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Abstract

ABSTRACT

Wearable strain sensors have wide applications in rehabilitation, detection of human
posture and gesture, and personal protection in sports and workplaces. They should be
flexible, soft and able to measure large strain with good fatigue resistance. Conventional
strain gauges like metallic foil are accurate, but they are too rigid to be wearable and the
working range is limited to only several percent, which cannot satisfy the requirement of
repeated large strain measurement in smart textiles. Carbon nanoparticle (CNP) filled
elastomer composites (CNPECs) are of great interest due to their flexibility and sensing
behavior at large deformation. On the other hand, knitted fabrics made from elastic fibers
have good repeatability under cyclic extension without fracture at large deformation.
Hence, the objective of this thesis is to investigate the fabric strain sensors integrated with

CNPEC: for repeated large deformation.

Conductive CNPECs were fabricated and studied. High porous but low structured CNPs
and room temperature vulcanized (RTV) silicone elastomer (SE) as well as silicone oil
(SO) were selected as materials for the conductive composites based on a literature
review. The mechanical and electrical properties of the composites were studied. The
results show that the introduction of SO decreases modulus of the composites to less than
1 MPa without affecting their deformability. After volatilization of the excessive SO with
a heat treatment, the composites showed good stability, which was confirmed by thermal
gravimetric analysis. The electrical resistivity of the composites was dependent on CNP
concentration. With the increase of CNP concentration, percolation appeared. The ranges
of insulating, percolation and post-percolation were divided at the CNP concentration of

0.5 wt% and 2.5 wt%, respectively. The conductivity of the composites was explained by
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Abstract

an equivalent circuit consisting of resistors and capacitors. I-V curves and impedance
spectra confirmed the domination of electron hopping conductive mechanism of the
composites with CNP loading in the percolation range, where the strain sensitivity of the
composite was high, but the workable strain range is narrow and electromechanical
behavior is obvious nonlinear with a large capacitive effect. They limited strain sensing
applications in smart textiles where a large strain range is essential. In the
post-percolation range, the sensitivity of the composites decreases. However, the
workable strain sensing range increased and linearity improved simultaneously without
increasing the modulus of the composite. The composite with 9 wt% CNPs could be
extended up to 100% strain with good repeatability in strain measurement up to 50%. The
composite also showed marginal strain rate dependence from 0.0017-0.17 /s and small
humidity effect of 0.63%. The temperature had a significant effect on the strain sensitivity
of the CNPECs. In addition, the fatigue resistance of the CNPECs was not sufficient for

repeated applications in smart textiles.

Electrically conductive fabrics were fabricated by coating CNPECs on knitted fabrics via
screen printing process. The influences of processing parameters, such as printing times,
CNP concentrations, on the variation of electrical resistance were systematically studied.
The electromechanical behavior of the conductive fabrics was studied for both DC and
AC conditions. When subject to direct current, the conductive fabrics possessed linear [-V
curves when the applied voltage is in the range of -1 V/mm and 1 V/mm, the slope varied
with the strain applied from 0 to 60%. The impedance spectra of the CNPEC coated
fabrics demonstrated that the CNPEC fabric with higher CNP concentration was less
dependent on frequency. The capacitive behavior could be neglected up to 10° Hz even

with strain of 60% for the sample of 9.0CNP. Compared to the CNPECs, the strain
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sensitivity of the conductive fabric increased by about 100%. A mechanical pretreatment
has been examined, and the results showed that the pretreatment increased significantly
the strain sensing stability of the conductive fabric. The resistance change of the
conductive fabric was found to be dependent on strain rate in the range of 0.02-4 /s. The
effects of temperature and humidity were also studied experimentally at constant
temperatures and relative humidity. The electrical resistance had a variation of 5% when
temperature changed from 0 to 60 °C. The resistance varied only approximate 2% when

the relative humidity changed from 20 to 90%.

The strain distribution of knitted fabric under uniaxial tensile strain was analyzed using
digital image correlation analysis (DIC) method, which demonstrated gradient
distribution with the highest strain between two neighboring stitches and the lowest at the
center of yarn. After coated on the knitted fabrics, the CNPECs also show gradient
distribution under extension due to the good adhesion between composites and fabrics.
The combination of nonlinear resistance-strain behavior of the CNPECs and non-even
distribution of strain of the coated fabrics was attributed to the higher strain sensitivity of

the coated fabrics compared to that of CNPECs.

Extended on the studies of CNPECs and the coated conductive fabrics, a fabric strain
sensor was designed and fabricated. The performance of the fabric strain sensor was
evaluated experimentally. The Young’s modulus of the packaged fabric strain sensor was
less than 1 MPa; the strain gauge factor was 4.76 within the strain range of 0-40% and the
hysteresis was 5.5%; the resistance relaxation was 5.56% with a constant strain of 40%;

the fatigue life of the sensor was more than 100,000 cycles.
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CHAPTER 1

INTRODUCTION

1.1 Background

In recent years, considerable developments have been made in smart textiles due to the
advances of textile materials, structures and the combination of them with other
technologies (such as biotechnology, information technology, microelectronics,
computing science, nanotechnology and micro-electromechanical machines). Smart
textiles is defined as the textile materials and structures that can sense and react to
environmental conditions or stimuli, such as those from mechanical, thermal, chemical,
electrical, magnetic or other sources [1]. Three components may be present in smart
textiles: sensors, actuators and controlling units, in which sensors play a role as nerve
system to detect signals; actuators act upon the detected electrical signals either directly
or from a central control unit, and convert them into physical phenomena; controlling
units work like the brain with cognition, reasoning and activating capacities. On the initial
stage of studying, smart textiles were fabricated for wearing by attaching existing
electronic components on clothing using conventional technology [2]. However, the
shape of textiles can be changed for a large extent when force is exerted, whereas most of
the existing electronic components are rigid. When integrated together, the original
physical properties of textile materials will be affected, resulting stress concentration at
the boundary of soft and solid materials. So the development of flexible and soft
electronic elements is necessary, in which the sensing devices especially strain sensors

are more essential for the important status in smart textiles and their wide application
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potential.

A sensor is a device that receives a stimulus and responds with an electrical signal [3, 4].
The strain sensors not only can be used to measure the numerical value changes of
deformation or displacement but also can be transferred to pressure sensors or on/off
switches just with a simple structure changes. Various strain sensors have been developed
and commercially used in different fields based on metal alloys with good accuracy.
However, they cannot fulfill the requirements of the accurate wearable sensing
applications such as posture or gesture simulation and detection [5-7] and online
respiration monitoring, etc., where measurement of cyclic movement and relatively large
deformation of human body is needed. There are additional requirements of strain sensors
in smart textiles besides the basic ones (i.e., suitable sensitivity, low hysteresis, high
accuracy, quick responding time, predictable temperature and humidity effect, long-term
environmental and chemical stability, insignificant or predictable strain rate effect, etc.),

which are listed:

® [ow Young’s modulus that compatible to human skin and textile materials (lower
than 1 MPa)

® Large working range of more than 20%

® Good electromechanical repeatability under cyclic measurement and fatigue
resistance more than 100,000 cycles

® Reliable connection with substrate textile materials and outside data acquisition

circuit

Based on the conversion phenomena of inductance [8], capacitance [9], optical [10] and
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resistance [11], attempts have been made to use flexible or soft materials as sensing unit.
However, up to date, most of them are still restricted in research labs due to the
limitations of price, reliability and performances. In order to develop a strain sensor with
low price and satisfy performances, the sensing materials, sensor structures, treatment

methods and sensing mechanisms need to be systematically studied.

1.2 Objectives

Flexible and soft strain sensors are promising sensing elements in smart textiles and
numerous prototypes have been fabricated in recent years. However, there are still many
challenges for commercial ones that can fulfill the requirements of weariable applications.
The objective of the present study is to develop flexible and soft strain sensors that can
meet the requirements of wearable applications with characteristics of low modulus, large
strain measuring range, good fatigue life, suitable sensitivity and good reliability using
optimized fabrication process and treatment parameters. The thesis presents a
comprehensive study of the carbon nano-particle/silicone elastomers /silicone oil

(CNP/SE/SO) composites based fabric strain sensors with the following objectives:

1. To select suitable sensing materials, fabrication methods and treatment parameters,
fabricating conductive CNP/SE/SO composites by considering the performances for

wearable sensing application.

2. To study the electrical, mechanical, and thermal properties of the conductive
composites and to examine the factors that influences the sensing performance of the

composites.
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3. To design and develop the conductive fabric based on CNP/SE/SO composites and
knitted fabric, and investigate the processing parameters which affect the

performance of the conductive fabric.

4. To characterize the conductive fabric for wearable applications.

5. To design and fabric flexible and soft strain sensors, evaluate the performance,
investigate the sensing mechanism and to develop an applicable model to forecast the

sensing behavior of the sensor.

1.3 Methodology

The research methodology adopted in this study includes the following details:

1. Fabrication and characterization of CNP/SE/SO composites

In this project, solution aided mixing method is adopted to fabricate CNP/SE/SO
composites. The vulcanized conductive composites is characterized with field emission
scanning electron microscope (FESEM), thermo-gravimetric analysis instruments (TGA),
etc. The resistance of the composites is measured with digital multi-meter using 2-wire
method and insulation resistance measurement instrument. Extension and force is
recorded by Universal Material Tester (Instron 5566). I-V and impedance analysis are
characterized by photomultiplier detection system and electrochemical interface
combined with frequency response analyzer, respectively. The effect of temperature and
humidity is controlled in an environmental chamber (Votsch T/C 600) and electrical

resistance is recorded by multi-meter. The conductive mechanism of composites is
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studied based on an equivalent circuit consisting of resistors and capacitors.

2. Fabrication and characterization of conductive fabrics

The conductive composites are coated on knitted fabric using screen printing method.
Parameters affecting the sensing performances of the conductive fabric are explored by
considering the composites and fabric characteristics. The resistance of the conductive
fabric is measured with E-fabric Tester, which was developed in our laboratory with
reference to ASTM D4496-04. Other performances of the conductive fabric are evaluated

using the same methods as for conductive composites.

3. Design, fabrication and characterization of flexible strain sensors

The conductive fabric is connected with silver coated yarns using stitching and coating
method. The non-sensing part of the sensor is combined with woven fabric using
thermoplastic polyurethane film. The sensor is packaged with silicone rubber. The
electromechanical properties of the sensors at room temperature are measured with
Instron combined with digital multi-meter. The resistance under various temperature and

humidity are controlled by climate chamber.

4. Sensing mechanism of fabric strain sensor

The deformation behavior of knitted fabric and conductive fabric with speckle is recorded
by optical microscope, and the tensile strain is analyzed using digital image correlation
method. The sensing mechanism of the fabric strain sensor is studied combing the strain

field of knitted fabric and the nonlinear sensing behavior of CNP/SE/SO composites.
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1.4 Project Significance

Despite the blooming of smart textiles in recent years, there are fewer reliable devices
that can be used for sensing, actuating and controlling in wearable applications. The work
is a great effort to develop a market acceptable sensing devices that can be used in smart
textiles. The study on the flexible CNP/SE/SO based fabric strain sensor for repeated
large strain measurement represents a great challenge and significant contribution to the
advancement of our knowledge on sensor technology as well as textile industry. It is
expected that this project will inspire the developments of flexible and soft devices,
accelerate the cross-fertilization of the different disciplines like textiles, electronic and
measuring. Study on conducting and sensing mechanism of conductive composite and
fabric strain sensor will support deeply performance improvement of the sensor. The
combination of strain sensor technology with textile industry will bring out more highly
value-added products, which will benefit the textile, apparel and other industry

world-wide.

1.5 Structure of the Thesis

The thesis comprises of six chapters, its structure is outline in Figure 1.1.
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Introduction

Literature review Chapter 2
~
Fabrication and characterization chantar 3
of CNP/SE/SO composites AR
Fabrication and characterization \k}h
of conductive fabric Chapter 4
N
Sensor performances and Chapters
sensing mechanism P
L
Conclusions and future work Chapter 6 |

Figure 1.1 Structure of the thesis

Chapter 1 briefly introduces the background information of the smart textiles and the
necessary of flexible strain sensors. The statement of problems existed in them put forth
the objective of developing strain sensors with good sensing performances and low
modulus, high working range, high fatigue resistance in repeated large deformation and
reliable connection with substrate and circuit. Finally, research methodology adopted in

the thesis is summarized.

Chapter 2 provides a comprehensive literature review regarding to the materials,
fabrication methods, structures and performances of different kinds of flexible strain
sensors. The proposed materials and fabrication methods for the novel fabric strain

sensors with elevated performances are also included in this part.

Chapter 3 presents the detailed investigation of CNP/SE/SO composites. The electrical,
mechanical and thermal properties of them are studied and optimized by considering the

sensing behavior for wearing applications. The conductive mechanism of the conductive

7
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composites is also discussed based on an equivalent circuit consisting of resistors and

capacitors.

On the basis of the results obtained from chapter 3, conductive fabrics by coating
three-phase CNP/SE/SO composites on knitted fabrics are described in chapter 4. The
investigation on the compositions of conductive composite, sensor structures, processing

methods is conducted with respect to their performances.

Chapter 5 designs and evaluates the performances of the packaged strain sensors. The
mechanism that contributes to the strain sensing behavior of fabric strain sensor is
examined based on the deformation behavior of knitted fabric and the non-linear sensing

behavior of conductive composites.

Finally, this thesis is closed with a summarization of the main findings of the study in

Chapter 6. Some suggestions on possible future work are also discussed.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

As mentioned in the previous chapter, the strain sensors that can be used in smart textiles
are essentially necessary and reserve many researchers’ attention. To compatible with the
soft objectives and achieved the accurate data, the strain sensors should have additional
characteristics of low modulus (lower than 1 MPa), high strain working range (beyond
20%) and high fatigue resistance (higher than 100,000 times) as well as reliable

integration with substrate materials and circuit besides good sensing performances.

In this chapter, the flexible and soft strain sensors are systematically reviewed and
evaluated according to different sensing mechanism. The group of sensors in which the
desired performances are available to achieve is highlighted and reviewed in detail by

considering the materials, structures, fabrication methods and performances.
2.2 Inductive Flexible Strain Sensors

The sensing mechanism of inductive strain sensors is based on the variation of mutual
inductance resulted from the dimensional change of paired inductive coils. The coils can
be fabricated by arranging the electro-conductive fibers (polymeric and metallic) with
different conductivity levels in helical paths by flat bed-knitting technology [1], as shown
in Figure 2.1. This kind of sensors (transducers) is flexible and soft due to the knitted

structure adopted and be able to measure large displacement even angular displacement

10
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approximately. However, the accuracy and reliability of the sensor at repeated
measurement is not good, the applications are limited due to the circular configuration of

the sensor.

Figure 2.1 Inductive coil for linear displacement measurement [1]

2.3 Capacitive Flexible Strain Sensors

Through capacitive changing, flexible strain sensor was designed by inserting dielectric
material into a couple of electrodes to form an electrical condenser [2], as shown in
Figure 2.2, the rubber and steel wires were used as dielectric material and electrodes,
respectively. The tensile strain is determined by the capacitance change of the electrical
condenser, resulting from spacing change between the steel wires. The benefit of the
capacitive strain sensor lies in that they can be made to small sizes to form sensing matrix.
However, to measure the strain of objectives, i.e., changes in capacitance, a complicated
oscillating circuit should be designed to measure oscillating frequency. Furthermore, the
maximum strain that can be measured by this kind of sensor is still less than one percent,
which cannot meet the requirement of wearable applications with strain range more than

20%.

11
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Figure 2.2 Electrical condenser based on steel wire and rubber for strain measurement [2]

2.4 Polymer Optical Fiber Strain Sensors

Polymer optical fiber sensors using Bragg grating, intensity and interferometric principles
are usually employed for internal strain measurement due to their high accuracy, stability,
lightweight and small size, which are suitable to embed in small sized structures to
measure the strain and/or strain distributions. The most significant advantages of the
sensors are that they are immune to the influence of electromagnetic interference whereas
other electrical based sensors will be invalid [3-10], while the disadvantages of the
sensors are that they cover not only the complex measuring procedure and expensive
accessorial equipment, but also relatively smaller strain measuring range and higher

rigidity [11].

2.5 Resistive Flexible Strain Sensors

Measure the change in resistance value caused by deformation is a main stream to
fabricate strain sensors with good sensing performances. The strain gauges can further be

used as pressure sensors due to the resistance change can further relate to applied force

12
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that contributed to the deformation. The resistive effect can be demonstrated by the
sensitivity of the strain sensor, which can be represented by gauge factor (GF), which is

defined as the fraction of the electrical resistance increment, AR/R;, per unit strain, that

18,

_AR/R,

&

GF 2-1)

where R, is initial resistance of the strain gauge, ARis the resistance change due to

deformation, ¢ is the applied strain. The materials and characteristics of some traditional
resistive strain gauges are shown in Table 2.1.

Table 2.1 Characteristics of Some Resistive Strain Gauges

Gauge factor Temperature coefficient of resistance

Material
(GF) °C'x10°)
57%Cu-43%Ni 2.0 10.8
Platinum alloys 4.0-6.0 2,160
Silicon -100 to +150 90,000

Source: Ref [12].

Although advantages of relatively low resistance, high sensitivity and stable response are
usually demonstrated by the traditional strain gauges made of metal foils, the rigidity and
lower elongation ratio (in the range of 0.1% - 0.5%) are the most significant factors

hindering their integrate applications in the field of smart textiles.

To facilitate resistive type strain sensor with performances suitable for wearable
application, one route is to endow inelastic electrical conductive fibers/yarns or inherent
conductive polymers with elastic structures through knitting, coating or pasting method,

the sensing behavior is mainly contributed to the change of contact resistance. The other

13
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route is to use elastic piezo-resistive composites prepared by filling conductive particles

into an elastic matrix.

2.5.1 Intrinsically Conductive Polymer/Filament/Yarn Based Flexible Strain Sensor

In the past few years, intrinsically conductive polymers (ICP) such as polypyrrole (PPy),
polyaniline (PANI), polythiophenes (PTs) etc. have been extensively studied in many
applications like chemical and biosensors, actuators, photovoltaics, rechargeable batteries,
separation films, etc. The good conductivity of them can be ascribed to the polymer
chains containing long conjugated double bonds [13]. Among the reported ICPs, PPy
received more attention as potential sensor materials due to its easy fabrication, high
conductivity and non-toxicity [14]. However, the brittleness and small inherent elasticity
of the material limited its direct applications in wearable strain sensors with flexibility

and large deformation.

Since the flexibility and easy deformability of textile materials in all directions, especially
their capability of support large deformations like tensile, shear, bending, and
compression without deteriorating their initial physical properties, they can be made into
conductive fibers or fabrics with high conductivity by coating PPy on its surface with the
methods of electro-chemical polymerization, in situ polymerization or chemical
deposition, etc. [15-23]. Based on these studies, the strain sensing behavior of PPy coated
Lycra fabric was investigated by De Rossi etc. [24] in 1997 for sensorized fabric glove
and sock. The electrical resistance of the fabric decreased about 20% with tensile strain of
1%, which corresponding to a gauge factor of about -13.25, as strains beyond 1%, the
resistance change saturates and no further sensing behavior can be observed. Under cyclic

measurement, the conductive fabric showed relatively good repeatability. However, the

14
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obvious temperature sensitivity (resistance decreased about 60% when temperature
increased from 20 °C to 60 °C), and the low working range limited their real wearing

applications.

The strain sensing element fabricated by coating PPy onto textile materials has good
potential for measuring and controlling of human movements and activities and have been
studied by many researchers [14, 21, 25-29]. Oh et al. [30] and Kim et al. [31] reported
that the electrical resistance increased monotonically with elongation up to 50% with a
gauge factor of about 0.5 and 3 for PPy coated elastic Nylon/Spandex and polyester
(PET)/Spandex fabric, respectively. The gauge factor was increased to 12 and 13 reported
in [32] and [33] respectively. However, their strain measuring range is limited to 1%. By
using screen printing method with chemical vapor deposition under low temperature, the
gauge factor of the PPy coated knitted fabric was significantly increased to 210 at
maximum strain of 50% [34]. The working range further increased to 70% with solution
phase chemical polymerization method [35], which demonstrating the feasibility of PPy

coated fabrics as flexible strain sensors for large strain measurement.

Besides textile materials, rubbers were also been studied as supporting substrates of PPy
[36] to fabricate strain sensors in assisting the air muscle control. Butyl rubber was
selected as substrate for the similarity in the mechanical behavior compared to air muscle
while the PPy coating layer denote the rubber with sensing ability. The gauge factor of

the sensor achieved is about 0.65 at strain range of 10%.

For the huge difference in elasticity between the conductive PPy and textiles/rubbers,

there must be some micro-cracks appeared in the conductive PPy layer if the tensile strain
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beyond a limit, resulting to the unsynchronized deforming ability of PPy coated sensors at
the first and successive extensions. The unsynchronized electromechanical behavior can
be stabilized by pre-treating the sensor with a strain beyond its working range [34]. The
opening/closing of the cracks at loading/unloading cycles contributed to the high strain
sensitivity of PPy coated sensors and was deemed as the sensing mechanism [36, 37],
which have been demonstrated by the SEM morphology in Figure 2.3. After the
pretreatment, the sensors exhibit high sensitivity and large working range. Unfortunately,
the environmental stability of PPy is poor, which is a major problem that hinders the
industrial application of this kind of sensors. Considerable efforts have been made to
increase the stability of PPy based strain sensors by chemicals aided process or make it
denser to avoid attack of oxygen [29, 38, 39]. However, the efforts of stabilization
treatment are partially counteracted by the cracks on the coating layer arising from

pretreatment of the sensor.

=03

Figure 2.3 SEM microphotographs of PPy-coated polyurethane (PU) fibers at different

strain levels. [37]
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Besides PPy, PANI is also a good inherently conductive polymer. The potential
applications of PANI based strain sensors were also studied by coated on PET yarns
through absorption of yarns in PANI solution [40], the similar unsolved problems exist as

those for PPy, which limited their industrial applications.

In 1999, Philips Research Laboratories developed a jacket incorporated with flexible
strain sensors for measuring upper limb and body movement at the joint positions [41].
The sensor was fabricated by knitting conductive carbon fibers into fabric using plating
structure. The electrical resistance of the sensor changed under extension and the
electrical signal can be transmitted from the sensor to measuring devices by knitted track
tape containing conductive wires (Figure 2.4). Gibbs et al. [42] designed and fabricated a
wearable strain sensing device for continuous monitoring of joint movements (Figure 2.5).
The strain sensing device is actually a textile based potential divider that using inelastic
conductive fiber as sliding track and elastic cord as deformation undertaker. The
corresponding resistance change under deformation can be measured by a coupled

resistance measuring device.

Knitted
stretch
sensor

Knitted
conductive
tracking

i ] iy o '.‘
(a) (b)
Figure 2.4 (a) Strain sensor based on carbon fiber knitted fabric and knitted conductive

tracking (b) sensing jackets [41, 43, 44]
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Figure 2.5 Schematic of strain sensing device designed by Gibbs et al. [42]

The feasibility of conductive fabric knitted with stainless steel multi-filament yarn [45-47]
and polyacrylonitrile (PAN) oxidized carbon fiber [47, 48] was investigated respectively
for the desired sensing performances, where the contact resistance of the overlapped
conductive yarns due to variation of fabric structure was considered as the reason of
resistance changes of the materials, which was shown in Figure 2.6. The sensitivity of the
strain sensing fabrics achieved is about 5 expressed by gauge factor when maximum
strain was set to 20% for the stainless steel one and gauge factor more than 3.0 with
maximum strain of 30% for the carbon fiber one. Both of them can work at high
temperature and the sensitivity can be adjusted by changing of fabric structures. Due to
the knitted structure adopted, relatively good flexible properties and large strain
measuring ranges were demonstrated. However, The repeatability of them are not good
enough, the weight penalties as well as rigidity of the stainless steel and high crisp
properties of carbon fiber undermined their comfort and stability under long term
application. Furthermore, the introducing of rigid stainless steel or carbon fibers into
textile materials may alter the strain field of textiles significantly [49], which will affect

the accuracy of measured results. The unstable initial status of the sensors due to coarse
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needle gauge and worse reliability also hinders their further industrial applications.

Contacting Points

Figure 2.6 Tubular stainless steel knitted fabric sensor and its simulated circuit [47]

With yarns consisting of elastic fibers and polyester as core, a yarn based flexible strain
sensor was fabricated by wrapping conductive carbon-coated fibers outside [50, 51]. The
sensitivity of the sensor can be adjusted from 3 to 9 with strain range of about 25% when
the conductive yarns and their twist levels changed accordingly. Based on the sensor,
elastic belt, band and even garment can be fabricated for monitoring respiration signal.
The schematic of the sensor and respiration monitoring band is shown in Figure 2.7. The
configuration of the yarn based sensor is 1 dimensional and its size is relatively small,
which is a benefit for the application in smart textiles. The repeatability of the sensor is
also good. The disadvantage of the sensor lies in the worse reliability of conductive
connection, for which the sensor is suit for respiration monitoring, but not for accurate

strain measurement.
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—

Equivalent circuit of the
elastic band

Equivalent circuit of the belt
Figure 2.7 Yarn based sensor, elastic belt and band for respiration monitoring and the

equivalent circuit. [50]

Carbon nanotubes (CNTs) exhibit excellent mechanical, electrical and thermal properties.
Pure CNT fibers or yarns show piezo-resistive property, by aligning and transferring them
onto a polymer substrate [52], a strain sensor with gauge factor of about 11.5 can be
achieved, as shown in Figure 2.8. However, the strain working range of the sensor is less
than 1% for the rigidity of the polymer, furthermore, the safety of the CNT based
materials also should be carefully considered when they were used near human skin, for
the needle like CNT is easy to penetrate into human skin. These disadvantages hindered

the direct application of the sensor in smart textiles [53].

Figure 2.8 CNT based strain gauge and SEM picture after transferred the strain gauge on
20
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a polymer. [52]

To increase the working range of the CNT based sensor, CNT was aligned to a thin layer
perpendicular to the strain axis and then adhered to elastic poly(dimethylsiloxane)
(PDMS) substrate by strong van der Walls forces. The fabrication process is shown in
Figure 2.9. The strain sensor fabricated by this method demonstrating a very high
working range up to 200% due to opening and closing of gaps between CNTs. It also
shows a monotonic resistivity-strain relationship which can be characterized by two linear
regions with gauge factor of 0.82 (0 to ~40% strain) and 0.06 (~60 to 200%) respectively
[54]. The final strain sensor after package showed a better linearity compared the
un-packaged one, good repeatability up to 10,000 cycles in strain range of 150% and low
resistance creep as well as short response time, which can be used for human motion
detection, several prototypes about the application of the sensors in wearable devices and
the achieved signals were shown in Figure 2.10. Though very good performances have
been achieved for the CNT based sensor, the complicated fabrication process for aligning
and transferring the nanotubes and the corresponding high cost limited their wide

industrial application.

Strain sensar

SWOCNT films

SWCNTfilmsand N IPA
stretchable substrate

Sensor under strain

Figure 2.9 Fabrication process of SWCNT strain sensor [54]
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[54]

2.5.2 Conductive elastomeric composites

Most plastics or elastomers are insulating materials, after filled with conductive fillers,
such as CNP, metallic particles, graphite powder (GP), carbon fiber (CF) or carbon
nanotubes (CNTs), etc., the electrical resistivity of the composites decreases. Due to the
electrically conductive behavior of the conductive composites, they have been intensively
investigated for potential applications in electromagnetic interference shielding [55],
electrostatic charge dissipation [56], electric switch [57], self-regulating heaters [58, 59]
and sensors [49, 60-65]. Their perceived advantages include excellent flexibility, low
weight, large deformability, high environmental stability, adjustable conductivity and

Young’s modulus as well as relatively low manufacturing cost.

The concentration of conductive fillers is one of the important parameters affecting
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electrical properties of the conductive composites. When the filler loading is low, the
electrical resistivity of the composites is similar to that of insulating matrix. With the
increase of conductive filler, the electrical resistivity of the conductive composites
decreases and it is significantly decreased by several orders of magnitude when the
concentration of conductive filler is beyond a critical value, i.e. percolation threshold.
With further increase of the filler loading, the changing in electrical resistivity of the

composites is getting moderate.

The obvious change in electrical resistivity of the composites beyond percolation
threshold can be achieved not only by the changing of conductive filler loadings but also
by applied mechanical forces. The corresponding piezo-resistive effect of conductive
elastomeric composites has been studied by many researchers [66-76]. If there is a
definite relationship between electrical resistance and mechanical deformation or pressure,
the composites especially elastomeric ones, can be used as flexible strain sensors to
measure large repeated strain or displacement, which are very important units for

wearable electronics and human-machine interaction devices.

Among the commonly used conductive fillers, metallic materials can supply excellent
conductivity, but the composites implanted with metals impose severe weight penalties as
well as corrosion and degradation under external environments. GP and CF also have
good conductivity and have been studied in conductive composites for sensor applications
[77-79]. However, drawbacks of sliding wear behavior of GP and crisp of CF result worse

repeatability of electromechanical properties under cyclic measurement.

CNTs have very high aspect ratio and when used as conductive filler, a very low loading
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is needed for percolation threshold. The ethylene propylene diene M-class rubber
(EPDM)/CNT composites have been studied to measure the bending and compressive
large beam deflection [80], as shown in Figure 2.11. Filler loading dependable sensitivity
from 5.1 to 1.1 with CNT loading from 10 wt% to 50 wt% were achieved with a relative
good linearity between resistance and strain, but the strain measuring range is only 0.4%.
Employing electro spinning fabrication scheme, the strain sensing performance of
CNT-based piezoelectric fabric strain sensor was studied in structural vibration
experiments [81]. The change in measured voltage across the sensor increased by a
dramatic 35 times, from 2.4 to 84.5 mV for CNT loading of 0.05 wt%. The dominant
mechanism responsible for such performance was found to be the alignment of dipoles in
the piezoelectric material. CNT filled polymethyl methacrylate (PMMA) composites have
also been studied with melt processing or solution casting methods for strain sensing
applications, and the results demonstrated that the strain sensitivity of the conductive
films can be tailored by controlling the loadings of nanotube, degree of nanotube
dispersion and film fabrication process [82], benefit for the development of sensors with
different purposes, but the strain measuring range is less than 1%. The same materials
were used to fabricate flexible strain sensor for respiration rhythm measurement, but the

strain working range achieved is even smaller [83].
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Figure 2.11 CNT/EPDM based sensor [80]

copper lines

10 mm

CNT/epoxy
film

16 mm

Figure 2.12 Photo of CNT/polymer based strain sensor. [84]

As conductive fillers, carbon nanotubes [84] and graphene [85] can be fabricated into
composites for sensing applications with far lower loadings than other conductive fillers
to achieve a very high sensitivity, one example is shown in Figure 2.12. However, the
high price, complex fabricating process, uncertainty of safety effect on humans, small
strain measuring range as well as the difficulty of large scaled industrial production still
limited their further application as flexible, large working range strain sensors in smart

textiles.
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Compared to CNT and graphene, the price of conductive CNP is much lower, and the
zero dimensional structure of CNP after good dispersion make them less constrict on the
deformation of matrix materials in composites compared to one dimensional CNT, which
is benefit for fabricating conductive composites with large deformation and low Young’s
modulus. Furthermore, chemical resistance property as well as low density of CNP
compared to other conductive fillers make it more preferred electrically conductive filler
in composites for flexible strain sensors with large and repeated strain measuring ability

[86].

The electromechanical properties of low structured CNP (Ketjenblack EC) filled SE
composite under axial stretching with single and cyclic loading was studied [72, 87, 88],
the results demonstrated that the relative electrical resistance of the composite increased
with tensile strain, that can be potentially used as flexible strain sensors. Under cyclic
measurement, the composite showed irreversible resistance changes between first and
successive cycles as tensile strain was 40%. However, the irreversible behavior of the
composites can be stabilized with mechanical pre-conditioning at a higher strain beyond
its working range. The composite also showed maximum strain amplitude and strain rate

dependence behavior, which limited their industrial application.

To compare the effect of CNP structure on mechanical and electrical properties of CNP
filled elastomers, CNPs with low and high structures were filled into ethylene-octene (EO)
elastomers, respectively [89]. Under extension, the composite filled with low structured
CNP showed an increase in resistivity with strain in the first loading period. While for the

following measurement, similar behavior that composite exhibited irreversible change in
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both mechanical and electrical properties even with low strains appeared. Different from
the low structure CNP filled composite, the conductive composite consisting of high
structure CNP showed a decrease in electrical resistance at low strains (2—4%), and then
followed by reversible resistance-strain behavior upon cyclic loading to 20% strain. When
the tensile strain was further increased, the decrease in resistivity at low strains (20%) and
the weak increase at intermediate strains (up to about 300%) can be observed for high
structured CNP filled EO composite [69]. The increase in resistance was believed related
to recoverable damage of conductive paths in 100% strain, while the unrecoverable
increase was due to de-percolation of conductive paths at even higher strain. For the
requirement of good repeatability, the composite can be potentially used as strain sensor
in the strain working range between 0- 20% for its high reversibility. The electrical and
mechanical behavior of high structured CNP (HAF N330) filled natural rubber (NR) and
acrylonitrile butadiene rubber (NBR) composites at large strains in tension was also
studied [76], the results showed that the resistance of the composites increased with
tensile strain under moderate extensions for unstrained specimen, but decrease at higher
extension. The increase of resistance followed by tensile strain was ascribed to the
breakdown of the CNP network, while decrease of resistance at higher extension was
attributed to the alignment of the shaped CNP aggregates under large strain. In the
unloading period, the resistivity was significantly higher than that measured in the
unstrained elastomer, which may be caused by destroying of the specimen. When the
composites were pressed, the resistance also increased with compressive strain. Xie et al.
[75] simulated the electrical behavior of CNP filled NR at large strains based upon an
infinite circuit model. Good agreement was achieved between the simulations and the
experimental data of Yamaguchi [76]. The simulated results confirmed the change of

electrical resistivity under strain was contributed to the breakdown of CNP network and
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the alignment of CNP aggregates.

With acetylene black as conductive filler, conductive composites with different types of
insulating  matrix such as  ethylene-vinyl acetate (EVA), NBR and
ethylene-propylenediene rubber (EPDM) were studied [68, 90]. The electrical behavior of
these composites depend on processing parameters like mixing time, rotor speed, mixing
temperature, vulcanization time and other service conditions like pressure and
temperature applied [91]. A very similar percolation behavior was observed for these
composites, the variation of their percolation threshold depended on the polarity and
viscosity of matrix. Both the mechanical and electrical behavior of the composites
synchronously changed with tensile strain, demonstrating the feasibility of them in the

application of flexible strain sensors.

Dependence of CNP loadings on reversible piezo-resistive effects of CNP/polyisoprene
composite was studied by Knite et al. [92]. The resistance showed an increase of about 4
orders of magnitude upon 40% strain for composite at percolation threshold of about 10
wt% CNP loading. Though maximum sensitivity could be achieved at percolation
threshold, the higher resistance is usually out of the measurement range of many ordinary
instruments. The balance between sensitivity and measured resistance was considered for
sensor applications [67], where composites with CNP loading well beyond percolation
threshold was selected and a monotone increase in resistance followed by strain was

achieved.

The flexible and large deforming properties of CNP filled elastomers are good candidates

for strain sensors to measure deformation of textile materials for their low modulus, good
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elastic properties and piezo-resistive behavior, though the sensing behavior of them are
affected by many parameters like CNP structures, elastomer types, CNP concentrations,
fabrication methods, etc.. The composites have been studied by integrated with textile
materials. Rubber solution containing micro disperse phases of carbon on polyester/Lycra
jersey fabric have been studied to measure the respiratory rate of human-being [93].

Based on the results, different fabrication routes were further studied.

Conductive fabrics knitted by cotton/ Lycra threads with carbon loaded rubber on surface
[32] and directly smeared CNP loaded elastomer [33, 94] were fabricated, and the gauge
factor of 2.5 and 2.8 was achieved for them, respectively. The sensor has negligible
capacitive effects up to 100 MHz and diminished long transient time for the latter one;
Prototypes of upper limb kinesthetic garment and sensing glove fabricated using graphite
filled silicone rubber over Lycra fabric as strain sensor were also studied by the same

group as shown in Figure 2.13 [95-97] .

(a) (b)

Figure 2.13 (a) Upper limb kinesthetic garment (ULKG) prototype and (b) sensorized

glove based on carbon loaded elastomer [95, 97].

By comparing the conventional melt mixing method and solvent aided method, high
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structured CNP filled thermoplastic Evoprene 007 (styrene-butadiene-styrene co-polymer)
composites were fabricated using solvent aided method to produce strain sensor with
flexible property, as shown in Figure 2.14 [98]. The CNP loading of 27.6 vol %, which is
much higher than percolation threshold, was selected to achieve a promise performance
between low initial resistance and high sensitivity. Under extension, a nonlinear electrical
resistance vs. strain curve was observed for the sensor, which can be divided into a
nonlinear zone with strain below 15% and linear zone with strain from 15% to 45% with
correlation coefficient R>> 0.99, and gauge factor about 31 and 80 was calculated for the
two ranges, respectively [67, 98]. The exceptionally higher gauge factor of the sensor can
be attributed to combination of geometry change of the sensor and variation of
percolation network of the system. The effect of climate conditions on the sensor
performance was tested and the results showed that with increase of humidity, the
electrical resistance of the sensor significantly increased about 40% when humidity
increased from 15% to 90% under the fixed temperature of 40 °C, while the effect of
temperature is relatively smaller compared to the effect of humidity. Further study
showed that the relative resistance of the sensor increased about 42% at strain of 25%
when strain rate increased from 0.125/min to 12.5/min. The electrical resistivity of the
sensor was also tested under cyclic elongation with maximum strain of 4%, the electrical

resistance is stable at maximum strain but slowly increased at minimum strain [99].
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Electrical connection

Textile sensor

Figure 2.14 Textile strain sensor with electrical connection based on CNP filled

thermoplastic elastomer [67, 98].

Conductive composite consists of 5S0wt% thermoplastic elastomer (TPE) and 50wt% CNP
fabricated by melt mixing method was also studied as strain sensor with fiber shape
configuration to measure large strain up to 80% in textiles, as shown in Figure 2.15 [100].
Study on the performance of the sensor showed that the relative resistance increased
about 11% when strain rate increased from 2.5 /min to 30/min; the sensitivity expressed
by gauge factor was about 20 as resistance relaxed 8.8% in 2 min with maximum strain of
80%; the maximum hysteresis error of £3.5% (7%) and the mean hysteresis error over the
working range of +2.25% (4.5%) showed its potential industrial applications, and a
prototype to measure upper body posters was build with the sensors integrated into

textiles.
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Figure 2.15 CNP filled thermoplastic elastomer composite sensor (a) sensor thread after

extrusion (b) sensor thread attached to the textile with a silicone film. [100]

Conductive elastomeric composites are soft and own good flexibility that compatible with
textile substrates without affecting their original physical properties. They also show large
deformability and piezo-resistivity if the materials, filler loadings, and fabrication
parameters were carefully selected and optimized, which can be made into flexible strain
sensors for smart textiles. Though many researches on flexible strain sensors have been
focused on conductive elastomeric composites materials, the existing problems such as
repeatability in cyclic measurement, fatigue resistance, obvious temperature and humidity
effect, reliability of sensor connection with substrate and data gathering circuit and

unclear conductive and sensing mechanisms etc. reserve further study.

2.6 Comparison of different flexible strain sensors

In the above mentioned flexible strain sensors, the inductive ones, capacitive ones and
polymer optical fibers are difficult to achieve the large deformations beyond 20% with

good repeatability in cyclic measurement simultaneously using the existing materials and
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structures though they can be made flexible, while some of the resistive ones show
potential to obtain these performances. The resistive flexible strain sensors developed by
various research groups have been summarized and tabulated in Table 2.2. In these
flexible strain sensors, there are advantages and disadvantages for all of them. PPy is an
inelastic conductive polymer while knitted fabric has large deformability, when coated
PPy on knitted fabric, the deformability of the formed conductive fabrics is very small.
To achieve a high strain measuring range, the continuous PPy film will be broken, as
described in Figure 2.3, which counteract the efforts in stabilizing the long-term
environmental stability of PPy. High sensitivity and large deformation were obtained for
conductive fabrics knitted by conductive fiber. However, the data achieved is instable and
the accuracy of measurement is not high enough. The strain working range of CNT filled
elastomers are too small to fulfill the requirements of textile applications while sensors
made by adhere CNT to elastomer is too complex and expensive though very good
sensing performances was achieved. CNP filled elastomer seems to have the highest
potential to be used as strain sensors with required performances, but the reliability and
repeatability in cyclic measurement should be improved. In the next part, the materials
and fabrication methods will be reviewed for the flexible strain sensors based on knitted

fabric integrated with CNP filled elastomers.
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2.7 Materials

2.7.1 Carbon Nanoparticle

CNP is widely used reinforcing and conducting filler in rubber and plastic industry. It is
an amorphous form of carbon with a structure similar to disordered graphite as discovered
by X-ray diffraction [113]. Figure 2.16 shows the microstructure models of a typical
crystallite (Figure 2.16a), random orientation of crystallites in one carbon particle (Figure
2.16b) and unit cell of graphite (Figure 2.16¢) based on the X-ray diffraction results,
respectively. Further investigation by dark field transmission electron microscopy (TEM)
showed that hollow shell structure appeared in the oxidized CNP [114]. Diffracted beam
SEM with higher resolution demonstrated that in the center regions of the CNP particle,
either hollowness or lack of ordered graphitic layer segments may be exist while the
orientation near the surface is more ordered [115]. Phase contrast images of CNP
demonstrated that the continuous graphitic layers agreed well with the paracrystalline
structure model, which is shown in Figure 2.17. Natural graphite single crystals behaved
as semi-metal, therefore primary particle of the CNP showed similar properties. CNP was
usually regarded as a promising conductive material for the forming of aggregates and

agglomerations [116].

Aggregates and agglomerations are terminology describing CNP structure. Because CNPs
are easily fused together to form continuous structure, the concept of CNP “structure”
was introduced by Ladd and Wiegand [117] referring to the tendency of the CNP particles
to be linked together in chains or clusters. The structure of CNP can be determined by the

amount of primary particles in an aggregate. Where aggregate is defined as a discrete,
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rigid colloidal entity that is the smallest dispersible unit while the primary particles of
CNP can only be separated from aggregate by fracture. If many aggregates physical fused

together, agglomerations are formed.

ar

(a) [118] (b) [118] (c) [119]

f

Figure 2.16 Models of CNP structure based on X-ray observation and in comparison to

graphite (a) typical crystallite, (b) crystallites orientation and (c) unit cell of graphite.

Figure 2.17 Paracrystalline structure model of CNP [120]

The structure affects not only physical properties, but also electrical properties of CNP.
Since high structured CNP is easily to form agglomerates, their electrical conductivity is
relatively higher than the low structured ones at same loading for the much smaller gaps
between conductive aggregates, [121]. However, to separate them homogeneously, the

energy consumption to overcome the Van der Walls forces between agglomerates is also
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higher.

Generally speaking, particle size and distribution, surface area and porosity are also
import parameters affecting the conductivity of CNPs besides structure [122, 123].
Diameter of CNP is usually measured using electron microscope method, colloidal
technique and tinting strength method etc. [122]. Surface area refers to the amount of
CNP surface available to interact with other spieces, it usually determined by adsorption
of specified molecules on the CNP surface, such as nitrogen (ASTM D 3037),
cetyltrimethyl ammonium bromide (CTAB) (ASTM D 3765) and iodine (ASTM D 1510)
etc., higher adsorption means larger surface area and porosity [122]. Porosity is an import
parameter for CNP characterization no matter in practical and theoretical viewpoint. It
directly affects the surface area of CNP and then the physical and electrical properties in
applications. Because of the aggregate tendency of CNP, the porosity of them can be
divided into two categories, some porosity is open to external that can be accessible to
surface, which lies in CNP particles or CNP surface in an aggregate, and can affect the
result of surface area; others are close to the surface that will not reached by small
molecular gas. The density of CNP is affected by both open and close pores while surface
area is not related to close pores. CNPs with high structure, small diameter, large surface
area, and large porosity are suitable as filler to denote the composite with higher electric
conductivity, some CNPs used in conductive elastomer composites are shown in Table
2.3. Verhelst et al. [124] compared the effect of density and structure of CNP on electrical
properties of conductive composites, and the resistivity-strain curves for three types of
CNP filled elastomers were shown in Figure 2.18, in which the HAF CNP has low
structure and low porosity, Vulcan XC 72 has high structure and low porosity, EC black

has low structure and very high porosity. The results showed that EC black with the
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lowest density (highest porosity) caused by the presence of a large number of
hollow-shells [125] and lower structure can achieve lowest resistivity compared to other

ones with relative lower density and high structure.
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Figure 2.18 Change of resistivity on extension for SBR vulcanizates [124].

In composites, it is difficult to separate CNP particles homogeneously for high structured
ones for the formation of aggregates or agglomerates, while for low structured CNP, it is
much easier. Considering the application of CNP as conductive filler in elastomers for
flexible strain sensors, a monotonous increase or decrease of resistivity with tensile strain
is preferred. The composite filled with low structured CNP can achieve the required
performance for the elimination of structure orientation process. CNP with low structure,
but very high porosity can be good candidate for the sensing conductive composites in

flexible strain sensor applications.
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Table 2.3 Physical Properties of selected CNPs for Electrical Conductivity

Name Diameter Nitrogen surface area DBP absorption Resistivity References
(nm) (m*/g) (cm’/100g) (Ohm-cm)

Vulcan XC-72 29 180 178 - [126, 127]
Conductex 975U 21 242 170 - [128]
Acetylene black 42 70 250 2.6 [90, 129, 130]

BP2000 15 1475 330 - [127]
HAF N330 27 82 102 - [127]
Ketjenblack EC600JD 30 1270 480 - [131]
HGI1P 33 - 586 0.27 [132]
SL20 - 140 - 0.5 [133]

V4 - 220 - - [134]
Monarch 880 - 220 105 - [135]
FEF N550 40 40 - - [136]
Vulcan 7H-N234 20-25 - 125 - [137]
Vulcan 7H-N339 26-30 - 120 - [137]
Sterling SO-N550 40-48 - 121 - [137]
Printex L6 18 250 122 - [67]
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2.7.2 Elastomers

Elastomers, also named rubbers, are insulating materials with elastic properties.
Elastomers are amorphous polymers existing above their glass transition temperature, so
that considerable segmental motion is possible with flexibility and deformable properties,
their molecular structure can be imagined as a 'spaghetti and meatball' structure, with the
meatballs signifying cross-links. The elasticity is derived from the ability of the long
chains to reconfigure them to distribute an applied stress. The covalent cross-linkages
ensure that the elastomer will return to its original configuration when the stress is
removed. As a result of this extreme flexibility, elastomers can reversibly extend from 5
to 700%, depending on the specific material. By hybrid conductive CNP, insulating
properties of elastomer can be transformed to conductive and the resistance decreased
with increase of CNP loading, external conditions such as force and temperature, etc. can

also change the electrical resistance of the CNP filled elastomers.

Various elastomers have been used for preparation of CNP filled composites, including
NR [138, 139], EPDM [140, 141], EVA [142, 143], SBR [144], NR [74, 90, 128, 130,
145-148], EO [69, 89], PDMS [149], Polyisoprene [150], SE [151] and blends of two or
more immiscible elastomers [90, 130, 148]. The performance of elastomers has obvious
influence on the conductive composites from dispersion to performance of end products
[152, 153]. Since the introduction of CNP will significantly increase the viscosity of
mixtures, resulting in difficulty of dispersion and higher Young’s modulus. So elastomer
with lower viscosity is benefit for composites fabrication. The interaction between
elastomers and CNP also affect CNP dispersion. If the interaction between CNP and
elastomer is higher than that between CNP and CNP, the dispersion will get easier.

However, the percolation threshold will correspondingly increase for the good interaction
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between elastomer and CNP that reduced the contact between CNP particles until a

higher CNP concentration was reached.

Considering the application of flexible strain sensor close to human body, the room
vulcanized SE will be preferred elastomer for its good biocompatibility, low viscosity and

low vulcanization temperature along with excellent mechanical properties.

2.7.3 Fabrics

Fabrics are essential element of clothing, they have high surface area, wide range of
mechanical properties, high flexibility, and large-scale deform availability, making them
adequate for substrate of strain gauges to measure the large scale deformation. Fabrics
can be classified into woven fabric, knitted fabric and nonwoven fabric, in which the
mechanical properties of nonwoven fabric are poor. The woven fabric is nearly inelastic
without the use of elastic yarn, and the deformation is smaller than 10% for most woven
fabrics even when elastic yarns are used. Knitted fabric is usually knitted with elastic
yarn/filament and has the most significant elasticity and large deforming ability of more
than 100% for its structure and the elastic yarn/filament adopted, and excellent
mechanical behavior under cyclic loading-unloading cycles. Many researches on smart
textiles have integrated conductive yarn into knitted fabrics as flexible strain sensors [45,
48], or to be substrate by attaching flexible strain sensors on knitted fabrics [100]. These
efforts have greatly enhanced the working range of flexible strain sensors. However,
sensors with better performances can be achieved if the materials, structure of knitted

fabric are well examined, and the fabric was used as part of the flexible strain sensor.

43



Chapter 2

2.8 Fabrication Methods

To fabricate CNP filled elastomers with uniform mechanical and electrical properties, the
CNP particles should be uniformly dispersed into elastomers, and then vulcanized. The
performance of the composite system is obviously affected by mixing and fabrication

methods [154, 155].

Though the processing parameters of CNP filled elastomers have been studied by some
researchers and the composites with better conductivity can be achieved with relatively
lower CNP loadings by uneven dispersion of CNP particles without destroying their
structure was concluded [91]. However, the inhomogeneous mixture will affect the
stability and reproducibility of the composites under cyclic measurement for both

mechanical and electrical properties.

Various dispersion methods (e.g., stirring, extrusion, kneading, etc.) for the distribution of
CNPs in elastomers have been used by considering the categories of polymer matrix and
the processing methods. Sonication technique is a common technique to disperse CNPs in
composites; it can exfoliate agglomerates and disperse CNPs in the matrix effectively by
a pulsed ultrasound. However, this method is only manageable for small batches due to
the extreme reduction of the vibrational energy with increasing distance from the sonic tip.
The use of calendars is the most common technique for the dispersion of micro-scaled
particles in industry (e.g., cosmetics, paints and coatings, rubber, etc.) and also seems to
be an appropriate method for the distribution of nanoparticles like CNP into elastomers.
As schematically shown in Figure 2.19, the shearing forces act on CNP agglomerates at
the interfaces of laminar flow and break them into primary aggregates [156]. According

to the type and viscosity of elastomers, three methods can be used for dispersion.
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Figure 2.19 Schematic of small particles dispersed into elastomer by three-roll mill [157].

2.8.1 Dry Mixing

Dry mixing is usually adopted to mix CNP and low viscosity of gum elastomer blends at
room temperature by using two-roll mill, three-roll mill, internal mixers or extruders [90].
It is one of the most frequently used techniques to disperse CNP into elastomers. During
mixing, the CNP agglomerates at the interface of laminar flow were broken down to
primary aggregates by shear force. The mixing process is very simple; however, it is
difficult to uniformly mix the high porous CNP filled elastomers for sensor application

for the high viscosity of mixtures.

2.8.2 Melt Mixing

For thermoplastic elastomers under solid states, melt mixing can be used for CNP
dispersing. For example, fillers can be added into melted EO elastomer to fabricate
CNP/EO composite [89]. The same method was also used to fabricate nano-particle CNP/
thermoplastic elastomer (TPE) composite[67] [100]. The viscosity of elastomer under

melted status was still not sufficient low to completely wet and disperse high volume
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fraction of CNP, which deteriorate the dispersion effect. Moreover, the energy consumed

under high shear mixing condition is high, which increased the cost of production.

2.8.3 Solution Aided Mixing

Most elastomers exist with morphology of gum before vulcanization and the viscosity of
them increases dramatically with the addition of CNP loading, which deteriorates the
dispersion characteristics of elastomer. By diluting elastomers into organic solvent
(Hexane, toluene, chloroform, and ethylene chloride, etc.) that can be volatilize after
mixing, the dispersing of CNP is getting easier [158]. To disperse CNP fillers into
silicone rubber, hexane was selected as solvent and mechanical stirring along with
ultrasonic vibration was used to aided for better particle dispersion [159] [160], while the
same method but different sequences was adopted to disperse CNP in NBR and SBR [135,
137]. By compare the melt mixing and solution aided mixing method, the latter one was
selected by Cochrane [67] for EVO/CNP composite because this method can disperse
CNP better than melt mixing method due to the lower viscosity of the solution. The long
fabrication time and toxic material used as solvent are the disadvantage of this method,

but by changing solvent and processing parameters, the defaults can be diminished.

After conductive CNP was well dispersed into elastomers, compression-molded [67, 132,
161] or extrusion methods [100] was usually used to fabricate the required composites

according to the requirements of samples.

2.9 Summary

Smart textiles and clothing have great potential to be applied in fields like rehabilitation,
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entertainment, sports, etc. Reliable flexible strain sensors that can be easily embedded
into textiles with performances of low modulus less than 1MPa, large strain measuring
range beyond 20%, good repeatability in cyclic measurement with fatigue life more than
100,000 and good sensing properties are essentially important for market and become the
subject of many researches. Although there are many investigations concerned on the
flexible strain sensors, it is still lack of studies on improving the mentioned properties of
fabric strain sensors that can easily embedded into textile or clothing with low price. So it
is evident that there is a critical need for comprehensive study on the materials, structures,
fabricating parameters, treatment methods and sensing mechanisms towards the
improvement and balance of sensor performances for reliable application in smart

textiles.

The existing methods for developing the required flexible strain sensors have been
reviewed and discussed in this chapter. Among the fabricating methods, the inductive,
capacitive transducer and polymer optical fibers seem to be difficult in achieving the
required performances, especially for the large strain working range and good
repeatability in cyclic measurement as well as good fatigue resistance. In the resistive
flexible strain sensors, the environmental stability of conductive fiber/yarn/fabrics coated
intrinsically conductive polymers are still poor due to the instability of conductive
material even though various methods have been investigate to increase their stability,
while the reliability and accuracy of conductive fabrics knitted by conductive
fiber/filament is not good enough. CNP filled elastomer seems to have the highest
potential to achieve better performances. However, there is no sensor can fully satisfy the
requirements of flexible strain sensor in smart textiles, especially the high fatigue

resistance and repeatability in cyclic measurement, the accuracy, temperature and
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humidity effect and reliability in connection with substrate and measuring circuit also

need further improvement.

Based on the above consideration, CNP filled elastomers with low modulus and better
electromechanical properties will be studied and optimized as conductive and sensing
element of flexible strain sensor. Knitted fabric with good mechanical properties will be
selected and integrated with conductive CNP filled elastomer as supporting element for
the good fatigue resistance and elasticity. The materials, fabrication methods, structures
and treatment methods of the sensor will be studied and optimized to achieve a flexible
strain sensor with low modulus, large working range, good fatigue resistance and sensing
performances. Based on the study, the sensing mechanism of the sensor will also be

studied.
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CHAPTER 3

FABRICATION AND

CHARACTERIZATION OF CNP/SE/SO

COMPOISTES

3.1 Introduction

Elastomers filled with electrically conductive fillers show piezo-resistivity and are
promising candidates for flexible strain sensors [1, 2]. The matrix materials studied
including synthetic and natural rubbers [3-5], thermoplastic elastomers [6, 7] and silicone
elastomers (SE) [8-11], where high temperature and pressure are employed to vulcanizing
them [10, 12], which significantly limits their applications in textiles that are easily
damaged under such high temperature [13]. Room temperature vulcanized (RTV) SE that
has low viscosity, low vulcanizing temperature and pressure, along with good
biocompatibility, excellent mechanical properties and thermal/chemical resistance, is a

promising matrix material for flexible conductive composites for smart textiles.

Among the three major groups of conductive fillers, i.e., metallic fillers, carbonaceous
fillers, and intrinsically conductive polymers, the second group is more attractive because
of their low density, high environmental stability and good chemical stability. Conductive

composites with graphite powders and carbon fibers have been studied for strain sensing
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applications [14, 15]. However, a higher filler loading was required, and sliding wear
behavior of graphite and brittleness of carbon fiber composites resulted in poor
repeatability in electromechanical responses under cyclic mechanical tests. Though
carbon nanotube [16] and graphene [17] composites can be applied in strain sensing
applications with a low concentration, the high price, uncertain safety effect on humans,
as well as the availability of large scale industrial production hinder their usage as

compared to low priced conductive CNP.

In order to achieve good conductivity, a high concentration of CNP has to be used. Great
challenge occurs in mixing high concentrations of CNP with SE in the post-percolation
threshold region, since the viscosity of the mixtures increases drastically with increasing
of CNP concentrations. One possible way to solve the problem is to add some organic
solvents like hexane to reduce their viscosity. However, the Young’s modulus of resultant
composites increases significantly [11], leading to the undesirable high rigidity.
Conductive composites with CNP loadings in percolation range have a high sensitivity.
However, the significant resistance changes of several orders of magnitude in small strain

ranges make them difficult to be measured.

In the present work, high porous but low structured CNP nano-particles filled SE
composites were fabricated with dimethyl silicone oil (SO) as a diluting agent and
plasticizer. Electrical, mechanical and thermal properties of the composites are studied
experimentally. The performances of the conductive composites were identified with

consideration of their potential applications as flexible strain sensors.
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3.2 Experimental

3.2.1 Materials

Low structure but high porous (more than 80%) CNP nano-particles (Carbon®
ECP600JD, Akzo Nobel, diameter of about 30 nm) were heated at 80 °C for 24 hours to
remove the moisture for further uses as conductive fillers. The surface area of the CNP
particles is ca. 440-510 ml/100g expressed by dibutylphthalate (DBP) absorbing value.
SE (ELASTOSIL®LR6200 A and B, Wacker Chemie AG, Germany) was used as
received. Nontoxic dimethyl SO with kinetic viscosity of 5.0 mm?/s at 25 °C (Che
Scientific Co., Hong Kong) was used as solvent to reduce the viscosity of the mixture
paste and plasticizer to reduce the modulus of the composites. Figure 3.1 and Figure 3.2
show the vulcanization reaction of SE and the molecular structure of SO, respectively.
Silver coated nylon yarn (70D/24F/2, Xiamen Unibest Import and Export Co., Ltd.) was
used as conductive connecting wire between conductive composite and measuring

equipment.
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Figure 3.1 Formation process of SE
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Figure 3.2 Molecular composition of SO

3.2.2 Fabrication

CNP, SE (with equal weight of the two parts), and SO were weighted and mixed in a
plastic beaker, and then further blended on a three-roll miller (PTR 65,
Piihler (Guangzhou) Machinery and Equipment Co., Ltd. ) for 15 minutes under ambient
temperature. The mixture was cast into a polytetrafluoroethylene (PTFE ) mold and
degassed in a vacuum oven for 10 minutes. Then, silver coated nylon yarns were
embedded parallel in the film as conductive wire with a distance of 12 mm and
vulcanized at 100 °C for 2 hours to obtain the specimens (whole size is 20 mmx10 mmx1
mm). For I-V characterization, pellet shaped samples with a diameter of 13 mm and
thickness of 2 mm were fabricated with two parallel stainless steel electrodes pasted on
both sides of the composites before curing to reduce the contact resistance. The
compositions and codes of all samples are listed in Table 3.1. The samples were heated at
100 °C for 100 hours in a vacuum oven to release stress and volatilize excessive SO
before further characterization.

Table 3.1 Composition of samples

Sample Composition Sample Composition
Code (Weight ratio) Code (Weight ratio)
SE CNP/SE/SO 0.0/100.0/0.0 2.5CNP CNP/SE/SO 2.5/97.5/45.0

SE/SO CNP/SE/SO 0.0/100.0/20.0 3.0CNP CNP/SE/SO 3.0/97.0/50.0
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1.0CNP CNP/SE/SO 1.0/99.0/45.0 4.5CNP CNP/SE/SO 4.5/95.5/75.0

1.5CNP CNP/SE/SO 1.5/98.5/45.0 6.0CNP CNP/SE/SO 6.0/94.0/100.0

2.0CNP CNP/SE/SO 2.0/98.0/45.0 9.0CNP CNP/SE/SO 9.0/91.0/150.0

2.3CNP CNP/SE/SO 2.3/97.7/45.0 12.0CNP  CNP/SE/SO 12.0/88.0/200.0

3.2.3 Characterization

3.2.3.1 Morphology

Scanning electron microscopy (SEM) observation of the CNP/SE/SO composites was
performed on a field emission scanning electron microscope (JEOL JSM-6335F, JEOL
Ltd., Japan). The specimens were prepared by freeze-fracturing in liquid nitrogen and

followed by a gold coating.

3.2.3.2 Thermal Analysis

The CNP/SE/SO mixture paste was heated at 100 °C for 200 hours and its weight was
recorded every 2 hours in the first 50 hours and with interval of 10 hours after the 50th
hour. Thermo-gravimetric analysis (TGA) of the materials and the heat treated composite
samples were carried out from 35 to 1300 °C (900 °C for CNP) under nitrogen

atmosphere by using a NETZSCH TGA/DSC instrument with a heating rate 20 °C /min.

3.2.3.3 Current-voltage (1-V) Characteristics and Impedance Analysis

I-V curves of the pellet shaped composite samples were measured with a 814
photomultiplier detection system (Photon Technology International) with the voltage
gradually increasing from -50 to 50 V under ambient temperature. The impedance

analysis was performed by Solartron SI 1287 electrochemical interface combined with
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1252 A frequency response analyzer with voltage and current controlled at 10 V and 0.1 A,

respectively. The frequency varied from 10° Hz to 10™ Hz with an interval of 1Hz.
3.2.3.4 Coupled Electromechanical Measurement

The electrical resistance of the samples without strain was measured with a digital
multi-meter (Keithley 2010, Keithley Instruments Inc. USA) using the 2-wire method for
resistance lower than 10° Q, while insulation resistance tester (YD 2683, Yangzi
Electronics, China) was used for higher resistance. The volume resistivity, p , is
calculated by

p=R-w-d/I (3-1)
whereR is the resistance (), |,wandd are the length, width and thickness of the

samples, respectively.

The measurement setup for coupled electromechanical properties of the composites is
shown in Figure 3.3. The force and displacement were achieved from Universal Material
Tester (Instron 5566), and resistance from the digital multi-meter (Keithley 2010),
simultaneously. The gauge length was set as 10 mm for the tensile strain measurement

and cross-head speed was 50 mm/min if not further specified.
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Figure 3.3 Experimental setup for coupled electromechanical measurement of

CNP/SE/SO composites under tensile strain

3.2.3.5 Temperature Effect

The samples were fixed on the clamps of a strain frame by two ends, and tested in a
climate chamber with fixed humidity of 65%. The resistance were measured between the
low and high temperature (0 °C to 60 °C) for 3 cycles with step of 20 °C, and at each step
the temperature was kept 2 hours for balancing, the process was schematically shown in
Figure 3.4. Resistance of the samples was continuously recorded by Agilent data
acquisition system (34970A Data Acquisition Switch Unit) during the whole experiment

and resistance of the composites at endpoint of each temperature was used for calculation.
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Figure 3.4 Schematic diagram of the conductive composites for temperature effect

evaluation.

To evaluate the sensing behavior of the composites under different temperatures, the
composites were loading and unloading for 3 cycles at each balanced temperature, and the

dependence of electrical resistance on both temperature and strain were recorded.

3.2.3.6 Humidity Effect

The experimental setup for evaluating the humidity effect of the composite is the same as
that used in the temperature experiment. The temperature was fixed at 20°C, and the
humidity varied between 90% and 10% for one cycle with step of 10%, and at each level
the humidity was balanced for 2 hours. The resistance of the composites at balanced

humidity was used for calculation.
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3.3. Results and Discussion

3.3.1 Morphology

Figure 3.5 shows the SEM images of the CNP and fractured composites in cross-section.
The spherical CNP particles are uniformly dispersed into the matrix. The size of the CNP
in composites increases with CNP concentration and they still show quasi-spherical
configurations, meaning that the CNP or small CNP aggregates are covered with SE and
the interface between them is good. Compared to other dispersing methods [6, 18], the
facile dispersion of CNP without high temperature or pressure can greatly reduce the
production cost of the composites and make it possible to process with textile materials

simultaneously.

SEI 30KV X¥30000 100nm WD 87mm

SEI 30KV  X30,000 100nm WD B.4mm SEI 30KV X¥30000 100nm WD 9.0mm
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OkV  X30,000 100nm WD B.0mm

Figure 3.5 SEM images of (a) pure CNP particles and CNP/SE/SO composites of (b)

1.0CNP, (c) 3.0CNP, (d) 6.0CNP and (¢) 9.0CNP
3.3.2 Thermal Analysis

The weight variation of SO with time in CNP/SE/SO mixture paste and comparative
mixtures of CNP/SO and SE/SO as well as pure SO, when heated in a vacuum oven at
100 °C, was continuously monitored and the result is shown in Figure 3.6. Almost all the
pure SO was lost in 70 hours while there was a substantial amount of SO left in the
mixtures after a prolonged heating. For instance, approximately 70% SO remained in the
SE/SO mixture after heat treated for 200 hours, while the value for SO in the CNP/SO
mixture and CNP/SE/SO mixture is about 35% and 30%, respectively. The results can be
attributed to the adsorption of CNP and shielding effect of vulcanized SE, which reduced

the diffusion and volatilization of SO. The SO molecule has a volume of 225.64 A*, while

the CNP particle is approximately 30 nm in diameter (1.1 X 10* A in volume) and with a

void volume more than 80%. Thus it is easy for the SO or part of SE molecules to
penetrate into the CNP particles (schematically shown in Figure 3.7) before vulcanization
and to form a good interface between the CNP and the matrix after vulcanize as described
in the SEM observation. After 100 hours heat treatment, the weight of SO in the
composite is relatively stable, which means the heat treatment is effective to stabilize the
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Figure 3.6 Weight variation of SO in CNP/SO, SE/SO and CNP/SE/SO composites

(9.0CNP) heated at 100 °C

Figure 3.7 Schematic of matrix material molecules penetrate into porous CNP particles
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Figure 3.8 TGA curves of SO, SE, CNP and heat treated CNP/SE/SO composite

Figure 3.8 shows the dependence of weight loss on temperature for pure SO, SE, CNP
and heat treated CNP/SE/SO composite, respectively. The CNP is very stable for
temperatures under 600 °C, while SO begin to volatilize and decompose at temperature
around 100 °C and lost most of weight with temperature lower than 400 °C. SE is
relatively stable below 300 °C, then decompose with further increase of temperature, and
about 33% weight lost when temperature is higher than 800 °C. The CNP/SE/SO
composite is stable below 250 °C due to the excessive SO already volatilized in the heat
treatment process. Beyond 250 °C, the weight of the composite quickly decreases due to
the decomposition of SE and volatilization of SO original adsorption by CNP and sealed
by SE. The results show the existence of SO in the heat treated composite and further
confirms that it is stably conserved in the composite to play a role as plasticizer to

decrease the modulus of the composite for flexible strain sensors.
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3.3.3 Percolation Threshold

As shown in Figure 3.9, the SE/SO composite is a good insulating material with volume
resistivity of about 10" Q-cm. With increase of CNP concentration, the volume
resistivity of the composite decreases by approximately 7 orders of magnitude as CNP
loading is increased from 0.5 wt% to 2.5 wt%, which is called percolation phenomenon
[10, 19]. When CNP loading further increased, the resistivity decreased slowly. Based on
the variation of resistivity with CNP loading, three ranges are separated by CNP loading
of 0.5 wt% and 2.5 wt%, that is, the insulating, percolation and post-percolation ranges.
The achieved percolation threshold is much lower than that of normal CNPs, which is due
to the higher porosity (DBP absorbing value of 440-510 ml/100g comparing to others in
the range of 98-330 ml/100g [20]). The electrical conductive behavior of the CNP/SE/SO
composite can be expressed with an equivalent circuit consisting of series of resistor and

capacitor units, one equivalent unit is schematically shown in Figure 3.10 [21].
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Figure 3.9 Relationship between resistivity and CNP concentrations of CNP/SE/SO
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composites. The insets show the schematic diagrams of composites in (a) insulating range,

(b) percolation range and (c) post-percolation range

C

Ra

— 71—
Rc

Figure 3.10 Equivalent circuit for CNP/SE/SO composites

where R, denotes the resistance within one conductive domain, which is one conductive
CNP or small CNP aggregates consist of several CNPs, while R. and C represent the

resistance and capacitance between two neighboring conductive domains, respectively.
Many of the resistor and capacitor units combine together and form a continuous
conductive network. Under direct voltage, the capacitor blocks the transfer of electrons as
an open circuit and the electrons can only transfer through the resistors. The equivalent

resistance of the conductive composites unit can be calculated as R,+R.. Because
resistance in one conductive domain (R, ) is composed of resistance of CNPs or small

CNP aggregates, it is relatively less influenced by CNP concentration. The resistance

between conductive domains (R.) is mainly consist of contact resistance or hopping

resistance between the conductive domains according to CNP concentration, which is
more sensitive to distances between them. When the CNP loading is very small, in other
word, in the insulating range, the conductive domains (CNP or small aggregates) are
separated by insulating polymer matrix and few of them can hop to form continuous

conductive pathways through the composite. With the increase of CNP concentration, the
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space occupied by conductive domains increases, and the distance between them
decreases to a level that permits electrons to pass through by hopping if the concentration

of CNP is beyond the percolation threshold. The corresponding resistance R. decreases

with further increase of CNP loading and accompany by the increase of large amount of
conductive pathways dominated by electron hopping, resulting a significantly decrease of
electrical resistivity with CNP loading. Beyond the percolation range, physical contact of
the conductive particles or aggregates begin to play a dominant role instead of electron

hopping, the resistance R. further decreases with CNP loading but the amount of

continuous conductive pathways increase slowly, and the corresponding resistivity

decreases slowly with further increase of CNP loading.

3.3.4 1-V Characteristics and Impedance Spectra

The hopping of electrons in a conductive composite is governed by the energy barrier,
and it is also affected by voltage or frequency applied. On the other hand, ohmic type
conductive behavior is little influenced by the voltage or frequency. Hence I-V curves and
impedance spectra can be used to examine the conductive mechanisms of the composite.
Figure 3.11 shows the I-V relationship of the conductive composites with different CNP
loadings. For composite 2.0CNP, the I-V curve is nearly linear when the voltage increased
from -50 to 50 V (-25 to 25 V/mm) but the current is very small. Though the CNP loading
is in percolation range, the gaps between adjacent conductive domains are still relatively
large thus the increased voltage cannot break the insulator down to generate more
continuous conductive pathways. With the increase of CNP loading, the gaps between
conductive domains decreases, which means that many of the original capacitors
transferred to resistors when the distance between two electrodes of the capacitor
decreased to a level that permit electrons hopping through, leading to the nonlinear I-V
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characteristic of the conductive composites at high voltages. The exciting voltage also
decreases with increase of CNP loading. When the CNP loading further increased, a large
amount of ohmic conductive pathways formed with the domination of physical contact
between conductive particles or domains, which is less affected by the voltage variation,

and the I-V curves begin to show better linearity again.
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Figure 3.11 I-V curves of CNP/SE/SO composites

Figure 3.12 illustrates the dependence of impedance magnitude and phase angle on
frequency for conductive composites with different CNP loadings. At frequency below

400Hz, the composite of 2.3CNP shows pure resistive property, with the increase of

frequency, capacitive behavior appears and getting obvious. However, with the increase
of CNP loading, the impedance of the conductive composite is less affected by frequency,
and there is no capacitive behavior observed for 9.0CNP at the frequency range of
10"-10° Hz, which means physical contacted CNP particle dominant in the composite of

9.0CNP. Under AC measurement, the electrons in conductive composites are permitted to
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flow through the capacitors shown in Figure 3.10 by charging and discharging process.
The impedance of the capacitor is:

Z=-j/2xfC (3-2)
where Z is the impedance, j is the imaginary unit, f is frequency andC is capacitance of
the capacitor, respectively. The capacitance can be expressed by:

C=¢A/M (3-3)
where ¢ is dielectric permittivity, A is area of conductive domains andd is the distance
between two conductive domains. Integrated formula 3-2 and 3-3, we can draw:

Z——jd/2xfeA (3-4)
The impedance of the capacitor increased with distance between conductive domains and
decreased with frequency and areas of conductive domains. For the conductive
composites, the distance between conductive domains decreased and the area of
conductive domains increased with CNP concentration, and the value of capacitance

correspondingly decreased with increase of CNP concentration at a fixed frequency.
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Figure 3.12 Impedance spectra of CNP/SE/SO composites
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The effect of tensile strain on the impedance spectra of the composites is shown in Figure
3.13. The composites with CNP concentrations beyond percolation transition range show
relative good ohmic behavior without extension. However, the ohmic conductive
behavior transferred to capacitive behavior with the increase of tensile strain at high
frequencies, especially for composites with lower CNP concentrations. The results
confirmed that the distance between conductive domains increased with tensile strain, and
the conductive mechanism of the composites transferred from physical contact of
conductive domains to mixture of physical contact with electron hopping, meaning the
effect of tensile strain plays a similar role on resistance change as decreasing CNP

concentrations.
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Figure 3.13 Impedance spectra of CNP/SE/SO composites under various tensile strains (a)

(c) magnitude and (b) (d) phase angle for 3.0CNP and 9.0CNP, respectively
3.3.5 Mechanical Properties

The modulus and rigidity of the elastomeric matrix usually increases due to the presence
of CNP particles for the strong interfacial adhesion between them [22], and the processing
difficulties also increased when the CNP loading increased. Low rigidity and high
flexibility of a sensor is preferred for strain measurement to ensure minimum interference
of the sensor to the measured objectives. Strength is not critical as the strain sensors
should deform within its working range. It was expected that the incorporation of SO as a
plasticizer would balance the reinforcing effect of CNP particles and benefit the
flexibility of the composites by facilitating the segmental movement of the polymer

chains.
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Figure 3.14 (a) shows the representative stress-strain curves for the CNP/SE/SO
composites under extension. Stress monotonically increased with tensile strain can be
observed. Table 3.2 is a summary of the measured mechanical properties of SE, SE/SO
and CNP/SE/SO composites. The Young’s modulus of SE is 1.38MPa and it decreases to
0.85 MPa with the addition of 20 wt% SO. The more the SO used, the lower the modulus
of the composites. The low modulus is particularly beneficial for strain sensing
applications for soft materials, as the deformation of conductive composites will not
influence the original strain filed of the materials to be measured. The elongation at break
for the conductive composites is approximately 150%, which is not affected by the
addition of SO. The tensile strength is less than 0.7 MPa for all CNP/SE/SO composites,
much lower than that of pure SE and other CNP filled elastomers reported [23, 24].

Table 3.2 Mechanical properties of SE, SE/SO and CNP/SE/SO composites

Sample Young’s Tensile strength  Elongation at break
modulus (MPa) (MPa) (%)
SE 1.38 0.94 150
SE/SO 0.85 0.55 201
2.5CNP 0.76 0.66 163
3.0CNP 0.63 0.55 158
4.5CNP 0.59 0.44 154
9.0CNP 0.49 0.30 154
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Figure 3.14 (a) Stress-strain curves and (b) resistance-strain curves of CNP/SE/SO

composites
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3.3.6 Electrical Properties
3.3.6.1 Effect of CNP Concentration

Figure 3.14 (b) shows the relationship between electrical resistance and tensile strain for
the CNP/SE/SO composites with various CNP loadings. The resistance of sample 2.3CNP,
which is in the percolation range, significantly increases approximately 10* orders of
magnitude when the tensile strain increases to 70% and the value of electrical resistance
is beyond the measurement range of the instrument when the tensile strain further
increased. With increase of CNP concentration, though the resistance of the composites
still monotonically increases with tensile strain, the resistance change, thus the strain
sensitivity, is getting moderate. This is because in the percolation range, the continuous
conductive pathways mainly contributed to hopping electrons, which are sensitive to the
distances between conductive domains. When the composite is stretched, some of the
conductive pathways broken as the distances between the conductive domains increase to
a level larger than that permitted for electron hopping, resulting significant increase of
resistance. While in the post-percolation range, the conductive networks consist of large
amount of continuous pathways dominated by physical contact of the conductive domains.
Though some of them may be broken under extension, the formation of new ones will
compensate the destroyed ones and resulting in much smaller resistance changes under
extension. The insignificant alignment of aggregates in the CNP/SE/SO composites due
to the low structured CNP particles contributed to the monotonously increased electrical

resistance with tensile strain, which is benefit for strain sensing application.
3.3.6.2 Cyclic Measurement

Considering the electrical and mechanical properties of the conductive composites, the
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ones with CNP loading beyond percolation transition range is preferred for flexible strain
sensors. Figure 3.15 shows the dependence of relative resistance on tensile strain for the
samples of 2.5CNP, 3.0CNP and 9.0CNP under cyclic measurement. The electrical
resistance increases during extension, then decreases and almost return to their respective
initial values in the unloading process. The synchronously change of electrical resistance
with tensile strain demonstrating the conductive composites have an evident reversibility.
The repeatability of the resistance-strain curves of the CNP/SE/SO composites are much
better than that of elastomers filled with high structured CNP particles [24, 25]. The
improvement may be explained by the uniformly dispersion of low structured CNP in SE
matrix due to the existence of SO, and the morphology of small particles or aggregates
instead of agglomerates in high structured CNP filled elastomers, which significantly
reduce the energy dispersion during the transformation and rotation of CNP agglomerates.
Furthermore, the strong interfacial adhesion between the porous CNP nano-particles and
SE matrix is also a benefit for the good repeatability. The resistance hysteresis between
the loading and unloading curves can be ascribe to the viscosity and internal friction of
the composites, due to which the conductive particles or aggregates cannot return from a
transient position to balanced position instantaneously during unloading process. The
change of resistance with tensile strain, that implies the strain sensitivity, is getting
smaller with the increase of CNP loading, from nearly 70 decreases to 3.5 when CNP
loading increases from 2.5 wt% to 9.0 wt%. However, the linearity and working range of
the conductive composite improved a lot, demonstrating that the composites with higher

CNP loadings are more preferred for sensing applications in smart textiles.
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Figure 3.15 Dependence of relative resistance on tensile strain under cyclic measurement

for composite of (a) 2.5CNP, (b) 3.0CNP and (c) 9.0CNP
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Figure 3.16 shows the electrical fatigue behavior of conductive composite 9.0CNP with
tensile strain of 40%. The electrical resistance is instable and increased with tensile cycles
which may be due to the permanent destruction of the conductive pathways resulted from

defect in the composite and the worse reliability in conductive connection.
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Figure 3.16 Fatigue resistance of the conductive composite 9.0CNP

3.3.6.3 Effect of Strain Rate

The effect of strain rate on resistance is another important factor that should be
considered when a material is used for strain sensing applications. Figure 3.17 shows the
strain rate dependence of the conductive composites with sample codes of 3.0CNP and
9.0CNP for one cycle. The electrical behavior of the composites is only marginal
dependent on strain rate in the range of 0.1-10/min for both of them. The reason can be
ascribed to the presence of SO and uniformly dispersion of CNP particles with small

agglomerates that eliminating the time consuming alignment process under deformation.
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Comparing to the obvious influences of strain rate on electrical resistance reported for
CNP/SE composite [26], the smaller strain rate dependent property of the conductive
composite can make them find a wider applications in the fields of health monitoring in

sports, gesture and posture simulation, etc.
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Figure 3.17 Effect of tensile strain rate on resistance variation of CNP/SE/SO composites
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3.3.7 Effect of Temperature

Reversible temperature effect on the CNP/SE/SO composites is very important for sensor
performance. The effect of temperature on resistance drift and sensing accuracy should be
defined and taken into account. If the transfer function of sensors change with
temperature is significant, special temperature compensation should be considered. Figure
3.18 shows the temperature effect of CNP/SE/SO composite under cyclic temperature
tests between 0 °C and 60 °C for samples 3.0CNP, 4.5CNP and 9.0CNP. The resistance
hysteresis decreases with temperature cycles for all of them. The maximum hysteresis of
initial resistance is less than 2.5% for all the cycles, approximately 1% if excluding the
first cycle, implying that the temperature effect is reversible. Furthermore, within the
experimental range, the temperature effect is relatively small (less than 5%). There is a
weak negative coefficient of temperature (NTC) effect, which means the effect of
temperature is well defined and can be calibrated. The monotonous change in resistance
with temperature is beneficial for temperature compensation. The temperature coefficient
of resistance (approximately -1.17 °C 'x107) is much lower than that reported previously
[6, 12]. The NTC effect is the combined result of two competing phenomena: (1) gap
changes result from difference in thermal expansion of the polymer matrix and the fillers
[27], and (2) flocculation of CNP and excitation of electrons in the CNP particles at
elevated temperatures. When the CNP concentration is in the post-percolation range, the
conductive networks are mainly contributed to the physical contact of conductive
particles or domains, the destruction of the conductive pathways, which results from
differential thermal expansion of filler and matrix, is not obvious, while the porous CNP

particles facilitate more electron emission, resulting in a weak and repeatable NTC effect.
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Figure 3.18 Variation of initial resistance of CNP/SE/SO composites in cyclic

temperature tests

Figure 3.19 shows the dependence of electrical resistance on strain and temperature for
the conductive composite 3.0CNP, 4.5CNP and 9.0CNP, respectively, in 3 temperature
cycles. The electrical resistance decreases with the increase of temperature at the same
tensile strain, which means the sensitivity of the composites decreases with increase of
temperature. The result is due to the resistance relaxation behavior the composites, for
which the value is high at high temperature. The repeatability of the resistance-strain
curves is relative good for composite 3.0CNP and 4.5CNP at same temperature, while for
composite 9.0CNP, the repeatability is not good at 0 °C. The results demonstrate that the
temperature effect should be compensated when the composites are used in strain sensing

applications.
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Figure 3.19 Effects of temperature and strain on relative resistance change of CNP/SE/SO

composite (a) 3.0CNP, (b) 4.5CNP and (c) 9.0CNP

3.3.8 Effect of Humidity

Figure 3.20 shows the dependence of relative resistance on humidity for composite
3.0CNP under fixed temperature of 20 °C. During the process of humidity decreases from
90% to 20% and then increases to 90%, the resistance continuously decreases for only
about 2.37% in the whole process and 0.63% in the humidity increase process. SE and SO
are water repellent materials, so the decrease of resistance probably results from the
relaxation of the electrical resistance with long treatment time, but not the effect of

humidity.
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Figure 3.20 Dependence of resistance on relative humidity for composite 3.0CNP

3.4. Conclusions

The CNP/SE/SO conductive composites with sensing properties were fabricated. The
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introduction of SO into the system decreases the modulus of the materials to less than 1
MPa without affecting their elongation property. After volatilization of the excessive SO
with heat treatment, the composites show good stability, which is confirmed by thermal
gravimetric analysis. Study on the dependence of CNP loading on electrical resistivity
demonstrates that the conductive composite can be divided into insulating range,
percolation range and post-percolation range at the CNP loadings of 0.5 wt% and 2.5 wt%.
Electron hopping conduction endows the composites with a very high sensitivity when
CNP loading was in percolation range. However, the lower working range and obvious
nonlinear electromechanical behavior limited their applications in smart textiles where a
large working range is essentially necessary. The sensitivity of the composites decreases
with the increase of CNP loading beyond percolation range to post-percolation range.
However, both the working range and linearity improved a lot. The conductive composite
of 9.0CNP shows a low modulus, marginal strain rate dependent, small humidity effect,
better linearity and repeatability in strain up to 50% for several cycles, illustrating a
strong promise as flexible strain sensors for applications in smart textiles, but the fatigue
resistance of the conductive composite limited their direct application in smart textiles as

strain sensors.
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CHAPTER 4
FABRICATION AND
CHARACTERIZATION OF CONDUCTIVE
FABRICS

4.1 Introduction

Previous studies on CNP/SE/SO composites presented in Chapter 3 have shown that the
introduction of silicone oil into CNP filled conductive elastomers decreases the modulus
of composites to less than 1 MPa, which is in the same level as human skin. Besides, the
sensitivity of the composites can be adjusted to a high value by changing CNP
concentration in the percolation range, where the composites have a high potential to be
flexible strain sensors. However, at that CNP concentration, the initial resistance of the
composite is high and resistance changes in several orders of magnitude in small strain
ranges increased the difficulty in measurement and cannot fulfill the requirement of large
strain sensing in smart textiles. The conductive composite with CNP loading well beyond
the percolation range is preferred for sensor applications, but the corresponding
sensitivity decreased simultaneously. Furthermore, it’s difficult to make a conductive
connection between the conductive composite and measuring circuit with good reliability,
the fatigue life of the conductive composite is also not good. Knitted fabrics have good
fatigue resistance properties and high elasticity; it is also easy being connected with other

textile materials by sewing or pasting methods.

In this chapter, a conductive fabric based on the previous developed conductive

CNP/SE/SO composites will be developed to solve the problems in CNP/SE/SO
93



Chapter 4

composites for strain sensing application. The parameters affecting the performances of

the conductive fabric will be discussed.

4.2 Experimental

4.2.1 Materials and Processing

CNP nano-particles (Carbon® ECP600JD, Akzo Nobel) were heated at 100 °C for 2 hour
to remove the moisture and used as conductive filler. Their average particle diameter is
about 30 nm while aggregate size of about 70nm can be observed from SEM image.
Specific surface area of the CNP is ca. 440-510 ml/100g as expressed by dibutylphthalate

(DBP) absorbing value.

Silicone elastomer (SE) (ELASTOSIL®LR6200 A and B, Wacker Chemie AG, Germany)
was used as received. Dimethyl silicone oil (SO) with kinetic viscosity of 5.0 mm?/s at 25

OC from Che Scientific Co. (Hong Kong) Ltd., China, was used as the diluting agent.

Plain knitted fabric with 83% Tactel and 17% Lycra (Sunikorn Knitters Limited, Hong
Kong) was selected as substrate material for its good elasticity and low hysteresis. The
weight of the knitted fabric is 195 g/m?, the density is 43 courses/cm and 22 wales/cm,
the linear density of the Tactel yarn is 702 denier/68 filaments and the Lycra yarn is 40
denier/5 filaments. The knitted fabric was cleaned with 1 g/L non-ionic detergent (Lentol
B) at 60 °C for 30 minutes and then rinsed thoroughly, followed by dehydration and
drying at 60 °C for 15 min. The knitted fabrics with size of 60 cmx30 cm were cut and

ironed flat before fabrication.
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4.2.2 Design and Fabrication of Conductive Fabric

CNP/SE/SO mixture pastes with CNP loadings beyond the percolation transition range
were fabricated using the mechanical mixing method as described in Chapter 3. Knitted
fabric was flatly pasted on a glass with self-adhesive glue with a pre-tension of 1.2 N.
Then the fabric together with the glass was mounted on a screen printing machine with
screen mesh size of 1000 holes per square inch. The distance between the squeegee blade
and screen was fixed to 8mm and the angle between them to 60 to achieve an even
coating. The mixture paste was uniformly coated on the knitted fabric to form series of
stripes with width of 10 mm, then the paste was cured at 100 °C for 2 hours, which is
shown in Figure 4.1. Conductive fabrics of stripes in both wale and course direction were
fabricated. Three mixture pastes with CNP loadings beyond the percolation transition

range were used, as shown in Table 4.1.

Knitted fabric

o
s e e
S R b Sl B atee

CNP/SE/SO composite
Figure 4.1 Photograph of conductive fabric
Irreversible stress-strain and resistance-strain behavior have been reported for many
conductive composites or conductive composites based sensors [1, 2]. Due to the
viscoelasticity of conductive composite and knitted fabric, their stress and resistance

curves may show the same unrepeatable properties when a virgin conductive fabric was
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stretched with sequence of increased strain levels. To compare the mechanical
pretreatment on the performances of the conductive fabric, part of the samples were
mechanical treated with a tensile strain of 70% for 1 time before further characterization.

Table 4.1 Ingredients of mixture pastes coated on knitted fabric

Sample Code Composition of mixture pastes (Weight ratio)
3.5CNP CNP/SE/SO 3.5/96.5/50.0
4.5CNP CNP/SE/SO 4.5/95.5/75.0
9.0CNP CNP/SE/SO 9.0/91.0/150.0

4.2.3 Characterization

4.2.3.1 Electrical Resistance

E-fabric Tester, developed in our laboratory with reference to ASTM D4496-04, was used
to measure static resistance of the conductive fabric. Two copper bar electrodes were
placed perpendicular to the direction of the conductive stripes with a space of 15 mm and
the resistance was recorded. A predetermined weight of 10g was put on the electrodes to
reduce the variation of contact resistance between electrodes and conductive fabric. The
tests were carried out at 20 °C and relative humidity of 65% after the samples were

conditioned at the same environment for 72 hours.

4.2.3.2 1-V Curves and Impedance Spectra

To examine the electrical properties of the conductive fabric, I-V curves and impedance
spectra of them were measured. The specimen was fixed on a frame at two ends, as
shown in Figure 4.2, the gauge length of the frame can be adjusted freely and the initial

length was set to 10mm. The current value were measured using Solartron 1287
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electrochemical interface system under ambient conditions with voltage gradually
increased from -10 V to 10 V with an increasing speed of 100 mV/s. The impedance
spectra was performed by Solartron SI 1287 electrochemical interface combined with
1252A frequency response analyzer with the frequency ranging between 102-10° Hz. I-V
curves and impedance spectra of the conductive fabrics at different strains were achieved

by increasing the gauge length of the frame with a step of 10% from 0 to 60%.

Figure 4.2 Conductive fabric mounted on a frame for characterizing I-V curve and

impedance spectra

4.2.3.3 Coupled Electromechanical Properties

To measure the electromechanical properties of the conductive fabric, two copper plates
were clamped on two sides of the conductive fabric as electrodes; the distance between
the two electrodes was 10 mm. The force and displacement data were recorded by a
computer connected to Universal Material Tester (Instron 5944), and resistance by the
digital multi-meter (Keithley 2010) simultaneously using data acquisition system. All the
measurements were conducted in a conditioned room with temperature of 20 °C and
relative humidity of 65%. The experimental setup is the same as that shown in Chapter 3

and different protocols were used to characterize the conductive fabric.

For sensitivity characterization, the conductive fabric was stretched to 100% strain and
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then released for 1 cycle. To characterize the responding time and resistance relaxation
behavior, the conductive fabric was stretched to 40% strain with a tensile speed of 2400
mm/min, and then the load was released with the same speed after maintained for 10
minutes. To examine the repeatability of the responding behavior, the process was
repeated for another time. When a flexible strain sensor was used for long-term health
care and monitoring or athletic training, it should be able to resist cyclic
loading-unloading for many times. To examine the fatigue life under these conditions, the
conductive fabric was cyclic stretched to 40% strain for 10,000 times or failure was
obviously observed. To compare the reproducibility of the conductive fabric at various
strain levels, it was extended to strains of 20%, 40% and 60%, respectively for 1 cycle.
To comparing the electrical behavior at different loading speeds, the conductive fabric
was tested with strain rate from 12 mm/min to 2400 mm/min (the equivalent strain rate is
0.02 to 4 /s). In the electromechanical tests, the tensile speed of the strain gauge is 60

mm/min if not specially mentioned. In each experiment, 5 samples were used.

4.2.3.4 Temperature and Humidity Effect

The experimental setup to evaluate temperature and humidity effects of conductive
fabrics is the same as that described in Chapter 3. The treatment method and evaluation

process are also identical.

4.3 Results and Discussion

4.3.1 Electrically Resistance

The electrical resistance of the conductive fabric is affected by size, thickness and CNP
concentration of conductive paste coating. During the fabrication process, the machine
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parameters were fixed to precisely control the width and thickness of coating layer. After
curing, the size of the conductive fabric can be controlled within 1%. The thickness of the
coating layer was affected by the screen printing times. Table 4.2 shows the weight
changes of conductive fabric after coated with CNP/SE/SO composites (the size of

conductive fabric measured is 177 mm X 126mm) for 1 time and 3 times respectively. It

can be obviously observed that the weight variation of coating layer is much smaller for
the conductive fabric coated for 3 times than that coated for 1 time, and the value can be
controlled within 2.5%, meaning the 3 times coating process was suitable to fabricate the
conductive fabric with better evenness.

Table 4.2 Weight of conductive composites coated on fabric

Coated for 1 time Coated for 3 times
Average weight Cv Average weight Cv
increment (g) (%) increment (g) (%)
Before curing 1.00 11.31 1.61 2.12
After curing 0.75 6.36 1.32 2.35

The electrical resistance of the conductive fabric with width of 10mm and length of
15mm was measured by E-Fabric Tester. In each conductive fabric, three paralleled
conductive stripes were tested for 15 times at different locations as shown in Figure 4.3.
Table 4.3 demonstrates the average electrical resistance and coefficient of variation for
conductive fabrics with different CNP concentrations. The electrical resistance and the
coefficient of variation of all conductive fabrics are at an acceptable level, which further
confirmed the fabrication process is well controlled. The coefficient of variation

decreases with increasing CNP concentration.
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| > Printing direction

Figure 4.3 Location of the conductive stripes on the fabric

Table 4.3 Variation of the electrical resistance for conductive fabrics with different CNP

concentrations
Sample code Ry (kQ) CV (%)
3.5CNP 115.90 5.24
4.5CNP 69.27 4.12
9.0CNP 10.29 3.50

4.3.2 1-V Characteristics and Impedance Spectra

To fabricate a piezoresistive strain sensor, a linear current-voltage (I-V) relationship
within the working range is preferred for improving the accuracy and simplifies the
measuring circuit. Figure 4.4 compares the I-V curves of conductive fabric (4.5CNP and
9.0CNP) and corresponding conductive composites. Although the slope of I-V curves are
smaller for the conductive fabric than those of conductive composites due to the thinner
coating layer, the linear I-V curves still demonstrate the conductive fabrics own ohmic

conduction under the applied voltages if they are not stretched.
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Figure 4.4 1-V curves of conductive fabrics and corresponding conductive CNP/SE/SO

composites without extension (a) 4.5CNP (b) 9.0CNP

Figure 4.5 shows the I-V curves of the conductive fabrics at different strain levels. The
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9.0CNP conductive fabric exhibits nearly linear I-V characteristic in strain ranges from 0
to 60%, indicating ohmic conduction still dominant after large extension under the
applied voltages. For conductive fabric of 4.5CNP and 3.5CNP, there is still no obvious

nonlinearity at strains up to 40% for the low voltage applied, at which the electrons that

can be excited for hopping is relatively small.
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Figure 4.5 I-V characteristics of conductive fabrics at various tensile strains for samples

of (a) 3.5CNP, (b) 4.5CNP and (c) 9.0CNP

Figure 4.6 compares the impedance spectra of conductive fabrics and composites with
various CNP concentrations when there is no extension. From the plot it can be observed
that the impedance of conductive fabrics is more dependent on frequency than that of
composites, which may be due to the thinner conductive composite layer on knitted fabric.

The frequency dependent impedance also decreased with increase of CNP concentration.
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Figure 4.6 Impedance spectra of conductive fabrics and corresponding conductive

composites without extension (a) magnitude and (b) phase angle

Stretching conductive fabric plays a similar role as decreasing CNP concentration of the

104



Chapter 4

conductive composite. As shown in Figure 4.7 and Figure 4.8, the conductive fabrics are
more frequency dependent with the increase of tensile strain. For conductive fabric of
4.5CNP, the impedance spectra becomes unstable when the strain is 30% and the
frequency is 10° Hz, while for conductive fabric of 9.0CNP, the impedance spectra still
keeps stable when strain reached to 60% and the frequency reached to 10° Hz.
Considering the potential applications of the conductive fabric as sensing element of
fabric strain sensor, the ones with smaller frequency dependent can support a higher

tensile strain without affecting its accuracy.
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Figure 4.8 Impedance spectra of conductive fabric 9.0CNP with extension (a) magnitude

and (b) phase angle

4.3.3 Responding Time

Fast electrical response to mechanical strain is an important requirement for strain sensors
used in smart textiles for health monitoring or impact measurement. Figure 4.9 shows the
resistance change of the conductive fabric when the tensile strain increases from 0 to 40%
at a speed of 2400mm/min (corresponding to strain rate of 4/s). The peak in resistance
and strain occur simultaneously, demonstrating that the conductive fabric has an
instantaneous response as a load is applied, though a relative high overshoot of about
27.83% can be observed. The overshoot is due to the instantaneous destruction of the
conductive chains in conductive composite [2], resulting from overshoot of mechanical

force under high loading speed. The time of the conductive fabric from overshoot to
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balance resistance is less than 10s, which is in equal level as the carbon nanotube strain
sensor [3], and much quicker than that of CNP filled thermoplastic composite, whose
recovery time is more than 100 s with a much lower strain speed [1]. This is because the
introduction of knitted fabric accelerated the recovery of conductive composites from
transient position to balance position when the tensile strain is in its elastic deformation

range.
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Figure 4.9 Resistance of the conductive fabric against time in response to a mechanical

tensile strain up to 40% (Inset is close-up of the overshoot)

Figure 4.10 illustrates that when the applied load is removed, the electrical resistance of
the conductive fabric decreases quickly, but the recovery process is much longer than the
loading period, which is due to the viscoelastic property for both the conductive coating
and the knitted fabric. For most sensor applications, the loading and holding process are
more concerned, which means the relative longer recovery time will not affect the usage
of the fabric strain sensor in such cases. Under repeated loading-holding-unloading cycles,

the sensor shows nearly identical responding behavior and very good repeatability, as
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shown in Figure 4.11.
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Figure 4.10 Resistance change of the conductive fabric in response to a mechanical

tensile strain up to 40% at the recovery phase
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Figure 4.11 Repeated responding behavior of conductive fabric to fixed strain.
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4.3.4 Effect of Fabric structure on Sensitivity

For metal based strain gauges, the changes in electrical resistance is mainly contributed to
the changes in configuration due to the constant electrical resistivity under deformation,
leading to a sensor with a gauge factor of 2 at the most. While for CNP/SE/SO
composites, besides the changes in configuration, the changes in electrical resistivity
originate from the changes with the amount of conductive pathways and conductive types
during extension, and result in a higher sensitivity than metal based sensors. A very high
gauge factor can be achieved for conductive composite with CNP concentration in the
percolation range. However, to achieve a conductive composite with less capacitive
behavior, the CNP concentration should be as high as possible within the permission of
fabrication condition, result in a decreased sensitivity. The plain knitted fabric has good
elasticity in both wale and course direction as shown in Figure 4.12 and Figure 4.13,
respectively. Furthermore, it can resist long-term cyclic extension without changing the
original physical properties within its elastic range. After coated with conductive
composite, the Young’s modulus of the knitted fabric increased. However, the value is
still less than 1 MPa, especially for the knitted fabric 9.0CNP, whose value is 0.34 MPa,
much smaller than that of human skin (Table 4.), make it possible for the conductive
fabric to be used as strain gauge to measure the deformation of human skins without

influencing their activities.
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Table 4.4 Tensile modulus of the conductive fabric with different CNP concentrations

Sample code Tensile modulus (MPa)
Knitted fabric 0.16

3.5CNP 0.80

4.5CNP 0.67

9.0CNP 0.34

When stretched, the deformation of the knitted fabric mainly composed of extension in
the longitudinal direction and shrinkage in width direction as well as transfer and
extension of yarn. In the process, the conductive composite on yarn is little extended, and
the resistance change is mainly contributed to the extension of conductive composite
between the neighboring yarns if they are continuous. The partially extension of
conductive composite on knitted fabric leads to a higher sensitivity for conductive fabric
than that of conductive composite if the resistance-strain curve of the conductive

composite is nonlinear.

(a) (b)
Figure 4.12 SEM photographs of the knitted fabric before and after extension in the wale

direction
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(a) (b)

Figure 4.13 SEM photographs of the knitted fabric (a) before and (b) after extension in

the course direction

Due to the good elasticity of plain knitted fabric in both course and wale directions, the
piezo-resistive behavior can be observed on both tensile directions after coated with
CNP/SE/SO composite. Figure 4.14 depicts the typical stress-stain and electrical
resistance-strain curves for the conductive fabric (9.0CNP) in two directions obtained
from the electromechanical test. Both stress and resistance of the conductive fabric
synchronous changed with tensile strain up to 100% without yield. For resistance-strain
curves, the linearity of the conductive fabric at wale direction is much better than that of
course direction during extension. Furthermore, the stress and electrical hysteresis at wale
direction is much smaller than that of course direction, meaning that the wale direction is

more appropriate as the working direction of the conductive fabric.
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Figure 4.14 Typical (a) stress-strain and (b) resistance-strain curves of CNP/SE/SO coated

conductive fabric in course and wale directions

Figure 4.15 shows the dependence of relative electrical resistance on tensile strain for the
conductive fabrics of 4.5CNP, 9.0CNP and corresponding conductive composites
extended in wale direction. The results show that the 4.5CNP conductive fabric has a
higher sensitivity and a quick increase in sensitivity beyond the tensile strain of 40%
compared to that of conductive composite with same CNP concentration, as shown in
Figure 4.15 (a). For sample with higher CNP concentration, the linearity is much better
for samples of 9.0CNP as shown in Figure 4.15 (b). The sensitivity of conductive fabric
9.0CNP is 4.76, which is about 2 times as that of conductive composite of 9.0CNP due to
the non-uniform deformation behavior of the knitted fabric. The knitted structure, good
linearity, suitable sensitivity and much larger working range of conductive fabric 9.0CNP

make it suitable to be flexible strain gauges for smart textiles.
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Figure 4.15 Resistance change of conductive composites and corresponding conductive

fabric with tensile strain for sample (a) 4.5CNP and (b) 9.0CNP

4.3.5 Effect of Mechanical Pretreatment on Stability

Figure 4.16 (a) shows the stress-strain and resistance-strain curves of a virgin conductive
fabric as it was stretched to various strain levels with increased sequence. Typical
irreversible curves for conductive fabrics can be found in Figure 4.16 (b), which cannot
accurately reflect the strain level of the objectives. After mechanical treated with
extension to 170% of its original length for 1 time, the conductive fabric shows a stable
and repeatable mechanical and electrical response as strains lower than the pretreated one,
as shown in Figure 4.17. The hysteresis of stress-strain curve and resistance-strain curve
significantly decreased from 32.35% to 11.72% and from 17.58% to 5.55%, respectively,
meaning that the mechanical pretreatment is effective to increase the stability and

accuracy of the conductive fabric.
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Figure 4.16 (a) Mechanical and (b) electrical response of conductive fabric without
mechanical pretreatment with sequence of increased strain levels. (The black, red and

green colors stand for the maximum tensile strain is 20%, 40% and 60%, respectively)
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Figure 4.17 (a) Mechanical and (b) electrical response of conductive fabric to various
strains after mechanical pretreatment. (The black, red and green colors stand for the

maximum tensile strain is 60%, 40% and 20%, respectively)

Figure 4.18 shows the fatigue resistance of conductive fabric to strain of 30% with and
without mechanical pretreatment for 10,000 cycles. For the untreated one, the electrical
resistance of conductive fabric slowly increased with repeated cycles, which is due to the

irreversible structural change of the continuous conductive composite on knitted fabric.
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After the mechanical pretreatment by applied a tensile strain beyond measuring range of
the conductive fabric, there will be no more structure changes appeared, and the
conductive fabric can resist more loading-unloading cycles. The fatigue properties of
conductive fabric is much better than that of conductive composites for the good
mechanical properties of knitted fabric that can resist the further destruction of conductive
pathways of coated composite layer, while a little defect in conductive composite will

result its continuous destruction in cyclic test, as described in Chapter 3.
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Figure 4.18 Fatigue test results of conductive fabric (a) without and (b) with mechanical

pretreatment

4.3.6 Effect of Strain Rate

Figure 4.19 demonstrates a good linearity between strain and resistance within measuring
range of 70% for the conductive fabric with a pre-extension of 10%. With the increase of
loading speed from 12 mm/min to 2400 mm/min (corresponding to strain rate 0.02 to 4/s),
the resistance of the conductive fabric increased, which can be reflected by the change in
the slope of resistance-strain curves. The dependence of electrical resistance on strain rate
has been observed for CNP filled elastomers [4-7] and PPy coated conductive fabric [8],
even at a much smaller strain rate range from 10 to 10" /s. The effect of strain rate on

resistance is related to the conductive network of composite on knitted fabric. When the
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conductive fabric was extended, the continuous conductive pathways in composites will
change and result in resistance change. During this process, relaxation of electrical
resistance also appeared simultaneously, which compensate part of the disconnection of
conductive pathways. The resistance relaxation behavior is time dependent and
correspondingly related to strain rate. With the increase of strain rate, there is fewer time
for resistance relaxation and the sensor shows a higher resistance. The sensor is
viscoelastic material for both CNP filled elastomer and knitted fabric show viscoelasticity.
The relationship between the resistance and the strain rate can be fitted with an

exponential function (as shown in Figure 4.20):

R(x)=1.56-0.62¢™""" (4-1)
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Figure 4.19 Effect of loading speed on (a) mechanical and (b) electrical behavior of the

conductive fabric
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4.3.7 Effect of Temperature

Figure 4.21 depicts the variation of relative resistance as a function of temperature for the
conductive fabric (9.0CNP) and corresponding conductive composite. The resistance of
the conductive fabric decreases as the temperature increases from 0 °C to 40 °C (the
temperature coefficient of resistance is approximately -1.75 °C 'x107), and then increases
from 40 °C to 60 °C (the temperature coefficient of resistance is approximately 1.2 °C
1x10). In CNP/SE/SO composite, the dependence of electrical resistance on temperature
is due to the variation of conductive pathways, resulted from the competing between
excitation/flocculation of electrons in the CNP particles and the different thermal
expansion coefficient of SE and CNP. When temperature increases, the former one leads
to the decrease of electrical resistance while the latter one leads to the increase of the
distances between conductive domains, then increase of electrical resistance. For
conductive fabric, the expansion of knitted fabric with the increase of temperature plays a
similar role as that of resistance increase, result to the smaller resistance decrease in
temperature from 0 °C to 40 °C and increase from 40 °C to 60 °C. The repeatability of the
resistance-temperature curves is relatively good, demonstrates that the temperature effect

can be compensated separately between 0-40 °C and 40-60 °C.
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Figure 4.21 Dependence of relative resistance on temperature for the (a) conductive fabric

and (b) conductive composite under cyclic measurement

Considering from the view point of application, the sensing performance of the

conductive fabric should be characterized at different temperatures. Figure 4.22 shows a
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three dimensional figure based on the variation of electrical resistance with tensile strain
and temperature for the conductive fabric in the strain range between 0-30% and
temperature range between 0-60 °C. At any given strain level, the increase of temperature
plays a similar role as that of tensile strain for the conductive fabric, the variation of the

whole resistance resulted from temperature is about 5%, corresponding to 5% strain.
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Figure 4.22 Dependence of electrical resistance on tensile strain and temperature for the

conductive fabric (9.0CNP)
4.3.8 Effect of Humidity

The electrical resistance of the conductive composite is little affected by humidity, which
is demonstrated in chapter 3 due to the water repellent property of SE and SO. Although
the porous CNP is benefit for water absorption, most of them are embedded in the SE/SO
matrix. For the conductive fabric, the dependence of electrical resistance on relative
humidity is shown in Figure 4.23. When temperature is fixed at 20 °C, the electrical

resistance of the conductive fabric first decreases and then increases as the humidity
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increases from 20% to 90%. However, the whole resistance change in the humidity range
is only 3%, which is little higher than that of conductive composite, but much smaller
than that of thermoplastic elastomers (TPE)/CNP composite [9] and PPy coated fibers [§8]
of about 30%. Compared to the conductive composite, knitted fabric is more sensitive to
humidity for the porous structure though water hydrophobic materials are used. However,
the relatively small dependence of electrical resistance on humidity can be further

reduced by waterproof packaging.

-0.04

10 20 30 40 50 60 70 80 90 100
Relative humidity (%)

Figure 4.23 Dependence of electrical resistance on relative humidity for the conductive

fabric
4.4 Conclusions

In this chapter, the strain sensing conductive fabrics were fabricated based on conductive
CNP/SE/SO composites with CNP loading beyond percolation transition range and the
fabrication parameters were optimized. I-V curves of the conductive fabrics are linear no

matter they are extended or not, when the voltage is the range between = 1.0V/mm. The
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frequency dependent impedance spectra demonstrates that the conductive fabric exhibit
capacitive behavior under extension, which can be neglected for sample 9.0CNP at
frequency lower than 10° Hz even with a stain of 60%. Quick loading of the conductive
fabric exhibits that it has an instantaneous response as a load is applied. Due to the low
modulus of knitted fabric, the modulus of the conductive fabric is still much smaller than
that of human skin. Mechanical pretreatment has an obvious effect on the improvement of
accuracy and stability of the conductive fabric. A strain rate dependent behavior can be
observed for the conductive fabric; however, the dependence of electrical resistance on
strain rate is predictable in the range of 0.02-4/s. Study of temperature and humidity
effect on resistance of the conductive fabric demonstrate that the electrical resistance is
compensable in temperature ranges of 0-60 °C, and resistance variation resulted from
temperature is about 5%, corresponding to 5% strain, while the effect of humidity is only
about 2% in humidity range of 20-90% due to the hydrophobic nature of the materials
used in conductive fabric. The conductive fabric of 9.0CNP has better performances and

will be used as sensing element of flexible strain sensor.
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CHAPTER 5
SENSOR PERFORMANCES AND SENSING
MECHANISM

5.1 Introduction

Previous chapters investigated the conductive CNP/SE/SO composites and conductive
fabrics, which are basic sensing elements of fabric strain sensors. In this chapter, the
focus will be on the design and fabrication, performance evaluation and sensing
mechanism of the packaged fabric strain sensors. We start from the sensor fabrication and
packaging methods as well as characterization methods. Then, the performance
characteristics such as strain sensitivity, working range, fatigue life, etc. will be
systematically investigated. Finally, based on conductive behavior of CNP filled
elastomer and strain distribution of knitted fabric, the sensing mechanism of the sensor

will be examined.
5.2 Fabrication and Characterization of Fabric Strain Sensor

5.2.1 Experimental
5.2.1.1 Materials and Processing

Previously developed conductive fabric with sample code of 9.0CNP was used as sensing
element for the strain sensor. Silver coated nylon yarn (70D/24F/2, Xiamen Unibest
Import and Export Co., Ltd) was used as conductive connecting wire. Plain woven nylon

fabric (Kin Hing Hang Textile Ltd., Hong Kong) with density of 3.94X3.54 ends/mm
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and thickness of 0.3 mm was used. Thermoplastic polyurethane film with thickness of 0.1
mm was taken to combine the conductive and woven fabric together. Silicone elastomer
(ELASTOSIL®LR3070 A and B, Wacker Chemie AG, Germany) was used as packaging
material of the sensor. A polyester strain limit belt with width of Smm was used to protect

the fabric strain sensor from large strain beyond working range.
5.2.1.2 Sensor Design and Fabrication

After balanced at ambient temperature (20 OC and RH 65%) for 24 hours, the conductive
fabric was connected with two parallel arranged silver coated nylon yarns using stitching
method. To minimize contact resistance and to reduce resistance variation between
conductive fabric and conductive yarns, a lab made conductive adhesive consisting of
CNP and SE was coated on the conductive yarns, and the woven fabric was combined on
backside of non-sensing unit of the sensor with thermoplastic polyurethane film to fix the
conductive yarn and to reduce the resistance variation caused by conductive connection.
To protect the fabric strain sensor from water and dust, abrasion damage, and increase the
reliability of conductive connection and durability, packaging of the sensor is very
essential. To address this, both sides of the fabric strain sensing element and conductive
yarns were packaged with a thin silicone elastomer layer. To prevent over stretching of
the sensing element, a non-stretchable belt was sewed onto the sensing fabric. The size of

the sensing element between two conductive yarns is 10 mm X 10 mm X 0.55 mm. The

key steps of fabrication process and the photograph of semi-product without the strain

limitation belt are shown in Figure 5.1 and Figure 5.2, respectively.
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Figure 5.1 Fabrication process of the fabric strain sensor

Figure 5.2 Photograph of the fabric strain sensor without strain limit belt

5.2.1.3 Characterization

The experimental setup for characterizing the electromechanical properties of the sensor
is shown in Figure 5.3. Non-sensing part of the sensor at two ends was fixed by the
clamps and the tensile strain and force were recorded by an Instron. Silver coated nylon
yarns were connected to multimeter directly instead of the copper electrodes described in
Chapter 4 for electrical resistance measurement. The data were coupled and treated by a

computer.
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Figure 5.3 Experimental setup for coupled electromechanical measurement of fabric

strain sensor

5.2.2 Results and Discussion

5.2.2.1 Modulus

As shown in Figure 5.4, the modulus of the fabric strain sensor increased from 0.51MPa
to 0.68 MPa after packaged with SE, which is much higher than that of conductive
composite. However, the modulus of the packaged strain sensor is still lower than that of

human skin (about 1MPa), which can be used in smart textiles applications.
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Figure 5.4 Stress-strain curves of the packaged fabric strain sensor, composite and

conductive fabric
5.2.2.2 Strain Sensitivity

Figure 5.5 depicts the variation of electrical resistance as a function of tensile strain for
the fabric strain sensor obtained from electromechanical test. The data of CNP/SE/SO
composite and conductive fabric are also shown in the figure for comparison. The
resistance-strain curve of packaged strain sensor coincides with that of conductive fabric
within strain of 0-40%, and the slope of the curve in the range is about double compared
to that of the conducive composite. With the further increase of tensile strain, the
electrical resistance of the packaged strain sensor is higher than that of conductive fabric,
which can be attributed to the additional pressure of SE applied on the sensing element of
the sensor in the thickness direction, which increased the electrical resistance of the
packaged sensor due to the piezoresistive behavior of conductive composite. The gauge

factor of the package strain sensor calculated is 4.76 within the strain of 0-40%.

129



Chapter 5

109 —s— pPackaged sensor
—e— Composite
8- Conductive fabric
o °
o 4
@
2 .
0 .

Strain (%)
Figure 5.5 Electrical resistance versus tensile strain for packaged fabric strain sensor,

conductive composite and conductive fabric.
5.2.2.3 Hysteresis

Figure 5.6 shows electrical resistance plotted as a function of tensile strain for the fabric
strain sensor pretreated with 5 loading-unloading cycles to strain of 40%. The results
show that with the increase of maximum tensile strain, the resistance exhibits good
repeatability at various strain levels. The observed hysteresis of electrical resistance
increased with maximum tensile strain and the maximum hysteresis is about 5.5% for the
sensor with tensile strain of 40%. The hysteresis might be resulted from the viscosity of
both CNP/SE/SO composite and knitted fabric between loading and unloading cycles,
where certain time is needed to return from a transient position to balance position. The

internal friction also adds to the time-independent component of the hysteresis.
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Figure 5.6 Hysteresis of the fabric strain sensor

5.2.2.4 Responding Time and Relaxation Behavior

Figure 5.7 shows the response of electrical resistance of the packaged fabric strain sensor
as the applied tensile strain increases from 0 to 40% at a speed of 4/s, and then kept
constant. The peak in resistance is lag to that of strain by 0.015s, demonstrating that the
fabric strain sensor is able to response in some dynamic sensing applications in smart

textiles.
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Figure 5.7 Responding time of the fabric strain sensor in response to a function of tensile

strain (constant strain up to 40%).

Figure 5.8 shows the variation of electrical resistance with time for the fabric strain
sensor subject to tensile strain of 10%, 20%, and 40%, respectively, when the loading
speed is 0.1 /s. The resistance has a time-dependent relaxation behavior. The relaxation
takes about 11.5 s to reach equilibrium when the tensile strain is 10%, and the relative
resistance decrement is 4.46%. With increase of tensile strain, the equilibrium time
increases to 13.4 and 24.8 s for strain of 20% and 40%, respectively, and the relative

resistance reduction is about 3.57% and 5.56%, respectively.
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Figure 5.8 Relaxation behavior of the fabric strain sensor subject to various tensile strains

5.2.2.5 Fatigue Life

Cyclic straining at reasonably high strain levels, most strain sensors will reach their
fatigue life limit when their electrical resistance irreversibly increase with strain cycles
and produce a positive zero shift or completely open-circuit. The highest fatigue life of
10% cycles can be achieved for iso-elastic alloy based strain sensor; however, its strain
level is only about 0.2%. Comparing to the low strain levels of most metal and foil strain
sensors, the fabric strain sensor survives as shown in Figure 5.9 with more than 10> times
at strain of 30%. The first reported high fatigue life at this strain level means that the
sensors can be used for long-term health monitoring. For metal foil strain gauges, with the
increase of strain cycles, cracks usually appear at the edges first and then gradually
expand across the whole sensor width. These cracks exhibiting on the sensor produce an
apparent increase in sensitivity due to the opening and closing of cracks, contributed to

irreversible resistance changes. However, the strain sensor based on CNP/SE/SO
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composite coated knitted fabric has excellent elasticity, which can endure large repeated
strain cycles without cracks if the tensile strain is limited in its elastic range. Furthermore,
even cracks appear at very high strain levels, the structure of knitted fabric can prevent
further expansion of the cracks, which means in cyclic measurement, the fabric strain

sensor can work stably after a pretreatment with strain beyond the working strain level.
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Figure 5.9 Fatigue life of the fabric strain sensor

5.3 Sensing Mechanism of the Fabric Strain Sensor

The sensing unit of the fabric strain sensor is the conductive fabric, consisting of a knitted
fabric as the supporting layer and the conductive composite as the conductive layer. The
electrical resistance of the conductive fabric increases when it is stretched due to the
extension of the conductive composite. Different from the pure conductive composite, the
deformation behavior of the supporting knitted fabric influences the strain distribution of
the conductive layer obviously. To study the sensing mechanism of fabric strain sensor,

the strain distribution in the knitted fabric and conductive fabric under tensile extension
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as well as the conductive mechanism of CNP/SE/SO composite are considered.

5.3.1 Deformation Behavior of Knitted Fabric under Unidirectional Extension

Viewing from the face side, the knitted fabric consists of loop stems. Two loop stems in a
knitted loop can be simplified to be a unit cell and many of them are connected in serial

and parallel to form a network as shown in Figure 5.10.

PolyU5733 2012/02/25 16:08 HL D8.6 x100 1mm

Figure 5.10 Structure of knitted fabric and simplified unit cell network

To examine the strain distribution of the knitted fabric under extension, digital image
correlation analysis (DIC) method [1-5] was used. Black particles were spray onto the
knitted fabric to form marking speckles; images of knitted fabric under different levels of
strains were taken by digital camera on an optical microscopy. The contour maps of strain
distribution in specimen surface subject to various tensile strains along wale (X) direction
(exx in the figure stands for the strain along the X axis) were obtained and calculated
through Lagrangian finite strain tensor ( it is a finite strain measure which includes higher
order displacement terms and was commonly used for materials undergoing large strains)

by the Vic-2D software (Correlated Solutions, Inc.) and shown in Figure 5.11. The
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corresponding strain distribution curves along the extension direction at two positions of
the loops are shown in Figure 5.12. The knitted fabric does not uniformly deform under
unidirectional extension along the wale direction, but many repeated unit cells with
similar strain distribution behavior can be observed. In each unit cell, gradient strain
distribution with the lowest strain in the middle part of the unit cell and highest at the
edge of the unit cell can be observed. With the increase of effective tensile strain, the
difference in strain level between middle and edge part of the unit cell is more obvious,
and the local strain between two adjacent unit cells is much larger than the effective fabric
strain, which is due to the domination of yarn transfer from loops to stems when the

knitted fabric deforms in its elastic range.
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Figure 5.11 Contour strain maps of knitted fabric extended in wale direction with

effective fabric strain of (a) 0%, (b) 3.125%, (c) 6.25% and (d) 9.375%, respectively.
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Figure 5.12 Spatial strain distribution of knitted fabric extended in wale direction at

various effective fabric strain levels. (a) line 1 and (b) line 2. (The position of the two

lines is shown in Figure 5.11 )
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5.3.2 Conductive Mechanism of CNP/SE/SO Composites under Extension

The experimental results shown in Chapter 3 have demonstrated that the bonds between
SE matrix and conductive CNPs are much stronger than that between CNPs at extension,
which contributed to the good reversibility of the composites in terms of both mechanical
and electrical properties. The equivalent electrical resistance of the conductive composites
is the function of resistance of CNPs, SE matrix and volume fraction of CNPs. Compared
to conductive CNPs, the electrical resistance of the SE is so large that the equivalent
resistance of the composites mainly composes of the tunnel resistance between
conductive domains if the distance between them is short enough for current to flow

through.

According to the model derived in reference [6], the equivalent electrical resistance R of

the conductive composite based on tunneling current [7] is calculated as:

R:(ﬁj[ 87hs exp(ys)} (5-1)

3a’ye’
Where R is the equivalent resistance of the composite; Lis the number of conductive
particles forming a single conductive path parallel to the conductive direction; N is the

number of conductive pathways; his the Plank’s constant; sis the least distance

between conductive particles or domains; a“is the effective cross-sectional area in which

the tunneling current passes through; e is the electron charge, and y is calculated as:

y =32 Jamg (5-2)

h

wherem is the electron mass and@is the height of potential barrier between adjacent

conductive particles.
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If the conductive composite is stretched, the electrical resistance will be changed due to
the change in distances between conductive particles or domains. Assuming the distance

between conductive particles or domains changes froms,tos, then the relative electrical

resistance ((R—R,)/R,) is given by:

0

REORO :(Sijexp[y(s—so)]—l (5-3)
where R, is the initial resistance and s, the initial distance between particles, respectively.
As the modulus of CNP is much higher than that of SE, and the distance change under
extension is mainly from the deformation of SE, then the distance s can be calculated as:
s=s,(l+¢) (5-4)
where ¢ 1s the tensile strain of the conductive composite. Substitute Eq. 5-4 into Eq. 5-3

yields:

R-R

C=(1+¢)exp(Ag)-1 (5-5)

0

where A, = 7S, . The fitting of the experimental data for 9.0CNP conductive composite to

Eq. 5-5 is shown in Figure 5.13. It can be seen that the fitting curve based on the model

agrees well with the experimental data at A;=0.6568 with coefficient of correlation of

0.996.
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Figure 5.13 Fit of relative resistance-strain curve for 9.0CNP conductive composite based

on the theoretical model.

5.3.3 Deformation Behavior of Conductive Fabric under Extension

The non-uniform deformation of knitted fabric affects strain distribution of the conductive
composite when it was coated on the knitted fabric. The contour strain maps of
conductive fabric with various tensile strains are shown in Figure 5.14. The strain
distributions of the conductive fabric along tensile direction at five locations are
demonstrated in Figure 5.15. Due to the good adhesion between knitted fabric and
conductive composite, the obvious non-uniform strain distribution of knitted fabric in one
unit cell at various effective tensile strains is partly compensated. However, the

conductive fabric still shows similar strain distribution as that of the knitted fabric.
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Figure 5.14 Contour strain maps of conductive fabric extended in wale direction with
effective tensile strain of (a) 0%, (b) 5%, (c) 10%, (d) 20%, (e) 32.5% and (f) 42.5%,

respectively.
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Figure 5.15 Strain distribution of conductive fabric extended in wale direction at various

effective fabric strain levels. (a) line 1, (b) line 2, (c) line 3, (d) line 4 and (¢) line 5.
5.3.4 Electrical Resistance of Conductive Fabric under Extension

For the conductive composite,

R-R,

= f (&) (5-6)

Then,

R=R,(f(e)+] (5-7)
In each conductive fabric unit cell, the electrical resistance can be expressed with a circuit
of resistors in series as demonstrated in Figure 5.16. For each tensile strain, the electrical
resistance is,

R =R, (f(s)+]) (5-8)

The equivalent electrical resistance of the unit cell is

R, :jOL R, (f(&)+ 1yl =R%IOL(f(5)+1)d| (5-9)
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where L is the length of the unit cell. In each unit cell, the tensile strain is the function of

position in X direction, which obey the Gaussian distribution,

e=g(l) (5-10)
Substitute Eq. 5-10 into Eq. 5-9 yields,
R, =RLUIL(f(g(|))+1)d| (5-11)
L Jo

Where R is electrical resistance of the unit cell.

Rg1 RgQ RQS Rgm
—H H +-1F

Figure 5.16 Equivalent resistance of the unit cell
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Figure 5.17 Equivalent circuit of the conductive fabric

In the conductive fabric, the unit cells are connect in both serial and parallel directions
and form a continuous conductive network as demonstrated in Figure 5.17, in which the
R;; represents the electrical resistance of each unit cell, i.e. the equivalent resistance,
which is a function of effective fabric tensile strain. For simplification, assuming the

conductive fabric is even, the deformation of each conductive fabric unit cell is the same
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and the amount of conductive pathways has not changed, then the equivalent conductive
network can be simplified by eliminating the parallel connections between unit cells, and
the whole electrical resistance of the conductive fabric is equal to that of one unit cell.
Select a typical strain distribution curve as shown in Figure 5.18 for calculation, then the

total electrical resistance change of the conductive fabric is,

AR. AR, 1L
S —J, (Fmy+n (5-12)
Substitute Eq. 5-5 into Eq. 5-12, yields:
AR 1t
" =Ij0 [1+g(Iexp(Ag (1)) JdI-1 (5-13)

0F

Figure 5.18 shows the strain distribution of conductive fabric in one unit cell as it
extended in wale direction at various effective fabric strain levels. The data was fitted

using the Gaussian function and defined as g(l), and then the electrical resistance of the

conductive fabric can be deduced, the results are shown in Figure 5.19. The theoretical
results for the conductive fabrics are close to the experimental values of composites but
smaller than that of the conductive fabrics. The results can be partially attributed to the
neglect of sensor deformation in the perpendicular direction to the extension direction and

shear deformation.
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Figure 5.18 Strain distribution of conductive fabric in one unit cell as it extended in wale

direction at various effective fabric strain levels. (a) sample 1 and (b) sample 2
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Figure 5.19 Dependence of electrical resistance on tensile strain for experimental results
of CNP/SE/SO composite, conductive fabric and calculated value of conductive fabric

based on tunneling conductive mechanism and gradient tensile strain distribution of

conductive fabric under extension.

5.4. Conclusions

The fabric strain sensor was designed and fabricated based on the conductive fabric
described in Chapter 4. Sewing method was used to connect the fabric strain sensor with
conductive wire. The performances of the sensor were characterized and the results show
that the sensor can meet the requirement of wearable applications with modulus less than
1 MPa, fatigue life more than 100,000 time at working strain range of 30%. Based on the
tunneling conductive mechanism of conductive composite and gradient strain distribution
of knitted fabric in one unit cells, the sensing mechanism of the fabric strain sensor was
studied. The proposed model agrees well with experimental results for composite.

However, the discrepancies exist between the theoretical and experimental results of the
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sensors, which need to be improved in the future.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

CNP filled elastomers were prepared via solution aided mixing method. Based on the
study on piezo-resistive behavior of the composites, fabric strain sensor by screening
printing CNP/SE/SO composite on knitted fabrics were fabricated and characterized. The
sensor exhibits a low Young’s modulus similar to human skin, large strain measurement
range beyond 30% and fatigue life of more than 100,000 loading-unloading cycles at
strain level of 30%. In the course of the research, several conclusions that contribute to
relevant scientific areas have been drawn. The major findings obtained from the

experiments and the conclusions are summarized as the following.

1. Fabrication of the CNP/SE/SO composites based on high porous but low structured
CNP and liquid SE using solution aided mixing and cast molding method. The
introduction of SO decreases the processing difficulty during mixing period and the
modulus of the composites to less than 1 MPa without affecting their elongation
property. After volatilization of the excessive SO with heat treatment, the composites
show good stability, which is confirmed by thermal gravimetric analysis. Study on the
percolation phenomena of the composites demonstrates that the insulating range,
percolation range and post-percolation range can be divided at the CNP loadings of
0.5 wt% and 2.5 wt%. The conductive behavior of the composites was explained by
an equivalent circuit consisting resistors and capacitors. I-V curves and impedance

spectra confirm the domination of electron hopping conductive mechanism for
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composites with CNP loading in percolation range, and they are affected by applied
voltage and frequency, respectively. In this range, the sensitivity of the composite is
high, but the working range is lower and electromechanical behavior is obvious
nonlinear, which limited their applications as strain sensors in smart textiles where a
large working range is essential necessary. With CNP loading well beyond percolation
range, the sensitivity of the composites decreases. However, the sensing working
range increases and linearity improved simultaneously. Due to the existence of SO,
the modulus of the composites still less than 1 MPa. When CNP loading is increased
to 9.0 wt%, the composite shows good repeatability in strain up to 50% in several
strain cycles, marginal strain rate dependent, small humidity effect and better linearity,
illustrating a strong promise as flexible strain sensors for application in smart textiles

if the temperature effect was compensated and fatigue resistance was improved.

Conductive fabrics have been fabricated by screen printing CNP/SE/SO composite on
knitted fabric. The influence of processing parameters, such as printing times, CNP
concentrations, on the variation of electrical resistance was systematically studied.
The electrical behavior of the conductive fabrics has been studied at both DC and AC
electrical field. Under DC ceclectrical field, the conductive fabrics show linear I-V
curves no matter they are extended or not at applied voltage between -1V/mm and
1V/mm, which is the same level as in real application. The impedance spectra under
AC electrical field demonstrates that the conductive fabric with higher CNP
concentration is less frequency dependent, and the capacitive behavior can be
neglected at 10°Hz even with stain of 60% for the sample of 9.0CNP. Study on
electromechanical behavior of the conductive fabric demonstrates that the response of

electrical resistance to loading is instantaneous. Compared to CNP/SE/SO composites,
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the sensitivity of the conductive fabric was increased while modulus without
increased due to the introduction of knitted fabric. The effect of mechanical
pretreatment on stability of the conductive fabric has been examined, and the results
show that the mechanical pretreatment can obviously increase the stability of the
conductive fabric. Strain rate dependent behavior of the conductive fabric can be
observed; however, it is predictable in the range of 0.02-4 /s. The effect of
temperature and humidity on resistance of the conductive fabric was also studied
experimentally. The results demonstrate that the electrical resistance is compensable
in temperature ranges of 0-60 "C, and resistance variation resulted from temperature is
about 5%, corresponding to 5% strain. For the hydrophobic nature of the materials
used in conductive fabric, the effect of humidity is only about 2% in humidity range

0f 20-90%.

Based on CNP/SE/SO composite coated conductive fabric, the fabric strain sensor
was designed and fabricated. The performance of the fabric strain sensor, such as
modulus, sensitivity, working range, hysteresis, responding time, relaxation and
fatigue life were systematically investigated. The results show that the modulus of the
packaged fabric strain sensor is less than 1 MPa; the gauge factor is about 4.76 within
the strain range of 0-40% and the hysteresis is about 5.5%; the responding time of the
sensor is quick enough to meet the mid or high speed dynamic strain sensing
applications; the resistance relaxation of the sensor is 5.56% at a constant strain of

40%; the fatigue resistance of the sensor is more than 100,000 cycles.

The conductive mechanism of CNP/SE/SO composites and strain distribution of
knitted fabric under uniaxial tensile strain was studied. It was found that the

resistance-strain curve of the composite in accordance with the results calculated from
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tunneling conduction. The strain distribution in the knitted fabric is uneven, and in
one unit cell, shows gradient distribution with highest between two neighboring
stiches. Based on the results, the sensing mechanism of fabric strain sensor was
discussed. The model of composites has a good agreement with experimental results
but the model for conductive fabrics yields lower effective fabric resistance than

experimental values.

6.2 Limitations and Recommendations for Future Work

Because of the limitations about performance characterization and sensing mechanism of

the CNP/SE/SO composites and fabric strain sensors, the following aspects are suggested

to be studied in the future.

1.

Improvement of sensor accuracy

The developed fabric strain sensor has low modulus, high working range and good
fatigue resistance that can be widely used in many applications where the traditional
strain gauges do not work. However, the accuracy of the sensor is not as good as the
metal alloy based strain sensors. Further study should be made to increase the
accuracy of the sensor from the view point of materials, fabrication and data

processing.

Sensing mechanism

The sensing mechanism of the fabric strain sensor has been studied by considering the
conductive behavior of composites and deforming behavior of knitted fabric.
However, in the study, there are some limitations and simplifications that affect the

accuracy of the simulation results. In the equivalent electrical conductive circuit, there
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are many horizontal conductive pathways besides the longitudinal ones, due to the
non-uniform strain distributions between unit cells. With the increase of tensile strain,
some of conductive pathways will be destroyed and the amount of conductive
pathways would decrease. However, both of them are not considered in the study for
simplified calculation. Furthermore, when the fabric strain sensor was extended, the
effect of strain in Y direction and shear strain on electrical resistance was also ignored.
All the simplifications will result in the deviation of calculated results with measured
resistance-strain curves. Hence, more future studies are required by including the
un-even strain distribution between unit cells and deformations of the sensor in all

directions.

Miniaturization of the fabric strain sensor

The size of the developed fabric strain sensor makes it possible to find many
applications in smart textiles. However, to measure the strain or pressure distribution
in curvature, the smaller sensor size means more information can be achieved in a
sensing matrix. Hence, further development of the miniaturized fabric strain sensor

should be considered.
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