected to be instrumental
for the application of such nanomaterial/transient-based sensors for emerging application
areas like IoT-enabled data security and biomedical applications. The superior mechanical
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stability and transient behaviour observed in the design prototype can also be considered
promising for systematic design and performance optimization of such sensors in future
with other emerging nanomaterials. Furthermore, the theoretical framework developed in
this work for analysing the transduction mechanism can be further extended in future
to develop a robust predictive model for estimating the performance of antenna-based
sensors using the class of hydrothermally synthesized nanomaterials.



Chapter 6

A Study on Flexible Antenna-Based
Contactless Motion Sensor

6.1 Introduction

Recently, flexible antenna-based sensors are in high demand, specifically in the microwave
domain. Due to their wireless communication ability, non-contact sensing capacity,
simple structural design and integrity, they are the excellent choices in wireless sensing
applications. Furthermore, as compared to conventional sensors, there is a possibility
of reducing the size and complexity of the design and improving the accuracy of the
sensor by modifying the antenna characteristics, which makes them versatile [15]. The
antenna-based sensors have emerged as another approach for measuring diverse physical
sensing parameters and transmitting the data wirelessly.

Up till now, antenna-based sensors were applied for various sensing applications such
as humidity [238], gas [239], ice [130], and strain [235], which is mainly based on contact
sensing mechanism. Indoor and outdoor modern systems are equipped with intelligent
sensors based on various physical parameters. Out of which motion sensor plays a key role
in detecting the motion and presence. There is an increase in security issues at various
commercial places [240], and observing the elderly people having health issues at home is
necessary. Continuous monitoring of human activity using simple and compact technology
is emerging as a significant area of research and development [241]. So, it is necessary to
develop a conformal smart contactless low-power motion sensor for short-range health,
industry and security-based applications.

68
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Several operating principles have evolved to investigate the sensing parameter of the
motion sensor according to its applicative usage. Microwave technology is increasingly
used in motion detection sensing for security-related applications [242]. For motion sensing
purposes, microwave sensors mostly made use of Doppler radar principle which is based
on the reflected microwave frequency [243]. The existing contactless motion sensors were
used for long-range applications with heavy post-processing [244], and for human motion
monitoring [245], the available sensors are in contact with humans. Consequently, the
necessity of contactless antenna-based sensors is rising progressively for wireless low-power
smart sensing applications.

In this work, two separate antennas for transmitting and receiving the RF signal were
considered at 2.44 GHz resonant frequency in the presence of the obstruction for contactless
wireless motion detection. Here, the operating principle lies in detecting the attenuated
power of the received RF signal at the receiving antenna in the presence of obstruction.
The attenuation of the received power varies according to the size and structural area of
the object, material of the object and the amount of the emitted energy from the object.
The threshold limit is experimentally recorded for various materials, including metals,
dielectrics, and humans of variable height and structural area. The observed threshold
for various obstructions can be directly utilized in detecting the motion according to the
received attenuated power for smart sensing. Hence, this work proposes a simple operating
principle in smart wireless motion detection for short-range IoT applications.

6.2 ANTENNA DESIGN

6.2.1 Transmitting Antenna

A Microstrip monopole-like antenna with a partial ground is designed as a non-flexible
transmitting (TX) antenna. Fig. 6.1a and 6.1b depicts the fabricated prototype of the TX
antenna. The combination of a circular patch and the rectangular slot within it results in a
broadband antenna. The operating band of the transmitting antenna covers the frequency
range from 1.57 GHz – 3.48 GHz. The antenna is fabricated on the FR-4 substrate (εr

= 4.4, δ = 0.02, h = 1.6 mm) with the dimensional values presented in Table 6.1, were
calculated using circular patch equations [159].
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Figure 6.1: a) Front view b) Back view of the transmitting antenna.

Table 6.1: Geometrical values of the transmitting antenna.

Parameters W1 L1 r c d Tl Tw g
Dimensions (mm) 65 85 25 28 7 30 2 18

6.2.2 Receiving Antenna

As the receiving (RX) antenna, a simple circular microstrip patch is designed and fabri-
cated by using deformable material, as shown in Fig. 6.2a. Unlike rigid antennas with
considerable parametric values, the characteristics of the conducting and non-conducting
parts are crucial in the case of flexible antennas. Here polyimide sheet (εr = 3.5, δ = 0.0026
[158], h = 0.254 mm) as a substrate is sandwiched between copper tape on both sides.
The usage of the above materials makes the antenna more flexible, portable, inexpensive,
and low profile for various conformal wireless applications. The resonant frequency of
the receiving antenna is 2.44 GHz, which is suitably designed for the above-mentioned
broadband antenna. As depicted in Fig. 6.2b, the antenna possesses bending feasibility,
which makes it appropriate for conformal applications. The dimensional values of the
RX antenna presented in Table 6.2 were calculated from the microstrip antenna design
equations [159].

Table 6.2: Dimensions for the receiving antenna.

Parameters W L a b Rl Rw
Dimensions (mm) 48 60 19.7 10.46 26.33 0.7
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Figure 6.2: Fabricated prototype of the flexible receiving antenna. a) Flat view b)
Bent view.

6.3 Results and Discussion

To examine the simulated results, the TX and the RX antennas designed in HFSS V.15.0
were fabricated using a PCB prototyping machine. Then, both prototypes are measured
using a VNA (VNA-ZVL by Rohde and Schwarz). As shown in Fig. 6.3a the simulated
TX antenna is operating at a frequency span of 1.54 GHz to 3.46 GHz, and the measured
prototype is from 1.54 GHz to 3.55 GHz. The fractional bandwidth observed for the
simulated and measured is 71.6% and 80.07%, respectively. The minor variations between
measured and simulated return loss can be due to the open environment measurement.
The simulated maximum gain of the TX antenna is plotted in Fig. 6.3b, where the gain is
linearly increasing from 2.10 to 3.25 dBi in the operating frequency band. The simulated
efficiency is found to vary from 92% to 97% as shown in Fig. 6.3b. Fig. 6.4 depicts the
radiation patterns of transmitting antenna both in XZ and YZ planes. At 2.4 GHz the
antenna is radiating omnidirectional radiation patterns with minimum cross-polarization.

From Fig. 6.5a, the simulated and measured results show that the receiving antenna
is resonating at 2.44 GHz with a narrowband. At the resonant frequency, a maximum
gain of 1.10 dBi with an efficiency of 29.1% is observed from the simulated plot in Fig.
6.5b. Fig. 6.6 depicts that the simulated 2-D radiation patterns are unidirectional at 2.
44 GHz.
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Figure 6.3: a) Simulated and measured |S11| parameter b) Simulated gain and efficiency
of the transmitting antenna.

Figure 6.4: 2-D Radiation patterns of the transmitting antenna.

Figure 6.5: a) Simulated and measured |S11| parameter b) Simulated gain and efficiency
of the receiving antenna.
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Figure 6.6: 2-D Radiation patterns of the receiving antenna.

6.3.1 Proposed Sensing Mechanism

The sensing mechanism becomes contactless to the physical parameter under applicative
consideration by utilizing the antenna pair as a sensing device. As a microwave sensor,
the antenna has various parameters to exploit and sense particular physical quantity.
Currently, the antenna is used for sensing the motion of the target or its presence based on
the received power of the RX antenna. In this case, the electromagnetic (EM) radiation
between the TX and RX antenna is proposed as an operating principle for sensing the
movement or presence of the obstruction. Any obstruction between the TX and the RX
antenna causes a direct impact on the radiation parameters, includes frequency of the
radiated signal, radiation pattern, efficiency, and received power. Here, the attenuated
received power is utilized to sense the presence of an object in between the antennas.

A setup is arranged as depicted in Fig. 6.7, a broadband transmitting antenna and a
narrowband receiving antenna were designed and then analyzed for communication and
sensing purposes in an open environment. Here, the transmitting antenna is made as a
conventional non-flexible antenna for generating better radiation so as to support the
receiving antenna. Whereas the receiving antenna is flexible, which is appropriate for
conformal applications and is suitable on any structural surface. An RF source generating
a 2.44 GHz frequency is connected to the TX antenna while a spectrum analyzer is linked
to the RX antenna to check the variation in received power. When the obstruction is
present or passing in between the antennas the variation in received power is captured as
a sensing parameter.



Chapter 6. Contactless Flexible Antenna Sensor 74

Figure 6.7: Communication and sensing mechanism in terms of radiated power between
transmitting and receiving antennas.

From the radar range equation (6.1) [159], the power received is measured with respect
to the input transmitted power from the antenna when scattered by the obstruction with
a radar cross-section. The received power varies depending on the characteristic behaviour
of the material, size, and structure of the obstruction. Accordingly, Fig. 6.8 depicts the
analysis of the received power by using different materials as obstructions and Fig. 6.9
shows the experiment performed with different humans having variation in height and
structural area. Hence, the received power varies in the presence of an obstruction with
respect to the input power, which is also theoretically given in the equation (6.1). Where,
Pr is the received power, Pt is the transmitted power, σ is the radar cross-section, G0t

and G0r are the maximum gain of the TX and the RX antenna respectively, λ is the
wavelength, and R1 R2 are distance from transmitter to obstruction and obstruction to
receiver respectively.

Pr

Pt

= σ
G0tG0r

4π

[
λ

4πR1R2

]2

(6.1)

A controlled EM radiation continuously radiates from the TX to the RX antenna
with a constant receiving power. The distance between the transmitting and the receiving
patch is around 1.432 m, which is investigated for short range applications. When an
object is placed in between or passing through the antenna pair, an abrupt power level
reduction is observed at the receiving antenna. From Fig. 6.8, the attenuated power is
studied for different obstructions, when they are stable and in movement. The effect of EM
radiation varies depending on the material of the object under consideration. Accordingly,
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three different characteristic obstructions such as dielectrics, conductors and human were
investigated to observe the pattern of attenuated power.

Figure 6.8: a) When the obstructions are stable, b) When the obstructions are in
movement. The obstructions are cardboard (M1), Thermocol (M2), Book (M3), Wood

(M4), Stainless steel (M5), Copper (M6), Human (M7).

As depicted in Fig. 6.8a and 6.8b, two different cases were considered with seven
different materials to analyze the attenuation in received power. In both cases when the
obstructions are stable and unstable, no attenuation for cardboard and Thermocol, around
1 to 2 dB attenuation is observed for book and wood. When it comes to conductors and
humans a maximum of almost the same attenuation in the two cases around 7 to 9 dB is
observed. The maximum attenuation noted is for humans and metals, whereas this simple
sensing mechanism can be utilized in contactless continuous security based applications.

Figure 6.9: Communication and sensing mechanism for human motion sensing.

As shown in the Fig. 6.9 each of the six individuals (H1 – H6) with heights ranging
from 155 cm to 165 cm and ages ranging from 25 to 35 years were assisted to examine the
received power relative to height and area. From Fig. 6.10 the attenuation of received
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Figure 6.10: When the obstruction is human while stable and in movement.

power specifically for humans is noted around 6 dB to 10 dB. The variation in attenuation
differs for each human due to the difference in height and structural area as per the radar
cross-section. The range of attenuation observed for humans is supportive in switching
circuits for making smart IoT applications simple and efficient.

6.4 Summary

Here, a novel antenna-based wireless motion sensor is proposed to expand the smart
sensing technology through wireless communication. The measured results of attenuated
power at the receiving antenna show the detection of obstructions when stable and in
movement, where in both cases the attenuation is almost the same. The experimental
received power range observed for human motion detection is around 7-9 dB. This proves
the antenna can be used as a smart motion sensor for short-range indoor applications.



Chapter 7

A 2D Nanomaterial-Based Sixteenth-
Mode Flexible SIW Antenna

7.1 Introduction

In recent decades, the rise of attention is more towards developing flexible electronics
by utilizing various novel metallic and non-metallic nanomaterials. Especially in the
microwave domain, the invention of flexible antennas paved the way for creating numerous
integrable, wearable, and implantable devices [246]. From the literature, diverse flexible
antennas, such as monopole, dipole, MPA and RFID tags were developed for conformal
applications [19], [247]–[249]. Due to their flexible nature, when attached to the object
or device, there are certain challenges, such as radiation losses, conductor losses, and
frequency detuning, that affect the performance of the antenna [15]. The degradation
of the antenna can be due to the materials considered or the structural design of the
antenna. Therefore, there is a necessity for a planar, low-loss, less bulky flexible antenna
that can withstand adverse conditions along with its suitability for industry, academic,
and biomedical applications.

The development of substrate-integrated waveguide (SIW) technology can resolve the
challenges to some extent related to the performance parameters of the flexible antenna.
SIW offers notable advantages, including a high-quality factor, less conductor losses, and
the ability to be easily integrated or attached to any device due to its planar structure
[250]. Using shorted vias as cavity side walls with a complete ground plane tends to
confine more EM field inside the cavity, providing a high-quality factor to the SIW antenna
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[251]. This notable quality factor offers stability to the antenna parameters in rigorous
conditions and leads to the efficient performance of the antenna.

Numerous works have been published on rectangular SIW cavity-backed antenna
[252], [253]. However, the numbers of works on circular cavity SIW antennas are scant
[254]–[257]. In [254], a dual-band antenna is designed for body-centric communication. In
[255], the ring-slot, placed at upper layer, is fed by another SIW structure placed below.
Split-ring is being used in [256] to obtain multiband. In [257], wideband has been achieved
using cylindrical cavity along with dual substrate layer. So far, the SIW antennas were
created in various desirable structures and operational principles which were manufactured
using hard materials depending on the applications [258], [259].

Lately, there is a high necessity for conformal and sensing applications where the
conventional SIW structures are incompatible and are not adaptable to the structure
of the device under consideration. As an alternative, textile-based SIWs were created
using copper plated textile [260] and conductive fabrics [261], where brass eyelets are used
as vias which reduces the flexibility of the antenna. Subsequently, a textile-integrated
waveguide (TIW), including vias is made of conductive threads and is fully integrated
into the textile [262]. However, the performance of the TIW antenna falls short because
of its weaving method. As a result, the requirement for flexible, mechanically deformable,
and highly efficient materials as a substrate and conducting patch were necessary for the
adaptability of SIW technology with flexibility-based applications.

Here in our study, as far as the authors’ knowledge goes, the first flexible nanomaterial-
based SIW antenna prototype is manufactured entirely using materials that are suitable
for flexible electronics. Along with the substrate and conducting part, vias also play an
important role in providing flexibility to the SIW antenna. The materials selected for
the ground, substrate, patch, and vias are Copper tape, PDMS, MXene, and silver paste.
The utilization of PDMS for substrate makes the device more flexible, deformable, and
semi-transparent, while the conducting parts, which include copper, silver, and MXene,
help support the performance of the antenna. The antenna is designed by collecting the
parameters of the chosen materials, then fabricated and verified experimentally. The
measured and simulated results show that the flexible sixteenth-mode antenna resonates
at 3.5 GHz with a measured gain of – 3.39 dBi. The proposed SIW antenna is completely
flexible and is useful for wireless communication applications such as IoT.
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7.2 Device Fabrication

Figure 7.1: Fabrication process for sixteenth-mode flexible SIW antenna.

The presented flexible sixteenth-mode SIW antenna comprises a PDMS substrate
sandwiched between copper tape as the ground plane and drop-casted MXene as a
conductive patch on the top. The PDMS utilized here is from sylgard 184 silicon elastomer
kit by Dow Corning Dowsil having εr = 2.68 and loss tangent = 0.0375 [23]. Fig. 7.1
depicts the fabricating procedure of the flexible SIW antenna. In the first step, the acrylic
mask is prepared with the dimensions of the substrate having a thickness of 1.57mm is
considered to make a block of PDMS substrate. PDMS is a widely used material and is
produced by the combination of two solvents-silicone elastomer along with the curing agent
with a mass ratio of 10:1. The prepared PDMS is kept in a desiccator for degassing until
the removal of bubbles. Then the PDMS mould is made by placing the PDMS-filled mask
in the oven at 80 0C for 2 hours. Laser patterning of the patch is done on the PDMS mould
using a CO2 laser machine (Universal®Laser Systems). A slotted copper tape is attached
to the backside of the mould as a ground. Then the SMA connecter is connected to the
antenna, and the vias were filled with silver paste, which is kept in the oven for 1 hour.
Finally, the synthesized MXene with a conductivity of 2.89 × 105 S/m is drop-casted onto
the patterned surface and is placed in the oven for an hour. The presented sixteenth-mode
flexible SIW antenna patch is fabricated using the synthesized MXene. The synthesis
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and chemical characterizations of MXene nanomaterial is comprehensively discussed in
chapter 4 - Fig. 4.1a, Fig. 4.2 and Fig. 4.3

7.3 Design

7.3.1 Circular SIW Cavity at 10 GHz

The presented antenna in Fig. 7.2 radiates at 10 GHz. The antenna without the slot acts
as a cylindrical cavity with a negligible height. The cavity side wall is generated by placing
metallic via-holes periodically around the circumference of the cylindrical cavity. The
proposed antenna is being fed by a coaxial probe. Since the cavity is a cylindrical one, its
working principle and design frequency could be estimated from the solution of the wave
equation in a cylindrical cavity along with some modification due to the discontinuous
sidewall. If the leakage from the sidewall is negligible, the resonant frequency of TMnpq

mode of a cylindrical cavity, having radius a and height d, can be expressed as Eqn. (7.1),

Figure 7.2: The proposed circular SIW antenna [W = 30, L = 30, r = 5.1, g = 0.5,
fX= 1.6 (all are in mm)].

fr = c

2π√µrεr

√(
Xnp

a

)2
+
(
qπ

d

)2
(7.1)

where, Xnp is the p-th zero of the n-th order Bessel function of the first kind. Fig. 7.3a
shows that, when there is no annular slot, the resonant frequencies of TM010 and TM110

modes of the SIW cavity are obtained at 8.32 and 14.7 GHz, respectively, which can be
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Figure 7.3: a) Z11 parameters for cavity and antenna, b) H-field distribution within
the cavity at 8.32 GHz and c) 14.7 GHz.

Figure 7.4: a) Variation of |S11| parameters for different values of r, b) |S11| parameter
of the proposed antenna.

approximately obtained from Eqn. (7.1), with some modification due to the discontinuous
side wall. This fact is supported by the vector H-field distribution within the cavity given
in figure 3, where the distribution of H-field in Fig. 7.3b is that of TM010 and in Fig. 7.3c
is that of TM110 mode. When the annular slot is introduced, the field within the substrate
is perturbed and consequently a radiating mode is obtained due to the loading effect of
the annular slot. The parametric study shows that the resonant frequency of the antenna
can be tuned by varying the radius of the ring-shaped slot. This tenability is very much
advantageous from the aspect of the antenna designer. Moreover, Fig. 7.4a shows that by
judiciously choosing the slot radius, radiation could be obtained at any frequency over the
X-band.
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7.3.2 Sixteenth-Mode SIW Antenna at 3.5 GHz

The development of half-mode SIW technology resulted in an exponential reduction in the
antenna size without affecting its performance [263]. By further extending this concept,
the geometry of the sixteenth-mode SIW antenna is obtained as shown in Fig. 7.5a. The
one-sixteenth part of the SIW cavity has the same resonant frequency of 3.5 GHz as of full
mode, but the overall size is reduced significantly. From the vector H-Field distribution
shown in Fig. 7.5b, the mode existing in the sixteenth-mode SIW antenna is identical to
the circular SIW cavity, i.e., TM010 mode. To obtain a resonant frequency of 3.5 GHz
from the proposed sixteenth-mode antenna, the radius of the full-mode is slightly modified.
A simulated operating band of 130 MHz is observed for SIW antenna.

Figure 7.5: a) The proposed sixteenth mode SIW flexible antenna [L = 33, W = 25,
r = 19.4, d = 1, fy = 1.165 (all the dimensional values are in mm)] b) Vector H-Field

distribution of the proposed SIW antenna at 3.5 GHz.

7.4 Results & Discussion

The antenna design and performance parameters are investigated using HFSS V.15.0. Fig.
7.6a presents the simulated and measured |S11| parameter of the flexible SIW antenna
at 3.5 GHz resonant frequency. The Z-parameter in Fig. 7.6b shows the occurrence of
resonance at 3.5 GHz. Fig. 7.7 illustrates the plot of radiation patterns in XZ & YZ
planes at a resonant frequency of 3.5 GHz. The measured operating band of the presented
antenna for |S11| < -10 dB is around 1800 MHz. The presented SIW antenna portrays a
unidirectional radiation pattern from the plots with a gain of -3.39 dBi. The proposed
antenna also provides a 15.5 dB difference between co-polarization and cross-polarization
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levels in the direction of maximum radiation. The difference in |S11| parameter bandwidth
and gain reduction can be due to the inhomogeneity of the MXene material as a conducting
patch and its low conductivity compared to conventional materials. The wide band of the
measured |S11| parameter is also a result of the limitation in the simulation environment,
fabrication tolerance, and connector loss.

Figure 7.6: a) |S11| parameter b) Z parameter of flexible SIW antenna.

Figure 7.7: 2-D Radiation patterns of flexible SIW at 3.5 GHz.

7.5 Flexibility Demonstration

The materials used in designing and fabricating the antenna are flexible, which makes the
SIW antenna completely suitable for conformal applications. In accordance with their
structure and conformability, the presented SIW antenna can be mounted on a variety of
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objects, as shown in Fig. 7.8. As a proof of concept, the SIW antenna is strained inward
and outward in Fig. 7.8a and 7.8b and attached to different objects as shown in Fig. 7.8c
and 7.8d, demonstrating that it can even be affixed on a curved surface.

Figure 7.8: Demonstration of SIW antenna’s flexibility. a) Inward bent position, b)
Outward bent position, c) Placed on a bottle, d) Placed on an object.

To further study the conformal response of the SIW antenna, the resonant frequency
at various bending angles and radiation patterns at flat and bent state were analyzed.
From the Fig. 7.9a, a shift in the resonant frequency is observed by varying the bending
angles from 00 to 400 and after a 400 bend, the performance of the antenna degrades
majorly due to its impedance mismatch and geometrical distortion. Fig. 7.9b depicts
that as the bent angle increases, the normalized resonant frequency increases respectively.
A comparison of radiation patterns of the antenna in its flat state and bent at an angle
of 200 is shown in Fig. 7.9c. As per the measured values obtained, not much difference
is observed between the two except the direction of maximum radiation is tilted and is
obtained at approximately 100. The significant change of frequency while bending can be
mostly due to the morphological structural changes in the nanomaterial utilized, which is
also previously discussed in our recent works [29].

7.6 State of the Art

Recently, SIW technology is progressing towards wearable and textile-based miniaturized
antennas for body-centric applications as presented in Table 7.1. The miniaturization
of the SIW antenna is highly feasible by exploiting the EM field of the cavity. Several
wearable antennas with single-band or dual-band behaviour were developed by utilizing
various fabrics [264]–[266]. Paper-based SIW antenna is also proposed as a part of the
multi-layered configuration [267]. The vias of these SIW antennas are made of metal
eyelets, which tends to effect the flexibility of the SIW antenna. Consequently, developing
a completely flexible SIW antenna as a part of microwave components in planar form is
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Figure 7.9: Bending analysis of SIW antenna. a) Resonant frequency at different
bending angles, b) Normalized resonant frequency with respect to the bent angles, c).

Radiation patterns of SIW antenna at flat and 20° bent position.

necessary for the progress of wireless applications. Here, a nanomaterial-based flexible
miniaturized SIW antenna is presented for conformal applications, which can also be
extended to IoT applications.

Table 7.1: Parametric comparison table for flexible SIW antennas

Substrate/Patch Electrical Dimensions Gain [dBi] Flexibility Level Reference

Photo paper/Silver Nano-particle ink 2.11 λ0× 0.44 λ0 (Approx.) - 1.8 (Approx.) Low [267]

Wool Felt/ShieldIt super conductive textile 0.61 λ0 × 0.39 λ0 5.35 Low [264]

Rubber foam/Copper-coated non-woven PET fabric

0.37 λ0 × 0.38 λ0 @ 0.867 GHz

0.35 λ0 × 0.36 λ0 @ 0.915 GHz

- 1.3 @ 0.867 GHz

- 0.6 @ 0.915 GHz

Low [265]

Jeans/Self-adhesive shieldit electro textiles 0.458 λ0× 0.458 λ0 5 Moderate [266]

PET, PES/Shieldex yarns 0.5 λ0× 0.466 λ0 - 4.9 High [262]

PDMS/MXene 0.38 λ0× 0.29 λ0 - 3.39 High This Paper
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7.7 Summary

A novel flexible nanomaterial-based sixteenth-mode SIW antenna for its utilization in
conformal applications is presented. The characterizations of the chosen materials are
explained, from which the design parametric values were considered. From the circular
SIW cavity, a one-sixteenth part is designed as a sixteenth-mode SIW antenna at 3.5
GHz frequency. Due to the sixteenth-mode design, the proposed SIW antenna is reduced
in size compared to all the other higher-order modes. The simulation and measured
result are compared and a notable difference in bandwidth is observed in the |S11|-
parameter, but both are having a resonance at 3.5 GHz. The performance of the antenna
can be significantly improved by enhancing the conductivity of the nanomaterial while
maintaining the homogeneity of the material. In addition, the antenna has undergone
flexibility demonstration, showing its adaptability toward IoT applications.



Chapter 8

Conclusion

This work presents the design and analysis of conformal/flexible microstrip antennas along
with material selection and its synthesis, characterization, and fabrication procedure. Here,
the flexible antennas are mainly utilized for sensing applications. The selection criteria
for dielectric and conducting materials are considered based on the requirements of the
antenna for sensing applications. This study involved expanding antenna-based sensors
utilizing different dielectric and nanomaterials to enhance the sensing capabilities of the
antenna. An added advantage of nanomaterials is their ability to react quickly to changes
in electrochemical characteristics, which makes them suitable for wireless communication
applications, especially antenna-based sensing. These antennas with nanomaterials as
sensing elements have exhibited significant changes in their EM response corresponding to
the changes in the applied physical quantity.

8.1 Summary of the Work Done

8.1.1 Antenna Sensor Analysis

• Different nanomaterial-based radiating elements and their effect on antenna param-
eters were studied for the antenna to act as a sensor with an enhanced sensing
response. The electrochemical properties of these nanomaterials are highly respon-
sive to any external changes applied. As a result, the EM properties of the antenna
swiftly change with respect to the properties of the nanomaterials.
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• A LIG-printed antenna sensor is presented for compressive and tensile strain sensing.
The material characteristics of LIG were studied to observe its morphology and
chemical composition. The device is fabricated using a single-step fabrication process.
Then, the antenna is analyzed for strain sensing by exploiting the reflection parameter
while bending and folding.

• The MXene-coated paper on polyimide is used as a flexible rectangular microstrip
patch antenna for pressure and level sensing applications. The main idea of this work
is to utilize a single antenna-based sensor for multiple applications, as presented
separately for both pressure and level sensing. In both cases, the shift in the resonant
frequency is observed due to the change in the effective physical parameters of the
MXene and the polyimide.

8.1.2 Transient Antenna

For the transient nature of the antenna, a dielectric material like wax is chosen that
disappears while heat is given as an external trigger. Materials sensitive to the applied and
derived physical qualities are a requirement, as discussed, for the better sensing operation
of the antenna. Utilizing nanomaterial like NiSe2 as a conducting patch for the antenna
also gave an efficient sensitivity when applied pressure. Additionally, theoretical analysis
is performed to prove the effect of effective dielectric constant on the resonant frequency
with the application of pressure on the antenna.

8.1.3 Contactless Sensing

Two separate antennas for transmitting and receiving the RF signal were considered in the
presence of the obstructions for contactless wireless motion detection. Here, the operating
principle lies in detecting the attenuated power of the received RF signal at the receiving
antenna in the presence of obstruction. The attenuation of the received power is varied
according to the size and structural area of the object, the material of the object, and the
amount of the emitted energy from the object.
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8.1.4 Flexible SIW Antenna

A miniaturized flexible nanomaterial-based SIW antenna prototype is manufactured
entirely using flexile materials. The use of PDMS as a dielectric material makes the
device more flexible, deformable, and semi-transparent, while the conducting parts, which
include copper, silver, and MXene for ground, vias, and patch, respectively, help support
the performance of the antenna. Due to the miniaturization, facile fabrication, and low
conductivity, the antenna performance got affected, but it still can be used for short-range
communication applications.

Consequently, this work concludes by presenting the antenna for flexible applica-
tions and sensing purposes, where the antenna sensors are developed for contact-based,
contactless, and short-term sensing applications toward short-range communication.

8.2 Future Scope

• Due to the rise in the necessity for flexible applications, we may further explore
innovative materials, designs, and fabrication techniques for antenna-based sensors
and wireless communication applications.

• We may also look for suitable nanomaterials that provide better conductivity. An
antenna with higher conductivity will exhibit a narrowband, which is more convenient
for S-parameter-based sensing applications.

• The combination of low conductive nanomaterials and thin, flexible substrates offers
lower gain than the conventional antennas and, hence, is suitable for only short-range
communications. To find out suitable nanomaterial and substrate combinations,
which will offer higher gain and hence could be used for long-range communication,
may be a topic of further study.

• In our work, the S-parameters and the received power level are used as the sensing
parameters. We can continue to explore the other antenna parameters that provide
a good sensitivity, too.

• Here, the transient antenna is presented in its traditional planar shape. However,
the transient antennas can also be designed for conformal applications.

• In all our works, we have designed the isolated antenna-based sensors. In future, a
complete antenna-based sensing system with sufficient sensitivity can be developed.
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