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ABSTRACT

The recent electronic sensor technology demands the use of materials that are lightweight,
mechanically flexible, and stretchable, and cost-effective. Polymer-based composites
produced by reinforcing hybrid nanomaterials meet the demands for such applications owing
to their excellent electrical properties, lightweight, flexible and stretchable nature. Therefore,
polymer and nanomaterials-based flexible composites have been emerging as new generation
smart materials and immensely studied for applications such as wearable electronic devices,
supercapacitors, flexible display, touch screen, human health monitoring, human motion
detection, facial recognition, and human-machine interfaces, etc. In this work, the fabrication
and testing of nanomaterials incorporating poly(dimethylsiloxane) (PDMS)-based flexible
composites and sandwich structures for flexible and wearable sensors are demonstrated. Two
different approaches were adopted to fabricate PDMS-based flexible materials. The first one
is the fabrication of PDMS-based composite materials by incorporating different wt% of
nanomaterials in the PDMS polymer matrix by using a simple solution mixing process. The
second one is the fabrication of a sandwich structure of PDMS/nanomaterials coated
parafilm/PDMS by a simple cost-effective method. For this purpose, firstly, different
nanomaterials such as GO, rGO, AgNPs, Ag rGO, Ag_SWCNT, and Ag MWCNT were
synthesized and used. The morphology of the synthesized nanomaterials was studied by using
FESEM and TEM. The structural analysis of the nanomaterials and PDMS composites was
carried out by XRD, FTIR, and Raman spectroscopy. Secondly, the dielectric properties of
the PDMS composites were investigated and it was found that the dielectric properties were
improved due to the incorporation of nanomaterials in the polymer matrix. The dielectric
properties of the PDMS composites increase with the increase in wt% of the nanomaterials in
the lower frequency region (1Hz). The AgNPs played a major role to improve the dielectric
properties of the PDMS composites fabricated by incorporating Ag_rGO and Ag_ SWCNT
nanomaterials. It was found that the Ag rGO/PDMS and Ag_SWCNT/PDMS composites
exhibited better improvement in dielectric properties than the other PDMS-based composites.
The highest value of dielectric constant was obtained for 1 wt% Ag_rGO/PDMS ( € = 108,
Tand = 0.98) and Ag SWCNT/PDMS ( € = 85, Tand = 0.15) composites. Finally, the
PDMS/nanomaterials coated parafilm/PDMS-based sandwich structures were fabricated by
using a simple and cost-effective method. From the study of electrical and strain sensing
characteristics of the sandwich structures, it was observed that the strain sensors exhibited

good electrical conductivity, a good response to the applied strain, and good sensitivity,

XVi



linearity, and repeatability. The AgNPs enhanced the conductivity and sensitivity of
PDMS/Ag_rGO-Parafilm/PDMS and PDMS/Ag_SWCNT-Parafilm/PDMS-based sandwich
structure by forming an electrical bridge by sitting between the rGO sheets and also between
the CNTs. The highest relative resistance (347%), and gauge factor (GF = 10) was achieved
for PDMS/Ag_rGO-Parafilm/PDMS-based sandwich structure. The sandwich structure-based
strain sensors demonstrated excellent performance to monitor different movements of the
human body parts in real-time such as the cycle of motion of index finger, elbow, and wrist
joints with better response time. Therefore, we successfully demonstrated that the PDMS and
parafilm-based flexible strain sensors have the potential to be utilized for applications such as

wearable devices and sensors for the detection of human  motions.
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CHAPTER 1

Introduction and Literature Review



1.1 Introduction

Sensors are integral parts of all the technology sectors in modern society from automobiles
to smart-phone, computers to the smart-watch, biomedical, healthcare to household items,
manufacturing, and beyond. In the present technology-driven society, sensors have been
playing an indispensable role in daily life to monitor physical health, human motion
detection, exercise, and sports activities, weather, and the environment, etc. The
developments of flexible materials such as polymers, fabrics, textiles have promoted the
fabrication of flexible sensors in the last few decades and the demands for flexible and
wearable sensors have been increasing globally. Conventional electronic devices are based on
thin-film materials such as Si (silicon), metal, and metal oxide (ITO, Au, Cu, etc.), and

organic materials [1].
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Fig. 1.1 A brief overview of stretchable and wearable sensors and their applications [4]



Although the conventional sensors show high electrical performance, accurate physiological
responses are not easy to obtain because of the inability to make strong contact with the
human body [1, 2]. Besides, they have limited use for skin attachment, biocompatibility, and
applications that require large deformations such as bending, stretching, and twisting due to
their brittle and rigid nature [2, 3]. Therefore, flexible/stretchable and wearable sensors have
received overwhelming attention and have been extensively studied over the last decades due
to the easy interaction with the human skin, body joints and usefulness for real-life based
applications such as detection of human motion, soft robotics, sports performance
monitoring, healthcare, and biomedical engineering, etc [4---10]. A brief overview of
flexible, wearable, and stretchable sensors and their different applications is illustrated in Fig.
1.1 [4]. The key features of flexible and wearable strain sensors are lightweight,
stretchability, flexibility, biocompatibility, ease of production, high sensitivity, dynamic
durability, linearity, mechanical stability, excellent electrical and dielectric properties [2, 4,
11, 12].

Flexible and wearable sensors mainly consist of two components such as sensing material
(conductive nanomaterial) and flexible/stretchable materials (flexible polymer or fabrics).
The external mechanical stimuli through various deformations such as stretching, bending,
and twisting are transmuted by the sensing material to electrical signals [13]. There are
several reported methods to fabricate flexible and wearable sensors. Among them, one of the
common methods involves the deposition of conductive nanomaterials over the surface of
flexible and stretchable substrates such as a polymer or textile/fabrics, or integration of a
laminar conductive film into the substrate which is illustrated in Fig. 1.2 (a) [14]. Another
method involves the incorporation of nanomaterials into the bulk of the flexible polymers by
employing different methods such as solution blending, latex-blending, melt mixing, and in-
situ polymerization to form conductive pathways inside the non-conductive polymer matrix
[15, 16]. Fig. 1.2 (b) shows the example of this method. In polymer-nanomaterial composites,
the combination of properties and interaction of the host polymer and nanomaterials are the
key factors that alter the mechanical (flexibility and stretchability), electrical and dielectric
properties of the host polymer. Therefore, polymer-based nanocomposites have been
emerging as the new generation smart material for various applications such as flexible
electronics, wearable sensors, actuators, biomedical devices, energy harvesting, energy

storage, and super-capacitors, etc. [17---21]. Based on the performance and response to the



external mechanical stimuli, strain sensors are classified into several types such as

piezoelectric, turboelectric, resistive, capacitative, and optical strain sensors, etc [4].
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Fig. 1.2 (a, b) Schematic representation of two different fabrication processes utilized for
flexible sensor structures that are (a) a conductive thin film of nanomaterials such as
graphene, CNTs, metal NPs, is encapsulated by two flexible films on top and bottom surface,
(b) stretchable and flexible nanocomposites consisting of polymer and nanomaterials with
high conductivity that are encapsulated by two flexible films [14], and (c) Schematic
representation of fabrication process for PDMS/MWCNTs composites by using in-situ
polymerization [16].

In context to our work which will be presented, the thesis only emphasizes the flexible
polymer-based resistive type wearable strain sensors. In the resistive type flexible strain
sensors, the conducting pathways formed by the nanomaterials serve as a resistor, and the
relative change in electrical resistance corresponding to the applied mechanical strain such as
stretching, bending, and twisting can be monitored. The electrical resistance in such strain
sensors changes due to the change in the geometry of the active material, tunneling effect,
and disconnection in some parts of the conductive pathways formed by the overlapped
nanomaterials through opening or closing of micro-cracks [4, 22]. The flexible and wearable
polymer-based strain sensors containing conductive nanomaterials can maintain their
conductive pathways under very large strain and restore their original properties after the
withdrawal of the mechanical strain which makes the flexible polymer-based sensors robust

for strain sensing applications.

1.2 Different types of polymer materials that are utilized for fabricating flexible and

wearable strain sensors.

Various polymers such as polydimethylsiloxane (PDMS), poly(vinyl alcohol) (PVA),
hydrogel, polyurethane (PU), polystyrene (PS), poly(3,4ethylenedioxythiophene):

4



poly(styrene sulfonate) (PEDOT: PSS), styrene-ethylene-butylene-styrene (SEBS), etc., have
been investigated based on their mechanical properties (for example elastic modulus) and
biocompatibility [39---43]. Some of the polymers and their elastic modulus are given in Table
1.1

Table 1.1 Summary of different polymers which are used for flexible and wearable strain

Sensors.
Polymer Elastic Sensor System References
Modulus
GPa
PDMS 0.00057-0.0037 Graphene/CNT/PDMS, [23, 24]
AuU/Ni/PDMS
SR (Silicon Rubber) 0.001-0.05 Graphene/SR [25]
SEBS 0.34-0.38 CNT/SEBS [26, 27]
CNT/graphene/fullerene/SEBS
PEDOT 0.9-2.8 Ag NPs/CNTs/PEDOT:PSS [28]
PU 0.015-0.15 AgNW/graphene/fullerene/PU [29, 30]
RGO/PU
TPU 2.4*10°® RGO/TPU, [31, 32]
Grahene/TPU
Hydrogel - SWCNT/Hydrogel [33]
PVA 1.5-3.75 PVA-FSWCNT-PDA hydrogels [34]
SBR (Styrene- 0.00025-0.00083 Carbon black/SBR [35]
butadiene rubber)
PET 2.76-4.14 Graphene/PET [36]
Natural Rubber 0.01-0.1 CNT/NR [37, 38]
RGO foam/NR

The main challenge to use polymers for sensing applications is their poor electrical
properties. Therefore, conductive nano-fillers have been incorporated in the insulating
polymer matrix or conductive nanomaterials have been deposited on the top of polymer
substrate to fabricate the flexible, stretchable, and conductive polymer-nanomaterial system.
The dispersion of nano-filler materials in the polymer matrix via the interaction of
nanomaterials and polymer matrix is a key factor in fabricating polymer-nanomaterial
composites. Out of different polymers which have been used for flexible and wearable
electronics, PDMS (Polydimethylsiloxane) is a silicon-based organic insulating elastomer
that is very popular. PDMS has fascinating properties such as non-toxicity, high glass

transition temperature, chemical stability, the low mass density of 0.97 kg/mS high




flexibility, and stretchability (PDMS has Young’s modulus of 60-870 KPa, Poisson ratio 0.5,
tensile strength 2.24 MPa), due to the presence of Si-O-Si backbone [44, 45]. The molecular
formula and 3-D model of PDMS are shown in Fig. 1.3 [16] Pristine PDMS has a dielectric
constant of 2.3-2.8 and an index of refraction 1.4. Solid PDMS is resistant to most of the
aqueous and organic solvent but some of the solvents such as xylene can swell PDMS.
Moreover, pure PDMS shows low surface tension and hydrophobicity. The viscoelastic,
optically transparent, biocompatible nature of the polymer along with cost-effectiveness
endows PDMS the usefulness for practical applications.

Fig. 1.3 Representation of the molecular formula of PDMS and three-dimensional model of
PDMS molecule [16].
1.3 Different types of nanomaterials that are used for fabricating flexible and wearable

strain sensors.

Nanomaterials play a major role in fabricating the hybrid sensitive unit material which acts as
a sensing part in the flexible and wearable strain sensors. Conductive nanomaterials of
different types such as metal NPs, metal oxide NPs, and carbon-based nanomaterials have
been extensively investigated with flexible polymers for flexible and wearable strain sensor-
based applications. Some notable examples of the PDMS and different nanomaterials-based
wearable strain sensors are given in table 1.2. Out of different conductive nanomaterials,
carbon-based nanomaterials which includes single-walled carbon nanotube (SWCNT), multi-
walled carbon nanotube (MWCNT), graphene, and graphene oxide (GO) have been used for
flexible electronic based applications because they possess large surface area, high aspect
ratio, excellent mechanical properties, excellent electrical and chemical properties [63---65].
Carbon nanotubes are attractive nano-filler material due to their excellent electrical and
thermal conductivity depending upon the chirality of the graphite lattice, flexibility, high
aspect ratio (typically >1000), high Young’s modulus of around 200-1000 GPa, and tensile
strength of around 200-900 MPa [66---70]. For all of these intriguing properties, CNTs have
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been used as a reinforcing material in a polymer matrix and to fabricate flexible wearable
strain sensors which will be discussed in the literature review. The sp? hybridized carbon
nano-sheet or graphene, on the other hand, is the most widely studied 2-D material which has
unique properties such as high mechanical strength (Young’s modulus 1TPa), high fracture
strength (130 GPa), high carrier mobility (350000 cm?/(Vs), high thermal conductivity
(~3000 W mK™), high electrical conductivity (~ 6x10° S/cm) and high theoretical surface
area (~ 2630 m?gt) [11, 15, 17, 71, 72].

Table 1.2 Summary of different nanomaterials which are used for flexible and wearable

strain sensors.

Nanomaterial Stretchability% Gauge Factor References

Graphene 70, 12, 20, 7, 32 15-29, 27-164, 42, 2.4- | [46, 25, 47, 48, 49]
14, 32

CNTs 280, 100 0.82, 2*10* [50, 51]
CNT/Graphene 85 20.5 [52]
EGaln-PDMS 350 1.6-3.2 [53]
Carbon Black (CB) 10 5.5 [54]
CNT/CB 22 29 [55]
Ag NWs 17, 60, 35, 50 2-14, 9557, 20. NA, [8, 56, 57, 58]
TisC,Tx 50 100 [59]
Au-TiO; NWs 100 NA [60]
AU/Ni 30 NA [61]
CNTc/Au NPs/PDMS 50 70 [62]

The graphene oxide (GO) is produced by oxidizing graphitic layers of pure graphite flakes by
a chemical process and hence GO contains the oxygenated functional groups that include
hydroxyl (-OH), alkoxy (C-O-C), carbonyl (C=0), and carboxylic (-COOH) groups on its
surface and along the edges [73, 74]. Therefore, the chemical and physical properties of GO
differ from the properties of graphene. It is possible to functionalize the GO surface with
metal or metal oxide nanoparticles which are for useful sensing applications [71]. The
presence of different types of functional groups in GO degrades the electrical and mechanical
properties and the electrical properties of GO are inferior to the pristine graphene. But these
properties can be restored partially by reducing GO surface through thermal or chemical
treatments [63, 75]. Thus, the properties of graphene and the derivatives of graphene such as
GO and rGO, make them promising nano-filler and sensing materials to produce flexible

polymer nanocomposites which will be discussed in the literature review. Among various



metal nanoparticles, AgNPs have been extensively used for various applications such as

optical sensors, health care, drug delivery, medical device coating, and so on mainly due to

low cost, non-toxicity, biocompatibility, high electrical conductivity, and thermal properties

[76--78]. These metal and metal oxide nanoparticles have been integrated into different

polymers for fabricating stretchable and wearable strain sensors which will be discussed in

the literature review.

1.4 Literature review

In the last decade, numerous research efforts have been carried out and several researchers

reported the fabrication and application of flexible, stretchable, and wearable sensors for

strain sensing applications.

Table 1.3 Summary of performance characteristics of PDMS-Nanomaterial-based resistive

type wearable strain sensors.

Sensor System (year | Stretchability Gauge | Linearity | Application | References
of publications) % Factor/
Sensitivity
rGO/PDMS - - Nonlinear | Measuring the [79]
2017 bending angle
of the wrist
rGO/PDMS - 50.9 kPa - E-Skin for wrist [80]
2018 pulse detection
rGO/PDMS 100 - Linear Robot [5]
2015 movement
N-Doped rGO/PDMS 15 - Nonlinear Bending of [81]
2019 wrist, neck, and
eye-blinking
rGO/PDMS 350 18.5-88443 Partly Human motion [82]
2019 linear detection
CNT/PDMS 100 2*104 Nonlinear Motion of [83]
2015 joints
MWCNT/GNPs/PDMS 40 100 Partly Human Health [84]
2013 linear monitoring
MWCNTs/PDMS 45 1.2 Nonlinear Biomedical [85]
2014 testing
CNTs/CBs/Si 120 1.25 Linear Human activity [86]
rubber/PDMS monitoring
2017
CNT/PDMS 100 2.21 Partly Wearable [87]
2018 linear strain sensor
CNT/PDMS 20 1140 Linear Human body [88]
2017 movements
Ag NPs/PDMS 20 4.7-12.5 Partly Human motion [89]
2014 linear detection
Ag NPs/PDMS 0.81-7.26 547.8 Motion of [90]
2017 fingers
Ag NPs/CNTs/PDMS 24 95 Human- [91]
2014 machine
interface




In the literature review, only resistive type flexible, stretchable and wearable strain sensors
will be discussed which are related to the work that will be presented in the thesis. The
flexible sensors in this literature review are based on PDMS, and nanomaterials such as
AgNPs, and carbon-based nanomaterials which include graphene, rGO, and CNTs. Some of
the PDMS-based resistive type flexible and wearable strain sensors and their performance
characteristics which were reported in the past few years are mentioned in Table 1.3. Some of
the recent and significant reported pieces of literature are discussed in the following section.
Y. Tang. et al reported an ultrasensitive strain sensor that was stretchable based on rGO
microtube/PDMS [92]. The sensor showed excellent sensitivity (GF = 630 under 21.3%
applied strain), durability and the sensor showed potential to detect human movement under
large strain. S. Wu et al demonstrated a graphene aerogel (GA) and PDMS-based strain
sensor and the strain sensor which exhibited high sensitivity (GF = 61.3) [93]. PEI-
rGO/PDMS composite thin film-based high sensitive wearable sensor was reported by X. Ye
et al. The strain sensor showed high sensitivity (GF = 754), strain range up to 50%, the fast
response time (0.6 sec), and durability [94]. F. Han et al reported a strain sensor fabricated by
using rGO and Ni NPs coated PU sponge encapsulated by PDMS.
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Fig. 1.4 Demonstration of various human motion detection experiments by using the
rGO/PDMS sensors such as the response of the sensor to the strain applied by the cycle
motion of joints of (a) elbow, (b) wrist, (c) knee, (d) abdomen, (e) finger, and (f) human palm
[96].



The sensor was highly stretchable which exhibited a strain range up to 65% and highly
sensitive (gauge factor of up to 3360), and also showed fast response time (<100 ms). The
sensor was able to detect bodily motions including bending of fingers and facial muscle
tension [30]. A flexible strain sensor based on PDMS-GE/PDMS/PDMS sandwich structure
was reported by X. M. Zhang et al. The GE/PDMS composites showed excellent conductivity
(resistance 9.4Q) with 25 wt% GE loading and the strain sensor was tested for the detection
of weak human motion, for example, bending of fingers [95]. G. Li et al proposed a simple
method to prepare a uniform 3D conductive network by wrapping rGO nanosheets in aligned
TPU fibrous mat and encapsulating the sensing layer by PDMS [96]. The combined
advantages of the 3D conductive network of rGO/TPU and stretchable PDMS layer resulted
in a wide reversible sensing range from 0%-150%, high sensitivity of 593, good stability, and
a fast response time of 160 ms. The sensor was utilized to detect the movement of different
parts of the body as shown in Fig. 1.4.
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Fig. 1.5 Graphical representation of strain sensing performance of the graphene-coated
PDMS sponge based piezoresistive strain sensor which shows (a) the relative change in
resistance under 40% applied strain with cycles of stretching and releasing, (b) Current vs
voltage characteristics under different applied strain and (c) relative change of resistance
over 15 cycles with time and different maximum strains [97].
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Graphene-coated three-dimensional microporous PDMS sponge-based piezoresistive
wearable sensor structure which was highly elastic was reported by Y. Jung et al. The
fabrication of the strain sensor involved a sugar templating process and dip-coating method
[97]. The sensor was deformable up to 60% applied strain and showed a sensitivity of 19.21
under the applied strain of 50%. The sensor exhibited high repeatability and low hysteresis as
shown in Fig. 1.5. H. Lee et al demonstrated a stretchable and flexible sensor which was
fabricated by spray-coating of graphene nanoplatelets on the PDMS substrate and
encapsulating the conductive layer by another PDMS substrate [98]. The GF of the sensor
was 1.55 under the applied strain of 50% and the strain sensor showed good response and
durability which is shown in Fig. 1.6. The strain sensor was able to monitor various human
motions.
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Fig. 1.6 Graphical representation of the electromechanical response of the Graphene/PDMS
sensor to the applied strain which represents (a) stretching and releasing test with increasing
values of the applied strains of 5, 10, 20, 30, 40, 50%), (b) relative change of resistance w.r.t
applied strain and (c) Durability of the sensor under 50% applied strain by stretching and
releasing cycles at a rate of 0.5-Hz [98].
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Baloda et al. demonstrated a novel fabrication method for a GNP/PDMS-based piezoelectric
sensor for human health monitoring and motion detection [99]. The GNP/PDMS mixture (40
wt%) was first prepared and coated over pristine PDMS substrate by a painted brass. The
piezo-resistive strain sensor exhibited good strain sensitivity (GF = 62.5), stretchability
(65%), stability, reproducibility, and durability (Fig. 1.7). The strain sensor showed good

performance used for monitoring human motion and wrist pulse.
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Fig. 1.7 (a) Experimental setup of the strain sensor and (b) graphical representation of
relative resistance vs strain and (c, d) the sensor exhibiting a significant change in resistance
upon stretching and releasing with time [99].

A stretchable and robust strain sensor was demonstrated by Z. Su et al. A novel method was
utilized for the fabrication of the strain sensor with self-assembly of MWCNT and PS
microsphere composites. The MWCNT-PS/PDMS composite exhibited a gauge factor of 1.35
and strain range up to 100% [100]. Y. Jung et al demonstrated the fabrication of a
CNT/PDMS-based piezoresistive pressure sensor by using a simple cost-effective sugar
templating process [101]. The pressure sensor showed linear sensitivity (0.015 kPal),
excellent repeatability, linearity (0.991 at 50 kPa) hysteresis, and reliability to detect human
motions. Y. Gao et al reported a novel method used for developing high-performance
stretchable electromechanical sensors using fragmentized CNT/PDMS-based composites
where the composite was grounded into fragments which were followed by densification
[102]. The fragmentized CNT/PDMS composites showed high sensitivity (GF >200) with a
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wide range of applied strain (up to 80%) which is attributed to sliding of the individual
fragment particles of CNT/PDMS-based composites during the application of mechanical
strain as shown in Fig. 1.8. The CNT/PDMS sensor was tested for the detection of various

movements of the human body, breathing, and wrist pulse.
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Fig. 1.8 (a) Image of the experimental setup for testing of the sensor. Graphical
representation of (b) the relative change in resistance vs strain (fragmentized CNT/PDMS
composite). (c) the relative change in resistance vs strain curve (un-fragmented CNT/PDMS
composite) (d) GF as a function of a maximum strain of recently reported resistive-type
strain sensors, (e) hysteresis curve of the sensor at 80% strain, (f) frequency response of the
sensor at ~10% strain, and (g) the relative change in resistance vs strain of the sensor for
more than 10 000 cyclic tension tests [102].

13



S. Wang et al reported a cost-effective and simple technique for the fabrication of a high-
performance sensor which was based on crack formation in the multilayer CNT/PDMS

composite [103].

a f Strain sensor

CNTs fillm transfew

Fig. 1.9 Representation of the fabrication process of CNT films/PDMS sensors which include
(a) step-wise illustration of the fabrication process of CNT films/PDMS composite and
formation of cracks by pre-stretching, (¢) CNT/PDMS sensor after dilution of PDMS
solution, infiltration and curing, (d) photograph of the CNT/PDMS composite cut sample
which was attached on a homemade fixing device, (¢) morphology of the SEM image showing
the network of cracks after pre-stretching, and (f) representation of the sensor that was used
in different human body parts for human motion detection [103].

The formation of the network crack in the CNT/PDMS composite was tuned by controlling
the microscopic thickness of the multilayer CNTs which amplified the GF and sensing range
of the CNT/PDMS-based strain sensor as shown in Fig 1.9. The network crack resulted in
high sensitivity (GF = 87) under small and high strain (0.007% and 100%) and excellent
stability as shown in Fig. 1.10. The sensor was able to detect signals of artery pulse, touch,

bending of fingers, wrists and music vibration, etc.
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Fig. 1.10 Graphical representation of electromechanical characteristics of the CNT/PDMS-
based sensors which illustrate (a) relative resistance change vs strain curves of CNT/PDMS-
based sensors (15 layers), which shows two-stage GF behaviors, (b) relative resistance under
different applied strains of 5, 10, 20, and 40% for five different cycles, (c) relative resistance
vs strain curves in a small region of 1.5% strain, (d) relative resistance change of the sensor
during repeated stretching and releasing cycles (1500 cycles) under 20% of applied strain, a
relative change in resistance (e) under the bending deformation, and (f) during cyclic inward
as well as outward bending tests [103].

K. Park et al. developed an MWCNT/PDMS-based flexible sensor by mixing MWCNTSs (1 to
10 wt%) and PDMS by shear mixing and ultrasonication for medical applications such as a
tactile sensor for a robotic hand. The sensor had shown sensitivity to mechanical strain 40-
50% [104]. Q. Li et al presented a strain sensor that was CNT/PDMS sponge-based where
porosity was introduced into the nanocomposite by adding citric acid monohydrate [105].
Due to the porosity, the GF of the CNT/PDMS sensor (GF = 15, when strain > 15%) was
better than the sensor with a non-porous structure as shown in Fig. 1.11. The sensor was able

to detect human body motions and activities such as drinking, breathing, and speaking.
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Fig. 1.11 Graphical representation of (a-d) the relative change of resistance vs strain of the
strain sensors which is based on CNT/PDMS sponges, and (e) sensitivity vs porosity plots of
different CNT/PDMS-based sponges [105].

J. H. Kim et al demonstrated a method that was cost-effective, fast, and simple to fabricate
homogeneously hybridized CNT/PDMS polymer composites with excellent conductivity for
flexible and wearable electronics applications [106]. It was observed that the CNTs were
entangled due to the van der Waals forces. Therefore, non-covalent functionalization is a
promising way to obtain a homogeneous dispersion. It has been reported that CNT/PDMS
composites had shown high conductivity (sheet resistance < 20Qsq), high tensile stress (~
3.65 MPa), high flexibility, good strain sensitivity, and stability by utilizing isopropanol as a
solvent for the non-covalent functionalization of CNTs with methyl group terminated
PDMSas shown in Fig. 1.12. The fabricated sensor had shown potential for flexible strain

sensing and wearable electronics applications such as ECG material for healthcare.
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Fig.1.12 Image of the (a) experimental set-up, and (b) schematic representation of the
customized vise. Graphical representation of (c) relative change in resistance in every 2000™
cycles from the test that was carried out for 10,000 cycles by utilizing CNT/PDMS (4wt%),
(d) resistance change during the test that was carried out for 10,000 number cycles by
utilizing CNT/PDMS (4wt%), and (e) resistance vs time for five different cycles including
100%™, 5000, and 10000™"[106].

T. Li, J. Li, and A. Zhong et al demonstrated a flexible strain sensor which was based on
MWCNTs/PDMS microspheres/PDMS fabricated by a unique oil-in-water Pickering
emulsion method [107]. The sensing material MWCNTSs/PDMS microspheres were coated
with PDMS and the flexible sensor exhibited high conductivity of (resistance of 157.64
Q.cm), more than 40% strain range, good stability and sensitivity (GF=7.22). The strain
sensor was capable of detecting the movements of different human body parts such as
bending of the knee joints, wrist, and elbow. The fabrication of a flexible resistive-based
strain sensor which was composed of a porous structured CB/MWCNT layer deposited on the
top of porous PDMS substrate was reported by P. Zhang et al. The synergistic contribution of
the conductive network formed by CB/MWCNT and porous PDMS structure improved the
sensitivity (GF = 61.82), strain range (130%) along and the CB-MWCNT/PDMS strain
sensor showed good linearity and high stability [108]. The porous CB-MWCNT/PDMS strain
sensor was capable of detecting movements of different joints of the human body as shown in
Fig. 1.13. J. Du et al investigated the electrical, mechanical, and electromechanical properties
of CNTs/PDMS composites and found that CNTs/PDMS-based flexible composite with 8
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wt% of CNTs exhibits a comparable sensitivity (GF = 1.21) under strain range of 0%-40%

[109].
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Fig. 1.13 Graphical representation of the tests which were performed to monitor different
human motions by utilizing the fabricated sensors such as bending of (a) finger (b) wrist (c)
elbow, (d) knee, (e) squatting, (f) walking, (g) running, and (h) the responses to breathing

[108].
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H. M. Soe et al reported a resistive strain sensor that was based on AgNPs encapsulated by
PDMS substrate (Ag-PDMS) and Ag NPs modified PDMS composites (Ag-PDMS) [110].
The GF of the Ag_PDMS-based sensor was 8.46-10.44 under the applied strain of 70% and
the GF of the Ag-PDMS-based sensor under the applied strain of 70% was 12.76-25.74. The
strain sensor was tested for the detection of various human movements. The fabrication of a
hybrid material-based strain sensor was proposed by I. Kim et al where Ag flakes/Ag
nanocrystals (NCs) were incorporated into the bulk of PDMS elastomer as shown in Fig.
1.14.
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Fig. 1.14 (a) Schematically represented the fabrication process of the conductive composite
based on Ag flake and PDMS, (b) optical images of the fabricated composite when it was
stretched and released by applying 100% strain, (c¢) conductivity of the composites which
varied with the wt% of Ag flakes, and (d) change in electrical conductivity of the composites
with different wt% such as 70, 75, 80, 85, and 90 of Ag flakes under the applied strain range
from 0 to 100% [111].

The incorporation of the Ag flakes enhanced the conductivity of the strain sensor and during
stretching the Ag flakes maintained a conductive network and at the same time the contact
resistance between the Ag flakes was reduced by the Ag NCs reduced [111]. The hybrid
Ag/PDMS-based strain sensor demonstrated high sensitivity (GF = 7.1), strain up to 50%,
good stability, and the sensor was applied to detect finger motion and human muscle strength

as shown in Fig. 1.15.
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Fig. 1.15 (a) Image of the smart glove where the sensors were attached, (b) relative change
of resistance in the smart glove for various gestures of the finger, (c) image of the band
illustrating the monitoring of the sports performance when forces were applied by using
dumbbell of 1 to 4 kg weight, and (d) relative resistance which changed with time during the

monitoring of the sports performance (stretching and releasing) by using the arms [111].

Ag/PDMS composite-based flexible and wearable strain with sensing abilities of force and

strain was reported by H. Li et al. A simple fabrication method was adopted which involves

physical grinding of Ag NPs and mixing with liquid PDMS as shown in Fig. 1.16.
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Fig. 1.16 (a) Schematic representation of the fabrication process of the sensors that are
based on Ag Nanoparticles and PDMS and (b) image of the strain sensor which exhibited

excellent flexibility when stretched and twisted [112].
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Different wt% of Ag NPs was used and the strain sensors showed high sensitivity when
different strains were applied as shown in Fig. 1.17. The Ag/PDMS-based strain sensor
exhibited highest sensitivity (GF = 939) under 36% strain and detection of force as low as
0.02N for 175 wt% AgNPs [112]. The strain sensor also demonstrated multidimensional

sensing abilities from sound detection to monitoring human body dynamics.
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Fig. 1.17 Graphical representation of the different rate of change of strain vs resistance, (a)
175 wt% at 600 rpm, (b) 200 wt% at 800 rpm, and the respective GF [112].

X. Zhao et al. demonstrated a flexible pressure-sensitive sensor by incorporating AgNPs
decorated rGO nanocomposite into the sponge of PDMS elastomer [113]. The nanocomposite
was synthesized by using GO, AgNOs as a precursor, and hydrazine hydrate as a reducing
agent. The AgNPs coated on the rGO surface enhanced the electrical conductivity of the Ag-
rGO/PDMS composite sponge through the transfer of electrons from AgNPs to the rGO
sheets as shown in Fig. 1.18. The Ag-rGO/PDMS composite exhibited the highest pressure
sensitivity of 8.86 KPa™* which is useful for all types of mechanical forces such as pressure,

stretching, bending, and twisting as shown in Fig. 1.19
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Fig. 1.18 Schematic representation of the mechanism of sensing by the Ag-rGO/PDMS-based
composite sponge which illustrates the (a) pristine, (b) under pressure, (c) the contacts
between the Ag-rGO composites (enlarged version) which depicts the transfer of electrons
from AgNPs to rGO sheets and also between the Ag NPs [113].
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Fig. 1.19 Graphical representation of the hysteresis behavior of the Ag-rGO/PDMS
composite corresponding to the weight ratio of (GO: Ag) (a) 1:1 and (b) 1:2 respectively, (c)
pressure vs strain plot of PDMS composite-based sponge and (d) relative resistance vs time
for dynamic pressure corresponding to the range of pressures [113].
AgNPs/rGO/PDMS-based flexible sensor was fabricated by L. Zhang et al. The sensor was
fabricated by adopting a very simple and low-cost method where PDMS elastomer was used
as the substrate to construct a sandwiched structure as shown in Fig. 1.20.
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Fig. 1.20 (a) Schematic representation which depicts the step-wise fabrication process of Ag-
rGO strain sensors, and (b) cross-sectional representation of the sensor[114].
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The Ag NPs acted as the connecting point to the rGO layer and improves the conductivity of
rGO in the conductive 3D structure [114]. Hence, the strain sensor exhibited an excellent
range of sensitivity under the low and high strain range (GF = 7.2 to 429 under the applied
strain of 0.2% to 200%) as shown in Fig. 1.21. Therefore, the wearable sensor was efficient
for monitoring human motion and activities in real-time such as breathing, speaking, facial

expressions, and wrist pulse.
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Fig. 1.21 Graphical illustration of the (a) relative resistance variation of the sensor for cycle
1, (b) sensitivity (GF) for 0-200% of strain applied, (c) a homemade jig controlling the strain
of the sensor, (d) relative resistance variation when the sensor was stretched by applying
different strain, (e) current vs voltage characteristics for different strain, and (f) relative
resistance when the sensor was subjected to 60% of repeated strain for 500 cycles [114].
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Fig. 1.22 Schematic representation of the fabrication process of the strain sensor [115]
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Fig. 1.23 Picture of the different tests that were conducted by using the Ag_ OH-f-MWCNT-
based portable breathing detector with wrinkled structure (a) breathing in and (b) breathing
out. Graphical representation of relative resistance with time which illustrated the expression
recognition for (e) facial, (f) frown, and (g) smile respectively [115].

A novel Ag_OH-fMWCNT/PDMS-based sensor to monitor soft-strain was fabricated by Z.
Yuan et al as shown in Fig. 1.22. The stretching and depositing method was adopted to
fabricate wrinkled and sandwich structures which improved the sensitivity (GF = 412.32) and
strain range (42%) [115]. The Ag_OH-f MWCNT/PDMS-based sensor was lightweight,
wearable, flexible, and was able to detect breathing, facial, and hand movement as shown in
Fig. 1.23. Y. Yang et al reported a flexible Ag/CNTs/PDMS composite film sensor where
CNTs film was transferred to a pre-stretched PDMS substrate and upon releasing the
substrate to create wrinkled structure in the CNTs film [116]. The Ag film which acts as a
sensitive transducer was deposited on the CNTs film. The wrinkled structure of the CNTs
film resulted in high sensitivity (GF = 30) and a larger strain range (50%). B. Liu et al
reported a very simple process for the fabrication of AgNPs/CNT/PDMS-based composites
for electrocardiograph (ECG) measurements by incorporating 11 wt% and 12 wt% of CNTs
and Ag nanoparticles in the PDMS matrix as shown in Fig 1.21 [117]. The composites were
utilized for fabricating the two-dimensional electrodes for ECG measurements as shown in
Fig 1.24. The polymer electrodes had proven to be a potential material for long-term ECG

measurements after being used for 14 days of continuous ECG monitoring.
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Fig. 1.24 Schematic of the process utilized for fabricating the conductive composite and
testing of the wearable sensor in different places of the body, and with different persons such
as (a) female, and (b) male respectively[117].

1.5 Current challenges

With the advancement of material science and electronics, the strain sensors which are
flexible/stretchable, and wearable have shown promising performances for applications in
soft robotics, sports performance monitoring, health monitoring, flexible devices for wearable
communications, stretchable energy storage, and harvesting devices, etc. [4]. Still, there are
several challenges associated with the fabrication and application of flexible/stretchable and
wearable strain sensors such as cost of production, biocompatibility, comfortability,
integration, performance, and safety. Also, achieving balanced performance characteristics of
a strain sensor such as excellent stretchability (€ %), sensitivity (GF), linearity (R?), range of
detection (low and high strain), durability, and response time is quite challenging [25].

The low-cost production of conductive nanomaterials and the low-cost fabrication process of
the flexible and wearable sensor are most demanding [3]. Most of the processes which have
been reported to fabricate strain sensors require costly types of equipment and fabrication of

the flexible sensors involves a higher weight percent (wt %) of nanofiller materials.
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Moreover, the fabrication processes are complex and the sensing material shows very poor
electrical conductivity and sensitivity at lower wt%. Therefore, a simple, cost-effective
process and lower wt% of nanomaterials which are very the requirements for the fabrication
of high-performance wearable and flexible strain sensors are still needed to be investigated.

The wearable sensors come with direct contact with the human body during usage and hence
comfortability, compactness, and biocompatibility are the much-needed requirements. The
flexible and stretchable polymer materials used for the wearable strain sensor must fulfill the
requirement of biocompatibility and must not prevent blood circulations and must not cause
skin irritation, inflammation, and bacterial infections.

The electrical, dielectric, and mechanical properties of the polymer-nanomaterial
composites directly depend on the proper distribution of the nano-filler materials inside the
polymer matrix. Also, the interaction that occurs between the nano-filler and polymer chain
and also filler-filler interactions play a major role to attain desired dielectric or electrical
properties. The nano-fillers such as graphene and their derivatives are known to be
agglomerated in the polymer matrix. The CNTs also tangle with each other in the polymer
matrix. The agglomeration or restacking occurs in the polymer matrix due to the n-m
interaction and van der Waals force of attraction. Functionalization of the GO, rGO, and
CNTs by using different approaches can overcome the agglomeration process. However,
functionalization also degrades the physical and chemical properties of the nano-fillers.
Therefore, a proper functionalization process needs to be investigated without degrading the
electrical properties and flexibility of the smart composite materials. PDMS is a flexible
elastomer but it is hydrophobic and it does not dissolve in most of the polar and organic
solvents due to its high chemical resistance. Hence, the distribution of the nano-fillers in the
PDMS elastomer is a crucial issue.

By summarizing all the aspects, we have realized that achieving excellent dielectric and
electrical properties of the polymer-based nanocomposites with a very low nano-filler wt% is
a major challenge. The polymer retains the mechanical property or elasticity with a low wt%
of the filler nanomaterials. But, polymer composites with low wt% possess very low
electrical properties. At the same time, with higher loading of nanofillers, the polymer
composites possess higher electrical properties. But, polymer composites with higher wt% of
nanofillers lose flexibility which is a key factor in developing flexible and wearable sensors.
Therefore, simple and cost-effective approaches with lower loading of nanofillers to fabricate
strain sensors which are high-performance, flexible/stretchable, and wearable are still needed

to be addressed to overcome the current challenges.
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1.6 Objective of the thesis

The main objective of this thesis work is the development of PDMS-based smart materials for
stretchable/flexible and wearable sensor applications. For this purpose, two approaches have
been investigated. The first approach is to develop PDMS-based nanocomposites by
incorporating different nanomaterials in the PDMS matrix. The second approach is to
fabricate a strain sensor consisting of a hybrid conductive nanomaterials sandwich between
two PDMS substrates by using a simple and cost-effective method. The second objective is to
study the electrical properties and flexibility of the PDMS-based composite materials
containing lower wt% of nanofillers for wearable and flexible sensors. The final objective is
to demonstrate the capability of the fabricated smart material for monitoring human motions

in real-time.
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CHAPTER 2

Synthesis and Characterizations of
Nanomaterials
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2.1 Introduction

In this chapter, the synthesis and characterization of the different nanomaterials such
as GO, rGO, Ag-rGO, Ag-MWCNT, and Ag-SWCNT are presented. The characterizations of
the nanomaterials were performed with different analytical instruments to evaluate for
composition, morphology, and molecular structure which are also presented in this chapter.
Also, the characterizations were utilized to investigate the suitable nanomaterials for
producing smart materials which will be utilized for the fabrication of flexible/stretchable and

wearable sensors.

2.2 Synthesis of GO, rGO, Ag-rGO, Ag-MWCNT, and Ag-SWCNT nanomaterials

2.2.1 Synthesis of Graphene Oxide (GO) by improved Hummer’s method

The synthesis of GO was carried out by using the improved Hummer method [119]. For this
purpose first of all graphite powder (3 gm, flake size 45 micron, Sigma Aldrich) was mixed
with a 9:1 ratio of H2SO4 (Fisher Scientific) and H3POs (SRL) in a 500 mL glass beaker
(Borosil). The solution mixture was then stirred magnetically for proper mixing. Then, 18 gm
of KMnOs (MERCK) was mixed with the solvent mixture and it was again magnetically
stirred for proper mixing of KMnOs with other constituents for a few minutes. The above-
mentioned mixture solution was stirred continuously for 18 hrs at 50 °C. After 18 hours, the
temperature of the solution mixture was allowed to come down to room temperature and
poured into an ice-cold DI water solution containing 30% H20.. The solution mixture was
initially washed with 30 % HCI and further, it was diluted by adding more DI water in a 5L
glass beaker to allow the particles to settle down. Once the larger particles were settled down
the top transparent solution was thrown away and the remaining solution containing the
particles was centrifuged to collect the solid material. After washing repeatedly with DI water
the remaining solid material was once again washed by using ethanol solution and finally
vacuum dried at 70 °C overnight to obtain the graphite oxide powder. The graphite oxide
powder was dispersed in DI water through ultrasonication for proper exfoliation. The solution
mixture was again centrifuged and the remaining solid material was dried in a vacuum at 70

°C for six hours to obtain the GO powder.
2.2.2 Synthesis of rGO by chemical reduction method using hydrazine monohydrate

In a typical process, 0.8 gm of the obtained GO powder was initially dispersed in DI water

(100 mL) by using ultrasonication for 90 mins at room temperature. Then 2 mL of hydrazine
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monohydrate (NH2NH2H20, purchased from Sigma Aldrich) was mixed with the GO solution
and magnetically stirred for about 6 hrs at 100 °C in a controlled environment using a water
condenser as shown in Fig. 2.1. After 6 hours, the reaction was stopped and cooled down to
room temperature. The black precipitate was deposited at the bottom of the flask and
collected by centrifuging the solution. The solid material was repeatedly washed with HCL,
ethanol, and finally with DI water. The rGO powder was obtained by drying the powder in a

vacuum at 80 °C for 4 hours.

GO+ DI water (0.8 gm in 100 mL) Sonicated

" f (==
for 90 min _ - . L] \ W

2018/7/11 14:13

GO + DI water+ Reducing agent 2mL) Stirred for 6
hours at 100 °C

Fig. 2.1 Schematic representation of the reduction of GO by hydrazine monohydrate.
2.2.3 Synthesis of Ag_rGO nanomaterials

For the synthesis of Ag_rGO nanocomposites, 0.4 gm of AgNPs (average particle
size ~40nm were purchased from Alfa Aesar) and 0.8 gm (1:2) of GO synthesized by
improved Hummer’s method was dispersed in DI water in two separate glass beakers by
ultrasonication for 8 hours and 2 hours respectively as shown in Fig. 2.2. Then the solution
containing AgNPs was poured into the GO solution dropwise and again sonicated for 2 hours.
The solution was then transferred to a round-bottom flask and hydrazine monohydrate (4 mL)
was mixed with the AgNPs/GO solution mixture. The solution was stirred for 6 hours at 100
°C similar to the reduction process of GO as discussed earlier. The reaction was stopped after

6 hours and the solution temperature was allowed to come down to room temperature and the

30



solid material was obtained by centrifuging the solution mixture. The Ag_rGO nanomaterials
were obtained after washing the solid material several times and finally drying as discussed in

the reduction process of GO.

GO + DI water (0.8 gm in 100 mL) AgNPs + DI water (0.4 gm in 100 mL)
Sonicated for 2 hours Sonicated for 8 hours

AgNPs Added
drop wise to
GO solution

sonicated for

2 hours

Added reducing agent
(4mL) + Stirred for 6
hours at 100 °C

Fig. 2.2 Schematic representation of the synthesis process of Ag_rGO nanomaterials.

2.2.4 Synthesis of Ag_SWCNT and Ag_ MWCNT nanomaterials

Both the Ag_SWCNT and Ag_ MWCNT nanomaterials were prepared by a similar method as
discussed in the earlier section. SWCNT and MWCNT were purchased from Alfa Aesar.
Firstly, the Ag nanoparticles (0.3 gm) were dispersed in 200 mL of isopropanol (IPA) and 0.6
gm of CNTSs (1:2) was also dispersed in 300 mL of isopropanol separately by ultrasonication
for 8 hours and 2 hours respectively as shown in Fig. 2.3. Then the IPA solution containing
AgnNPs was poured dropwise into the CNT solution and the solution mixture was sonicated
for 3 hours. The solution mixture was then magnetically stirred for 18 hours at room
temperature for proper mixing of Ag nanoparticles and CNTs. Finally, the solution mixture
was centrifuged and the solid material was dried in a vacuum at 80 °C for 4 hours to obtain
the Ag_SWCNT and Ag_MWCNT nanomaterials.
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CNT + IPA (0.6 gm in 300 mL) Ag NPs + IPA (0.3 gm in 200 mL
Sonicated for 2 hours Sonicated for 8 hours

AgNPs Added drop
wise to CNT + IPA
solution
sonicated for 3 hours

Stirred for 18 hours
at room temperature

Fig. 2.3 Schematic illustration of the synthesis of Ag SWCNT and Ag_MWCNT
nanomaterials.

2.3 Characterizations of nanomaterials

2.3.1 Morphological and compositional study of nanomaterials by FESEM

The morphology of the GO, rGO, Ag-rGO, Ag-MWCNT, and Ag-SWCNT nanomaterials
was investigated by using the FESEM. The FESEM images of all the obtained nanomaterials
were recorded by using the FEI Nova Nanosem Field Emission Scanning Electron
Microscope (FESEM). The morphology of the GO synthesized by improved Hummer’s
method, AgNPs, rGO, and Ag_rGO samples are shown in Fig. 2.4. As shown in Fig. 2.4 (a),
it is observed that Ag NPs are agglomerated. The GO shows flake-like morphology with very
thin layers as evident from Fig. 2.4 (b). The layers are piled up one on another. After
chemical reduction of GO by hydrazine monohydrate, the individual layers are separated
from each other as shown in Fig. 2.4 (c). The AgNPs are not distributed individually and
uniformly on the surfaces of rGO but they are agglomerated as shown in Fig. 2.4 (d). This is
because the AgNPs were not grown on the GO surface by the in-situ synthesis method but
synthesized AgNPs were added directly during the reduction process of GO. Therefore, it is
possible to form clusters and or nanoparticles agglomerate each other due to van der Waals's
force of attraction. The FESEM images of Ag_ SWCNT and Ag_ MWCNT samples at two

different magnifications are depicted in Fig. 2.4 (e--h)
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Fig. 2.4 FESEM image of (a)GO synthesized by improved Hummers method, (b) rGO
synthesized by reduction process using Hydrazine Monohydrate,(c-d) Ag_rGO powder
sample synthesized by reduction process using Hydrazine Monohydrate (e, f)Ag_SWCNT and
(9, h), Ag_MWCNT samples at two different magnifications respectively.

It is observed that CNTs are tangled and AgNPs are distributed in between the tangled CNTs

forming clusters that are attributed to the van der Waals force of attraction. The EDS
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spectrum of Ag_rGO nanocomposite is also shown in Fig. 2.5 (a). The EDS spectrum of
Ag_SWCNT and Ag_ MWCNT is also shown in Fig. 2.5 (b) and (c) respectively.

Weight Atomic
Element % %
CK 7289 8879
OK 772 17.06
AIK 097 053
SiK 294 153
AgL 1549 210

Element Weight % Atomic %
CK 39.65 68.66

AIK 3.59 2.717
SiK 32.19 23.84
24.57 4.74

&

100 2.00 3.00 4.00 5.00 6.00

Element Weight % Atomic %
CK 7238 8533
OK 8.22 127
AIK 1.51 0.79
SiK 10.91 5.50
CIK 0.70 0.28

Si
AgL 6.29 0.83
Ag
i Ag
0 Al Ag
i U
100 200 3.00 400

5.00 6.00

Fig. 2.5 EDS spectra of (a) Ag_rGO, (b) Ag_SWCNT, and (b) Ag_ MWCNT powder samples
respectively.

2.3.2 Morphological study of nanomaterials by TEM

The morphology of the nanomaterials was also studied by using HRTEM (FEI Model Tecnai
G2 S Twin, 200 kV). The TEM images of GO and rGO are shown in Fig. 2.6. (a) and (d)
respectively. From the TEM images, it is seen that GO and rGO samples show sheet-like
morphology: the numbers of layers are stacked together forming wrinkles and scrolls. The
higher transparent nature of the TEM images of GO and rGO indicates thinner sheets with a

few layered structures as shown in Fig. 2.6 (a), and (d). The numbers of layers in GO are
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approximately 10 and the number of layers for rGO is approximately 3 as shown in Fig. 2.6
(b), and (e) respectively. The SAED pattern of GO shows a distorted hexagonal crystalline
structure which upon chemical reduction retained the crystalline nature up to some extent
which is shown in Fig 2.6 (c), and (f) respectively. The TEM image of AgNPs shows that the

particles of the size of the nanoparticles ranging from ~20nm to 50nm are present.

Fig. 2.6 TEM image of (a) GO that was synthesized by improved Hummer's method, (d) rGO
synthesized by reduction process using Hydrazine Monohydrate, (g) AgNPs, and (h) Ag_rGO
powder sample synthesized by reduction process using Hydrazine Monohydrate respectively.
TEM image showing the numbers of layers of (b) GO and (e) rGO respectively. SAED pattern
of (c) GO, (f) rGO, and (i) Ag_rGO respectively.

It is evident from the TEM image (Fig. 2.6 (h)) that a cluster of AgNPs is sitting on the
surface of rGO flakes. The TEM images of Ag MWCNT and Ag SWCNT samples
synthesized by directly mixing AgNPs with CNTSs are depicted in Fig. 2.7 (a, b, d, €). There
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is non-covalent interaction between the CNTs and AgNPs as the size of the nanoparticles is
larger than the diameter of the CNTs. As AgNPs are tangled with the CNTs forming clusters,
their presence can be seen in the crystal structure of CNTs as shown in the SAED pattern as

shown in Fig. 2.7 (c and d).

Fig. 2.7 TEM images for (a,b) Ag_ MWCNT and (d,e) Ag_SWCNT nanomaterials at two
different magnifications respectively. SAED pattern of (c) Ag_MWCNT and (f) Ag_SWCNT
respectively.

2.3.3 Structural analysis of the nanomaterials by XRD

The X-ray diffraction (XRD) patterns of the nanomaterials were obtained by using XRDDS8,
Bruker diffractometer (CuKo radiation, A = 1.54 A), where the angle of diffraction was taken
from 5 to 70°. The XRD pattern of GO, rGO, AgNPs, and Ag_rGO nanomaterial is shown in
Fig. 2.8. The XRD peak of GO is found at a diffraction angle of 26 = 10.5° which is attributed
to the (001) crystal plane and the corresponding d-spacing is 0.841nm [120]. The d-spacing
of pristine graphite of 45um flake size is nearly 0.35 nm as stated earlier. It is noticed that
there is a considerable difference between the d-spacing of GO and graphite which confirmes
that the graphitic layers were oxidized during the synthesis process by the insertion of
oxygenated functional groups between layers. The XRD peak which is observed at 20 = 44°
and 45° in the XRD pattern of GO and rGO can be attributed to the short-range order in the
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stacked graphitic layers [120]. These two peaks signify the (100) crystal plane where the
oxygenated functional groups are stacked with the graphitic layers of graphite oxide [121].
The reduction of GO to rGO is confirmed from the diffraction peak which is observed at 20 =
24.26° with the corresponding d-spacing of 0.372 nm as shown in Fig. 2.8. The interlayer
spacing of GO decreases upon reduction which is primarily because of the removal of the
functional groups containing oxygen and restacking of the rGO sheets [122]. The humps
observed at 20 = 12° and 19° in the XRD pattern of rGO are due to the multimodal/bimodal
characteristics of the d-spacing of rGO layers [123].

AgNPs
— Ag-rGO

(001) —_—GO (111)

(a) —1GO (b)

(002)
(100)

Intensity (counts)
Intensity (counts)

. T e e | —r T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70 80
20 /(degree) 20 /(degree)

Fig. 2.8 XRD pattern of (a) GO synthesized by improved Hummers method, rGOsynthesized
by chemical reduction process using Hydrazine Monohydrate, (b) AgNPs, and Ag_rGO
powder sample synthesized by reduction process using Hydrazine Monohydrate respectively.

The XRD pattern of AgNPs shows diffraction peaks at 20 = 38.2°, 44.49°, 64.67°, and 77.65
correspondings to the crystal planes such as (111), (200), (220) and (311) respectively [124].
The XRD peaks related to rGO and AgNPs are present in the XRD peaks of Ag_rGO
nanomaterial which is shown in Fig. 2.8. Some additional peaks which are observed at 28.5°,
32.6° 46.5° 54.9° 57.6° 68.5° and 75.4° diffraction angles are due to unwanted metal and
organic compounds [125, 126].

The XRD patterns of SWCNT, Ag/SWCNT, MWCNT, and Ag/MWCNT nanomaterials are
presented in Fig. 2.9 (a, b). The diffraction peak that appears at 20 = 26° and 20 =
25.8°corresponds to the (002) crystal plane of SWCNTs and MWCNTSs as shown in Fig. 2.9.
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(@ and (b) respectively [127]. The diffraction peaks related to AgNPs, SWCNT, and
MWCNT are present in the XRD pattern of Ag/SWCNT and Ag/MWCNT nanomaterials.

(a) (b)

——SWCNT —— MWCNT
—— Ag NPs —— Ag NPs
Ag/SWCNT —_ Ag/MWCNT

0 z
E :
2 a1y g ain
2 | (002 g AR £ SN e T )
£ (200) (311) 5 (002)
= (220) = (200) (311)
- (220)

10 20 30 40 5' 70 80 10 20 30 40 50 60 70 80
20 /(degree) 2 0 /(degree)

Fig. 2.9 (a) XRD pattern of Ag/SWCNT and (b) Ag/MWCNT nanomaterials respectively.

However, the intensity of these peaks is very low and hence they are presented separately in
the inserted images in the XRD plots. No unwanted peaks appear in the XRD pattern of
Ag_CNTs as observed for Ag_rGO samples. Therefore, the unwanted peaks in the Ag_rGO
samples are due to some metal compounds which were added to the samples due to the

chemical reduction process by hydrazine monohydrate.
2.3.4 Molecular vibrational analysis of the nanomaterials by FTIR spectroscopy

The Fourier Transform Infrared Spectroscopy (FTIR) of the nanomaterials was performed in
transmittance mode from 400 to 4000 cm™? wave-number range by using PerkinElmer
FTIR/FIR Spectrometer, Frontier. The FTIR spectrums of GO, rGO, AgNPs, and Ag_rGO
nanomaterials are shown in Fig. 2.10. In the FTIR spectra of the nanomaterials, the broad
peaks that appear at the wavenumber from~ 3385 to 3350 cm™ are the O-H vibration and the
intensity of the peak is lower for the rGO sample than the GO [128]. The other peaks of GO
which are found in the wavenumber~ 1740, 1630, 1372, 1290, and 1074 cm represents the
C=0 (sp?-hybridized C group after oxidation), C=C (graphitic carbon), C-OH, C-O-C (epoxy
symmetric ring deformation), and C-O (alkoxy group) vibrational modes respectively [128,
129]. The FTIR spectrum of rGO exhibits two peaks at wavenumber~1182 and 1550 cm™

which are ascribed to the C=C and C-O vibrational modes respectively.
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Fig.2.10 FTIR spectrum of GO, rGO, and Ag_rGO powder samples synthesized by reduction
process using Hydrazine Monohydrate respectively.

The other oxygenated groups including C=0, C-OH are not present in the FTIR spectra of
rGO which suggests that GO is entirely reduced to rGO effectively and the sp? carbon
network has been restored up to some extent [130]. The Ag-O ionic group and Ag-Ag
metallic group vibrational modes are not present in the FTIR spectra as these modes appear in

the FIR region.

(a) (b)

22 19
——SWCNT —— MWCNT
1 — SWCNT/Ag ——MWCNT/Ag
w 8 18-
[P] [P
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E E 17-
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Fig. 2.11 FTIR spectra of (a) SWCNT, Ag SWCNT, and (b) MWCNT, Ag_MWCNT
nanomaterials respectively.

The peaks that appear at 1081, 1331, and 1625 cm™, which are present in the FTIR spectra of
AgNPs are due to the C-N, C-C, and —C=C-, and stretching modes and these peaks appear
due to the PVP blends present in the AgNPs as dispersant [131]. In the FTIR spectra of
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SWCNT and MWCNT samples, the molecular vibrational peaks at 3440 and 2918cm™ are
ascribed to O-H and C-H stretching modes which are shown in Fig. 2.11. The FTIR peaks
that appear at 1628 cm™ in both spectra as shown in Fig. 2.11 is the C-C stretching mode of
vibration [132]. The FTIR peak at 1558 cm™ represents the C-O stretching mode [133]. The
other peaks that appear at 1377, 1343 and 1056 cm™ are related to the C-C and C-N stretching
vibration modes present in the AgNPs [131].

2.3.5 Raman spectroscopy analysis of the nanomaterials

The Raman spectroscopy was performed by using Witec-300, Focus Innovation instrument
(532nm laser wavelength). The Raman spectra of the GO, rGO, AgNPs, and Ag_rGO nano-
composites are shown in fig 2.12. The most significant Raman shift corresponding to GO and
rGO appears due to the D-band which represents the breathing mode of j-point photons of
A1g symmetry and the G-band which represents the first-order scattering of E2>g phonons by
sp? carbon respectively [134]. The D and G bands also represent the disorder in the sp? lattice
of GO due to structural defects and the C-C stretching vibration in the sp? carbon network
[135].

750
GO (I,/1 = 0.96)

z rGO (I /I = 1.02)
Z 600+ —— Ag/rGO (I /I = 1.06)
ot
=
g 450-
g
S 300+
Z

150

750 1500 2250 3000
Raman Shift (cm")

Fig. 2.12 Raman spectra of GO, AgNPs, rGO, and Ag_rGO powder sample synthesized by
chemical reduction process using Hydrazine Monohydrate respectively.

The D bands of GO, rGO, and Ag_rGO samples in the Raman spectra appear at 1352, 1340,
and 1348 cm respectively. Similarly, the G bands of GO or rGO and Ag_rGO appear at
1590, 1582, and 1588 cm™ respectively. The calculated Ip/lc values of GO, rGO, and
Ag_rGO are 0.96, 1.02, and 1.06 respectively. The peak shift of D and G bands and the
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increasing Ip/lc ratios suggest that the small-sized aromatic domain increases in the samples
upon removal of oxygenated functional groups from the GO surfaces in the chemical
reduction process [134, 136]. Also, the presence of a low-intensity 2D peak at 2695 cm™
signifies the few-layer structure of rGO [134].

The Raman spectra of SWCNT, Ag_SWCNT, MWCNT, and Ag_MWCNT samples are
shown in fig 2.13. The D, G, and 2D bands of both SWCNT and MWCNT appear at 1340,
1570 and 2665 cm respectively. However, the D-band intensity corresponding to the CNTs
is lower than the G-band intensity which suggests the presence of more sp® hybridized carbon
atoms in CNTs [137]. The difference between the intensities of D and G bands is not
prominent for MWCNT. The D-band and G-band corresponding to the Ag_SWCNT sample
is present at 1396 and 1598 cm™ respectively. Similarly, the D-band and G-band of
Ag_MWCNT are observed at 1354 and 1590 cm™ respectively. The D-band and G-band
intensity of the Ag_SWCNT and Ag_ MWCNT samples are higher than the intensities of

these peaks corresponding to the pristine CNTSs.
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Fig. 2.13 Raman spectra of (a) SWCNT, Ag_SWCNT, and (b) MWCNT, Ag_MWCNT
nanomaterials respectively.

Additionally, peak broadening and peak shifting of D and G bands are observed which are
due to the presence of AgNPs in between the tangled CNTs [129]. The reason for the
occurrence of the peak at 908 cm™ is not known because the physics of the intermediate
frequency mode of CNTs from 600 to 1100 cm™ is complex and a similar peak was found for
other functionalized CNT samples [138].
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2.4 Conclusions

For the fabrication of PDMS-based smart composite materials and flexible sensors, we
synthesized different nanomaterials such as GO, rGO, Ag rGO, Ag_SWCNT, and
Ag_MWCNT. Firstly, GO was synthesized by the improved Hummers method, and GO was
chemically reduced by using hydrazine monohydrate to obtain rGO. Secondly, AgNPs were
used to produce Ag_rGO nanomaterials by the chemical reduction method. Similarly,
Ag_SWCNT and Ag_ MWCNT nanomaterials were prepared by direct mixing the CNTs and
AgNPs in isopropanol. To evaluate different properties of the nanomaterials such as the
morphology, molecular structure, and chemical compositions, several analytical
characterizations were utilized. From the TEM images, it is observed that the GO and rGO
show a few-layer morphology. The reduction of GO to rGO is confirmed from the XRD
analysis. From the FTIR and Raman analysis, it is observed that the reduction process
removed the oxygenated functional groups of GO. The TEM images of Ag_rGO show that
the AgNPs are sitting on the rGO surface forming clusters. The presence of AgNPs in the
Ag_rGO sample is confirmed from the XRD and FTIR analysis. The TEM, XRD, FTIR, and
Raman analysis of Ag_SWCNT and Ag_MWCNT show that the AgNPs are distributed
between the tangled CNTSs.
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CHAPTER 3

Fabrication and Characterizations of

PDMS-Nnaofiller-based composites
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3.1 Introduction

In this chapter, the fabrication process of PDMS-based composite materials is presented. The
PDMS-based nanocomposites were fabricated by incorporating different carbon-based
nanomaterials which were mentioned in chapter 2, such as GO, rGO, Ag_rGO, Ag_SWCNT,
and Ag_MWCNT. Five different wt% of the nanomaterials were used for the fabrication of
PDMS nanocomposites. All the fabricated PDMS-based nanocomposites were characterized
for morphology, structure, and identification of molecular vibrations present in the samples
by using different analytical methods such as SEM, XRD, FTIR, and Raman spectroscopy.
The distribution of the nanomaterials in the PDMS polymer matrix was also investigated

which is presented in this chapter.
3.2 Fabrication of PDMS-based nanocomposites

The PDMS-based nanocomposites were fabricated by a solution mixing method where five
different wt% of each nanofiller material such as GO, rGO, Ag_rGO, Ag_SWCNT, and
Ag_MWCNT were incorporated. The fabrication process of PDMS-based composites is
presented schematically in Fig.3.1. Firstly, the pre-calculated amount of nanofiller materials

were dispersed in ethanol (10 mL) by using ultrasonication for 8 hours at room temperature.

Nanomaterials
in Ethanol
Sonicated for 8
hours PDMS + Nanomaterials

‘ solution in ethanol
Sonicated for 3 hours
‘ Stirredat 80° C

o urUL SUS lete Added curing agent
/ -4 graporationof Degassed for 1 hr
SR J cthanol Dried at 80 °C for 1

‘ hour

» »
" g

Peeled off from the
Petri Dish

Fig. 3.1 Schematic presentation of the fabrication process of PDMS-based composites.
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Secondly, 5 mL of PDMS (SYLGARD 184) pre-polymer was taken in a glass beaker and the
dispersed solutions of nanofiller were added dropwise to the PDMS pre-polymer followed by
ultrasonication at room temperature for 3 hours. Thirdly, the nanofiller-PDMS solution
mixture was magnetically stirred till the complete evaporation of ethanol at 80 °C. Fourthly,
the nanofiller-PDMS solution mixture was cooled down and PDMS curing agent was added
to it. The nanofiller-PDMS with curing agent mixture was degassed by using a vacuum pump
to eliminate the air bubbles that were formed inside the elastomer-nanofiller mixture. Finally,
the elastomer-nanofiller mixture was transferred to a plastic Petri-dish and was dried at 80 °C
to obtain the solid PDMS-based composite samples. Table 3.1 shows the details about the
nanofillers and wt% for the fabrication of PDMS nanocomposites. The wt% of the nano-

fillers was calculated by using the following equation

Mg ijer

X 100
Mg ijier + Mca + Mppuys

wt% =

Where, Mriler, Mca, and Mppws are the mass of the nanofiller, the mass of the curing agent,

and mass of the PDMS pre-polymer respectively.

Table 3.1 Specification and wt% of nano-fillers that are utilized for the fabrication of PDMS

composites.

Nanofiller wt % Number of samples

GO 0.1,0.25,0.50.75and 1 5

rGO 0.1, 0.25,0.50.75, 1, 5

AgNPs 0.1, 0.25,0.50.75, 1, 5

Ag_rGO 0.1,0.25,0.50.75and 1 5

Ag_MWCNT 0.1,0.25,0.50.75and 1 5

Ag_SWCNT 0.1,0.25,0.50.75and 1 5

3.3 Characterizations of PDMS-Nanofiller composites.

3.3.1 Morphological study of PDMS-Nanofiller composites by SEM

The morphology GO/PDMS, Ag/PDMS, rGO/PDMS, Ag_rGO/PDMS, Ag_SWCNT/PDMS,
and Ag_ MWCNT/PDMS samples containing 1 wt% of nano-fillers are shown in Fig. 3.2 (a-

n). It is observed from the SEM images that the nano-fillers are not uniformly distributed and

agglomerated in the PDMS matrix. The agglomeration is observed for GO/PDMS,
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Ag/PDMS, and rGO/PDMS-based composites and that is shown in Fig. 3.2 (a-f). However,
the agglomeration of the nanofillers is lesser for Ag_rGO/PDMS, Ag. MWCNT/PDMS, and
Ag_SWCNT/PDMS composites than for the GO/PDMS, Ag/PDMS, and rGO/PDMS

composites as shown in Fig. 3.2 (i-n).

Fig. 3.2 The SEM micrograhs of 1 wt% GO/PDMS (a, b), Ag/PDMS (c, d), rGO/PDMS (e, 1),
Ag_rGO/PDMS (g, h), Ag_SWCNT/PDMS (i, j), and Ag_MWCNT/PDMS (k, I) respectively in
two different magnification (100um and 50um).

3.3.2 Structural analysis of PDMS-Nanofiller composites by XRD

The XRD pattern of GO/PDMS, Ag/PDMS, rGO/PDMS, Ag_rGO/PDMS,
Ag_SWCNT/PDMS, and Ag_ MWCNT/PDMS samples are shown in Fig. 3.3 (a-e). In all the
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XRD patterns, the broad peak that appears between the 20 = 10° to 15° corresponds to the
diffraction from the amorphous phase of neat PDMS [139].
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Fig. 3.3 XRD pattern of (a) GO/PDMS, (b) Ag/PDMS (c) rGO/PDMS, (d) Ag_rGO/PDMS,
() Ag_SWCNT/PDMS and (f) Ag_MWCNT/PDMS polymer composites fabricated by
incorporating nanofillers with different wt%.
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It is also found that the intensity of the amorphous peak of PDMS increases with increasing
the nanofiller wt%. The variation in the intensity of PDMS nanocomposites indicates that the
nanofillers in the PDMS matrix disrupt the local order in the amorphous crystal structure of
the PDMS matrix. The intercalation of nano-fillers during the solution mixing process into
the PDMS matrix possibly restricts the mobility of the polymer chain and limits the cross-
linking process during polymerization reaction [28, 139]. In the XRD pattern of Ag/PDMS,
Ag_rGO/PDMS, Ag_SWCNT/PDMS, and Ag_ MWCNT/PDMS the diffraction peaks which
appears at 20 = 38.4°, 44.4°, and 64.6° are corresponding to (111), (200), and (220) crystal
planes of AgNPs respectively [124]. Some additional peaks which are observed at 29.5°, 31°,
41° 45° 50.4° and 51.6° diffraction angles are due to unwanted metal and organic
compounds [125, 126]. The XRD peaks related to both GO and rGO are not present in the
XRD pattern of PDMS composites.

3.3.3 FTIR analysis of PDMS-Nanofiller composites

The effect of nanofiller incorporation in the molecular bonding of the PDMS nanocomposites
was studied from the FTIR spectra as shown in Fig. 3.4. Carbon-based nanofillers are used
for the fabrication of PDMS composites and hence ATR reflectance data was taken instead of
% transmittance. The neat PDMS sample exhibits FTIR reflectance peaks in the wavenumber
~785 cm to 690 cm* which are related to the CH3 (rocking) and Si-C (stretching) in the Si-
CHa vibrational peaks. The FTIR peaks in the wavenumber ~1015, 1260, 1410, and 2965 cm"
Lare related to the symmetric deformation of Si-O-Si, deformation of CHzin Si-CHs, and CHs
deformation (asymmetric) in Si-CH3z molecular vibrations respectively [140, 141]. From the
FTIR spectra of GO_PDMS, Ag/PDMS, rGO/PDMS, Ag_rGO/PDMS, Ag_SWCNT/PDMS,
and Ag_MWCNT/PDMS polymer composites, it is observed that the FTIR peaks related to
the vibrational mode of different functional groups of the nanofillers are not present.
However, the small amount of change in the peak intensity of the PDMS nanocomposites
containing higher wt% of nanofillers indicates the formation of Si-C bond that is due to the
H-bonding (hydrogen-bonding) between the nanofillers and PDMS matrix [142].
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Fig. 3.4 FTIR spectra of (a)GO/PDMS (b) Ag/PDMS (c) rGO/PDMS, (d) Ag_rGO/PDMS, (e)
Ag_SWCNT/PDMS and (f) Ag_ MWCNT/PDMS composites with different wt% respectively.
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3.3.4 Raman analysis of PDMS-Nanofiller composites

The Raman spectra ofGO/PDMS, Ag/PDMS, rGO/PDMS, Ag_rGO/PDMS,
Ag_SWCNT/PDMS, and Ag_MWCNT/PDMS nanocomposites with different wt% of
nanofillers are shown in fig 3.5. Neat PDMS shows Raman shift at wavenumber 490, 620,
and 710 cm™* which corresponds to Si-O-Si symmetric deformation, rocking mode of Si-CHa,
and stretching mode of vibrations of Si-C in the polymer matrix of pristine PDMS

respectively as shown in Fig. 3.6.
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Fig. 3.5 Raman spectra of neat PDMS

The other Raman peaks which appear at wavenumber 1260, 1415, 2900' and 2970 cm™ are
attributed to the symmetric and asymmetric vibrations of the CHz group in the PDMS matrix
[139, 143]. From the Raman spectra of PDMS nanocomposites, it is observed that the Raman
shift of all the samples containing lower wt% of nanofillers is disordered. However, for
higher wt% of nanofillers, the disordered nature is not observed. The D-bands of GO, rGO,
and Ag_rGO nanofiller samples appear at wavenumber 1350, 1343 cm™ and the G-bands at
1590, 1582 cm™ respectively (Chapter 2). In the Raman spectra of PDMS nanocomposites
the D and G bands corresponding to GO/PDMS, rGO/PDMS, and Ag-rGO/PDMS are also
present at 1355 cm™ and 1595 cm™ respectively. Along with the small peak shift, the
intensity of the D and G bands gradually increases for the PDMS nanocomposites with higher
wt% of nanofillers. The results indicate that the nanofillers were distributed in the PDMS
matrix and hydrogen bonding between the nanofillers and PDMS matrix was present [138.
139]. However, the Raman spectra of PDMS nanocomposites containing AgNPs are more
disordered and with the increase of AgNPs wt%, the Raman shift does not retain the ordered

structure similar to the GO rGO and Ag-rGO based PDMS nanocomposites. In the Raman
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plots of Ag_ SWCNT/PDMS-based and Ag_ MWCNT/PDMS-based composites, the peak that
appears at 1580 cm™ is the G-band and the intensity of this peak gradually increases with the

increase of CNTs wt%.
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different wt% respectively.
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The G-band’s peak intensity related to the Ag_ SWCNT/PDMS nanocomposites is higher
than the G-bands intensity related to Ag_MWCNT/PDMS composites. Additionally, the 2D
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band appears at 2665 cm™ for Ag_SWCNT/PDMS composites, and the 2D band’s peak
intensity increases with the increase of Ag_ SWCNT in the PDMS samples. Thus, the
presence of D-band, G-band, and 2D-band in the Raman spectra of PDMS nanocomposites
indicates the proper distribution of nanofillers in the PDMS matrix.

3.3.5 Flexibility and stretchability of PDMS-Nanofiller composites
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GO/PDMS
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Fig. 3.7 Different modes of deformation to show the flexibility and stretchability of
GO/PDMS, Ag/PDMS, rGO/PDMS, Ag rGO/PDMS Ag SWCNT/PDMS, and
Ag_MWCNT/PDMS composites (1wt%).
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The fabricated PDMS composites are flexible and it is possible to deform them by employing

several modes such as stretching, bending, and twisting.

3.4 Conclusions

The PDMS nanocomposites were fabricated by incorporating different wt% of nanofillers
such as GO, AgNPs, rGO, Ag_rGO, Ag_SWCNT, and Ag_MWCNT. The SEM images of
PDMS-based composites show that the nanofillers are distributed in the PDMS
nanocomposites but are agglomerated. The XRD, FTIR, and Raman analysis confirmed the
presence of filler-matrix interaction due to the H-bonding between different functional groups
that are present in the nanofillers and PDMS matrix. The PDMS composites are flexible and

stretchable.
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CHAPTER 4

Study of electrical properties of

PDMS-Nanofiller-based composites
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4.1 Introduction

The study of electrical and dielectric properties of PDMS-based composite materials is
presented in this chapter. The measurements of DC-current vs voltage (I-V) characteristics of
the PDMS-based composites were done by using the Agilent 34972A LXI data acquisition
unit and DC power supply unit and the corresponding resistances were calculated. The
measurements of the dielectric properties were carried out by using the ‘“NovoConrtroll
dielectric measurement system” at room temperature in the frequency range from 1 Hz to 1
kHz as shown in Fig. 4.1. For the measurements, the samples were cut into square-shaped
pieces (1cmx 1cm) and both the surfaces of the samples (top and bottom) were covered with
conductive Cu tape. The thickness of the samples was around ~1200um-1300um. The change
in the dielectric permittivity, dielectric loss, AC conductivity, and capacitance of the PDMS

composites to the wt% of nanofillers was investigated which will be discussed in this chapter.

r~

Fig. 4.1 Photograph of “NovoConrtroll Dielectric Measurement System” and sample holder.

The complex permittivity (£) of a composite is related to the real (£) and imaginary (£) part
of the permittivity by the following equation [144].

E=6+¢
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The capacitance (C) of capacitor electrodes with the surface area “A ” separated by a distance
“d” is directly proportional to the dielectric constant as shown in the equation. The loss factor
(tano) is the ratio between the imaginary and real part of permittivity as given in the
following equation.

/A A
C=c¢ 7= ofrg
el
tand = —
e/

Where & is the vacuum permittivity (8.85 x 10712 Fm™1),
4.2 Study of electrical properties of PDMS-Nanofiller composites

The measurements of DC-current vs voltage (I-V) characteristics of the PDMS-based
composites were done by applying different voltages across the two ends of the samples and
measuring the corresponding current. The applied voltages ranged from 10-80 Volts. The
corresponding resistances were calculated that are shown in Fig. 4.2. It is observed from Fig.
4.2 that the resistances of the samples are in the range from 1MQ to 1GQ which are very
high. The range of resistances that can be measured by the instrument in 2-wire and 4-wire
ohm configuration is 100Q to 100MQ. Therefore, the results suggest that the samples are not
electrically conductive. Also, the current voltage variation is non-linear, and it is not possible
to obtain accurate data for the resistivity and conductivity of the samples. Hence, dielectric

spectroscopy measurements were carried out for the PDMS-based composites.
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Fig. 4.2 1-V characteristics curve of the PDMS-Nanofiller-based composites.
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4.3 Study of dielectric properties of PDMS-Nanofiller composites
4.3.1 Analysis of dielectric permittivity (€/) of PDMS-Nanofiller composites

The dielectric constant of the GO/PDMS, Ag/PDMS, rGO/PDMS, Ag_rGO/PDMS,
Ag_SWCNT/PDMS and Ag_ MWCNT/PDMS flexible polymer composites fabricated by
incorporating 0.1, 0.25, 0.5, 0.75 and 1 wt% nanofillers are shown in Fig. 4.3 (a-f). From the
results, it is observed that the dielectric constants of the PDMS composites are higher than the
dielectric constant of the neat PDMS. Due to the 2-D structure of GO or rGO sheets, they
form a micro-capacitor in the polymer matrix where two layers of GO sheets form a
sandwich-like structure with a thin layer of insulating polymer in between them. These
micro-capacitors can align themselves under the influence of an AC field which contributes
to the higher value of the dielectric constant of the PDMS-based composites compared to neat
PDMS [145]. The interfacial polarization also occurs in the composites due to the difference

in the electrical conductivity of nanofillers and insulating elastomer [145, 146].

The € of the PDMS composites is increasing with the wt% of the nanofillers due to the
increase in the number of nano or micro capacitors and decreases when the distance between
the adjacent nanofillers increases [73]. Therefore, the dielectric constants of the PDMS
composites are increasing with the wt% of the nanofillers as shown in Fig. 4.3 (a-f).
However, the dielectric constants of the Ag _rGO/PDMS sample are showing a sudden
decrease from 10Hz frequency. It is also observed that the dielectric constants of rGO/PDMS
and Ag_SWCNT/PDMS composites are showing a decreasing trend from the low (1Hz) to
high (1 kHz) AC frequency. The fluctuation of the AC field is slow at low frequency.
Therefore, at low AC frequency such as at 1Hz, it is easy for the micro capacitors to align
completely along the direction of the AC field in the polymer matrix as they get sufficient
time for polarization. The orientation of a large number of dipoles ultimately increases the
dielectric permittivity of the PDMS composite material at a low AC frequency such as 1Hz
[42, 147]. However, the fluctuation of the AC field is very fast at a higher AC frequency. The
decrease in the dielectric constant of the PDMS composites in the high-frequency region such
as 1 kHz is because of the lower rate of separation of charges than the rate of change in AC
frequency [148]. That means the polarization or orientation of the dipoles is unable to follow
the rapid variation of the AC field in the high frequency and the relaxation in the polarization

leads to the decrease in the dielectric constant of the polymer composites [149].
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Fig. 4.3 Dielectric constant of (a) GO/PDMS, (b) Ag/PDMS, (c) rGO/PDMS, (d)
Ag_rGO/PDMS, (e) Ag_SWCNT/PDMS and (f) Ag_MWCNT/PDMS flexible polymer
composites with different wt% of nanofillers respectively.

The dielectric constants of the PDMS composite samples are listed in table 4.1. The
comparison of dielectric permittivity of PDMS nanocomposites with different wt% of
nanofillers in 1Hz and 10Hz frequency is shown in Fig. 4.4 (a-b) and the graphical
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representation of dielectric permittivity of PDMS composites with 1wt% of nanofillers at 1
Hz and 1 kHz AC frequency is shown in Fig. 4.4 (c-d). The € of the Ag_rGO/PDMS sample
is increasing with the wt% of nanofillers in the 1 Hz frequency which is observed in Fig. 4.3
(d) and Fig. 4.4 (a-b) respectively. But, a sudden decrease in the € values of the composite
samples is seen from 10 Hz frequency onwards.
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Fig. 4.4 (a-b) Comparison of dielectric permittivity of PDMS nanocomposites with different
wt% of nanofillers at 1Hz and 10Hz frequency and (c-d) Graphical representation of
dielectric permittivity of PDMS nanocomposites with 1wt% of nanofillers at 1 Hz and 1kHz
AC frequency respectively.

It is also observed that the rGO/PDMS, Ag rGO/PDMS, and Ag_SWCNT/PDMS
composites (1wt%) are showing nearly the same value of dielectric constant (25-30) in 1 kHz

AC frequency which is nearly the same as the dielectric constant of GO/PDMS, Ag/PDMS,
and Ag_ MWCNT/PDMS composites which are presented in Fig. 4.4 (d).
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Table 4.1: Dielectric constant and loss factor of PDMS-Nnaofiller-based composites.

Sample Nanofiller wt% Dielectric Dielectric loss
Constant (&) (Tand)
PDMS 4.5
GO/PDMS 0.1 20.7 0.029
GO/PDMS 0.25 21 0.05
GO/PDMS 0.5 21.7 0.06
GO/PDMS 0.75 25.6 0.09
GO/PDMS 1 26 0.095
Ag/PDMS 0.1 19.7 0.066
Ag/PDMS 0.25 20.5 0.116
Ag/PDMS 0.5 21.2 0.163
Ag/PDMS 0.75 22.5 0.31
Ag/PDMS 1 26 0.404
rGO/PDMS 0.1 22 0.180
rGO/PDMS 0.25 23 0.182
rGO/PDMS 05 24.3 0.210
rGO/PDMS 0.75 28.3 0.284
rGO/PDMS 1 32.2 1.112
Ag_rGO/PDMS 0.1 28.7 0.559
Ag_rGO/PDMS 0.25 35 0.769
Ag_rGO/PDMS 0.5 416 0.915
Ag_rGO/PDMS 0.75 715 1
Ag_rGO/PDMS 1 108 0.985
Ag_SWCNT/PDMS 0.1 25.5 0.0187
Ag_SWCNT/PDMS 0.25 27.4 0.0163
Ag_SWCNT/PDMS 05 38 0.0584
Ag_SWCNT/PDMS 0.75 50.5 0.1556
Ag_SWCNT/PDMS 1 85 0.1556
Ag_MWCNT/PDMS 0.1 21 0.0085
Ag_MWCNT/PDMS 0.25 22 0.0044
Ag_MWCNT/PDMS 05 22.3 0.0068
Ag_MWCNT/PDMS 0.75 25 0.0044
Ag_MWCNT/PDMS 1 26 0.0029
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The dielectric behavior of PDMS composites can be understood from two perspectives.
(a) Role of different types of nano-filler materials

The GO/PDMS, Ag/PDMS, and Ag_MWCNT/PDMS composites are showing lesser
improvement in the dielectric permittivity than the other PDMS composite samples. One of
the reasons for the lower value of the dielectric constant of GO/PDMS, Ag/PDMS, and
Ag_MWCNT/PDMS samples is due to the restacking of the GO sheets and agglomeration of
the MWCNTS, as well as of the AgNPs in the polymer matrix. The lower € values of the
GO/PDMS-based composites are primarily due to the insulating nature of GO where the

oxygenated functional groups are present and agglomeration as shown in Fig. 4.5 (a).

Fig. 4.5 FESEM image of 1 wt% (a) GO/PDMS, (b) Ag/PDMS and (c) Ag_rGO/PDMS
nanocomposites and (d) TEM image of SWCNT and (e) MWCNT nanofillers respectively.

The agglomeration of AgNPs in the PDMS matrix is depicted in Fig. 4.5 (b) and that is the
reason for the lower value of the dielectric constant of Ag/PDMS nanocomposites. In
addition to agglomeration, the amorphous phase present in the MWCNTSs can lower the
dielectric constant of Ag_ MWCNT/DMS nanocomposites as shown in the TEM image (Fig.
4.5 (e)). Hence, in the Ag_ MWCNT/DMS composites, the AgNPs have a higher contribution
to the dielectric constant than the MWCNTSs.

The schematic representation of the distribution of nano-fillers in the PDMS matrix is shown
in Fig. 4.6. The rGO retains some amount of sp? structure when reduced by chemical
reduction due to the removal of oxygenated functional groups. Therefore the ions in the rGO
lead to the formation of more dipoles and hence possess better dielectric properties compared
to GO. Therefore, the dielectric constants of rGO/PDMS composites are higher than all other
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GO/PDMS composites. The distribution of Ag_rGO nanofiller in the Ag _rGO/PDMS
composites is better than the distribution of nanofillers in the GO/PDMS, Ag/PDMS, and
rGO/PDMS composites as shown in Fig. 4.5 (c). The planner 2D structure of rGO and the
presence of AgNPs lead to the formation of a larger number of micro-capacitors (like parallel
plate capacitors) with unbound ions on both sides in the low-frequency region. Besides, the
AgNPs are distributed between the rGO flakes that improve the dielectric properties of
Ag_rGO/PDMS composites by electron transfer from the AgNPs to rGO in the PDMS matrix
as shown in Fig. 4.6 [111, 148]. Therefore the Ag_rGO/PDMS composites are exhibiting
better improvement in dielectric properties than the other samples at 1Hz AC frequency with
the increase of nanofiller wt%. Therefore, the synergistic effect between rGO and AgNPs
leads to the improvement in dielectric permittivity in 1 Hz AC frequency [113]. However, at
10 Hz AC frequency sudden charge migration occurs and beyond 10Hz frequency, the
relaxation of the dipole polarization occurs. It is reported that the uniform distribution of
AgNPs on the surface of rGO synthesized by the in-situ reduction process improves the
dielectric permittivity of polymer composites [148]. In this work, the AgNPs were not grown
by the in-situ synthesis method on the rGO surfaces during the chemical reduction of GO.
But, commercial AgNPs were added during the chemical reduction of GO. Therefore, the
AgNPs were not uniformly distributed on the surface of rGO sheets. Thus, they are sitting in
between the rGO flakes in the form of clusters and weakly attached to the rGO surfaces.
Therefore, as the AC frequency increases from 1Hz to 10Hz, the charge migration occurs,
and charge transfer from AgNPs to rGO surfaces decreases. From 10 Hz AC frequency
onwards the dielectric constant decreases due to relaxation of ions and hence, the
Ag_rGO/PDMS composites are showing the same dielectric constant as the other PDMS
composites in the higher frequency region.
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Fig. 4.6 Schematic illustration of the distribution of nanofillers in the PDMS-Nanofiller-
based composites.
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A similar synergistic effect and electron transfer between AgNPs and SWCNT enhance the
dielectric constant of Ag_ SWCNT/PDMS composites. Besides, SWCNTs do not have an
amorphous phase similar to MWCNTSs as shown in Fig. 4.5 (d). The dielectric constant of
Ag_SWCNT/PDMS composites is not showing a sudden decrease which is observed for
Ag_rGO/PDMS composites but decreases slowly up to 10° Hz. The electron transfer
mechanism is different for 2D rGO sheets and 1D SWCNTs and even when the attachment
between the CNTs and AgNPs are not strong they are still bounded by the tanged forest of
1D CNTs. Therefore, sudden relaxation of ions does not occur for the CNTs. Although the
dielectric constants of rGO/PDMS and Ag_SWCNT/PDMS composites increase with the
wt% of nanofillers in the lower AC frequency region due to interfacial polarization of the
large numbers of dipoles, they are not able to rotate rapidly with the rapid change in
frequency of oscillation of the high AC frequency. Therefore a lag between the frequencies of
the applied AC field and oscillating dipoles hampers the polarization and the dielectric
constant decreases due to the relaxation and movement of free ions within the sample [147].
Hence, the dielectric constant of the rGO/PDMS, and Ag_ SWCNT/PDMS samples decreases
from 1 Hz to 1 kHz and even with higher wt% of nanofillers. The dielectric constant of the 1
wt% Ag_SWCNT/PDMS samples at 1 kHz AC frequency is the highest (30). From Fig. 4.3
(c-d), and Fig. 4.4 (a-b), it is observed that the dielectric constants of the GO/PDMS,
Ag/PDMS, and Ag_ MWCNT/PDMS composites are maintaining nearly constant values from
1 Hz to 1 kHz frequency. The availability of free charge or ions in GO/PDMS, Ag/PDMS,
and Ag_ MWCNT/PDMS samples are lesser than the other PDMS composite samples due to
the insulating nature and agglomeration of GO, amorphous nature of MWCNTSs, and
agglomeration of AgNPs. Therefore, the dipole orientations, charge migration, and relaxation
of the ions are lesser in the case of the GO/PDMS, Ag/PDMS, and Ag_ MWCNT/PDMS
composites than the other PDMS composite samples. Hence, they are showing lesser
improvement and constant variation of dielectric constant in both the high and low AC

frequency region.
(b) Role of different wt% of nano-fillers

The dielectric constant of all the PDMS-based composites increases in the 1Hz frequency
with the increase of wt% of nanofillers in the PDMS matrix due to the formation of more
numbers of dipoles. It is observed from Fig. 4.4 (a) that the dielectric constant of the
rGO/PDMS, Ag_rGO/PDMS, and Ag_ SWCNT/PDMS composites are showing an increasing

trend with the increase in the wt% of nanofillers in 1Hz frequency. However, the same
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increasing trend is not observed for the GO/PDMS, Ag/PDMS, and Ag_ MWCNT/PDMS
samples which confirm that the nanofillers are not able to provide sufficient ions to form
more dipoles to enhance the dielectric constant. Hence, the GO/PDMS, Ag/PDMS, and
Ag_MWCNT/PDMS samples are showing poor improvement in the dielectric constant
compared to the other samples.

4.3.2 Analysis of dielectric loss (Tand) of PDMS-Nanofiller composites
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Fig. 4.7 Dielectric loss of (a) GO/PDMS, (b) Ag/PDMS, (c) rRGO/PDMS, (d)
Ag_rGO/PDMS, (e) Ag_SWCNT/PDMS and (f) Ag_MWCNT/PDMS flexible polymer
composites with different wt% respectively.
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The dielectric loss factor of the GO/PDMS, Ag/PDMS, rGO/PDMS, Ag_rGO/PDMS,
Ag_SWCNT/PDMS, and Ag_ MWCNT/PDMS flexible polymer composites are shown in
Fig. 4.7 (a-f). Similar to dielectric permittivity, the dielectric loss factor of the PDMS
composites is also showing a decreasing trend from the lower to the higher region of AC
frequency as shown in Fig. 4.7. As mentioned earlier in the low-frequency region (1 Hz), the
higher € and Tand values are attributed to the increase in polar groups to form the micro-
capacitors and the accumulation of unbound charges on both sides of the polymer-filler
interfaces. The accumulation of unbound charges leads to the formation of large dipoles at
the interface of the sample causing interfacial polarization [150]. The charge carriers
accumulate between the top surfaces of the electrodes in the presence of an electric field that
is referred to as Maxwell-Wagner-Sillars (MWS) polarization [11, 65, 151]. In the low-
frequency region, dielectric loss occurs due to the charge motion within the material by
hopping or tunneling under an AC field [147]. However, in the high-frequency region, the
dielectric loss decreases due to the relaxation of the radical ions because they are no longer

able to follow the rapid alteration of the high AC field.
(a) Role of different types of nano-filler materials

The dielectric loss factors of the PDMS composites are given in table 4.1. The comparison of
dielectric loss factor of PDMS composite samples with different wt% of nanofillers in 1Hz
and 10Hz frequency is shown in Fig. 4.8 (a-b) and the graphical representation of dielectric
loss factor of PDMS composites with 1wt% of nanofillers at 1 Hz and 1 kHz AC frequency is
shown in Fig. 4.8 (c-d). From the results, it is observed that rGO/PDMS and Ag_rGO/PDMS
composites are showing the highest loss factor (0.5 to 1) in 1 Hz AC frequency with the
increase of wt% of nanofillers as shown in Fig. 4.8 (a). However, the dielectric loss factor of
Ag_rGO/PDMS samples is showing a sudden increase from 1Hz to 10Hz frequency as shown
in Fig. 4.8 (b). In the dielectric constant plot of Ag_rGO/PDMS samples, a sudden decrease
was observed at 10 Hz frequency. Therefore, it is certain that from 1Hz to 10 Hz frequency
huge charge migration occurs in the Ag_rGO/PDMS samples with increasing wt% of
nanofillers which increases the loss factor. But the dielectric constant of the samples
decreases as the polarization of the dipoles decreases. After charge migration, the relaxation
of the ions in the frequency beyond 10 Hz decreases both dielectric constant and loss factor in
the Ag_rGO/PDMS samples. The Ag_SWCNT/PDMS composites are maintaining a constant
variation of dielectric loss factor in both low and high-frequency regions as shown in Fig. 4.7

(e). However, the loss factors of the Ag_SWCNT/PDMS composites are lower than the
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rGO/PDMS and Ag_rGO/PDMS composites at 1 Hz AC frequency. The dielectric loss factor
of Ag_SWCNT/PDMS samples at 1 Hz AC frequency ranges from 0.016 to 0.15.
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Fig. 4.8 (a-b) Comparison of dielectric loss factor of PDMS nanocomposites with different
wt% of nanofillers at 1Hz and 10Hz frequency and (c-d) Graphical representation of
dielectric loss factor of PDMS nanocomposites with 1wt% of nanofillers at 1 Hz and 1 kHz
AC frequency respectively.

Moreover, the dielectric loss factor of 1wt% Ag_SWCNT/PDMS samples at 1 kHz AC
frequency is the highest which is 0.31 as shown in Fig. 4.8 (d). It was observed in the
dielectric constant plot of Ag_ SWCNT/PDMS samples that the dielectric constant decreases
slowly from the higher to lower frequency region (1Hz to 10%Hz). Therefore,
Ag_SWCNT/PDMS samples can maintain polarization in the higher frequency region up
t010°Hz. The possible reason may be the distribution of AgNPs in the SWCNTSs is random
and they are closely bound by the tangled CNTs forest which prevents some of the CNTs
from tangling up and minimizing the contact between them. Also, as mentioned earlier the

electron transfer mechanism between the CNTs and AgNPs in the Ag_SWCNT nanofiller is
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different from the Ag_rGO nanofillers because in the Ag_rGO nanofillers the AgNPs are
sitting on the surface of rGO while they are tangled between the 1D CNTSs. Thus, the low
frequency is not sufficient for free charge migration through tunneling in the CNTs which
reduces the dielectric loss, but at the same time increases the dielectric permittivity due to
dipole polarization. Thus, the dielectric loss factors of the Ag_ SWCNT/PDMS composites
are low although the dielectric permittivity is high at 1 Hz frequency. However, in the high-
frequency region charge migration occurs in the Ag_SWCNT/PDMS composite which
increases the dielectric loss. The Ag_PDMS, GO/PDMS, and Ag_MWCNT/PDMS
composites are also showing lower dielectric loss factors than rGO/PDMS-based, and
Ag_rGO/PDMS-based, composites at 1Hz frequency. Also, the dielectric loss factor
decreases from the 1Hz to 1 kHz frequency. In the Ag_PDMS, Ag_ MWCNT/PDMS, and
GO/PDMS composites the lower value of loss factor is because the availability of free
charges or ions is very less for charge migration due to restacking of insulating of GO,
MWCNTSs, and agglomeration of AgNPs in the polymer matrix. However, in 1 kHz AC
frequency, the & of all the PDMS-based composites are nearly the same (£'=20-30) due to
residual dipole charges in the samples but the loss factor decreases due to the absence of free

charges for charge migration [148].
(b) Role of different wt% of nano-fillers

The dipole polarization increases with the increase of wt% of nanofillers due to the formation
of a large number of micro or nano capacitors which ultimately increases the charge
migration through hopping or tunneling mechanism at 1Hz frequency. The comparative plot
of dielectric loss for all PDMS nanocomposites with the increase in nanofiller wt% at 1Hz
frequency is shown in Fig. 4.7(a). It is observed that the dielectric loss of GO/PDMS,
Ag/PDMS, rGO/PDMS, Ag_rGO/PDMS, and Ag SWCNT/PDMS-based composites
increase with the increase of nanofiller’s wt% due to the increase in charge migration of the
dipole charges. In the higher frequency region, the dielectric loss factor decreases due to the
relaxation of dipole polarization irrespective of wt% of nanofillers. The Ag_ MWCNT/PDMS
composite exhibits the lowest loss factor of 0.004 in 1 Hz frequency. This again confirms that
along with agglomeration, the amorphous phase present in the MWCNTSs decreases the &
values and lowers the Tand values. The optimized value of the & and Tand is found for 1
wt% Ag rGO/PDMS ( € = 108, Tand = 0.98) and Ag SWCNT/PDMS ( € = 85, Tand =

0.15) composites.
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4.3.3 Analysis of AC conductivity (cac) of PDMS-Nanofiller composites

The AC conductivity plots of PDMS composites containing five different wt% of GO,
AgNPs, rGO, Ag_rGO, Ag_SWCNT, and Ag_ MWCNT nanofillers is shown in Fig. 4.9 (a-f).
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Fig. 4.9 AC conductivity of different wi% of (a) GO/PDMS, (b) Ag/PDMS, (c) rGO/PDMS,
(d) Ag_rGO/PDMS, (e) Ag_ SWCNT/PDMS and (f) Ag_ MWCNT/PDMS flexible polymer

composites

respectively.

The AC conductivities (oa) Of Ag/PDMS, rGO/PDMS, Ag_rGO/PDMS-based, and
Ag_SWCNT/PDMS-based composites are higher than the AC conductivity of GO/PDMS

and Ag_ MWCNT/PDMS composites which is observed in Fig. 4.9 (a-f). The AC

68



conductivity of the GO/PDMS composites at 1 Hz AC frequency is in the range from ~ 1013
to 102 S/cm as shown in Fig. 4.9 (a). Similarly, the AC conductivity of Ag/PDMS and
rGO/PDMS composites at 1 Hz frequency is in the range from ~ 102 to 101t S/cm. The AC
conductivity of Ag_rGO/PDMS composites at 1 Hz frequency is higher than the other PDMS
composites which are ~ 10 to 10° S/cm. The Ag_MWCNT/PDMS composites are
showing the lowest value of AC conductivity which is ~ 10" to 10* S/cm. The AC
conductivity of Ag_ SWCNT/PDMS composites at 1 Hz frequency is ~ 10 to 10 S/cm
which increases linearly from 1 Hz to 1 kHz AC frequency. It is noticed that the AC
conductivity of all other PDMS composites is converging toward a single point at the AC
frequency of 1 kHz and the only exception is Ag_ SWCNT/PDMS composite.
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Fig.4.10 (a-b) Comparison of AC conductivity of PDMS nanocomposites with different wt%
of nanofillers at 1Hz and 10Hz frequency respectively.

The o4 values of the PDMS composites increase with the increase of AC frequency from 1
Hz to 1 kHz which is observed from Fig. 4.9 (a-f). The AC conductivity and dielectric loss
factor both increase due to charge migration. However, it was observed that the dielectric loss
factors of the PDMS composites decreased from the low to high AC frequency region. It is
observed that the increases in AC conductivity of the PDMS composites are in the range
from~ 10° to 10® S/cm from 1Hz to 1 kHz frequency which is a small change. The small
increase in the AC conductivities in the high AC frequency region is possibly due to the
migration of some of the free charges within the samples during the relaxation of dipole
polarization. The graphical representation of the comparison for AC conductivities of PDMS
nanocomposites with nanofiller’s wt% at 10 Hz and 1 kHz AC frequency is presented in Fig
4.10 (a-b). As mentioned earlier, the AC conductivity of the polymer composites below

percolation is primarily due to the migration of charges of the nano-fillers through hopping or
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tunneling mechanism which increases with the increase of AC frequency [147, 152, 153]. As
the dipole charge increases upon increasing nanofiller’s wt% in the elastomer matrix, more
free charges migrate along the direction of the AC field through the hopping mechanism.
Therefore, the AC conductivity increases with the wt% of nanofillers. The Ag_rGO/PDMS
composite is showing the highest improvement in AC conductivity at 10 Hz frequency
compared to the other samples as shown in Fig. 4.10(a). In the dielectric constant plot of
Ag_rGO/PDMS composites, it was observed that the dielectric constants decreased suddenly
at 10 Hz frequency. Similarly, the dielectric loss factors increased at 10 Hz frequency for the
Ag_rGO/PDMS composites. Therefore, the increase in the AC conductivity of the
Ag_rGO/PDMS composites at 10 Hz frequency proved that the charge migration through
tunneling enhanced the AC conductivity, loss factor and reduced the dielectric constant of
Ag_rGO/PDMS composites. In both the 1 Hz and 1 kHz frequency region, the
Ag_SWCNT/PDMS composite is showing an increasing trend of AC conductivities with the
increasing wt% of nanofiller which is shown in Fig 4.10(a-b). The Ag_SWCNT/PDMS
composite is exhibiting the highest value of AC conductivity in the 1 kHz frequency region.
We have observed that the loss factor of Ag_SWCNT/PDMS composite also increases at 1
kHz AC frequency with the increase of wt% of nanofiller. Therefore, it is understood that the
charge migration in the Ag_ SWCNT/PDMS composites continues in the high-frequency

region also.
4.6 Conclusions

The dielectric properties of the PDMS-based polymer composites such as dielectric constant
(&), dielectric loss (Tand), and AC conductivity (cac), are investigated. The & and Tano
values increase with the increase of wt% of the nano-fillers in the low-frequency region. Out
of all the PDMS composites, the Ag_rGO/PDMS and Ag_ SWCNT/PDMS composites have
shown excellent improvement in the dielectric permittivity with low dielectric loss. The
optimized value of dielectric properties in 1Hz frequency is obtained for PDMS composites
with 1 wt% Ag rGO (€ = 108, Tand = 0.95) and Ag SWCNT (& = 85, Tand = 0.15)
nanofillers. The Ag_ SWCNT/PDMS composites exhibited better dielectric properties from
1Hz and 1 kHz AC frequency regions than the other PDMS-based nanocomposites. Also,
from the measurement of electrical (DC) properties, it was observed that the PDMS
composites were showing very high resistance. It is possible to increase the dielectric
constant and DC conductivity of the PDMS composites by increasing the wt% of the

nanofillers. However, the process requires a large number of nanomaterials to achieve the
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desired dielectric properties or electrical conductivity. The present work gives an idea about
tuning the dielectric properties of the PDMS composites with low wt% of nanofiller material
which can be useful for energy storage-based applications. The main challenge so far is to
prevent the agglomeration of the nanofillers which can be achieved by surface
functionalization of the nanomaterials. However, surface functionalization may degrade the
electrical properties. Therefore, an alternative approach was adopted to fabricate PDMS and
nanomaterials coated laboratory parafilm-based flexible sandwich structure which will be

discussed in the next chapter.
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CHAPTER 5

Demonstration of PDMS/nanomaterials
coated parafilm/PDMS-based sandwich
structure for strain sensing applications
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5.1 Introduction

This chapter presents the fabrication of PDMS/nanomaterials-coated parafilm/PDMS-based
sandwich structures and the capability of the sandwich structure to be utilized as a strain
sensor for the monitoring of human movements in real-time were investigated. Instead of
increasing the wt% of the nanofillers in the PDMS matrix to improve the sensing
characteristics, an alternative approach was adopted where the nanomaterials were coated on
the surface of a laboratory parafilm, and sandwich structure of PDMS/nanomaterials coated
parafilm/PDMS was fabricated for testing human motion detection. The relative resistance
change (AR/Ro) with the applied strain and the corresponding Gauge factors (GF) of the
sandwich  structured = PDMS/rGO-Parafilm/PDMS, PDMS/Ag_rGO-Parafilm/PDMS,
PDMS/SWCNT-Parafilm/PDMS, and PDMS/Ag_SWCNT-Parafilm/PDMS-based
flexible/stretchable and wearable strain sensors were also presented in this chapter. The role
of Ag NPs which leads to the improvement in the GF of the strain sensors and the mechanism
is also described in this chapter. The strain sensors are useful to detect the motions of
different human body parts that include bending of fingers in real-time which is also

demonstrated in this chapter.

5.2 Fabrication of PDMS/rGO-Parafilm/PDMS, PDMS/Ag_rGO-Parafilm/PDMS,
PDMS/SWCNT-Parafilm/PDMS and PDMS/Ag_SWCNT-Parafilm/PDMS flexible

sandwich structure

Parafilm was chosen because the blend of polyolefin is non-toxic, stretchable, and melts
during heating and after cooling down retains the earlier form. Therefore, it is expected that
after coating the nanomaterials, the wax-like surface will provide good adhesion and the
nanomaterials will be embedded into the film during the heating and cooling cycle forming a
conductive network. Therefore, we assumed that the parafilm coated with nanomaterial will
act as the sensing part and the PDMS substrates on both sides will provide flexibility to the
sandwich structure while stretching and releasing cycles. The fabrication process of
PDMS/rGO-Parafilm/PDMS, PDMS/Ag_rGO-Parafilm/PDMS, PDMS/SWCNT-
Parafilm/PDMS and PDMS/Ag_SWCNT-Parafilm/PDMS flexible strain sensors are shown
in Fig. 5.1 and Fig. 5.2. The strain sensors were fabricated in two steps. In the first step,
parafilm was coated with nanomaterials to fabricate the sensitive unit materials as shown in
Fig. 5.1. For this purpose, each of the nanomaterials such as rGO, Ag_rGO, SWCNT, and
Ag_SWCNT were dispersed in ethanol (10 mg/mL) by using ultrasonication for 1 hour as
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discussed in chapter 2. The parafilm was cut into desired size (5cmx2cm) and dipped into the
above-mentioned mixture solution for approximately 5 to 10 seconds. The parafilm coated
with the sensing materials was then dried on a hot plate at 50 °C approximately for 5 to 10
minutes and then cooled down. The process was repeated 5 times. Finally, both the ends of

the parafilm coated with sensing material were covered with conductive Cu tape.

Nanomaterials in Ethanol
sonicated for 1 hour (a)

Parafilm dipped into the
solution (10-15 sec)

Dried in a hot-plate
at 50 °C for 5 min

Fig. 5.1 Schematic representation of the (a) preparation of nanomaterials coated parafilm for
the fabrication of strain sensor, (b-c) Parafilm used for the fabrication process, and (d) the
fabricated nanomaterials coated Parafilm.

PDMS

Kapton-tape Conductive Top layer
half-cured

mold Cu -tape
g‘ l PDMS

I Parafilm coated

Glass slide with nanomaterial  Cu Tape

(c)
Parafilm
coated with —>
nanomaterial

Fig. 5.2 (a) Schematic representation which shows the step-wise fabrication of sandwich
structure (PDMS/nanomaterials coated parafilm/PDMS) to be used as a strain sensor (b)
fabricated PDMS/nanomaterials coated parafilm/PDMS sandwich structure, and (c)
schematic representing the fabricated sandwich structure.
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In the second step, molds for casting PDMS were prepared with Kapton tape by using the
glass slides as shown in Fig. 5.2. The PDMS prepolymer and curing agents were mixed
(10:1) and degassed. The molds were filled with PDMS which was allowed to dry on a hot
plate for 15 to 20 minutes at 80 °C. The nanomaterials coated parafilm was placed over the
half-dried PDMS and on top of this, half-dried PDMS film was placed as shown in Fig. 5.2
(). Two wires were connected to the portion of the nanomaterial-coated parafilm where the
conductive Cu tape was attached for strain measurements. The dimension of the sandwich
structure is approximately 0.15cm in thickness, 4.5 cm in length, and 1.5 cm in breadth
respectively. The thickness of the fabricated sandwich structure was measured by using a
digital micrometer. The fabricated sandwich structures and their dimensions are given in
table 5.1.

Table 5.1 Fabricated sandwich structured PDMS/nanomaterials coated parafilm/PDMS
samples.

Samples | Nanomaterials Sandwich Structure Dimensions
coated to (I, w, t) incm
Parafilm
1 rGO PDMS/rGO-Parafilm/PDMS 45, 1.5, 0.1562
2 Ag_rGO PDMS/Ag_rGO-Parafilm/PDMS 4.5, 1.5, 0.1547
3 SWCNT PDMS/SWCNT-Parafilm/PDMS 45,15, 0.1534
4 Ag_SWCNT PDMS/Ag_SWCNT-Parafilm/PDMS 4.5, 1.5, 0.1497

The cross-sectional view of the PDMS/rGO-Parafilm/PDMS, PDMS/Ag_rGO-
Parafilm/PDMS, PDMS/SWCNT-Parafilm/PDMS, and PDMS/Ag_SWCNT-Parafilm/PDMS
sandwich structures are shown in the FESEM images which are shown in Fig. 5.3 (a, c, e, and
g) respectively. The topography of the rGO, Ag_rGO, SWCNT, and Ag_ SWCNT coated
parafilm is shown in Fig. 5.3 (b, d, f, and h). It is observed that the sensing materials are
embedded in the parafilm forming clusters with the parafilm material which exhibits a strong
interaction between the nanomaterials and parafilm. Similarly, there was good adhesion
between the nanomaterials coated parafilm (blue rectangles) and PDMS which can be

observed from Fig. 5.3 (b, d, f, and h) respectively.

75



B TN AT =7

R e N
100pm

4 100pm | 3

Fig. 5.3 FESEM images (cross-sectional view) of the samples (a) 1, (c) 2, (e) 3, and (g) 4
sandwich structure and (b, d, f, h) morphology of the cross-section of the samples
respectively.

5.3 The electrical conductivity of the PDMS/rGO-Parafilm/PDMS, PDMS/Ag_rGO-
Parafilm/PDMS, PDMS/SWCNT-Parafilm/PDMS and PDMS/Ag_SWCNT-

Parafilm/PDMS sandwich structure

The I-V characteristics of the sandwich structures which were fabricated from PDMS and
rGO-Parafilm, Ag-rGO-Parafilm, SWCNT-Parafilm, and Ag_SWCNT-Parafilm were
measured by using the Agilent 34972A LXI data acquisition unit and the experimental setup
is shown in Fig. 5.4. The 1-V characteristics and DC conductivities of all four samples are
shown in Fig. 5.6 (a-b). From Fig. 5.6 (a) it is found that all the samples show linear 1-V
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characteristics. The conductivities of the conductive parts of the sandwiched structures were

calculated by the following equation.

l

O'=ﬁ

Where, the symbols o, R, |, and A represents the DC conductivity, resistance, length of the

sample, and area of cross-section of the samples.

()

Data Acquisition System

/ Breadboard

Fig. 5.4 Optical images of the (a) and (b) experimental set-up for the measurement of 1-V
characteristics and relative change in resistance with the applied strain, (c), (d), and (e)
twisting, bending, and stretching deformation of the sandwich structures, and (f) relaxed
state of the sensor. (g) The schematic diagram for the measurement of |-V characteristics.
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Fig. 5.5 LED testing of all the fabricated samples which indicates that at 20v, the LED glow
is more for samples with higher conductivities. The LED light intensity of (b) Sample 2 is
higher than (a) Sample 1 and the (d) Sample 4 LED intensity is higher than (c) Sample 3
which confirms the results obtained from IV measurements as stated above.
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The conductivities “c” of all the samples were evaluated and shown in Fig 5.6 (b). The
corresponding conductivities of the sandwich structure samples PDMS/rGO-Parafilm/PDMS,
PDMS/Ag_rGO-Parafilm/PDMS, PDMS/SWCNT-Parafilm/PDMS and PDMS/Ag_SWCNT-
Parafilm/PDMS the sandwich structure samples are ~ 5.7x107° S/m, 1.5x102 Sm™ 1.4x10%
Sm?t and 2.1x102 Sm? respectively. By comparing the results it is found that the
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conductivity of the PDMS/Ag_rGO-Parafilm/PDMS is higher than the conductivity of the
PDMS/rGO-Parafilm/PDMS sample. Similarly, the conductivity of the PDMS/Ag_SWCNT-
Parafilm/PDMS is higher than the conductivity of the PDMS/SWCNT-Parafilm/PDMS
sample. The results suggest that the Ag NPs added to rGO and CNTs improve the
conductivity of the fabricated samples. Thus, the AgNPs acts as an electrical bridge between
the rGO and SWCNTs by providing conductive paths and thus improving the conductivity
[111].
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Fig. 5.7 Graphical representation of (a, b, ¢, and d) change in resistance with changing the
voltage of the sandwich structured sample 1, 2, 3, and 4 for testing twisting and bending
deformations respectively.

5.4 Strain sensing characteristics

The change in resistance of the sensors with the change in voltage was also investigated by
applying deformation such as bending and twisting as shown in Fig. 5.7 (a-d). The
experimental setup for measuring the change in resistance relative to the applied strain and
deformations by bending and twisting of all the samples is shown in Fig 5.4. It is found that
the resistance also changes nearly linearly with the applied voltage. Also, the resistance of the

sensors increases due to the bending and twisting deformation. It is observed from Fig. 5.7 (a-
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d) that PDMS/Ag_SWCNT-Parafilm/PDMS sample shows very little change in resistance by
bending mode whereas it jumps to higher resistance in the twisting mode of deformation.
Also, resistance does not change much with varying the voltage. Similarly, change in
resistance with the applied voltage is not much for a PDMS/Ag_rGO-Parafilm/PDMS
sample. It is also observed from the experimental results that the resistance of all the samples
increases more under the twisting mode of deformation than the bending mode of
deformation. The obtained results indicate that the fabricated samples are effective for
sensing bending and twisting mode of deformations and further testing was carried out by

applying longitudinal strain to all the samples that are shown in Fig. 5.8.

The resistance change was measured by the 4-Wire Ohms configuration by applying a fixed
voltage (5V) and longitudinal strain (stretching) to the sensors as shown in Fig. 5.6. In the 4-
Wire Ohms configuration, one channel acts as the source, and the other channel acts as the
sensor which measures the change in resistance. The longitudinal strain was applied to the
samples by pulling both ends of the samples equally as shown in Fig. 5.8 (b) in the range
from 5%-35%. The sensors started to break down from the applied strain of 40%. Thus, the

maximum 35% strain was applied to all the samples under testing.
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Fig. 5.8 (a) The 4-Wire Ohms configuration used for the measurement of change in
resistance by applying a longitudinal strain and (b) strain measurement by equally pulling
both the end of the samples.

The relative resistance changes are measured by the following formula
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Where “Ro  is the initial resistance and “R” is the resistance after the application of a

particular strain to the fabricated samples.
The strain is calculated from the following formula

_ l_lo

e=

Where “lo " is the initial length and “1” is the length after the application of a particular strain
to the samples which is illustrated in Fig. 5.8 (b).

Finally, the Gauge factor (GF) is evaluated by using the following equation and shown in Fig.
5.9 (b).
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Fig. 5.9 Graphical presentation of (a) 4R/Ro and (b) GF of all the fabricated samples with
applied strain.

The AR/Rq, that is presented in Fig. 5.9 (a), shows that the Ag_rGO based sandwich structure
sample has a higher relative change in resistance and GF at 35% applied strain (AR/Ro = 347
% and GF = 10) than the rGO based sample (AR/Ro= 198 % and GF = 5.7). However, the
linearity of the PDMS/rGO-Parafilm/PDMS sample is slightly higher (R? = 0.994) than the
PDMS/Ag_rGO-Parafilm/PDMS sample (R? = 0.989). Similarly, the PDMS/Ag_SWCNT-
Parafilm/PDMS sample has shown the higher value of AR/Ro, GF and, linearity (AR/Ro =
231 %, GF = 6.6 and R? = 0.979) than the PDMS/SWCNT-Parafilm/PDMS sample (AR/Ro =
124 %, GF = 3.5 and R? = 0.913). It is also seen that the relative resistance drastically
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increases for the PDMS/Ag_rGO-Parafilm/PDMS sample after 10% applied strain as
compared to the other fabricated samples as shown in Fig. 5.9 (a). The same trend can be
seen in the gauge factor of the PDMS/Ag_rGO-Parafilm/PDMS sample ( Fig. 5.9 (b)). These
experimental results indicated that the PDMS/Ag_rGO-Parafilm/PDMS sample shows the
highest sensitivity and can be effectively used for strain sensors. From the experimental
results, it is observed that the addition of Ag NPs to the rGO and SWCNTSs contributes to the
dense interconnection between them and hence improves the conductivity in the samples with
AR/Ro, GF, and linearity.

Table 5.2 Performance of the sandwich structured strain sensors by applying 35% strain.

Sensor Conductivity | Relative Gauge Gauge Linearity
(S/m) change in | Factor Factor R?
resistance | GF @ 15% | GF @ 35%
ARIRo strain strain
@35%
strain
PDMS/rGO- 5.7x103 198 5.58 5.7 0.994
Parafilm/PDMS
PDMS/Ag_rGO- 1.5%x102 347 10.89 10 0.989
Parafilm/PDMS
PDMS/SWCNT- 1.4x107? 124 55 35 0.913
Parafilm/PDMS
PDMS/Ag_SWCNT- 2.1x10? 231 6 6.6 0.979
Parafilm /PDMS
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Fig. 5.10 Graphical representation of (a) 4R/Ro and (b) GF of the fabricated sandwich
structure samples.

82




The rGO-based sample has shown better improvement in AR/Ro, GF, and linearity than the
SWCNT-based sample. The contact resistance in the electrical network of the parafilm coated
with rGO flakes and CNTs arises from the contact between the neighboring rGO flakes and
between the tangled CNTs which results in low conductivity and a high value of initial
resistance of the samples (Ro) [27]. The AgNPs in the rGO flakes and between the dense
networks of CNTs significantly lowers the contact resistance in the Ag rGO and
Ag_SWCNT-based samples and hence the initial resistance of the samples (Ro) decreases.
The possible mechanism of variations in relative resistance under the applied strain is
illustrated in Fig. 5.11.

Direction of Direction of
applied strain applied strain
(a) rGO

(c) SWCN-

(d)

Ag SWCNT

Fig. 5.11 Schematic representation of variation in the conductive network of the (a) rGO, (b)
Ag_rGO, (c) SWCNTs, and (d) Ag_SWCNT-based samples under applied strain.

In the absence of strain, the sensitive materials are closely distributed. Due to the planar
structure of rGO, the overlapping areas or the connecting network decreases during the
stretching and hence decreases the conductivity and increases the relative resistance in the
samples. The structure of the rGO is a planner or like sheets that are susceptible to crack
more than the SWCNTs [27]. When the longitudinal strain is applied to the rGO-based
sample (Fig. 5.11 (a)), the cross-link between the rGO is partially lost causing a decrease in
electrical conductivity, and hence resistance increases. The SWCNTs are densely packed
networks inside the samples. Although the cross-link between the SWCNTSs is also partially
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lost by applying strain, still the overall connectivity is maintained due to the 1-D morphology
of SWCNTs as shown in Fig. 5.11 (c). Hence, the SWCNT-Based sample shows a lesser
change in relative resistance under the applied strain than the rGO-based sample. However, in
the case of Ag_rGO and Ag_SWCNT-based samples, the AgNPs enhance the conductivity
by providing a dense conductive network even when strain is applied as illustrated in Fig.
5.11 (b and d). When the conductivity of the Ag_rGO and Ag_SWCNT-based samples are
more and contact resistance is lesser than the rGO and SWCNT-based samples, the relative
resistance changes drastically when the dense connective network of Ag_rGO-based and
Ag_SWCNT-based samples is disrupted by the applied strain. Therefore, Ag_rGO-based and
Ag_SWCNT-based samples show higher relative resistance and GF than the rGO-based and
SWCNT-based samples. The AR/Ro and GF of the Ag-rGO-based sample are much higher
than the Ag-SWCNT-based sample under the applied strain. The AgNPs enhance the
conductivity and lowers the contact resistance in the Ag-rGO-based and Ag-SWCNT-based
samples and maintain a connective network up to some extent even during the application of
strain which is shown in Fig. 5.11 (b,d) [111]. However, the contact resistance in the
Ag_SWCNT-based sample is expected to be higher than the Ag-rGO-based sample due to the
higher conductivity of the SWCNTs than the rGO. Moreover, the distribution of the AgNPs
in between the rGO sheets is more uniform than the distribution in between the tangled
CNTs. Hence, the relative resistance changes drastically for the Ag_rGO-based sandwich
structure during stretching which was more susceptible for crack propagation than the
Ag_SWCNT-based sample. The obtained results explain that the AgNPs added to the rGO
and SWCNTs improve the sensing characteristics of the fabricated sandwich structured
samples. The Ag-rGO-based sandwich structure has shown higher sensing characteristics

than the other samples and can be used as a strain sensor.

The repeatability of the fabricated samples was studied by stretching and relaxing and the
hysteresis loops that are shown in Fig. 5.12 (a-d). In Fig. 5.12 (a-c), non-hysteresis behavior
is observed for the sensing materials based on rGO and SWCNTs. However, hysteresis
behavior is observed for the sensing materials based on Ag_rGO and Ag_SWCNT as shown
in Fig. 5.12 (b) and (d). The hysteresis loop suggests that during relaxation of strain, AgNPs
incorporated into the rGO and SWCNTSs increase the contact between them, and hence the
resistance drops more rapidly and the relative change in resistance decreases in the unloading
cycle. The results suggest that the fabricated samples are showing good sensitivity and

repeatability. Therefore, the fabricated samples are used for detecting various human body
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movements by measuring the relative change in resistance with the movements of body parts

such as the movement of the finger, wrist, and elbow, etc.
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Fig. 5.12 Relative resistance of the (a) PDMS/rGO-Parafilm/PDMS, (b) PDMS/Ag_rGO-
Parafilm/PDMS, (c) PDMS/SWCNT-Parafilm/PDMS, and (d) PDMS/Ag_SWCNT-
Parafilm/PDMS samples under applied strain and relaxation.

5.5 Demonstration of detection of various movements of the human body by using the
fabricated strain sensor

Three different sets of tests were conducted to achieve favorable monitoring of different
movements of the body parts in real-time which includes the movement of the finger, wrist
joint, and elbow joint. Both the ends of the sensors were attached to the joints of the finger,
elbow, and wrist in such a way that the joints remain just below the middle part of the
samples. Then, the strain was applied to the samples by bending the joints of the finger, wrist,
and elbow at an angle (6~90°) as shown in Fig 5.13. As shown in Fig. 5.13, the sensors can
detect small movements which include bending of the hand finger and wrist where the AR/Rg

is small because the motion exerts much lower strain in the sensitive material. Likewise, the
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sensors can detect larger movements such as the moment of the elbow where the relative

change in resistance is higher than the other two deformations because the hand muscles exert

much larger strain in the sensitive material.
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Fig. 5.13 Detection of various movements of the human body by the fabricated sensors: (a)
Response of the sensors to the strain which was applied by the cycle motion of the index
finger (i-iv) and (b) elbow (v-viii) respectively (continued next page).
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Fig. 5.13 Detection of various movements of the human body by the fabricated sensors: (c)
Response of the sensors to the strain which was applied by the cycle motion of the wrist (ix-
xii).

The relative change in resistance due to the slight deformation in the sensing material was
measured concerning the bending of the joints. The measurement was carried out by keeping
a 10-sec interval in the data acquisition system in between bending of the joints and relaxing
to achieve optimum change in resistance. The data points were recorded as per the cycle of
motion for bending of the joints and relaxing. The performance of the sensors to monitor the
repeated motion of the index finger can be seen in Fig. 5.13 (a) and the range of AR/Rq is
from ~30-70. The response of the sensors to the motion of the wrist is shown in Fig. 5.13 (c)
and the relative resistance change is in the range from ~25-60. However, a higher strain is
produced by the bending of the elbow than the former two movements due to the increased
curvature and the AR/Rg is in the range of ~70-200 as shown in Fig. 5.13 (b). Therefore, the
resistive-type sandwich structured strain sensors are capable to detect various motions of the

human body parts ranging from small to large movements.

5.6 Demonstration of stability of the fabricated strain sensor in detecting movements of
the human body for a longer duration

The stability of the strain sensors was also investigated by a long time cycle test where the
strain was applied to the sensors through the motion of the index finger for 10 min duration
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as shown in Fig. 5.14. The data was recorded by keeping a 3-sec interval per movement of

bending and relaxing.
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Fig. 5.14 Graphical representation that shows the stable detection of strain with time by the
sensors at a faster rate (3 sec per movement). The tests were conducted with the cycle motion
of the index finger for a longer duration (10 minutes).
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For short-term monitoring of human motion, all the fabricated sensors have shown good
response to detecting different human movements in real-time as shown in Fig. 5.13.
However, the AR/Rq is more stable for Ag_rGO-based and Ag_SWCNT-based sensors than
the rGO-based and SWCNT-based sensors. Therefore, the sensors fabricated by using
Ag_rGO and Ag_SWCNT nanomaterials have shown better stability for monitoring human
motion in a faster cycle for a longer duration. From the inset Fig. 5.14, it is found that the
response time of all the sensors is less than 5 sec. Therefore, the fabricated strain sensors
successfully demonstrated their ability to effectively monitor human motion in real-time at a
faster rate and have shown potential for fabricating high-sensitive wearable sensors for

human motion detection.
5.7 Conclusions

PDMS-based sandwich structured sensors were fabricated by coating nanomaterials such as
rGO, Ag_rGO, SWCNT, and Ag_SWCNT to the parafilm films by a cost-effective method
and without any material loss. The fabricated sensors have shown excellent response to the
applied strain, good sensitivity, flexibility, and stretchability. The resistive-type strain sensors
have shown excellent performance to detect different movements of various parts of the
human body in real-time such as the cycle of motion of index finger, elbow, and wrist joints
with better response time. The strain sensors fabricated from nanomaterials such as Ag_rGO
and Ag_SWCNT have shown better performance to monitor human motion for the long term.
Therefore, PDMS/Nanomaterials coated parafilm/PDMS-based sandwich structured flexible
strain sensors have the potential to be utilized for applications such as wearable devices for

the recognition of human motion.
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CHAPTER 6

Conclusions
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In the first part of this research work, different nanomaterials were successfully synthesized.
GO was synthesized by the improved Hummers method and GO was chemically reduced by
using hydrazine monohydrate. Similarly, Ag_rGO nanomaterial was also prepared by the
chemical reduction method from GO and AgNPs. The Ag_ SWCNT and Ag_MWCNT
nanomaterials were synthesized by directly mixing the CNTs and AgNPs in an isopropanol
solution. The TEM images of GO and rGO showed that both GO and rGO exhibited flake-
like morphology and a few-layer morphology of rGO was observed. From the XRD analysis,
it was found that GO was reduced which was confirmed from the XRD peak corresponding
to (002) crystallographic plane of rGO. From the FTIR analysis, it was observed that due to
the chemical reduction most of the oxygenated groups of GO were eliminated as they were
absent in the FTIR spectra of rGO. The Ip/lg ratios of rGO and Ag-rGO were higher than the
In/lg ratio of GO. From the morphological study of Ag_rGO nanomaterials, it was observed
that AgNPs were sitting in between rGO flakes forming and the presence of AgNPs in the
Ag_rGO composite was also confirmed from the XRD analysis. The TEM images of CNTs
revealed that the MWCNTSs have some amounts of amorphous phase present in them. The
AgNPs were distributed between the tangled CNTs in the Ag_SWCNT and Ag_ MWCNT
nanomaterials. From the XRD, FTIR, and Raman analysis of Ag SWCNT and Ag_ MWCNT,
it was found that the AgNPs were present with CNTs.

In the second part, flexible PDMS-based polymer composites were fabricated by
incorporating different nanofillers such as GO, AgNPs, rGO, Ag_rGO, Ag_SWCNTs, and
Ag_MWCNT. The SEM images of PDMS composites revealed that the nanofillers were
distributed in the PDMS composite samples but they were agglomerated. The change in
intensity of the XRD, FTIR, and Raman peaks of PDMS composites confirmed that the H-
bonding that formed between the functional groups of the nanomaterials and PDMS polymer
matrix was present. The dielectric spectroscopy was performed for the investigation of the
dielectric constant, dielectric loss, and AC conductivity of the PDMS-based polymer
composites. From the obtained results of dielectric properties, it is seen that the dielectric
constant and dielectric loss increases with the increase of wt% of the nano-fillers in the low-
frequency region. Also, the dielectric properties depend upon types of nanomaterials. Better
dielectric properties were obtained for the PDMS composites fabricated by incorporating the
Ag_rGO and Ag SWCNT nanomaterials. These two samples showed higher dielectric
permittivity than the other PDMS composites and the dielectric loss factor was comparatively

low (less than 1). The possible mechanism for the improvement in dielectric permittivity was
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discussed which is related to the distribution of AgNPs in the rGO layers and in between the
tangled CNT. The AgNPs prevent the rGO from piling up and the electron transfer from the
AgNPs to the rGO and the CNTs improved the dielectric properties in 1 Hz frequency.
However, in 1 kHz frequency, the dielectric constant of Ag_rGO/PDMS composites
decreases due to charge migration. The Ag_SWCNT/PDMS composites exhibited better
properties in 1 kHz frequency than the Ag_rGO/PDMS composites. The optimized value of
dielectric properties is found for PDMS composites fabricated by incorporating 1 wt%
Ag rGO (€ = 108, Tand = 0.95) and Ag SWCNT (€ = 85, Tand = 0.15) nanofillers. From
the DC measurements, AC conductivity, and specific resistance results, it was found that the
resistances of the PDMS nanocomposites were very high. The specific resistances of
Ag_rGO/PDMS and Ag_SWCNT/PDMS composites at 1 kHz frequency were ~5.24x10°
Qcm and 1.87x10% Qcm respectively. The dielectric properties of the PDMS-based
composites can be improved by increasing the wt% of the nanofillers. It is also possible to
improve the distribution of AgNPs in between the rGO layers by adding more amount of
well-dispersed AgNPs during chemical reduction of GO to synthesize Ag_rGO nanomaterials
which may improve the electrical and dielectric properties of Ag_rGO/PDMS composites.
However, the process requires a large number of nanomaterials, and the flexibility of the
PDMS composites will be compromised with a higher wt% of nanofillers. Besides, further
study and methods need to be investigated to control the agglomeration of the nanomaterials
in the polymer matrix which may improve the dielectric properties. Although the PDMS-
based composites are not electrically conductive, the present work gives an idea about the
fabrication of PDMS-based composites by a cost-effective method and tuning the dielectric
properties of the PDMS composites with low wt% of nanofiller material which can be useful
for dielectric-based sensors, capacitors, and energy storage-based applications. The
capacitance-based measurements of sensing properties of the materials were not performed

due to the unavailability of instruments.

Finally, a novel approach was adopted to fabricate PDMS/nanomaterials coated
Parafilm/PDMS-based flexible sandwich structure where different nanomaterials were coated
to a laboratory parafilm. After coating the nanomaterials, the wax-like surface of the parafilm
provided good adhesion, and the nanomaterials embedded into the film during the heating
and cooling cycle forming an electrically conductive network. Therefore, the parafilm coated
with nanomaterial acted as the sensing part and the PDMS substrates provided flexibility to

the sandwich structure during the application of strain. Different conductive nanomaterials

92



such as rGO, Ag_rGO, SWCNT, and Ag_SWCNT were coated to the laboratory parafilm to

form an electrically conductive network of nanomaterials.

Table 6.1: Comparison of sensing properties of PDMS/Nanomaterials-coated-
Parafilm/PDMS-based flexible and wearable sensors with the recently published results.
Sensor System Content of | Stretchability | Sensitivity | Linearity Application References
conductive % (GF)
material
GNPs/PDMS 0.35 mg/ml 50 1.55 NA Detection [98]
various human
motions
GNPs/PDMS 40 wt% 25 62.5 NA Detection of [99]
motion of the
index finger
and wrist
pulse
MWCNTs/PDMS 15 mg 40 7.22 NA Movements of [107]
the human
body including
bending of the
wrist, elbow,
and knee
CB-MWCNT/PDMS 2 Wt% 130 61.82 NA Detection of [108]
human motion
and
physiological
activities
CNTs/PDMS 8 wt% 40 1.21 0.992 Human motion [109]
detection
Ag NPs/PDMS 0.0185 M 70 25.7 0.982 [110]
Ag NPs/PDMS 150 wt% 50 939 Real time [112]
monitoring of
human body
dynamics
PDMS/rGO/PDMS 10 mg/ml 35 5.7 0.994 Detection of This work
movements of
the index
finger, wrist,
and elbow
joints
PDMS/Ag_rGO/PD 10 mg/ml 35 10 0.989 -do- This work
MS
PDMS/SWCNT/PD 10 mg/ml 35 3.5 0.913 -do- This work
MS
PDMS/Ag_SWCNT/ | 10 mg/mi 35 6.6 0.979 -do- This work
PDMS
The fabricated PDMS/rGO-Parafilm/PDMS, PDMS/Ag_rGO-Parafilm/PDMS,

PDMS/SWCNT-Parafilm/PDMS,

and

PDMS/Ag_SWCNT-Parafilm/PDMS

flexible

sandwich structures exhibited an excellent response to the applied strain up to 35% and good

sensitivity (GF =10), linearity, and repeatability owing to their flexibility and electrical
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conductivity which is given in table 6.1. The strain sensors fabricated from nanomaterials
such as Ag rGO and Ag_SWCNT have shown better electrical conductivity, relative
resistance with applied strain, better sensitivity and performance than the other fabricated
sensors. The strain sensors exhibited excellent ability to detect different movements of the
human body such as the cycle of motion of index finger, elbow, and wrist joints. The novelty
of this work is that we adopted a very simple and low-cost method to fabricate wearable
strain sensors based on the sandwich structure of PDMS/Nanomaterials coated
Parafilm/PDMS by using laboratory parafilm which has not been reported so far and we
achieved a balanced performance between sensitivity and stretchability, and good strain
response in comparison to the reported works. The performance of the sandwich structures

can be improved in the future by adopting the following methods

a. Coating the parafilm multiple time (10-15 times) with the nanomaterial which may
increase the conductivity,

b. By applying PDMS film coating during the heating of the parafilm to the adhesion of
the layers.

c. Optimizing the thickness of the PDMS layers.

Therefore, the PDMS and parafilm-based flexible strain sensors have the potential to be
utilized for strain sensing applications for example wearable devices for the detection of

human motion.
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