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Abstract

In the realm of wearable electronic devices, considerable attention has been directed toward flexible
compressive piezoresistive sensors, given their potential applications in real-time human health
monitoring and gesture recognition for robotics. Development of such sensors using electrically
conductive polymer nanocomposites (E-CPnC) holds great promise due to their remarkable
characteristics such as lightweightness and cost effectiveness. Despite notable advancements in this
field, the fabrication techniques for compressive polymer-based piezoresistive sensors still tend to rely
on complex and multi-step processes. This highlights the urgent need for developing facile and cost-
effective manufacturing methods to propel advancements in the electronic industry.

In this research we address the growing demand for facile and cost-effective manufacturing methods in
the development of compressive piezoresistive sensors for wearable electronic devices. This study
introduces a novel one-pot soft-templating method for fabricating PDMS-based conductive
compressive sensors, benefiting the unique physical properties of cyclohexane. By controlling
temperature and pressure conditions, a microcellular structure was prepared through the solvent's
crystals sublimation, effectively serving as a soft template. Graphene, chosen for its conductive
properties, was dispersed in varying proportions of cyclohexane, with the addition of PDMS and its
curing agent. The solution freeze-dried, and the rapid evaporation of cyclohexane solid crystals within
the structure coupled with the crosslinking of PDMS facilitated the creation of pores. Consequently,

diverse microcellular structures with varying levels of porosity were successfully fabricated.

For investigating the morphology of the resulting microcellular nanocomposites scanning electron
microscopy (SEM) was used. The electrical conductivity, dielectric properties, and sensitivity of the
nanocomposites could be analyzed through electrochemical impedance spectroscopy (EIS) and EIS
coupled with universal testing machine (UTM). The mechanical performance, considering the stress-
strain curves, mechanical strength, Young’s modules and the fatigue testing were analyzed by UTM.
The fabricated sensors exhibit remarkable electrical conductivity, mechanical strength and sensitivity
that can be achieved through the optimization of graphene concentration in the microcellular structure.
Optimization of solvent concentration led to the attainment of varied pore sizes and void fractions.
When 0.43 vol% graphene was introduced, the microcellular nanocomposite displayed an electrical
conductivity of 2.5x102 S/m and a mechanical strength of 780 kPa at 85% compression strain. This
remarkable compressibility was attributed to the robust 3D interconnected structure featuring a high



void fraction of 82%. With an increase in graphene concentration to 0.87 vol%, the electrical
conductivity rose to 35x102 S/m, and the compressive strength reached 1500 kPa at 70% strain,
accompanied by a void fraction of 64.8%. Moreover, the electromechanical performance analysis
reveals two linear resistance responses along the compressive strain range, demonstrating the versatility
of the sensors in capturing different levels of compression. For instance, the foam loaded with 0.43
vol% exhibited a notable change in resistivity up to 10% strain, resulting in a high gauge factor of 0.5
kPal. From 10 to 85% strain, the foam displayed a second linear detection region with a gauge factor
of 1.2 MPa. The compressive sensors demonstrated a rapid response time of 20 ms and exceptional
cyclic stability of 500 cycles, owing to their resilient 3D interconnected structure, indicating their
suitability for mid and high-pressure (10 kPa- 1 MPa) sensing applications, as well as real-time

monitoring of human joint movements.

Keywords: conductive polymeric composites, microcellular structures, electrical conductivity,
carbonaceous nanomaterials, soft-templating, one-pot synthesis, piezoresistive sensors, physical tactile

sensors, wearable electronics



Acknowledgements

I express my sincere gratitude to Professor Aiping Yu, my supervisor, for granting me the opportunity
to conduct research within an international group. Special appreciation goes to Professor Micheal Pope
and Milad Kamkar, my committee members, whose inspiration, advice, and support provided

invaluable insights to grow as a research scientist.

| extend heartfelt thanks to my colleagues and friends, Dr. Saeed Habibpour, Dr. Kiyoumars Zarshenas,
Dr. Rasool Nasseri, and Yasaman Maddah. Their assistance, guidance, and engaging discussions were
instrumental during challenging phases of my academic journey. | would like to specially thank Saeed,
who is more than a colleague to me. He has been the source of encouragement, inspiring me to think
deeply about every situation and overcoming barriers in my academic career by having a belief in

myself. | have learned a tremendous amount from him.

Lastly, my deepest appreciation goes to my family for their unwavering love and encouragement
throughout this endeavor. This achievement would not have been possible without the enduring support
of my family. Their sacrifices, understanding, and belief in my aspirations have been instrumental in

shaping my academic success.



Dedication

In loving dedication to my parents, Jahanbakhsh and Manijeh, whose love and encouragement have
been the fuel for my dreams, and the steady anchors in the storms of life. They are the unsung heroes
behind every late-night study session and every milestone I’ve reached in my life. They are the ones
who give me courage to follow my dreams far away from the place we call “Home”.
Mummy and Daddy, your sacrifices, encouragement, and unconditional love have been the driving
force of my academic journey. This thesis is as much yours as it is mine. | love you beyond words can

express.

Vi



Table of Contents

AULNOT’S DECIATALION ...ttt b e bbbttt b e bt b et b et e nb et ne e e nes ii
AADSETACT ...t b bbb bbbt b e iii
ACKNOWIEAGEMENTS ...ttt b b n e %
D To [0t o] o [T TSP U PP TP PP PPPRPR vi
LISE OF FIGUIES ...ttt bt e bbb b e n e X
LIST OF TADIES ... bbbttt bbb Xi
LiSt OF ADDIEVIBTIONS ..ot Xii
LSE OF SYMDOIS ...ttt ettt XV
Chapter 1 INTrOUUCTION. ......cueeiieiieiiiieete ettt bbb bbbttt b e 1
1.1 BACKGIOUND ...ttt b bbbttt e b 1
1.2 Study Objectives and APPIOACH ........ccoiiiiieieiii e 3
1.3 THESIS OULIINE. ...ttt 4
Chapter 2 Background and Literature REVIEW .........ccuciiiiieiiiiieiie et sttt 5
2.1 SUMIMAIY <. oeiiiitie ettt e e et e st e e bt e ss et e saeeeasaeeanteeeasbeeenteeeteeeanteeensaeenneeeantanesnteeannenens 5
2.2 Electrical Properties: Concept, Measurement and Dielectric Insights ............ccccvvvevieiiiieciennenn, 5
2.2.1 EleCtrical CONAUCTIVITY .....ccviiuiiiiciiiie ettt st st be e sreeteesbenne s 5
2.2.2 Electrical Conductivity IMEaSUIEIMENT ..........cceciiiiiieiiite e sre ettt e e sre e sre e b sre s 6
2.2.3 DIBIECIIIC PrOPEITIES ... veveevi ettt sttt ettt st ettt et e be s beeba e be s beeseesbeeaeesbeeteesbesreas 7

2.3 Electrically Conductive Polymer Nanocomposites (E-CPNCS)......ccccvvvieiriieie e 8
2.3.1 E-CPNC based phySICal SENSOIS. ........ciuiiieeieieeieete ettt e e neeseeeneeneenneas 8
2.3.2 Components Of FIEXIDIE E-CPNCS.........ccooiiiiieiecce e 13
2.3.3 Fabrication Methods of Flexible E-CPNCS.........ccooiiiiiiiiiinee e 18
2.3.4 Multifunctional MicroCellular E-CPNCS ........ccociiiiiiiieisisesese e 20

vii



2.4 Conclusions and FULUIe PErSPECTIVES ..........ccuiiiiriiiiieieeee st 22

Chapter 3 Characterization TECNNIGUES..........cviiiiiiiiiirie et 23
3.1 X-ray DIffraction (XRD) ......cciuiiiriiieieieieise sttt 23
3.2 RMEN SPECIIOSCOPY ...erveveenrerreeieeresieesresresseesreste e sre e e sre e e e sre e sresne e nesreeneennenreeneane e e e nrennes 24
3.3 X-ray photoelectron SpectroSCOPY (XPS) ....c.ciiiieiiieeieeie sttt 24
3.4 Scanning Electron MicroSCOPY (SEM).......ocviiiiiiie ittt 25
3.5 MEChANICAl PrOPEITIES ... .ccveiiie ittt sttt s re st et sbeere e besbe e b e ste e e e sreenes 25
3.6 EleCtroChemiCal ANAIYSIS .......coiiiiiiiieeiicce e st re et et s be e e sbe e sreene 26

Chapter 4 Fabrication of Cellular Electrically Conductive Graphene-PDMS based Composite through

NOVEL ONE-POt SYNNESIS.....ecuiiitiiie ettt st et s e e e s be s ae e st e sbeeneesbeereestesreeseesre e 29
AL INEFOAUCTION ...t bbbt b et 29
4.2 EXPErimental SECHION......c.ciiiiii ittt sttt re et e s be e e e sbeete e besreeneenee e 29

4.2.1 Materials and ChemMiCalIS: ... 29
4.2.2 Synthesis of coNdUCEIVE Graphene ..........coooiiiiiiiie e 30
4.2.3 Fabrication of 3D porous graphene-PDMS fOam: ... 31
4.3 CRATACTEIIZATION. ... .cueiiieteieiet et bbbttt b bbbt b e 33
4.3.1 Morphology and physiochemical analysis of nanomaterials............c.cccoevevviiiieirccninnnnns 33
4.3.2 Characterization, electrical and mechanical performance of fabricated sensors................. 33
4.4 RESUITS AN DISCUSSION ...ttt sttt bbbt b bbb 35
4.4.1 Nanomaterials CharaCterization ............coeiveiriiiieie e 35
4.4.2 Characterization 0f G-PDMS fOAMS..........coiiiiiiiiiiieeeese s 37
4.4.3 Electrical Conductivity Of G-PDIMS SENSOIS. .......ccciiiiiieiriiniiniesiesiesiesieeeesie et 39
4.4.4 Mechanical properties 0f G-PDIMS SENSOIS .......cooveiireiieieeeeneseeeesie e seesieeee e seeeseesneas 45
4.4.5 Fatigue resistance and piezoresistivity testing of G-PDMST70 ...........ccccooevviiiiieireieieenees 47

viii



4.5 CONCIUSTON ...ttt bt bbb et e st b e bbb n e 49
Chapter 5 Conclusion and RECOMMENTALIONS...........coiiiiririiieieieeie e 52
5.1 CONCIUSIONS ...ttt b bbbt e et b b b n e n s 52
5.2 RECOMMENTALIONS ......veeieiieiisieie ettt ettt b b n s 53
5.2.1 Material FESEAICH ......c.eviiiiiiiitcii e 54
I o (0 Tol S Tl = =T: L S S 54

I. Assessing the impact of nanomaterial orientation on electromechanical and EMI SE properties
OF MICTOCEIIUIAr NEIWOTKS......viiiieieee et b et 55

I1. Investigating impact of gradient porosity and conductivity on microcellular nanocomposites
ST 0] 1= LTSS SR 55

References



List of Figures

Figure 1.1 Expected flexible electronic market size in USD billion from 2022 to 2032 (left hand side),
expected market size in USD billion for flexible sensors from 2022 to 2032 (right hand side)[7,8].....1
Figure 2.1 Schematic illustration of electrical conductivity measurement setup of (a) two-point probe

(b) four-point probe (c) through-plane (d) IN-PIANE..........c.coe i s 7
Figure 2.2. Schematic of shielding mechanisms by a shielding material[109]. ..........cccccovviiiiiiennen. 21
Figure 4.1 Schematic illustration of graphene production PrOCESS..........ccocvrververierieiieieniinesese e 31
Figure 4.2 Schematic illustration of 3D microcellular graphene-PDMS preparation process. ............ 32
Figure 4.3 Home-made density measurement apParatUus. ..........ccoveveerererenieneenrenreesesese e 35
Figure 4.4 (a) XRD graphs (b) Raman Spectra (c-d) C1s high resolution XPS of GO and graphene

sheets, and SEM images of (e-f) graphite and (g-h) graphene. ... 37

Figure 4.5 SEM images of G-PDMS foams, (al-a2) SEM images of G-PDMS87 with 250X and
1000X magnification, (b1-b2) SEM images of G-PDMS70 with 250X and 1000X magnification, (c1-
c2) SEM images of G-PDMS43 with 250X and 1000X magnification. .........c..cccoceveviiincvcinciee e, 39
Figure 4.6 (a) DC electrical conductivity, (b) broadband AC electrical conductivity, (c) real
permittivity, (d) dielectric loss, (€) comparison of dielectric properties at the frequency of 10% Hz for
G-PDMS foams, and (f) resistance change curves of G-PDMS foams under compressive strains......45
Figure 4.7 Compressive stress-strain curve of (a) G-PDMS87, (b) G-PDMS43, and (c) G-PDMS70.46
Figure 4.8 Cyclic compressive stress-strain curves for G-PDMS70 with the rate of 3 mm.min-1 under
maximum compressive strain of 30%, (b) Cyclic compressive testing at the maximum compressive
strain of 30% for G-PDMS70, (c) extracted parameters of cyclic testing for G-PDMS70. ................. 48
Figure 4.9 (a) 5 cyclic compression-electric sensing curve of G-PDMS70 with different compression

rate at fixed 30% compressive strain, (b) actual piezoresistive sensing performance by tap testing. .. 49



List of Tables

Table 2.1 Physical properties of conductive nanofillers [89,90]. ..o 17
Table 4.1 Physical properties 0f G-PDMS fOAMS. .........ccoiiiiiiriieicisesese e 32
Table 4.2 Extracted parameters from the XRD and Raman graph. ..........cccccooveiiiiiiiiinnnneens 37
Table 4.3 Physical properties 0f G-PDMS fOAMS. ........coooiiiiiiiiiiece e 39
Table 4.4 Extracted parameters from mechanical teStiNg...........cooeieiiiiiiiiineeeee s 47

Table 4.5 Comparison of results with other microcellular graphene-based polymer nanocomposites in
L= ] USSR 50

Xi



List of Abbreviations

2D Two-dimensional

3D Three-dimensional

A Absorption

A Cross sectional area

Ar Argon gas

AC Alternating Current

C Current

CB Carbon Black

CNT Carbon Nanotube

CNF Carbon Nanofiber

CA Chronoamperometry

Ccv Cyclic Voltammetry

CPnC Conductive Polymer Nanocomposite
E-CPnC Electrically Conductive Polymer Nanocomposite
DRS Dielectric Relaxation Spectroscopy
DMF Dimethylformamide

DC Direct Current

DI Deionized

EIS Electrochemical Impedance Spectroscopy
EM Electromagnetic

EMI Electromagnetic Interference

Xii



EDX Energy Dispersive X-ray Spectroscopy

FTIR Fourier Transform Infrared Spectroscopy
FWHM Full Width at Half Maximum
GF Gauge Factor

GNR Graphene Nanoribbon

GO Graphene Oxide

GONR Graphene Oxide Nanoribbon
HMI Human-Machine Interaction
LSV Linear Sweep Voltammetry
MWCNT Multiwalled Carbon Nanotubes
MX MXene

PCM Planetary Centrifugal Mixer

P Pressure

PDMS Polydimethylsiloxane

PVA Polyvinyl alcohol

PVP Polyvinylpyrrolidone

PU Polyurethane

rGNR Reduced Graphene Nanoribbon
R Reflection

SEM Scanning Electron Microscope
SE Shielding Effectiveness

SS Strain-Stress

t Thickness

Xiii



TPU

UDR

UTM

XRD

XPS

Thermoplastic Polyurethane
Transmission

Universal Dynamic Response
Universal Testing Machine
Voltage

X-ray Diffraction

X-ray photoelectron spectroscopy

Xiv



List of Symbols

A Angstrom

® Angular Frequency

L« Average Number of Layers
Db Bulk Density of Composite
T Crystal Size

pf Density of Filler

Pm Density of Matrix

Pw Density of Water

tan & Dielectric Loss

g' Dielectric Permittivity

c Electrical Conductivity

7 Energy Loss Coefficient

of Filler Conductivity

B Full Width at Half Maximum
g" Imaginary Part of the Dielectric Permittivity
0 Incident angle of XRD

Ro Initial Resistance

La Inter-Defect Distance

L. Inter-Layer Distance

Q Ohms

R Resistance

p Resistivity

XV



AR/Ry Resistance Variation (proportional change in resistivity)

S Siemens

€ Strain

pc True Density of graphene

v Velocity

Ve Volume percent of nanomaterials in composite
A Wavelength

m, Weight of the foam measured in the air

My Weight of the foam immersed in the water
Wce Weight fraction of nanomaterials in composite
Uc Work of compression of stress-strain curves
Ur Work of recovery of stress-strain curves

XVi



Chapter 1

Introduction

1.1 Background

The world today heavily relies on electronic devices, which have become an integral part of our daily
lives. From smartphones and laptops to smart watches and home appliances, electronic devices are
ubiquitous and highly prevalent in modern society. As the electronics industry has continued to expand
since 1950s, there is a growing demand for devices that offer multiple functionalities[1,2]. To meet this
demand, fabricated materials have evolved from rigid and bulky metals and semiconductors to more
flexible and lightweight ones that can be processed using simple manufacturing techniques. This
evolution has given rise to a new generation of electronic devices with diverse applications in areas
such as sensors[3], energy storage[4], energy harvesting[5], and electromagnetic interference (EMI)
shielding[6].

According to the Figure 1.1a, the assessed value of the worldwide flexible electronics market reached
USD 29 billion in the year 2022, with projections indicating a prospective expansion to approximately
USD 71.54 billion by the year 2032. In this regard, the share of global flexible sensors market was
estimated to be USD 9.13 billion in 2022 and is predicted to reach USD 19.44 billion by 2032, as
depicted in Figure 1.1b. The increasing trend reflects the widespread adoption of flexible sensors in our

daily lives, contributing to a healthier and more convenient lifestyle.

Flexible Sensors Market Size
{UsD Billion) oraa
17.95 BB
16.59
15.34

14.21
12.21 13.17

11.34
g 10.54

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

Year Year

Figure 1.1 Expected flexible electronic market size in USD billion from 2022 to 2032 (left hand
side), expected market size in USD billion for flexible sensors from 2022 to 2032 (right hand
side)[7,8].



To address the increasing demand for multifunctional flexible electronic devices, novel materials have
been developed, including electrically conductive polymer nanocomposites (E-CPnCs)[9]. These
nanocomposites consist of a matrix with conductive nanomaterials, resulting in a unique combination
of properties from both phases. For instance, polymers as a matrix provide excellent mechanical
performance, flexibility, chemical stability, and corrosion resistance to the nanocomposites.
Additionally, these lightweight materials can be easily processed in fabrication steps. Notably,
carbonaceous nanomaterials, as conductive nanofillers, exhibit outstanding electrical and thermal
conductivity, remarkable mechanical strength, and excellent chemical stability. These features make
them promising candidates for the development of electronic devices, including wearable
sensors[9,10]. When it comes to sensor application, key features such as sensitivity, fast response time,
reliability, and mechanical robustness are of utmost importance[11]. Electrically conductive polymer
nanocomposites demonstrate excellent electrical conductivity as well as flexibility and outstanding

mechanical stability, making them highly desirable for mechanical sensing applications.

Flexible physical sensors, including both strain and pressure sensors, have garnered considerable
attention due to their versatile applications across various fields. These devices generate electric signals
when subjected to mechanical forces, utilizing electrically conductive nanofillers within composites to
provide the electrical signal, while the polymeric matrix serves as the flexible material enabling
mechanical deformation. These flexible sensors find application in diverse areas, including human-
machine interaction (HMI)[12-14], flexible robotics[15-17], artificial intelligence[1,18], E-Skin
[19,20] and health care[21-24]. Numerous methods have been developed to produce nanocomposites,
tailored to suit specific materials and application domains. For instance, for designing stretchable
sensors, conductive nanomaterials can be incorporated into the polymeric elastomers using several
processing methods, such as solution blending and melt mixing [25-27]. Compressive sensors, in
particular, are designed based on microcellular structures that incorporate porosity, allowing for
compression upon applying pressure. Similarly, compressive sensors can be fabricated through
different techniques, including batch foaming, freeze-casting, or the utilization of templates to develop

cellular structures[28].

Compressible physical sensors have garnered significant attention for their remarkable properties.
Notably, their structure is easily tunable, and they exhibit lower density and prolonged workability
compared to stretchable sensors. Unlike stretchable sensors, which may lose functionality after

prolonged exposure to large strains and struggle to recover to their initial state, compressible sensors
2



can withstand larger deformations and recover effectively due to their low hysteresis deformability[29].
Moreover, the microcellular structure of compressible sensors contributes to their adsorption
capabilities within their pores. Consequently, these sensors find multifunctional applications, serving
as materials for contamination removal and EMI shielding. They could effectively attenuate EM waves
by incorporating high absorbent shielding mechanism. While various methods for fabricating E-CPnC
based pressure sensors have been developed, they typically involve a two-step and complex process.
The primary objective is to create pores within the structure, achieved through methods such as the
batch foaming process, where carbon dioxide is purged within the bulk nanocomposite to form pores.
Alternatively, porous structures can be created using templates, followed by a step to remove the
template. Recognizing the need for a more straightforward, one-step fabrication method for
constructing 3D microcellular E-CPnCs as pressure sensors with high sensitivity and excellent
mechanical performance, we aim to design and develop a facile method for microcellular structure

fabrication without the subsequent need for template removal.

Researchers have extensively explored ways to enhance the functionality of physical sensors, focusing
on improving both sensitivity and mechanical robustness. Simultaneously, there have been efforts to
advance the multifunctionality of flexible sensors, particularly those integrated into single devices, such
as sensors capable of functioning as EMI shielding materials[30—32]. It is crucial to recognize that
accomplishing these objectives necessitates research on designing E-CPnCs. These advanced
capabilities can be engineered through a combination of material control and process control
methodologies during the fabrication of E-CPnCs. Therefore, our focus was on designing and
developing strategies to achieve this goal. Considering the unexplored potential of processing
methodologies for microcellular E-CPnCs in physical sensing technology, they serve as a compelling

catalyst for the pursuit of this research.

1.2 Study Objectives and Approach

This project has a primary objective of designing, developing, and characterizing innovative electrically

conductive nanocomposites for applications in tactile sensing technology. Throughout this research, a

unique fabrication processing method was devised for the creation of compressive piezoresistive

sensors based on E-CPnCs. To address the complexity and drawbacks of the existing processing

techniques for microcellular structures, a novel one-pot processing method known as the soft templating
3



method was introduced in this project. As a result, microcellular E-CPnCs were synthesized using the
soft templating method, incorporating 2D graphene conductive nanofillers and polydimethylsiloxane
(PDMS) as a flexible matrix. Cyclohexane was used as a solvent to disperse polymer and nanofillers,
while also acting as a soft template to form a 3D porous structure without requiring additional steps for
its removal. Taking advantage of the physical properties of cyclohexane, which evaporates at low
pressure, pores were created within the structure in a single step during the fabrication process. As a
result, cyclohexane evaporation leads to pore formation in the composite, along with crosslinking of
PDMS results in a robust 3D microcellular network. The graphene-PDMS based compressive sensors
were subjected to study for their electrical, mechanical, and electromechanical properties in this

research.

1.3 Thesis Outline

Overall, the focus of this thesis is on design and development of E-CPnCs serving as piezoresistive
sensors, which comprises five chapters. In Chapter 1, readers are presented with background
information and an exploration of the imperative need for the proposed work. Chapter 2 offers a concise
overview and literature review of E-CPnCs, their components and fabrication process, and their
applications in flexible electronic devices, with a specific focus on tactile physical sensors. This chapter
also delves into the fundamental parameters influencing physical sensors and their operating
mechanisms. Chapter 3 is dedicated to the methodology employed and the characterization techniques
utilized for investigating the characteristic properties and performance of cellular E-CPnCs. Moving
forward, Chapter 4 provides detailed examination and discussion on the novel soft templating method
employed for fabricating cellular compressive sensors. It further investigates the electrical, mechanical,
and electromechanical performance of fabricated compressive piezoresistive sensors. In the concluding
Chapter 5, a summary of the results is provided, highlighting the key aspects of characteristic and
performance of fabricated compressive piezoresistive sensors. Additionally, this chapter explores
potential insights for the development of cellular E-CPnCs used as piezoresistive sensors, thereby

offering a comprehensive conclusion to the thesis.



Chapter 2

Background and Literature Review

2.1 Summary
In this chapter, a background of electrical properties, literature review about electrically conductive

polymer nanocomposites (E-CPnC) and their components in physical sensors are presented. A variety
of methods used for fabrication of flexible E-CPnCs are also reviewed in this chapter.

2.2 Electrical Properties: Concept, Measurement and Dielectric Insights

2.2.1 Electrical Conductivity

Electrical conductivity (o) is a fundamental property of materials that is defined as the amount of
charged particles (such as electrons) a material can carry. It is influenced by the concentration of charge
carriers, their mobility, and the structural features of the material. Expressed by Equation 2.1, electrical
conductivity is reciprocal of resistivity (p) which is defined as how strongly a material can oppose the
electric flow[33].

1
g = 2.1

P
The units of material’s electrical resistivity and electrical conductivity are mainly measured in

ohmmeters ({2.m) and siemens per meter (S/m), respectively.

The resistivity of materials has a proportional relation with the material’s resistance (R), given by

Equation 2.2.
p=— 2.2

In this equation, p represents resistivity, R is the resistance, A is the cross-sectional area perpendicular

to the direction of the current and | is the length between the two points at which the current flows.

The resistance (R) is also determined by the Ohm’s law, which relates the current (1), the voltage (V),

and the resistance (R) as defined in Equation 2.3.



Voltage (V,V) 23

Current (I' A) = Resistance (R,Q)

This equation states that the magnitude of electrical current flowing through fixed points is directly
proportional to the voltage applied across it, and inversely proportional to the resistance.

2.2.2 Electrical Conductivity Measurement

There are several techniques available to measure electrical conductivity, including two-point probe
method, four-point probe method and impedance spectroscopy[34]. Figure 2.1a presents a schematic
of two-point probe method in which two probes are placed on a sample material and a voltage is applied
across them. The resulting current is measured, and the conductivity of the sample is calculated using
Ohm's law. This method is relatively simple and inexpensive, but it is more sensitive to the contact
resistance between the sample and the probe and less accurate than the four-point probe method. Figure
2.1b presents four-point probe method in which four equally spaced electrical probes are placed on a
flat surface of a material, and the voltage is measured between two inner probes while current passing
between two outer probes. In this way, the electrical conductivity of the sample can be calculated more
accurately with less sensitivity to contact resistance by using a more expensive and sophisticated
measurement setup. Thus, this method is preferable for measuring electrical conductivity, especially
thin films, coatings, and materials with low electrical conductivity. Impedance spectroscopy is another
method which involves measuring the impedance of the material over a range of frequencies to calculate
the conductivity. It is a useful method for measuring frequency-dependent conductivity of materials,

specifically semiconductors.

Electrical conductivity can also be measured in different directions based on the probe arrangement,
known as through-plane (Figure 2.1c) and in-plane (Figure 2.1d) for analyzing material's behavior in
different orientation and configuration. In-plane testing (sheet-resistance testing) involves measuring
the conductivity of a material parallel to the surface, while through-plane testing involves measuring
the conductivity of a material in a direction perpendicular to the surface. Thus, the probes are positioned
on one side of a sample for in-plane testing and on each side of a sample for through-plane conductivity

measurement.



@) Two-point probe\ (/b) Four-point probe\ 4) \ @) \

Through-Plane In-Plane

N AN J

Figure 2.1 Schematic illustration of electrical conductivity measurement setup of (a) two-point probe (b)

four-point probe (c) through-plane (d) in-plane.

2.2.3 Dielectric Properties

Dielectric properties are essential for determining the electrical performance of materials, including
dielectric constant, dielectric loss, and breakdown strength. It is an essential parameter used for design
and development of electrically conductive nanocomposites. Dielectric constant, also known as the
relative permittivity, is a measure of the material's ability to store electrical energy when an electric
field is applied. The dielectric loss, on the other hand, is a measure of the energy dissipated by the
material due to the frictional heating caused by the movement of electrical charges. Finally, the
breakdown strength refers to the voltage at which the material breaks down and becomes conductive,

leading to a loss of its insulating properties[35].
Dielectric constant can be defined as a complex function as below (Equation 2.4):

e(w) =¢'(w) —ic' (w) 2.4
where w is the angular frequency, €'(o) is the real part, and €"(w) is the imaginary part of the dielectric
permittivity. Dielectric loss (tan §) defines as the ratio of imaginary part to real part (¢ /S ).

In order to design nanocomposites for energy storage applications, high permittivity () and low
dielectric loss (tan ) is favorable. Ceramics, as traditional dielectric materials, have excellent dielectric
properties, high stiffness, and thermal stability. However, they have limited practical use in electronic

devices due to their poor flexibility, high-density, and challenging processing conditions. As a result,

researchers have turned to polymeric dielectrics as alternative materials. Polymeric dielectrics offer the
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advantage of tunable dielectric properties with low dielectric loss and high dielectric breakdown
strength [36]. Besides, they can also be molded into various configurations more easily due to their
mechanical flexibility which makes them suitable for electronic devices that require reduced volume
and weight. Incorporation of conductive or non-conductive fillers inside polymer matrix can improve

polymer composites’ dielectric properties.

2.3 Electrically Conductive Polymer Nanocomposites (E-CPnCs)

Electrically conductive polymer nanocomposites (E-CPnCs) are a class of materials that have emerged
as a promising candidate for large production of new generation electronic devices. These
nanocomposites consist of a polymeric matrix with added conductive nanofillers, such as carbonaceous
nanomaterials. The resulting nanocomposite exhibits a unique combination of properties. Polymers as
light weight, low density and easily processable materials offer numerous advantages, such as
exceptional mechanical properties, flexibility, chemical stability, and corrosion resistance to E-CPnCs.
Additionally, carbonaceous nanomaterials demonstrate impressive electrical and thermal conductivity,
remarkable mechanical strength, and exceptional chemical stability. Therefore, conductive polymer
nanocomposites have found widespread use in the manufacturing of sensors, energy storage devices,
and EMI shielding materials[37].

2.3.1 E-CPnC based physical sensors

Sensors play a crucial role in various industries and applications by enabling the detection and
measurement of physical, chemical, and biological parameters. They provide valuable information for
monitoring, control, and decision-making processes. Based on the signal type, they are mainly divided
into electrophysiological, physical, and chemical sensors. Electrophysiological sensors measure
electrical potential differences between electrodes. Physical sensors measure changes in electrical
properties triggered by mechanical, temperature, or optical stimuli. Chemical sensors quantify analytes
(including ions, molecules, or proteins) using active materials designed to respond to specific chemical

species [38]

In recent years, there has been significant interest in the development of wearable physical sensors,
particularly for human health monitoring. For instance, sensors dedicated to monitoring blood pressure,

body temperature, and recognizing posture have been created for analyzing human health conditions,

8



as well as assessing muscle and skin stretching and exercise performance. Among physical sensors,
flexible tactile sensors stand out as a type of physical sensor functioning based on their sensitivity to
mechanical stimuli, including stretchable sensors and compressive sensors. They find broad
applications, not only in the automation industry, such as pressure sensors, but also in human motion
detection, notably in the analysis of posture recognition during exercise[39]. Physical tactile sensors
mainly work based on piezoresistive, piezoelectric and capacitive sensing mechanism [40-42]. The
piezoresistive sensing mechanism is based on converting mechanical stimuli into electronic signals by
changing the electrical resistivity within the system. Abrupt changes in the conductivity by an applied
mechanical force can be subsequently processed and interpreted by remote devices. They offer simple
working principles while fabricated through simple techniques. Similarly, capacitive sensors convert
mechanical stimuli into a change in the capacitance value. They provide the benefits of quicker response
times and reduced power consumption compared to piezoresistive sensing mechanism. Piezoelectric
sensors are mainly fabricated by integration of semiconducting materials, such as zinc oxide, cadmium
sulfide and gallium nitride. Dielectric material experiences deformation from external forces acting in
a specific direction, like bending or telescopic deformation. This process induces polarization of
internal charges, resulting in opposite charges on the material's surfaces. Once the external force is
removed, the material reverts to an uncharged state. Piezoelectric sensors exhibit high sensitivity and

rapid response times to dynamic mechanical forces but show unreliability in static responses[43]

Among them, piezoresistive sensors are promising for diverse applications since they can be
manufactured easily by low-cost fabrication techniques along with showing remarkable electrical
properties, good sensitivity, mechanical stability, and fast response time. Thus, they find extensive use
in fluid power systems that require precise electronic pressure measurements, wearable electronic
devices for monitoring human motion, healthcare monitoring, flexible tactile sensing, and robotic
devices [44-46]. To assess the performance of piezoresistive sensors, several parameters need to be
considered, such as sensitivity, stability (the number of cycles the sensor can maintain its sensitivity),

response time, linearity or nonlinearity, and recovery time [3].

Sensitivity refers to the relationship between the output signal and the initial output signal within a
specific strain range. It is quantitatively measured by the gauge factor (GF). The GF can be defined in
two ways: (AR/Ro)/e or (AR/Ro)/P, where € represents the applied strain, AR/ Rq is the proportional
change in resistivity, and P denotes the external pressure[47]. High sensitivity indicates a higher signal-

to-noise ratio as well, enabling the sensor to detect subtle changes [48]. To effectively transduce signals,
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a sensor needs to operate within a dynamic range, which is the range of strain (either stretching or
compression) where the signal response is detectable [49]. It should be noted that a sensor may have
multiple linear regimes with varying sensitivity values within the dynamic range. Response time and
relaxation time are crucial parameters for assessing the speed at which a sensor can respond, which is
important for applications such as evaluating pulse waveforms where the sensor needs to quickly detect
each beat. Response time refers to the duration it takes for a sensor to reach its final signal amplitude
when strain is applied, while relaxation time is the time it takes for the sensor to return to its original
signal after the applied pressure is removed. It is worth noting that in cases where sensor response is
rapid, the evaluation of these parameters is often limited by the equipment used to measure the sensor
values. Consequently, reported response and relaxation times in literature may reflect equipment
limitations rather than the intrinsic performance of the sensor [42]. Lastly, the detection limit is the
minimum strain that a sensor can sense, and it is used to determine if a sensor can detect mechanical

forces (stretch/pressure) suitable for a specific application.

The designing parameters for flexible tactile sensors working with the piezoresistivity mechanism
would be discussed in detail as follows:

I. Sensitivity

The sensitivity or gauge factor (GF) plays a crucial role in tactile sensors, especially in ultrasensitive
applications where it is essential for detecting subtle displacements or structural damage. In the realm
of piezoresistive sensors, sensitivity is defined as the instantaneous ratio of the relative change in
electrical resistance to the applied force (strain/pressure). The GF value exhibits significant variability
due to different components, morphological structures, and processing techniques. Regarding E-
CPnCs, the sensitivity is influenced by the materials type, dispersion, and morphology of fillers, as well
as the interaction between nanomaterials and the polymer matrix. E-CPnCs with concentrations of
conductive nanomaterials near the electrical percolation threshold typically show the most substantial
variation in electrical resistance. However, operating very close to the percolation threshold can
adversely impact device-to-device reproducibility[50,51]. Notably, improving sensitivity in E-CPnCs,
often relying on the tunneling effect, involves increasing tunneling resistance or the proportion of
tunneling resistance relative to the total resistance, rather than altering the total resistance itself [52]. In

the case of microcellular structures, less material is required to reach the percolation threshold
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compared to bulk composites. Moreover, the sandwich and gradient structures within microcellular
structures may impact the sensitivity range.

IIl. Linearity

Linearity is defined as a proportional relationship between the electrical signal and the applied force
which can be assessed through the coefficient of determination (R?2) in linear regression. A higher R2
signifies a more robust linear relationship[53]. Generally, piezoresistive sensors tend to exhibit a
nonlinear relationship, often attributed to microstructural changes as the sensing component shifts from
a homogeneous to a heterogeneous morphology under mechanical forces. However, the formation of a
robust network of conductive materials within the structure and strong bonding between materials and

the matrix can contribute to a linear response[50].

The filler content is pivotal in determining the linearity behavior of E-CPnC based sensors. Near the
percolation threshold, insufficient conductive particles prevent the creation of contact paths, leading to
conductivity primarily through the tunneling effect. This results in exponential resistance growth,
causing a nonlinear strain response. At concentrations well above the percolation threshold, resistance
changes depend on structural variations in distinct strain domains. High-density, stable, and robust
structures contribute to higher linearity, especially where conductivity becomes less influenced by
smaller strains. In compressive sensors formed by microcellular structures, larger strains result in more
connections between nanomaterials, potentially improving linearity. Therefore, observing a linear

response in microcellular conductive composite sensors is more likely.

Substrate properties, as demonstrated by Yang et al.[54], can also influence linearity, with tuning ratios
affecting Young’s modulus and improving linearity in strain sensors based on graphene woven fabrics
on PDMS. However, a trade-off relationship exists between high sensitivity and high linearity. Studies,
such as the one by Benchirouf et al.[55], suggest that using hybrid sensing hanomaterials can improve
both sensitivity and linearity in stretchable sensors. Overall, achieving a balance between high
sensitivity, mechanical performance, and sufficient linearity remains a significant challenge in the

development of piezoresistive sensors.

[ll. Durability and robustness

The robustness and reliability of tactile sensors become particularly crucial when exposed to dynamic

forces. Therefore, hysteresis, response time, and dynamic durability are three essential parameters for

11



analyzing the sensor's performance. Hysteresis refers to the inconsistent or non-monotonic variation in
piezoresistivity response, and it can be observed by examining the loading/unloading curves. Response
time measures how quickly the strain sensor provides an accurate and stable signal in response to an
applied force. Dynamic durability analyzes the long-term workability of sensors subjected to cyclic
loading-unloading mechanical forces, focusing on maintaining a stable and reproducible resistive
response as well as mechanical robustness. In general, the presence of hysteresis and response delay is
a common phenomenon observed in all polymer-based tactile sensors. These phenomena are often
attributed to the network breakdown and reformation during cyclic loading. The viscoelastic nature of
polymers, viscoelastic characteristics of conductive nanomaterials, poor interfacial adhesion, and
imperfect recovery of conduction paths due to friction between the solid-state sensing element and
elastomeric molecules have impact on the reformation of a network. Therefore, establishing a robust
network between elastomeric nanomaterials and the polymer matrix is crucial for minimizing hysteresis
and facilitating a faster response. As a result, the percolation threshold, interactions, and the
morphology of the network play a crucial role in these phenomena, which should be taken into
consideration when selecting appropriate materials for fabricating microcellular sensors. It can be
observed that networks with larger pores are more susceptible to damage during the application of
mechanical forces [50].

IV. Detection limit

The detection limit represents the minimum quantity that a sensor can measure with a defined precision
or reproducibility. For pressure tactile sensors, it is defined as the pressure at which the sensor can
produce a reliable sensing response, denoted as the relative current or resistivity change (Al/l or
AR/Rg). Generally, the credibility of the detection limit requires sensing response (Al/I, or AR/Ry) to
be sufficiently large from the noise, typically exceeding 10%. This ensures clear differentiation of the
signal from the noise which caused by environmental disturbances or instrumental instability[56,57].
Detection limit of devices can be estimated by comparing the signal value to the baseline noise level.
It's important to note that the detection limit can be defined as either three times the peak-to-peak noise
or three times the root-mean-square (rms) noise. Therefore, the estimation of the signal-to-noise ratio
of the sensor involves taking the sensing response of the sensor (after subtracting the background) and

dividing it by the standard deviation of the response [58], as calculated by (Equation 2.5)[59]:

_30
LOD = S 2.5
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where o is the standard deviation of the response and S is the slope of calibration curve.

As an overview, taking into consideration the designing parameters for fabrication of piezoresistive
sensors is crucial to enhance their performance. The use of conductive polymer nanocomposites has
been recognized as a solution for designing piezoresistive sensors with acceptable performance and
addressing the limitations of conventional piezoresistive sensors. Conventional sensors often suffer
from issues such as rigidity, incompressibility, low GF, limited linear working range, slow response
times, and response instability. By incorporating carbonaceous nanoparticles, the nanocomposites
exhibit enhanced sensitivity due to the large surface area as well as high conductivity. By optimizing
composition, structure, and processing parameters of polymer nanocomposites, it is possible to design
sensors with enhanced performance to meet the specific requirements of different sensing applications.

2.3.2 Components of Flexible E-CPnCs

2.3.2.1 Polymer Matrix

Polymers are a group of materials that hold promise for the development of flexible electronic devices
because of their excellent mechanical properties. Elastomers can withstand large strains and
geometrical deformations, including bending, twisting, folding, and stretching. Various types of
elastomeric matrices, including thermoplastics, thermosets, and hydrogels have been combined with

conductive nanomaterials for fabrication of flexible and wearable electronic devices [60].

Thermosetting polymers are widely used in CPnCs due to their outstanding mechanical properties,
chemical and thermal resistance resulting from crosslinks within the matrix. One such polymer is
polydimethylsiloxane (PDMS), a silicon rubber with tunable Young’s modulus ranging from 200 kPa
to 3 GPa and high strain failure of up to 1000% [61,62]. PDMS has garnered significant attention in
numerous flexible electronic devices, owing to its distinctive features. For instance, Nguyen et al. [63]
fabricated multi-functional porous MXene/PDMS nanocomposite by utilizing Ni Foam as a template
served as pressure piezoresistive sensors. The fabricated nanocomposite offered a sensitivity range of
0.02 kPa™ to 0.12 kPa* due to the exceptional electrical conductivity, large specific surface area and

impressive elasticity of observed characteristics.

Thermoplastic polymers are a class of easy-processable compounds that do not need additional

crosslinker for curing reaction. Among these, thermoplastic polyurethane (TPU) and styrene-ethylene-
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butylene-styrene (SEBS) are commonly used in the manufacturing of electronic devices [64,65]. Sun
et al. [66] developed stretchable strain sensors by incorporating conductive silver flakes into two
different elastomeric polymers, namely TPU and PDMS. The TPU-based nanocomposite was prepared
by simply mixing conductive silver flakes into a TPU solution containing acetone and DMF. On the
other hand, the processing of the PDMS nanocomposite involved planetary mixing and ball milling.
The fabricated sensors exhibited a similar percolation threshold and achieved an electrical conductivity
of 1000 S/cm. The researchers conducted a comparative analysis of the electrical and mechanical
performance of both sensors. The sensitivity of the TPU sensor was approximately three times higher
than that of PDMS, indicating that the sensitivity is influenced by the resistance gradient rather than
the value of electrical conductivity alone. In terms of mechanical performance, the PDMS sensor
demonstrated greater durability, withstanding up to 1000 cycles, due to the robust nature of thermoset
polymers. This suggests that due to the weak non-covalent bonding within thermoplastic polymeric
matrices, they may not be suitable for long-term mechanical testing, as well as for long-term thermal

and chemical resistance applicability.

2.3.2.2 Conductive Nanomaterials

Various conductive nanomaterials can be utilized for designing multifunctional E-CPnCs, such as
conductive metal nanowires/nanoparticles, carbon nanomaterials, liquid metals, conductive polymers,
and their hybrids. These nanomaterials provide different electrical conductivity to E-CPnCs and
determine the ultimate application. Among them, carbonaceous nanomaterials, including carbon
nanotubes (CNTs), carbon nanofibers (CNFs), carbon blacks (CBs), and graphene have attracted
significant attention due to their excellent electrical conductivity, outstanding mechanical fatigue

resistance, good chemical/thermal stability, and relatively low cost [67,68].

Spherical carbonaceous nanofillers (0D) have been present since the 1900s, known as carbon black. It
is the oldest allotrope of carbon which can be produced through pyrolysis with varying surface areas
spanning from 20 to 500 m?g?, and sizes ranging from 20 to 300 nm [69]. They have found widespread
use as additives in commercially available conductive composites for energy-storage devices due to
their exceptional mechanical strength, high electrical conductivity, excellent chemical stability, and
relatively low cost. Zhai et al. [70]fabricated an aligned porous TPU/ CB nanocomposite using a
unidirectional freeze-drying process. They observed two distinct linear regimes in the strain ranges of
0-66% and 66-82.57% with the GF value of 0.80 and 1.55 for regimes 1 and 2, respectively. They
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suggested that the dual behavior was attributed to the minor evolution of the sponge frame and
substantial deformation resulting from the air extrusion inside the pores under the low compressive
strain. As the compressive strain increased, the remaining air in the pores decreased, and the sensing

mechanism became more related to skeleton deformation.

One-dimensional carbonaceous nanofibers and nanotubes are promising candidates for fabricating
stretchable conductors due to their remarkable electrical conductivity, high aspect ratio, and mechanical
strength. Carbon nanotubes (CNTSs) possess a lattice-like tubular structure with a high aspect ratio,
consisting of a periodic honeycomb graphene network with carbon atoms covalently bonded. Generally,
there are two types of carbon nanotubes: single-walled CNTs (SWCNTSs) which consist of a single
rolled graphene sheet, and multi-walled CNTs (MWCNTSs) which involve multiple stacked graphitic
shells forming a cylindrical tube. Compared to 0-D carbon blacks (CBs), 1-D CNTs are more effective
as conductive fillers, enabling high electrical conductivity at relatively lower filler concentrations. By
utilizing spray coated film of CNT on the elastomeric substrate, Lipomi et al [71] successfully produced
a well-aligned CNT-based stretchable conductors with electrical conductivity of 2200 S/cm under
150% strain exhibiting excellent optical transparency. In contrast to CNTSs, carbon nanofibers (CNFs)
possess similar cylindrical nanostructures but have larger diameters and lengths, arranged in stacked
cones, cups, or plates. The relatively less oriented nanostructure of CNFs results in more defects,
leading to lower electrical and mechanical properties. Nevertheless, the lower cost of CNFs and their
compromised yet still excellent electrical conductivity and mechanical strength make them suitable
candidates for tough nanocomposites and soft strain sensors[72,73]. For instance, Wu et. al [74]
fabricated a porous PDMS/CNF composite with 70% compressibility used for detecting human joints

movement.

The use of 2D carbon nanosheets, including graphene and its derivatives, has gained significant
attention in various fields due to their unique characteristics and exceptional properties. Graphene is
renowned for its exceptional electrical properties, large surface area, excellent thermal conductivity,
and impressive mechanical strength[75,76]. These properties make graphene highly desirable for
applications in flexible electronics, energy storage devices, sensors, and composite materials.
Additionally, three-dimensional porous conductive networks of graphene, such as graphene aerogels
and graphene foams, featuring a large surface area and outstanding electrical conductivity, have been
specifically designed to integrate with polymer matrices. This integration enables the development of

flexible electronic devices[77,78]. For instance, Wu et al. [79] investigated the preparation of graphene
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aerogel/PDMS nanocomposites with varying microstructures for use as piezoresistive sensors. Their
findings revealed that nanocomposites with larger cell structures exhibited higher sensitivity, while
those with thicker cell walls demonstrated lower sensitivity. Xu et al. [80] fabricated graphene/PDMS
nanocomposites with a graphene loading of 3.07 wt %, with excellent electrical conductivity of 10° S/m
and EMI SE of 54 dB in the X-band frequency range.

MXene is a relatively new class of two-dimensional transition metal carbides or nitrides that have
gained significant attention in recent years. They are denoted as Mn:1XnTx, Where M is an early
transition metal such as Ti, Zr, V, Nb, Ta, or Mo and X is carbon and/or nitrogen. MXenes possess a
unique structure consisting of stacked layers with highly conductive properties. They exhibit excellent
electrical conductivity (reaching up to 10°® S/m), good mechanical strength, and exceptional
electrochemical performance, making them suitable for applications in energy storage devices,
electromagnetic shielding, catalysis, and sensors[81]. Moreover, the surface functionalities naturally
obtained through the acidic etching of the bulk MAX phase give rise to MXene's inherent hydrophilic
nature, with functional groups such as a mixture of OH, O, and F as Tx, enabling its processability in
aqueous solutions[82]. For instance, Zhao al. fabricated TisC,Tx MXene/GO microcellular aerogel
through freeze-casting method with excellent electrical conductivity of 696 S/m and EMI shielding
effectiveness (SE) of 50 dB[83] . Lu et al. [84]successfully fabricated MXene based composite by using
a double-network hydrogel consisting of polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) as
the matrix. The 3D conductive network formed by MXene in the hydrogel showed high sensitivity and
exceptional mechanical properties due to the robust interaction between MXene and the PVA/PVP
hydrogel matrix. The fabricated sensor demonstrates outstanding performance, featuring high
sensitivity (GF = 10.75), a short response time (33.5 ms), and a low detection limit of 0.87 Pa. These
characteristics enable real-time and precise monitoring of human activities. Li et al. [85]employed a
dipping and drying method to apply a coating of MXene on a PU sponge previously treated with
chitosan to introduce a positive charge. Given that the TizC,Tx sheet is negatively charged, the
combination of the two materials is enhanced. The resulting sponge sensor exhibits a stable
piezoresistive response, high compressibility, good structural stability, and a short response time (19

ms).

Graphene nanoribbons (GNRs) are narrow strips of graphene with quasi-one-dimensional structure that
possess unique characteristics distinct from their two-dimensional graphene counterparts[86]. Jun et

al.[87]investigated electrical and mechanical properties of TPU nanocomposites by incorporation GNR
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and CNT. Their findings revealed that GNR/TPU nanocomposites exhibited higher electrical
conductivity at lower percolation threshold, attributed to the enhanced filler-filler interfaces within the
matrix. Additionally, the unzipping of CNTSs resulted in a larger surface area along with edge structures
of GNR nanocomposite. This modification significantly enhanced the filler-matrix interactions, leading
to higher mechanical properties of GNR/TPU composites as well as increased EMI SE from 9.3 dB to
24.9 dB by only addition of 8.2 vol.% of GNR within TPU matrix. Lee et al. [88] fabricated a
heterodimensional hybrid piezoresistive pressure sensor by incorporating 1D nitrogen doped GNR with
2D MXene sheets. The robust interaction between the MXene layers and the nitrogen functional groups
within the composite enhanced sensing stability for up to 10,000 cycles at high pressures (100 kPa),

demonstrating promising potential for smart seat cushion-based posture monitoring applications.

In summary, each conductive nanofiller possesses distinct physical properties, which are outlined in
Table 2.1. The selection of the appropriate nanofiller should be based on the specific application

requirements and desired properties.

Table 2.1 Physical properties of conductive nanofillers [89,90].

] Carbon Carbon Graphene Graphene
Graphite ) MXene
Black nanotube | nanoribbon | nanoplatelets
Conductivity 4000-
400-1250 2.5-20 10-10? 104-102 100-1000
(S/cm) 9000
] 1000-
Aspectratio | Closetol | Closeto 1 1000-50000 10-1000 200-1600
50000
Particle size 0.014- L=10-100 | L=10-100
6-200 5-200 1-10
(m) 0.25 D: few nm | W: few nm
Surface area
6.2-20 7-560 200-250 250-500 20-150 19.6
(m?g)
Density
2-2.25 1.7-1.9 2 2 2-2.25 3.7
(g/cm?3)
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2.3.3 Fabrication Methods of Flexible E-CPnCs

In order to fabricate high-performance multifunctional E-CPnCs, the careful selection of appropriate
processing methods is crucial. Several processing techniques have been developed, and they can be
categorized based on the mechanical response of E-CPnCs into two main types: stretchable electronic
devices and compressible ones. When it comes to designing stretchable electronic devices, common
synthesis approaches such as melt blending, solution mixing, and in-situ polymerization are commonly
employed. These methods are mostly based on integration of conductive nanofillers in the elastomeric
polymer matrix with high yield of strain and stress. On the other hand, to produce compressible
electronic devices, techniques like the sacrificial template method, freeze-casting, and foaming method
are often utilized. It is important to note that there is no universal fabrication technique developed for
design of all types of E-CPnCs. The selection of the most suitable processing methodology depends on
several parameters, including the intended application area, availability of specific facilities, and
processing efficiency. Moreover, the selection of the polymer and nanofillers is also influenced by the
desired properties of the E-CPnCs, as polymers offer a wide range of physical and mechanical

characteristics and nanofillers exhibit diverse electrical conductivity levels.

2.3.3.1 Fabrication of Stretchable E-CPnCs

Stretchable piezoresistive sensors are mainly fabricated through the common synthesis method for
integration the conductive nanofiller within the flexible elastomer. For instance, solution mixing is a
simple method wherein polymer and nanoparticles are combined in a suitable solvent and the solvent
is subsequently evaporated. To ensure better dispersion of nanoparticles, mechanical stirring or
ultrasonication is often employed. Although solution mixing is widely employed in scientific literature,
the reliance on solvent evaporation limits its scalability for large-scale composite production. On the
other hand, melt processing involves the blending of molten polymer with nanofillers. The highly
viscous molten polymer generates significant shear forces, leading to the deagglomeration of
nanoparticle aggregates or bundles and promoting dispersion. For instance, Jin et al.[91] utilized melt
blending to incorporate varying loadings of MWCNTSs into a polymethyl methacrylate (PMMA) matrix,
investigating the dispersion and mechanical properties of the resulting composites. They reported well-
dispersed nanotubes within the polymer matrix without observable damage to the nanotubes. Despite
melt mixing is less efficient than solution mixing in terms of breaking nanoparticle aggregates, it is

widely utilized in industrial practices due to the absence of solvent evaporation [92,93]. Additionally,
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melt processing is suitable for polymers such as polyethylene and polypropylene, which are not soluble

in common solvents.

2.3.3.2 Fabrication of Compressible E-CPnCs

Generally, compressive E-CPnCs are mainly fabricated through two-step processes that involve
introducing air into the bulk nanocomposite to create a porous structure with compressibility and
lightweight features. Researchers have developed several approaches for designing porous
nanocomposites, which can be classified into four main methods, each with its own benefits and
disadvantages. The first method involves using physical templates as sacrificial backbones, such as Ni
foam, PU foam and sugar [94,95]. In this method, microcellular structures are created with the aid of a
predefined template. Once the microcellular structure is formed, the template is then removed from the
composite. While this method is simple, it lacks control over the structural design and requires harsh
environmental conditions for template removal. For instance, Ni foam requires metal etching with a
high concentration of HCI, and PU foam needs to be transformed into carbon through high temperature
treatment up to 1000 °C in an inert atmosphere. In the case of sugar or glucose materials, the polymer
matrix should be hydrophobic to resist the usage of water for template removal. For instance, Luo et al.
[96] prepared Graphene/PDMS pressure sensor using Ni foam with a sensitivity of 15.9 kPa™!, fast
response time (1.2 ms) and high stability. The second approach involves dip coating of polymeric foams
with a suspension of conductive nano fillers in a solvent. In this process, nanofillers dispersed in a
proper solvent, and then polymeric foam is soaked in the filler suspension to coat nanofillers on the
cell-walls of the pre-formed foam, followed by solvent evaporation[97]. Although this method is
simple, the compatibility between the polymeric foam and the solvent should be considered since
unproper choose of solvent results in swelling and deformability of the structure. Moreover, the weak
physical bonding between the foam surface and fillers results in loose contact of conductive filler
network and poor piezoresistive reversibility in sensors. Sengupta et al. [98] used a sugar scaffold
PDMS foam to prepare graphene/PDMS sensor with two linear response regions with GF of 2.8 t0 8.77
that could withstand 36000 cyclic compressive loading. Batch foaming is a low-cost and
environmentally friendly method, but it involves a two-step fabrication process as well. In the first step,
conductive nanomaterials are incorporated into polymer matrix using melt blending or solution mixing
to produce a composite[99]. This process is followed by gas foaming using subcritical or supercritical
CO; under specific conditions. However, this approach may sometimes present challenges in structural

control, as fillers may form agglomerates, and the pore size is often uncontrollable due to difficulties
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in control over CO; penetration[100]. Fei et al. [101] employed a multi-step method to produce a foam
using supercritical CO.. Initially, a cellulose/CNT network was created through freeze casting,
followed by dipping in TPU to obtain a composite. Lastly, supercritical CO, was used to produce a
compressive piezoresistive sensor with a high porosity of 90% and high conductivity of 2.04 S.m™.
Freeze-casting method, as a processing technique for compressible E-CPnCs, introduces air into the
mixture through subsequent sublimation of ice crystals in the freeze drier, resulting in creation of
aligned structures. However, this method is not scalable and involves multiple steps, including freezing,
sublimation, and dip coating of the polymer, especially when using hydrophobic elastomers, such as
TPU or PDMS [102,103]. Huang et. al [104] prepared a graphene aerogel by using freeze casting
method to produce a foam with high absorption energy that withstand 1000 cycles at 70% compressive
strain. However, all the mentioned fabrication techniques for designing compressive E-CPnCs are
complex, multi-step and costly. Therefore, it is essential to explore facile and one step fabrication
methods to design 3D conductive structure of polymeric nanocomposites with excellent mechanical

performance to serve as compressive piezoresistive sensor.

2.3.4 Multifunctional Microcellular E-CPnCs

In addition to microcellular-based tactile sensors, they have found diverse applications in electronic
industry, energy storage devices and environment protection areas due to their exceptional properties,
such as lightweightness, low density, tunable mechanical properties, high surface area and absorption

efficiency, and superior EMI Shielding absorption efficiency.

2.3.4.1 Absorbent Materials

Regarding the environment protection, these materials can serve as absorbent materials. Their porosity,
high surface area and hydrophobicity enable them to absorb organic solutions such as oil and organic
contaminants from water. This feature holds significant potential for various industrial separation
applications, ranging from mitigating environmental damage caused by oil spills to refining clean
water. 3D microcellular CPnCs can demonstrate impressive recyclability through heating or squeezing.
However, the process of heating poses notable complexities when dealing with solvents with high
boiling points. Conversely, the squeezing method is typically applicable to elastic adsorbent materials.

Since the brittle networks are susceptible to irreversible damage during mechanical deformations.
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Consequently, there is a need to design and fabricate 3D microcellular materials with mechanical
flexibility to serve as elastic adsorbent materials in the realm of oil-water separators[105].

2.3.4.2 Energy Storage Devices

In the electronics industry area, supercapacitors represent a category of electrochemical energy storage
devices known for their high-power density, prolonged cycle life, and outstanding rate capability. These
devices store charges either through ion adsorption at the electrode-electrolyte interface or rapid surface
redox reactions. The utilization of microcellular E-CPnCs holds promise for their fabrication due to
their interconnected pore structure. This type of network facilitates rapid ion and mass transfer,
percolated electronic transport, low density, expansive surface area, and convenient access to surface
adsorption sites[106,107].

2.3.4.3 EMI Shielding Materials

EMI shielding materials constitute a category of electrically conductive materials designed to protect
against electromagnetic waves in the environment. Industries require these materials to not only possess
effective EMI shielding properties but also to be lightweight and easy to process. Commercial EMI
shielding materials should have shielding values of at least 20 dB and 30 dB to block 99% and 99.9%
of incident electromagnetic waves, respectively[108]. The high electrical conductivity of the fillers in
E-CPnCs enables them to effectively dissipate and reflect electromagnetic waves, providing efficient
EMI shielding. Additionally, the lightweightness, chemical stability, easy processability and anti-
corrosive properties of polymers make them valuable for EMI shielding applications. It is possible to
tailor the EMI shielding properties of E-CPnCs, especially to meet absorbent-dominant shielding

effectiveness by taking advantage of cellular networks.
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Figure 2.2. Schematic of shielding mechanisms by a shielding material[109].
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Generally, materials attenuate electromagnetic waves through reflection (R), absorption (4), and
multiple reflection (M). Therefore, the EMI Shielding Effectiveness (EMI SE) can be expressed as
Equation 2.5 and depicted in Figure 2.2.

EMISE=R+A+M 25

The reflection mechanism is the reflection of a proportion of the incident EM waves from the surface
of the shielding material which is due to the abundant free surface charge carriers at the surface of the
shielding material [110]. However, the absorption mechanism is a proportion of the transmitted EM
wave within the shield that is dissipated by absorption and turning to heat [111]. The internal multiple
reflection mechanism refers to the phenomenon where electromagnetic waves that have already been
reflected within an EMI shielding material undergo further reflections [112]. Amplifying the absorption
shielding mechanism of EMI shielding material is crucial because relying solely on a reflective
shielding mechanism can cause secondary EMI pollution when the reflected EM waves interact with
other devices. Therefore, there have been recent efforts to enhance EMI SE by tuning nanocomposites

to exhibit absorptive dominant shielding behavior.

2.4 Conclusions and Future Perspectives

In conclusion, the fabrication of E-CPnCs for advanced tactile sensors does not rely on a universal
technique. Specific requirements must be taken into account to ensure the functionality of physical
sensors. This can be achieved by designing E-CPnCs through a combination of material control and
process control methodologies. For instance, for compressive sensors, both electrical conductivity and
mechanical performance should be considered to achieve high sensitivity and durability. It should be
noted that controlling the microstructure enhances the functionality of sensors, allowing for a broader
detection range, higher gauge factor, and improved attenuation of EM waves within the structure for
multifunctional devices. These objectives can be accomplished through specific fabrication processes.
As a result, this research is based on an in-depth investigation of a novel processing control for

fabrication of E-CPnCs, which are extensively described in chapter 4.
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Chapter 3

Characterization Techniques

In order to characterize conductive polymer nanocomposites, this chapter briefly describes several

employed techniques.

3.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a powerful non-destructive method used to identify atomic and molecular
structure of crystalline materials. It works based on the ability of the crystal’s interaction with the X-
ray beam, in which the atoms in the crystal lattice cause diffraction of the incident X-ray beam in
different directions. The X-ray source is swept over a range of angles and the diffracted x-rays at
specific angles are collected and processed by the detector. Crystal structure, orientation and the spacing
between atoms could be analyzed by the angle and intensities of diffracted beams. The crystal
orientation and spacing could be correlated to the diffraction angle with Bragg’s law (Equation 3.1)

expressed as below:
2dsinO=n A 3.1

where n, A, d, and 0 represent the order of the spectrum (an integer), the wavelength of the X-rays

(A=1.5418 A for Cu K ), the spacing between diffracting planes, and the incident angle, respectively.

Besides, the crystal size and the morphology of crystalline material can be determined by Scherrer
equation (Equation 3.2) as follows. In this formula, T represents the crystal size and (3 is the full width

at half maximum (FWHM) intensity of the peak at 26 diffraction angle.

_0.892 3.2
v = Bcos(0)

Moreover, the average number of layers (L,.) can also be calculated by dividing the crystal size over

interlayer distance (L = ).
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3.2 Raman Spectroscopy

Raman spectroscopy is a non-destructive analytical technique based on the vibration of atoms in the
molecule by interacting with monochromatic light. In this technique, a laser beam with unique
wavelength is directed on the sample, and the scattered light with different wavelengths is collected by
a spectrometer. The shift in the wavelengths is called Raman shift that depends on the vibrational and
rotational modes of molecules. As each chemical compound has unique Raman spectrum, this method
can be used to identify unknown substances and also monitor chemical reactions in real time by

providing information about chemical composition and molecular structures.

Raman spectroscopy is a fast, powerful, and highly sensitive method to characterize carbonaceous
materials. It could provide information about the disorder’s degree and sp? hybridization of carbon
atoms. The Raman spectrum of carbonaceous materials is dominated by two major peaks, known as D
band and G band. The D band is located at the frequency of 1350 cm™ and as an indicator of disorder
and defects in the material. The higher number of defects leads to a stronger D band. The G-band arises
from the vibration of sp?-hybridized carbon atoms in graphitic domains, and its position and width
provide information about the degree of graphitization or the extent of the crystalline structure in the
material. Generally, a higher intensity and narrower width of the G-band indicates a higher degree of

graphitization.

3.3 X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive analytical method, providing detailed
information about the elemental composition and chemical states of materials. XPS is particularly
advantageous for studying the surface composition of thin films, nanomaterials, and interfaces.
Utilizing X-ray irradiation, the technique induces photoelectron emission from the sample's surface,
and the resulting energy distribution of emitted electrons is analyzed. This process enables precise
identification of elements present in the material, along with information about their chemical bonding
environments. XPS spectra offer detailed peaks corresponding to the binding energies of electrons
emitted from various elements, enabling precise identification of the elements present in the sample.
Moreover, the spectral lines' intensity provides quantitative information about the elemental
composition, offering insights into the material's stoichiometry. Furthermore, XPS provides valuable

data on the chemical state of elements, showing their bonding environments and oxidation states.
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3.4 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a high-resolution imaging technique that utilizes a focused
beam of electrons to investigate the surface morphology, topography, and composition of micro and
nanoscale samples with excellent spatial resolution. In this technique, a sample is placed in a high
vacuum chamber, and a beam of electrons is directed towards the sample surface, causing the emission
of various signals such as secondary electrons, backscattered electrons, and X-rays. Secondary
electrons are low-energy electrons that are emitted from the surface of the sample when the primary
electron beam interacts with the atoms on the surface. These electrons carry information about the
surface topography and morphology of the sample and can be used to generate high-resolution images
of the sample surface. Backscattered electrons, on the other hand, are higher energy electrons that are
scattered back from the sample due to interactions with the atomic nuclei of the sample. These electrons
provide information about the sample's composition and can be used to generate images that reveal the
sample's elemental composition and density variations. Moreover, the energy and intensity of X-rays
could be analyzed by an energy-dispersive X-ray spectrometer (EDX) detector. Thus, EDX is a
technique that can be used in conjugation with SEM to provide information about different element

composition and their distribution within the sample.

3.5 Mechanical Properties

The mechanical properties of materials can be analyzed using Universal Testing Machine (UTM) in
different testing modes, including tensile and compression modes. In tensile testing, the sample is
clamped between two grips and elongated at a constant rate to the point where it breaks. During the
test, the elongation or deformation of the sample is recorded, and the resulting strain-stress curve is
generated. On the other hand, in compression testing, the sample is placed between two planar surfaces
and compressed at a constant rate until it fails. By analyzing the strain-stress curve of materials, various
properties such as Young’s modulus, tensile/compressive strength, and elongation/compressive strain
at break can be calculated. Young’s modulus represents the stiffness of a material measured as the
initial slope of the strain-stress curve. Tensile or compressive strength is a measurement of the force
required to pull/press a material to the point where it breaks. It is the maximum value of stress that the
material can withstand before failure. Meanwhile, maximum strain of a material before failure is
presented as elongation/ compressive strain at break.
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Furthermore, cyclic testing can also be performed in compression mode to analyze hysteresis curves of
loading-unloading cycles. It represents the material’s shape memory performance and the material’s
ability to recover to its initial state. By performing numerous cycles on the material, its fatigue
resistance can also be investigated.

3.6 Electrochemical Analysis

Electrochemical testing is a powerful analytical tool used to study the behavior of electrochemical
systems. There are several techniques used for material analysis from simple potentiostat methods like
chronoamperometry (CA) to potentiodynamic methods such as cyclic voltammetry (CV) and complex
AC techniques, known as electrochemical impedance spectroscopy (EIS).

Chronoamperometry (CA) is an electrochemical technique used to measure the current response of an
electrode over time in response to a constant applied potential. While, in cyclic voltammetry (CV) the
current is measured as a function of the applied potential, where the potential is swept in a cyclic manner
between two values. In both methods, a sample is placed in an electrochemical cell, and potential is
applied to the working electrode. CA technique provides information about the electrochemical
properties of the sample by analyzing the current response as a function of constant potential. However,
the CV technique provides valuable information about the Kinetics and thermodynamics of

electrochemical reactions by analyzing current response against varied potential.

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique that measures the
impedance of a material over a range of frequencies. During an EIS experiment, a small amplitude
alternating current is applied to the sample at different frequencies, and the resulting voltage is
measured. The impedance of the sample is then calculated by dividing the voltage by the current. This
technique can provide information about the electrical properties of a material, such as resistance,

capacitance, and inductance, and can be used to study electrochemical processes.

3.7 Electrical Conductivity and Dielectric Properties Measurement

There are several techniques used to measure dielectric properties of materials, each with their own

advantages and limitations. The choice of measurement technique depends on several factors such as
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the nature of material, size, shape, and the frequency range of interest, as well as the availability of
instrumentations. For instance, the capacitance measurement technique involves creating a capacitor
using the material of interest and then measuring the charge stored on it by analyzing the voltage and
current passing through of this capacitor. This technique is relatively simple and inexpensive and can
be used to measure dielectric constants in a wide range of materials. However, it is limited by the
requirement for a parallel-plate capacitor geometry, and the presence of conductive filler particles in
the material can affect the measurement. Impedance spectroscopy is another technique which measures
the material's response to an alternating electric field of varying frequencies, allowing for the
determination of the dielectric constant and loss as a function of frequency. This non-invasive technique
can provide information about the frequency dependence of dielectric properties. However, it is a more
complex method and requires specialized equipment. Another method, known as dielectric relaxation
spectroscopy (DRS), measures the relaxation behavior of the material under an electric field, allowing
for the determination of the relaxation time and activation energy of the material. This technique can
provide information about the molecular structure and dynamics of the material and is particularly
useful for studying polymers and other complex materials. However, it requires careful control of

temperature and frequency and is generally more time-consuming and expensive than other techniques.

3.8 Thermal Conductivity Measurement

Thermal conductivity is a crucial property that describes a material's ability to conduct heat. This
property is measured as the rate at which heat is transferred through a material when there is a
temperature difference across it. To determine the thermal conductivity of a material, several methods

have been developed, including steady-state and unsteady-state conditions.

In the steady-state condition, a constant heat flux is applied to one side of the material, and the
temperature difference between the two sides of the material is measured. On the other hand, in the
unsteady-state condition, the heat flux or temperature difference is not constant, and the temperature
response of the material is measured over time. The selection of the measurement method depends on
various factors, such as the size, shape, type of material, and the required accuracy for the application.
For example, the transient method measures the temperature change of a material over time after a heat
pulse is applied to it. This method is commonly used for materials with low thermal conductivities,

such as insulators. The guarded hot plate method involves sandwiching the material between two plates
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that are kept at different temperatures, while measuring the temperature difference and heat flow
through the material. The laser flash method, on the other hand, uses a high-intensity laser pulse to heat
a small portion of the material, while measuring the temperature rise and the time it takes for the heat
to spread through the material. This method is particularly useful for measuring the thermal

conductivity of thin films and small samples.

3.9 Electromechanical Characterization

Electromechanical testing is used to accurately measure the sensor's response to mechanical
deformation. The measurement process involves subjecting the sensor to controlled mechanical stress
or strain while simultaneously monitoring the corresponding electrical output. This is achieved by
mounting the sensor onto a testing setup that enables precise application of mechanical forces or strains
such as universal testing machine. To capture the electrical output, the sensor is connected to a data
acquisition system that records the changes in the electrical properties in response to the applied
mechanical stimuli. The recorded data is then analyzed to determine the sensor's electromechanical
performance and characteristics such as sensitivity, linearity, and dynamic range of the sensor. By
analyzing the electrical output in relation to the applied mechanical stress or strain, known as gauge
factor, valuable insights can be gained regarding the sensor's functionality and its suitability for specific

applications, such as health monitoring, robotics, biomechanics, and industrial process control.

Gauge factor can be expressed through the formula for the piezoresistive sensors (Equation 3.3):

R-Ry _ AR
SRO - SR(]

GF = 3.3

where R represents the resistance of the sensors when subjected to a compressive/tensile strain of &,

and R, denotes the initial resistance of the sensors.
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Chapter 4
Fabrication of Cellular Electrically Conductive Graphene-PDMS
based Composite through Novel One-pot Synthesis

4.1 Introduction

In recent years, tactile physical sensors have become integral to our lives, simplifying tasks and
enhancing comfort. These sensors find extensive use in healthcare, human motion detection, and
Human-Machine Interfaces (HMI). The flexibility and robustness of sensors offer significant
advantages in accommodating both low and high strain levels. Traditional metal sensors and inorganic
semiconductor materials encounter limitations in applications requiring extensive deformation or close
integration with irregular surfaces due to their inherent brittleness, rigidity, low sensitivity, limited
fatigue life, environmental sensitivity, and poor biocompatibility. Addressing these challenges, sensors
based on E-CPnC have been developed in recent decades to create compressive and stretchable sensors.

Compressive sensors are particularly useful in scenarios where pressure control is essential, such as
posture recognition, tapping, joint movements in human health monitoring, or managing pressure flow
in automations. However, fabricating compressive sensors necessitates the formation of microcellular
structures, where pores provide compressibility. Current methods for producing these structures involve
complex and multi-step processes, highlighting the emerging need for a simplified and one-step
approach. In this project, we introduce a straightforward method to fabricate a graphene-PDMS-based
nanocomposite for piezoresistive sensing applications using the soft-templating method. Taking
advantage of the physical properties of cyclohexane, this method is designed to create a microcellular
structure through the rapid evaporation of cyclohexane, followed by the crosslinking of thermoset
PDMS to form a 3D network.

4.2 Experimental Section

4.2.1 Materials and chemicals:

Graphite (2-15 um diameter) was purchased from the Alfa-Aesar. Sulfuric acid (H2SO4, >99%),
phosphoric acid (HsPO., >99%), hydrogen peroxide (H20,, 30%), hydrogen chloride (HCI, 37%), and

potassium permanganate (KMnQOs) were supplied from Sigma Aldrich. PDMS (Sylgard 184 kit)
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containing base polymer and curing agent with 10:1 mass ratio as an elastic component in this study

was acquired from Dow Chemical co. All chemicals were used without further purification.

4.2.2 Synthesis of conductive graphene

In this study, Graphene oxide (GO) was prepared using an improved Hummer’s method[113] as shown
in Figure 4.1. 2 g graphite was dispersed in 360 ml H.SO4 in an ice bath while stirring for 1 hour.
Followed by stirring for an additional 15 minutes after adding 40 ml of HsPOs. In the next step, 18 g
oxidizing agent (KMnO,) was gradually added at intervals of 2 minutes, with 1 g of KMnO,added each
time. Subsequently, the solution was stirred for another 15 minutes until the color of mixture changed
from black to dark green. Afterward, the oil bath was substituted by the ice bath and the temperature of
the dispersion was raised to 50 °C and kept at this temperature for 16 hours. After which, the mixture
was cooled down to the temperature of 0-4 °C by keeping in the ice bath. At this stage, 20 ml of H,O;
diluted in 400 ml of Deionized (DI) water was gradually added to the mixture until the color changed
to yellowish brown. Finally, the resulting GO solution was washed with hydrochloric acid, ethanol,
and water to reach a pH of 5.5-6.5. Then, the solution was freeze-dried for 3 days to obtain exfoliated

GO powder.

Finally, a thermal shock method was employed to achieve a reduced form of the oxidized material.
Thermal reduction is a cost effective, environmentally friendly, and large-scale process for reducing
nanomaterials compared to the chemical reduction method[114]. Therefore, reduced graphene oxide
(rGO) was obtained by subjecting their oxidated counterparts to quick thermal shock treatment at 900

°C under an inert Ar environment.
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Figure 4.1 Schematic illustration of graphene production process.

4.2.3 Fabrication of 3D porous graphene-PDMS foam:

In this study, a facile and one-pot method was used for foam fabrication, based on the rapid evaporation
of cyclohexane as shown Figure 4.2. To produce foams with varying porosity, foams were created using
60 mg of dispersed graphene in different concentrations of cyclohexane. The volume percent (V) of

nanomaterials in the composite was calculated using the following formula (Equation 4.1) [115]:
Ve= pr X W/pc 4.1

where Wc is the weight fraction of nanomaterial in the composite. p; and p, are the density of the G-

PDMS foam and the true density of the graphene which is 2.2 g/cm3[116], respectively. The density
of the porous G-PDMS microcellular structures was determined using the water displacement method.
This involved measuring the weight of the foams both in the air and while submerged in water.
Subsequently, the density of the foams was calculated using equation 4.2. To ensure better dispersion
of graphene in the cyclohexane, the dispersion was mixed using the planetary centrifugal mixer (PCM,
Thinky AR-100) for 30 minutes, followed by sonication for 3 hours. Subsequently, 1040 mg PDMS
base polymer with 104 mg PDMS curing agent was added to the dispersion (to achieve 5 weight percent
of graphene in the graphene-PDMS composite). The mixture was again mixed by PCM for 30 minutes,

accompanied by sonication for an hour to enhance better dispersion and distribution of graphene in the
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mixture. Afterward, the mixture was poured into the molds and frozen in liquid nitrogen for 5 minutes.
Finally, freeze-dried in the freeze drier at 50 pbar for 3 hours, followed by curing in an oven at 80 °C
overnight. The obtained foams were denoted as G-PDMSx, where X is the volume percent of graphene

in G-PDMS porous structure, summarized in Table 4.1.

Table 4.1 Physical properties of G-PDMS foams.

Sample G-PDMS43 G-PDMS48 | G-PDMS70 | G-PDMS77 G-PDMS87
Graphene Volume
0.429 0.481 0.700 0.772 0.872
Percent (Vol.%)
Foam Density (g/cm?) 0.189 0.212 0.308 0.34 0.384
Foam Void Fraction
82.6 80.5 717 68.8 64.8

(%)
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Graphite Graphene Sheet
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Figure 4.2 Schematic illustration of 3D microcellular graphene-PDMS preparation process.
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4.3 Characterization

4.3.1 Morphology and physiochemical analysis of nanomaterials

The crystallographic pattern of conductive nanomaterials was recorded using an X-ray diffraction
analyzer (XRD, Rigaku Miniflex 600) with a Cu Ka radiation source (. = 1.54184 A). Raman
spectroscopy (Bruker SENTERRA, laser source of 20mW He-Ne at 532 nm) was used for analyzing
structural integrity, defects, and structure disorders of nanomaterials. For analyzing the morphological
properties of nanomaterials and the 3D structure of foams, field emission scanning electron microscopy
(FESEM, Zeiss UltraPlus) was used. To analyze the elemental compositions and chemical states of
nanomaterials, X-ray photoelectron spectroscopy (XPS, Thermal Scientific KAlpha) was used.

4.3.2 Characterization, electrical and mechanical performance of fabricated sensors

Various characterization techniques were used to investigate the properties and performance of the 3D

porous network sensors as follows:

The microcellular structures were analyzed using FESEM (Zeiss UltraPlus) for investigating the
morphological aspect of the sensors. The density of the foams was measured using water displacement
method by a home-made device according to the ASTM D792-00, shown in Figure 4.3. In this method,
the weight of the foams was measured in air and in water, and the density was calculated using Equation
4.2.

mq

ps= X Pw 4.2

mqg—my,

where pr and p,, are the density of the foam and water, respectively. m, and m,,are the weight of the
foam measured in the air and while completely immersed in the water, correspondingly. Additionally,
void fraction can be calculated by density of the foam (ps) and bulk density (p,) of the composite

(unfoamed compound) with the Equation 4.3[117].

For the electrical properties of the sensors, measurements were taken using the Biologic potentiostat
(Biologic VSP-300). The AC conductivity and dielectric properties were analyzed by the
electrochemical impedance spectroscopy (EIS) method over a frequency sweep ranging from 0.01 Hz

to 1 MHz. Additionally, the DC conductivity and resistance were analyzed through linear sweep
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voltammetry (LSV) testing by the voltage ranging from -10V to 10V. All testing was performed using
a four-point probe through-plane testing method.

The mechanical properties of sensors were studied by the universal testing machine (UTM, CellScale,
UniVert) in compression mode. The compression test speed rate was set to 1 mm.min~! for mechanical
performance testing (usual stress-strain testing), and it was set to 3 mm.min! for investigating the
fatigue cyclic testing. The compressive stress-strain hysteresis curves, mechanical strength, Young’s
modules, maximum compressive strain were obtained by the loading/unloading force-distance curves.
A total of 500 cyclic compression/recovery testing was performed for investigating the fatigue
resistance of the best sensor samples at 30% compressive strain. The energy loss coefficient and stress
retention were calculated at 1, 10, 50, 150, 250, 500 cycles. Stress retention is defined by the maximum
compression strength of sensors at each cycle. Additionally, the energy loss coefficient (i) was
calculated using Equation 4.4.

_UcUp _ AU
Y= ST 4.4
where U, and U, are the work of compression and recovery of stress-strain curves, respectively, which

were calculated by integration of the loading and unloading curves by MATLAB.

To evaluate the sensing performance, a universal testing machine coupled with an electrochemical
workstation as a data acquisition device were used. In this set up, the electrodes were connected to the
data acquisition device using contact alligator clips, and the sensors were integrated into electrode
system, in which two copper plates were attached to either end of each sensor via silver paste and
conductive carbon tapes. The sensitivity of the sensors was evaluated by determining the strain gauge
factor (GF) from the 1-V curves. The corresponding GF for each sensor at their respective compressive

strains was calculated using Equation 4.5.

GF = B 2R 45

SRO SRO

where R represents the resistance of the foams when subjected to a compressive strain of &, while

R, denotes the initial resistance of the foams.

To assess the performance of the fabricated sensors in real-world scenarios, a tapping test was
conducted to evaluate their sensitivity response to pressure and vibration, and human motion was

monitored using the sensors to determine their accuracy and reliability in detecting movement. The
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tapping test was performed on the pressure sensors to assess their consistency and repeatability in
detecting pressure changes. During tapping test, the frequency and amplitude of the tapping were varied

to determine the sensor’s response.

Figure 4.3 Home-made density measurement apparatus.

4.4 Results and Discussion

4.4.1 Nanomaterials characterization

Figure 4.4a depicts the crystallographic spectra of the nanomaterials along with the corresponding
parameters have been extracted and presented in Table 4.2. Graphite showed a graphitic crystalline
structure, with nearly identical 26 angles of 26.76°. Chemical oxidation of graphite shifted the
characteristics peaks to lower 26 of 10.5°, for GO, indicating an increase in d-spacing. The increase in
interlayer distance is attributed to the intercalation of oxygen containing functional groups, such as
carboxyl, hydroxyl and epoxide groups on the edges and surfaces of the graphitic structures [118]. After
employing thermal shock reduction at 900°C, the oxidation-induced characteristic peaks in graphene
sheets disappeared, and a broad peak at about 25-26° emerged. This is due to the elimination of
functional groups and reconstruction of sp? structures on graphitic layers. Furthermore, delamination
of the graphene sheets to mono or few layers decreased the intensity of the characteristic peaks.
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The chemical fingerprints of the graphene nanomaterials were explored through Raman spectroscopy,
as presented in Figure 4.4b and the corresponding parameters extracted and summarized in Table 4.2.
All nanomaterials showed three characteristic peaks associated with the D, G, and 2D modes at 1335
cm!, 1580 cm™!, and 2680 cm !, respectively [119]. The D mode is related to the defects and disorders
of the graphitic structure and is activated in the vicinity of structural imperfections, while the G mode
results from the first-order scattering of Exg mode. This mode is associated with in-plane optical phonon
vibrations, which involve the stretching or compression of C-C bonds within the graphene lattice. The
intensity ratio of D band over G band (Io/lg) was calculated to quantify the structural integrity of the
graphene sheets. Graphite showed a very low Ip/lg ratio 0.09, indicating the highest structural integrity
and the least number of defects. However, introduction of oxygen containing functional groups on the
edge and surface of the graphene sheet turned the sp? structure of graphene to sp® and thus significantly
increased the ratio to 1.07. Thermal shock reduction of graphene oxide slightly reduced Io/l¢ ratio to
1.02, which is due to restoration of the graphene sp? structures. The edge structures act as disorders in
graphitic structure and intensify the D band in Raman spectrum. The increase of the Ip/lg ratio after
thermal reduction was also explained by a reduction in the size of the restored sp?.

The surface chemistry of the synthesized graphene sheets, before and after thermal shock reduction,
was thoroughly explored by X-ray photoelectron spectroscopy (XPS) and described in Figure 4.4c-d.
The C1s XPS spectra of GO revealed four distinctive peaks corresponding to carbon atoms in various
oxygen containing functional groups: non-functionalized C=C ring at 284.6 eV, carbon in C-C band at
285.5 eV, C=0 band at 286.1 eV, and O-C=0 band at 290 eV. These peaks are indicative of the
extensive oxidation state of graphene sheets [120]. The successful thermal shock reduction of graphene
sheets was also confirmed by comparing XPS spectra in Figure 4.4c with their reduced counterparts in
Figure 4.4d. Upon thermal shock reduction, the intensity of three latter peaks diminished, while the
non-functionalized C=C ring band at 284.6 eV significantly intensified. This confirms the restoration

of sp? carbon configurations by elimination of the functional groups.

Figure 4.4e-h present SEM images of graphite and graphene sheets after thermal shock reduction. The
stacked layers of graphene sheets in SEM images of graphite in Figure 4.4e-f is obvious, while the
crumbled paper-like morphology of the graphene sheets in Figure 4.4g-h indicates successful

exfoliation of the graphene layers.
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Figure 4.4 (a) XRD graphs (b) Raman Spectra (c-d) C1s high resolution XPS of GO and graphene
sheets, and SEM images of (e-f) graphite and (g-h) graphene.

Table 4.2 Extracted parameters from the XRD and Raman graph.

XRD Raman
Nanomaterials | 2O (degree) | Interlayer FWHM (&) | Number of layers ID/
Distance (radian) (L) Ig
A)
Graphite 26.76 3.330 0.00905 155.803 46.780 0.090
GO 10.5 8.423 0.01201 114.719 13.619 1.070
Graphene 25.40 3.506 0.25865 5.438 1.551 1.027

4.4.2 Characterization of G-PDMS foams

The morphological structures of G-PDMS foams generated through a rapid solvent evaporation process
with varying amounts of cyclohexane were analyzed using SEM. As displayed in Figure 4.5, the 3D
porous structure of foams is induced by formation of soft template of cyclohexane crystals within the
composite [121]. When a vacuum is applied in the freeze dryer, cyclohexane rapidly evaporates in an
endothermic process, leading to heat loss throughout the mixture. Under controlled pressure and
obtained temperature conditions, the cyclohexene triple point is reached, leading to a phase transition
from liquid to a coexistence of liquid and ice phase. The formation of soft template composed of

cyclohexane’s crystals occupy some spaces within the mixture depending on the solvent concentration.
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Consequently, as the mixture undergoes evaporation, this pore template facilitates the transformation
of bulk structure into a porous one [122]. During the fabrication process, as cyclohexane evaporates
and PDMS undergoes complete crosslinking, a stochastic interconnected cellular structure is formed
where the graphene sheets are completely wrapped with PDMS via Van der Waals interactions. The
presence of PDMS agglomerates in the foam structure can be attributed to the low volume percentage
of graphene in the composite (with a weight ratio of graphene to PDMS of 1:19). As can be depicted
from the SEM images, an increase in the solvent content leads to significant changes in the pore size

and distribution.

Figure 4.5a1-a2 depict the intact network structure of G-PDMS87, featuring a small number of pores
that are also small in size, with mainly maximum size of 10 micrometers. In contrast, G-PDMS43
exhibits a higher occurrence of larger pores with a broad size distribution ranging from 10 to 50
micrometers, as illustrated in Figure 4.5 c1-c2. The lower thickness of cell-walls observed in these
figures can be attributed to the low amount of graphene present in the unit volume of G-PDMS43. The
cellular structure of G-PDMS70 is presented in Figure 4.5 b1-b2, highlighting a relatively organized
cellular arrangement when compared to G-PDMS87. Additionally, it exhibits a lower degree of porosity
in comparison to the G-PDMS43 cellular structure. To acquire quantitative data, foam’s density and
void fraction were calculated based on the formula described in the experimental section and reported
in Table 4.3. The findings indicate a direct relationship between the solvent content in the composite
and the porosity and void fraction, with higher solvent content leading to increased porosity and void

fraction, and a subsequent decrease in density.
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Figure 4.5 SEM images of G-PDMS foams, (al-a2) SEM images of G-PDMS87 with 250X and
1000X magnification, (b1-b2) SEM images of G-PDMS70 with 250X and 1000X magnification,
(c1-c2) SEM images of G-PDMS43 with 250X and 1000X magnification.

Table 4.3 Physical properties of G-PDMS foams.

Sample G-PDMS43 G-PDMS48 G-PDMST70 G-PDMS77 G-PDMS87
Graphene Volume
0.429 0.481 0.700 0.772 0.872
Percent (Vol.%)
Foam Density (g/cm?) 0.189 0.212 0.308 0.34 0.384
Foam Void Fraction (%) 82.6 80.5 71.7 68.8 64.8

4.4.3 Electrical Conductivity of G-PDMS sensors.

The electrical and electromechanical properties of the microcellular G-PDMS foams were evaluated,

as shown in Figure 4.6. Figure 4.6a. demonstrates the broadband Alternating Current (AC) conductivity

as a function of frequency within the range of 0.1 Hz to 1 MHz. It can be observed that the AC

conductivity of all porous nanocomposites exhibited a frequency independent behavior, which is a
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characteristic of conductive nanocomposites above their percolation threshold. When the percolation
threshold is reached, a conductive network is formed as conductive nanomaterials create tunneling
electric paths within the insulative matrix, enabling efficient electron transport [123]. The presence of
a well-connected conductive network ensures a consistent electrical conductivity, contributing to the
long-term stability and reproducibility for the sensor's measurements. Conversely, in insulative
materials or conductive nanocomposites below the percolation threshold, the dominant mechanism is
hopping, resulting in frequency dependent behavior of AC conductivity, reduced sensitivity, and
instability [124]. The impact of cyclohexane concentration on AC conductivity can be inferred from
this graph. Increment in the void fraction widens the distance between graphene sheets, resulting in a
decrease in electrical conductivity [125]. This trend is exemplified by considering the AC conductivity
at 0.1 Hz in G-PDMS43, which exhibits AC conductivity of 0.25x102 S.cm™ with 82.6% void fraction,
compared to G-PDMS87 with a void fraction of 64.8% and AC conductivity of 3.5x10° S.cm™. The
variation in conductivity is attributed to changes in the connectivity of the conductive network during
the foaming process of the composite. Since the growth of air bubbles leads to re-orientation and
displacement of the conductive network. Increasing the number of soft ice crystal templates pushes
apart the pre-existing interconnected paths, reducing the likelihood of forming a conductive network
[126]. Therefore, the electrical conductivity of the fabricated sensors can be modulated by controlling

the void fraction through solvent concentration.

It is important to note that the behavior of AC conductivity can be characterized by two distinct regions
with respect to the applied frequency. At lower frequencies, it is considered as Direct Current (DC)
conductivity, which is frequency independent, and results in negligible polarization of electrodes.
However, as the frequency suppresses the characteristic frequency (wc), the conductivity exhibits a
frequency-dependent behavior and increases with frequency. This frequency dependence of AC
conductivity can be mathematically represented by the universal dynamic response (UDR) equation

proposed by Jonscher [127] as follows: g, = gp¢ + Aw®

where o, and gy is AC conductivity and DC conductivity, respectively. A is a temperature-dependent
constant and o is the angular frequency. The exponent value S, ranging from 0 to 1, is a frequency-
dependent parameter depends on the temperature and pressure which governs the conduction
mechanism in variety of materials [128,129]. Therefore, measuring the AC conductivity of a material
at a low frequency, such as 0.1 Hz, can provide information about its DC conductivity [124]. However,

in this study, the DC conductivity was assessed using the LSV method, which involves a through-plane
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four-point probe analyzer. The following equations were used to calculate the DC conductivity: R =
/i and opc=1/p="1/4 p

where R is the electrical resistance that is calculated by the voltage (V) and current (I) applied to the
sensors. The DC conductivity (ap,) can be obtained by taking the reciprocal of the electrical resistivity
(p) of a material. The resistivity can be also computed by using the relationship between the thickness
(t) and cross-sectional area (A) of the sensor, as well as its resistance [130]. As shown in Figure 4.6b,
the trend of DC conductivity is similar to that of AC conductivity as expected with nearly the same
values. For instance, the DC conductivity of PDMS43 is 0.13x10% S.cm™, while G-PDMS87 exhibits
a DC conductivity of 3.11x10° S.cm™.

Electrical analysis was further performed to understand the impact of dielectric characteristics on the
sensor's performance. The ability of materials to store electrical energy through the displacement of
bound charges from their equilibrium positions under an applied electric field is known as polarization.
This is represented by complex permittivity, defined as : e(w) = &¢'(w) — ie” (w) [131], where w is

angular frequency, €' (w) and "' (w) are the real permittivity and imaginary permittivity, respectively.

Figure 4.6c illustrates the measurement of the broadband real permittivity (¢') of G-PDMS
microcellular structures over a frequency range of 10" to 106 Hz, aiming to understand the underlying
mechanisms. The observed trends in the real permittivity spectra across the measured frequency range
can generally be attributed to various mechanisms, including interfacial, dipolar and nanofiller
polarization. In heterogenous materials like composites, the mismatch of conductivity and permittivity
values between the polymer matrix and nanomaterials leads to interfacial polarization, known as
Maxwell-Wagner-Sillars effect [132]. Under applied electric field, charges migrate through the
material, and their limited movement causes charge accumulation at the interface, resulting in
interfacial polarization in the low frequency range of 10°to 1 Hz. At low frequencies, there is sufficient
time for charges to migrate at the interfaces and form large dipoles. Therefore, as frequency increases,
the interfacial polarization diminishes. Dipolar polarization, additionally, arises from the oriented
dipoles of the asymmetric functional groups in the polymer matrix, where the Si atom exhibits different
electrical dipolar moments compared to C and H atoms in the PDMS monomer. The strength of induced
electric dipole moments formed during the polarization process is directly proportional to the applied
electric field’s intensity. In addition, nanofiller polarization refers to the polarization occurring in
nanomaterials as a result of their localized topological defects. This phenomenon can generate magnetic
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moments and spin polarization in carbonaceous nanomaterials when subjected to an applied electric

field, even in the absence of a magnetic field or magnetic impurities [133,134].

Overall, multiple polarization mechanisms are at play in this system. In the low-frequency range,
interfacial polarization becomes significant but gradually decreases with increasing frequency.
Additionally, dipolar polarization arises due to the dipolar mismatch of functional groups of the
polymer matrix and the nanofiller mismatch caused by the topological defects of graphene flakes
produced by Hummer's method. As illustrated in Figure 4.6¢, G-PDMS87 exhibits the highest value of
real permittivity, whereas G-PDMS43 demonstrates the lowest value among the tested samples. This
suggests that as porosity increases, the real permittivity decreases due to reduced charge accumulation
at the polymer/graphene cell interfaces and fewer interfacial areas which are filled with air pockets.

Figure 4.6d illustrates the dielectric loss (tand) values for porous G-PDMS nanocomposites, providing
insights into the dissipation of electrical energy. Typically, the frequency-dependent behavior of tand
spectra is attributed to the conductivity loss at low frequencies and relaxation polarization losses at high
frequencies [135]. Conductivity loss, primarily occurring at filler-filler junctions within composites,
diminishes as frequency increases. At low frequencies, electrons have ample time to traverse through
the conductive network, while at higher frequencies, their movement is limited to a few nanofiller
clusters [136]. As presented in Figure 4.6d, a significant decrease in tand spectra of G-PDMS
microcellular structures across the measured frequency range is observed. The values at low frequencies
indicate conductivity loss, commonly known as ohmic loss, which surpasses relaxation polarization
loss at high frequencies. This behavior is particularly dominant for nanocomposites at or above the
percolation threshold [137,138]. G-PDMS87 exhibits the highest levels of ohmic loss, possibly due to
its elevated conductivity values, leading to substantial current leakage. Conversely, G-PDMS43
exhibits the lowest dielectric loss values, may be attributed to the presence of fewer conductive filler-

filler junctions for electron transportation.

Figure 4.6e presents the measured ¢’ and tand values at a representative frequency of 10° Hz to compare
the dielectric properties of G-PDMS porous monoliths. It is evident that G-PDMS87 demonstrates
superior &' at 3800, which is 9.5 times higher than that of G-PDMS43. This observation can be
attributed to the increased interfacial polarization occurring in foams with lower void fraction. This is
a result of a higher number density of the polymer-nanomaterial clusters in a specific area, making

parallel plate nanocapacitors. The tand values also follow a similar trend to &, indicating that the
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induced polarization within the conductive network leads to current leakage and dissipation of electrical
energy. Consequently, G-PDMS87 exhibits a tand value of 3100, which is 385% higher than that of G-
PDMS43, owing to the larger number of graphene-graphene junctions present in the low void fraction

structure.

The sensitivity of G-PDMS foams with different morphological structures was assessed by evaluating
their electromechanical performance. Figure 4.6f presents the resistance response of the sensors
subjected to a compressive strain of up to 85% at a rate of 1 mm.min, while the slope of the curve
representing the gauge factor (GF) calculated using the formula provided in the experimental section.
The collected data indicated a consistent trend among all G-PDMS microcellular nanocomposites,
wherein an increase in strain corresponded to an increased resistance variation (AR/Ro). The resistance
response of the sensors could be divided into two main regions: (i) 0% to 10% strain, and (ii) strains of

10% and above.

In the first region, applying compression force led to a sharp rise in the resistance response, primarily
due to the formation of a conductive path. The sharp increment was a result of intensified electron flow
through the compressed conductive network, attributed to few point-to-point contacts of conductive
network. Consequently, a significant decrease in resistance value was observed compared to the
uncompressed state. In the second region, the resistance response gradually increased as further
compression resulted in an increased contact area within the conductive network, thereby facilitating

enhanced point-point connections and gradual increment in conductivity.

As a result, all microcellular structures in the first linear region exhibited higher sensitivity due to the
abrupt change in resistance response. Specifically, G-PDMS43 displayed a GF of 0.08 in the first
region, almost three times higher than the GF of G-PDMS87, which measured 0.028. These findings
suggest that the change in resistance in higher porous structures is greater, attributed to the greater
conductivity variance due to formation of a few point-to-point contacts. Conversely, in the second linear
region, G-PDMS87 exhibited the highest GF value of 0.006 among all samples, while G-PDMS43 had
the lowest GF of 0.0028, approximately half that of G-PDMS87. This outcome indicates that the
resistivity variance in higher void fraction structures may not be as distinguishable. This can be
attributed to the higher initial resistance value or less contact area connection while compression. In
other words, resistance response did not change significantly upon compression because the conductive

network failed to achieve complete connection between cells enabling transportation of electrons. As
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an overview, cellular networks with lower porosity and a higher volume fraction of conductive

nanomaterials demonstrate smaller resistance when compressed.

However, it is crucial to consider all the properties of fabricated sensors to meet the requirements of
wearable and flexible application, including electrical and mechanical properties. Therefore, sensitivity
alone is not sufficient; mechanical characteristics also play a significant role. For instance, G-PDMS43
foam with a void fraction of 64%, can be compressed up to 70%, while G-PDMS87 is compressible up
to 85% with void fraction of 82%. Among the fabricated sensors, G-PDMS70 exhibits a high
compressibility of up to 80%, exceeding that of G-PDMS43 and G-PDMS48, which have
compressibility levels of 70% and 75%, respectively. Moreover, G-PDMS70 has higher gauge factor
values compared to G-PDMS77 and G-PDMS87 in the second linear range of resistance response
curves, owing to its lower porosity providing lower values of out-of-plane resistance as well as a lower
initial resistance value due to higher graphene concentration in unit volume. Therefore, when
fabricating sensors, the resistance response curve should be considered across the entire detection
window for more reliable and broader applications. Consequently, a linear response and higher gauge
factor over the detection range are favorable.

It is important to note that the mechanical properties offer insights into the compressive strength,
modulus, and compressive strain of the fabricated porous foams. Since the cell-wall thickness and
porosity impact the mechanical characteristics of porous nanocomposites, mechanical testing was
conducted to measure the compressive strength, modulus, and compressibility of cellular
nanocomposites. This helps in better understanding the impact of the morphological structure on

mechanical performance.
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Figure 4.6 (a) DC electrical conductivity, (b) broadband AC electrical conductivity, (c) real
permittivity, (d) dielectric loss, (e) comparison of dielectric properties at the frequency of 10° Hz
for G-PDMS foams, and (f) resistance change curves of G-PDMS foams under compressive

strains.

4.4.4 Mechanical properties of G-PDMS sensors

To investigate the effect of the morphological structure of sensors on mechanical properties, typical
stress-strain curves of G-PDMS foams were measured. All porous samples were subjected to
loading/unloading compression testing, ranging from 10% to 85% compressive strain, under constant
rate of 1 mm.min?, as depicted in Figure 4.7. While the shape of the stress-strain curve remained
consistent for all samples, there were variations in mechanical properties such as compressive strength,
maximum compressive strain, and elastic modulus, as summarized in Table 4.4. The mechanical
behavior of samples, shown in stress-strain curves, could be categorized in three regions. At
compressive strains below 10%, the linear elastic regions were observed due to the elastic bending of
cell structures [139]. The measured Young’s modulus of the specimens ranged from 27.13 to 219.64
kPa, indicating that an increase in the void fraction from 65 to 82% resulted in a substantial 98%
decrease in the Young’s modulus. Within the compressive strain range of 20 to 60%, densification of
45



cell structures became evident, followed by a sharp increase in compressive strength from 60 to 85%.
For instance, G-PDMS43 exhibited an increase of 45.8 kPa in compressive strength from 20 to 60%
strain. While from 60 to 85% strain, the compressive strength showed an abrupt increase of 770 kPa,
which is about 17 times higher than that of 20 to 60% strain. At high compressive strains of 80% and
85%, the cell walls experienced substantial compression force, resulting in the complete contact of pore

sites, preventing further compression [140].

The high compressibility and excellent compressive strength of the synthesized foams can be attributed
to the disordered macroporous design of the structure, which could be adjusted by varying the volume
concentration of the cyclohexane in the mixture. As shown in Table 4.4 and Figure 4.7, the mechanical
properties of the sensors depend on the morphological structure, specifically porosity and weight
density. Decreasing the weight density through increased porosity results in network’s structure with
lower void fraction and smaller pore sizes. This kind of structures exhibit resistance to lower strain
yields while offering higher compressive strength due to the presence of thicker connected cell-walls
in the network. For instance, G-PDMS87 (Figure 4.7a) demonstrated a compressibility of 70%, with a
compressive strength of 1500 kPa at 70% compressive strain. While G-PDMS43 (Figure 4.7b) with a
high void fraction of 82%, can be compressed up to 85% with a compressive strength of 115 kPa at
70% compressive strain, approximately 10 times lower than that of G-PDMS87. Additionally, G-
PDMS70 (Figure 4.7c) exhibited a mechanical strength of 447 kPa at 70% compressive strain and
compressibility of 80%, with an elastic modulus of 61 kPa. The broad range of mechanical behavior
observed in the fabricated foams highlights the tunability of this fabrication method and underscores
the potential application of them in a wide range of high-pressure sensing detection devices.
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Figure 4.7 Compressive stress-strain curve of (a) G-PDMS87, (b) G-PDMS43, and (c) G-
PDMS70.
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Table 4.4 Extracted parameters from mechanical testing.

Mechanical properties
Elastic . Maximum Compressive Strength at
Compressive
Sample Modulus Strength at 70% Compressive Strain Maximum Compression
(kPa) Compression (kPa) (%) (kPa)
G-PDMS43 27.13 115.27 85 787.72
G-PDMS48 37.31 189.62 80 547.65
G-PDMS70 61.07 447.24 80 1147.36
G-PDMS77 120.67 1392.7 75 2034.21
G-PDMS87 219.64 1508.60 70 1508.60

4.4.5 Fatigue resistance and piezoresistivity testing of G-PDMS70

The mechanical robustness of 3D porous foams for pressure sensing applications can be evaluated
through analysis of cyclic fatigue resistance testing as shown in Figure 4.8a and Figure 4.8b. Figure
4.8a illustrates the compressive loading/unloading behavior of G-PDMS 70 at various cycle numbers
(10th, 50th, 100th, 250th, and 500th cycles). It can be observed that all cyclic mechanical tests exhibited
consistent behavior, indicating the mechanical robustness of the foam structures without any noticeable
changes in the cell structures. Furthermore, stress retention, which characterizes the maximum
compressive stress reached after each cyclic test, was analyzed. It was found that G-PDMS70 exhibited
a reduction of approximately 10% in stress retention after applying 500 compressive loading/unloading
testing. Figure 4.8b shows the compressive stress deviations during the time of loading/unloading
cycles. It suggests the robust behavior of sensor during the cycles. Overall, the mechanical durability
and resilience of the fabricated 3D porous foam structures supports their suitability for pressure sensing
applications. Energy loss coefficient (shown in Figure 4.8c) was calculated by equation described in
the experimental section. Work of loading and work of unloading process were calculated by the area
of the compression and release process in each cycle in the MATLAB software. The work used for the
first cycle is higher than the other cycles, indicating the irreversible damage caused by stress to the
cellular structures. Therefore, in the first cycle more energy was consumed for pressing the porous

structure to dense the cellular structure to lower thickness than the other cycles. Energy absorption is a
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property of the cellular structures[140] that dissipate the energy within their network and could be
represented as a parameter of energy loss coefficient. The energy loss coefficient for G-PDMS70 was
initially calculated to be 0.22 and remained almost constant from the 10" cycle to the 500" cycle,
recommending the stability of the cellular structure under continues cyclic loading/unloading
compression process. Stress retention describes the maximum compressive stress that a material
reaches after each cyclic testing. It was analyzed for the 10, 50, 100, 250, and 500" cycle of both sensors
and plotted in Figure 4.8c. The maximum compressive energy after 500 cycles decreased about 10%
from its initial value for the foam consisted of only 0.68 VVol.% graphene.
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Figure 4.8 Cyclic compressive stress-strain curves for G-PDMS70 with the rate of 3 mm.min-1
under maximum compressive strain of 30%o, (b) Cyclic compressive testing at the maximum
compressive strain of 30% for G-PDMS70, (c) extracted parameters of cyclic testing for G-
PDMST70.

To investigate the stimulus response (static and dynamic behavior) of the fabricated foams, G-PDMS70
was subjected to testing using a universal testing machine and tapping testing. As shown in Figure 4.9a,
constant pressure of 29 kPa was applied to achieve a 30% compressive strain at different speed rates to
G-PDMS70. It can be observed that increasing the rate of applied pressure results in faster response,
confirming their genuine sensing properties. The reproducible peaks over 5 cycles demonstrate the
ability of the fabricated sensors to produce well-defined responses that can be interpreted using suitable
algorithms. Moreover, flexible G-PDMS70 sensor successfully achieved real-time monitoring of
human motion. As depicted in Figure 4.9b, it was capable of distinguishing different states of
compression induced by finger tapping, such as the intensity and duration of the compressive strain, by
analyzing periodic changes in resistance. Variations in the curve shape and current intensity obtained

by the sensor indicated the number and interval of each finger tap. During the application of pressure,
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the current passing through the sensor increased from 0.1 mA to 0.2 mA and then returned to 0.1 mA
within 1 ms upon relaxation. This demonstrates the excellent recovery time and shape memory
performance of the 3D foam sensors and the ability to instantly and accurately detect pressure changes
with reproducible data. Moreover, they exhibit stability and ease of processing with the new one-pot

synthesis method, showcasing their potential for application in wearable electronic devices.
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Figure 4.9 (a) 5 cyclic compression-electric sensing curve of G-PDMS70 with different
compression rate at fixed 30% compressive strain, (b) actual piezoresistive sensing performance

by tap testing.

4.5 Conclusion

In this project, we introduced a novel one-pot soft-templating method for fabricating PDMS-based
conductive compressive sensors. Highly porous 3D structure was obtained by evaporation of the soft
templates of cyclohexane’s ice crystals. Different pore size and void fractions were obtained by
optimizing the solvent concentration. It was found that the addition of 0.43 vol% graphene, the
microcellular nanocomposite showed electrical conductivity of 2.5x102 S/m with the mechanical
strength of 780 kPa at 85% compression strain. The exceptional compressibility of the foam was
attributed to the strong 3D interconnected structure with a high void fraction (82%). Increasing the
graphene concentration to 0.87 vol%, the electrical conductivity reached the value of 35x102S/m and
compressive strength showed 1500 kPa at 70% strain with the void fraction of 64.8%. The

electromechanical performances of the porous nanocomposites were also thoroughly investigated. The

49



microcellular structures showed two linear resistance responses along the compressive strain range.
Particularly, 0.43 vol% loaded foam showed an abrupt change in resistivity until 10 % strain and
resulted in a high gauge factor of 0.5 kPa™*. From 10 to 85% strain, the foam exhibited the second linear
detection region with the gauge factor of 1.2 MPa. The compressive sensors also showed very fast
response time of 20 ms and outstanding cyclic stability of 500 cycles due to their robust 3D
interconnected structure, suggesting its suitability for mid and high-pressure sensing applications and

real-time monitoring of human joint movements.

As an overview, the results obtained from this study are compared to the literature, presented in the
Table 4.5. This table was specifically chosen based on microcellular graphene-based polymer
nanocomposites. Overall, the findings presented in this research contribute significantly to the
advancement of wearable electronic devices, emphasizing the potential of the developed compressive
sensors for diverse applications in real-time health monitoring and robotics. The simplicity and cost-
effectiveness of the proposed fabrication method open up new avenues for the scalable production of

wearable sensors with tailored properties, further propelling innovations in the electronic industry.

Table 4.5 Comparison of results with other microcellular graphene-based polymer

nanocomposites in literature.
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Chapter 5

Conclusion and Recommendations

5.1 Conclusions

Polymers have become crucial components in developing advanced functional materials due to their
lightweight-ness, mechanical robustness, chemical resistance, and easy processibility. These materials
are used in compact electronic devices, physical sensors, EMI shielding materials, and energy storage
devices by fabricating versatile combinations of polymer matrices with different conductive
nanomaterials. Various methods have been developed for the fabrication of electrically conductive
nanocomposites, each with their unique benefits and drawbacks from an industrial perspective.
Recently, compressive piezoresistive sensors have been developed based on diverse E-CPnCs, as
metallic and semiconductor materials struggle to endure significant strains and maintain mechanical
stability during prolonged use. Consequently, there is a growing need to address the fabrication of
advanced materials for mechanical sensing applications. While different approaches have been
explored in the literature for fabricating these devices, many of them involve complex and multi-step
processes, lacking simplicity and cost-effectiveness from an industrial standpoint. Therefore, the
primary objective of my research was to design and develop novel methods for fabricating electrically
conductive microcellular polymer composites, specifically tailored for use as compressive

piezoresistive sensors.

In this project, we employed a novel one-pot synthesis method to create a porous microcellular structure
in solvent-based polymer nanocomposite systems. In this solvent-based system, a suitable solvent is
required that can facilitate the formation of a pore structure while also functioning as a good solvent
for the polymer and a dispersant for nanofillers. To fulfill these requirements, graphene was used as
conductive nanofillers within a PDMS elastomeric matrix. Cyclohexane, an engineered solvent, was
employed in this system to generate pores within the structure through evaporation under specific

temperature and pressure conditions.

Using this method, a mixture of nanofiller, solvent, and solvent-based elastomer was prepared. By
controlling the temperature and pressure, a porous structure was formed through the evaporation of the

solvent, acting as a soft template. Graphene, as a conductive nanomaterial, was dispersed in varying
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amounts of cyclohexane, and PDMS and its curing agent were added to the mixture. The resulting
mixture was freeze-dried, and the evaporation of cyclohexane crystals within the structure by
considering solvent’s triple point results in the formation of pores. Consequently, porous structures
with different levels of porosity were fabricated. The electrical properties of fabricated foams were
assessed using impedance spectroscopy. By coupling the electrochemical workstation with the
universal testing machine (UTM), the electromechanical properties of the fabricated compressive
piezoresistive sensor can be studied. Moreover, the mechanical properties and robustness of
compressive sensors were evaluated through compression testing of UTM. Finally, a discussion was
conducted on how the porosity of the structure affects the electrical performance, mechanical

properties, and sensitivity of the piezoresistive sensors.

5.2 Recommendations

Despite significant advancement in this field, there are still areas that require further development and
exploration of microcellular conductive polymer nanocomposites. The exploration could be
engineering physical tactile sensors with higher sensitivity, mechanical robustness and workability. For
example, one such area highlights enhancing mechanical performance of flexible wearable sensors,
involving fabrication of devices for real-time monitoring of human health conditions, posture
recognition and exercise performance analysis wherein the sensors should be easily attachable to the
body while retaining their robustness and stability. Additionally, the excellent mechanical properties of
piezoresistive sensors used in the industrial automation devices ensure their long-term workability.
Another research area focuses on the fabrication of ultra-sensitive piezoresistive sensors. For example,
the creation of highly sensitive sensors designed to measure the aging of batteries involves integrating
a sensor with a Li-ion battery. The sensor detects minute changes in the thickness of the battery,
attributed to the expansion effect. It's crucial to highlight that the detection accuracy should be on the
micrometer scale. Furthermore, ultra-sensitive pressure sensors could play a pivotal role in detecting
heartbeat patterns and respiratory rates, aiding in monitoring the health conditions of individuals
requiring assistance. Achieving higher sensitivity necessitates the modification of the electrical
response of fabricated sensors. Another area of research focuses on enhancing the functionality and
workability of these devices, which are prone to electromagnetic waves in their surrounding

environment. Regarding the inevitable impact of EMI pollution on the sensor’s functionality, it is
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crucial to develop multifunctional nanocomposites with the ability to integrate both mechanical sensing

and EMI protection within a single device. It should be noted that these advanced capabilities can be

engineered through a combination of material control and process control methodologies in fabricating
E-CPnCs.

5.2.1 Material research

Investigate the influence of different carbonaceous nanomaterials with different structures on
electrical, mechanical and electromechanical performance of compressive piezoresistive
sensors. The electromagnetic shielding efficiency of them can be studied as well to design

multifunctional advanced electronic devices.

5.2.2 Processing research

Different processing techniques can be explored for developing E-CPnCs. Freeze casting, for
instance, is a tunable environmentally friendly method for fabricating cellular composites.
Unidirectional freeze drying induces the alignment of nanomaterials along the direction of ice
crystal growth. Initial findings indicate a variance in the electrical conductivity of the
nanocomposites in the alignment direction compared to the normal direction. Given that EMI
shielding, and sensitivity is influenced by electrical conductivity, investigating the impact of
nanomaterial alignment on the electromechanical and EMI shielding performance of the
nanocomposite is a worthwhile avenue for research. Foaming method is also a versatile method
for fabrication of cellular E-CPnCs. By this method, different porous structures are fabricated
varied by different density. Since the pore size distribution has impact on the mechanical
properties of cellular composites, and the impedance mismatch within the cellular E-CPnCs, it
is worthy to study on this parameter in the future studies.

Tunning cellular composites can be further engineered by the gradient and sandwich like
structures. Since heterogenous cellular structures have impact on the sensitivity range and the

impedance mismatch of the materials within the composite.

For instance, the following studies will focus on various parameters involved in the fabrication of

conductive nanocomposites with different fabrication methods across multifunctional applications,

including:

54



I. Assessing the impact of nanomaterial orientation on electromechanical and EMI SE

properties of microcellular networks

This project focuses on the development of a novel dual-function device that combines piezoresistive
sensing with EMI shielding capabilities. This device has significant potential in applications where
simultaneous monitoring of mechanical forces and protection against electromagnetic waves are
critical. The controlled microstructure of the cellular structure plays a crucial role in developing this
multifunctional device. Therefore, freeze-casting will be employed to fabricate microcellular structures
with controlling nanomaterials alignment within the matrix. Both unidirectional and bi-directional
freeze-casting methods could be utilized to study the effects of alignment and orientation of
nanomaterials on the electrical and mechanical performance of the nanocomposite, resulting in
differently ordered microcellular structures. The resulting structure plays a decisive role in the

conductive network formation and the mechanical properties of anisotropic nanocomposites.

Il. Investigating impact of gradient porosity and conductivity on microcellular

nanocomposites properties

The aim of this project is to enhance the sensitivity, detection range and the shielding effectiveness of
dual piezoresistive sensors and EMI shielding devices. Thus, a hierarchical microstructure could be
designed to satisfy this target. As expected, gradient porous structures can be used as compressive
piezoresistive sensors with larger detection limit and also the capability of absorbing EM waves through

higher interfacial areas for absorption.
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