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Abstract 

The initiation of cracks and the state of a structure can be monitored using a Structural Health 

Monitoring (SHM) techniques. Various types of sensors are used for SHM but nowadays, 

piezoelectric sensors are widely used for SHM and human body motion detection due to its low 

power requirement and production of charge output. These sensors can also be used for both static 

and dynamic human motion detection, artificial skin, forces, and acoustic vibration detection. In 

this research, the piezoelectric nanocomposites gum sensors are fabricated by direct mixing of 

constituent materials (ZnO and CNTs) with bubble gum. SWCNTs and MWCNTs are used in 

order to compare the effect of their addition to the gum sensor. The mixing process is achieved by 

multiple folding and stretching of the gum after the addition of the constituent materials. This is 

done to allow for relative homogenous distribution of the constituent materials in the gum.  The 

result from the resilience test indicates that the constituent materials properly adhered to the surface 

of the gum. The piezoelectric calibration done on the gum sensor revealed that the addition of 

SWCNTs gives higher piezoelectric coefficient when compared to the addition of MWCNTs. The 

highest piezoelectric coefficient is observed with 90.9 wt % of ZnO and 9.1 wt % of SWCNTs in 

ZnO-SWCNTs gum sensor.  The effects of two parameters (temperature and strain) are considered 

on the sensor resistance to further evaluate the piezoelectric performance of the gum sensors. The 

results show that ZnO-MWCNTs gum sensor has higher resistance as compared to ZnO-SWCNTs 

gum sensor, which implies that ZnO-SWCNTs gum sensor has a better piezoelectric performance. 

The mechanical strengths results show that ZnO-SWCNTs gum sensor has the best mechanical 

strength as compared to ZnO-MWCNTs gum sensor and ZnO gum sensor. 

 

 



viii | P a g e  
 

 

Table of Contents 

ACKNOWLEDGEMENT ............................................................................................................. iii 

DEDICATION .............................................................................................................................. iiv 

List of Acronyms ........................................................................................................................... iv 

Abstract ......................................................................................................................................... vii 

LIST OF FIGURES ....................................................................................................................... xi 

LIST OF TABLES ....................................................................................................................... xiv 

Chapter 1 ......................................................................................................................................... 1 

Introduction ..................................................................................................................................... 1 

1.1 Background Information .................................................................................................. 1 

1.2 Motivation ........................................................................................................................ 3 

1.3 Research Objectives ......................................................................................................... 5 

1.4 Research Scope ................................................................................................................ 6 

1.5 Methodology .................................................................................................................... 6 

1.6 Major Findings ................................................................................................................. 7 

1.7 Thesis Organization.......................................................................................................... 8 

Chapter 2 ......................................................................................................................................... 9 

Literature Review............................................................................................................................ 9 

2.1          Zinc Oxide(ZnO) ............................................................................................................. 9 



ix | P a g e  
 

2.2          ZnO Properties ............................................................................................................... 10 

2.2.1        Crystal Structure of ZnO ....................................................................................... 10 

2.2.2        Mechanical Properties ........................................................................................... 11 

2.2.3        Piezoelectric Properties ......................................................................................... 12 

2.2.4        Electrical Properties .............................................................................................. 12 

2.2.5        Applications of Zinc Oxide films and Poly Vinylidene Fluoride Films ............... 13 

2.3          Carbon Nanotubes (CNTs) ............................................................................................ 15 

2.3.1         Applications of carbon nanotubes enhanced films .............................................. 17 

2.4          ZnO-CNT Nanocomposite ............................................................................................. 19 

2.5          Nanocomposites fabrication methods ............................................................................ 20 

2.5.1         Direct mixing of Polymer and Nanofillers ........................................................... 21 

2.5.2         Melt mixing .......................................................................................................... 21 

2.5.3         Solvent Casting .................................................................................................... 22 

2.5.4         Materials and Fabrication Techniques for Flexible Nanocomposite Sensors ...... 22 

2.6          Piezoelectric Composite Materials Applications ........................................................... 23 

2.6.1         Smart Materials .................................................................................................... 24 

2.6.2         Flexible Sensors ................................................................................................... 27 

Chapter 3 ....................................................................................................................................... 29 

Materials and Experimental Procedure ......................................................................................... 29 

3.1       Materials ........................................................................................................................... 29 



x | P a g e  
 

3.2       Fabrication of the Piezoelectric Nanocomposites Gum Sensor  ....................................... 32 

3.3        Resilience Test ................................................................................................................. 38 

3.4        Piezoelectric Calibration .................................................................................................. 38 

3.5        Mechanical Testing .......................................................................................................... 45 

3.6        Temperature Dependency Test ........................................................................................ 45 

Chapter 4 ....................................................................................................................................... 47 

Results and Discussion ................................................................................................................. 47 

4.1       Resilience Test Result ....................................................................................................... 47 

4.2       Optimization of CNTs in the gum sensor by the use of Piezoelectric Calibration  .......... 50 

4.2.1 Comparison of the Piezoelectric Coefficient of ZnO-SWCNTs and ZnO-MWCNTs 

Gum Sensor  .................................................................................................................................. 54 

4.3       Effect of Strain on Sensor Resistance ............................................................................... 56 

4.4       Effect of Temperature on Sensor Resistance .................................................................... 61 

4.5       Effect of CNT addition on the mechanical properties of the gum sensor ......................... 63 

Chapter 5 ....................................................................................................................................... 73 

5.1            Summary and Conclusions .......................................................................................... 73 

5.2            Recommendations for Future Works ........................................................................... 74 

References ..................................................................................................................................... 76 

 

 

 

 



xi | P a g e  
 

LIST OF FIGURES 

Figure 2.1: Non-central symmetry in ZnO wurtzite structure. This non-central structure is 

responsible for the observed piezoelectric effect for ZnO ............................................................ 11 

Figure 2.2: Two CNT variants: (a) SWCNTs and (b) MWCNTs................................................. 16 

Figure 3.1: Materials used in the fabrication of the piezoelectric nanocomposites gum sensor a) 

SWCNTs dispersion b) MWCNTs dispersion c) ZnO dispersion d) bubble gum……………….31 

Figure 3.2: Flow-chart of the fabrication process ......................................................................... 33 

Figure 3.3: Fabricated piezoelectric gum sensors a) ZnO-SWCNTs piezoelectric nanocomposite 

gum sensor b) ZnO-MWCNTs piezoelectric nanocomposite gum sensor c) ZnO piezoelectric gum 

sensor ............................................................................................................................................ 37 

Figure 3.4:  Mettler Toledo EL2-Basic Portable Education pH Meter ......................................... 39 

Figure 3.5: (a) The piezoelectric calibration setup showing the force transducer and the gum sensor 

(b)Force applied on the gum sensor using the hammer (c) The image of the front view of the LMS 

data acquisition with two channels for the applied force and subsequent voltage generated (d) The 

image of the signal responses of the reading during the excitation of the gum sensor ................. 41 

Figure 3.6:  Direction of alignment of carbon nanotube and force applied……………………...42 

Figure 3.7: The plot of force applied against time during the piezoelectric calibration of the 

piezoelectric gum sensor ............................................................................................................... 43 

Figure 3.8: The plot of the voltage generated against time during the piezoelectric calibration of 

the piezoelectric gum sensor ......................................................................................................... 44 

Figure 3.9: Image of the Instron 3366 Universal Testing Machine with the sample attached to the 

jaws.. ............................................................................................................................................. 46 



xii | P a g e  
 

Figure 4.1: Clear solution of the piezoelectric gum immersed in distilled water after 7 days a) ZnO-

SWCNTs gum sensor immersed in distilled water b) ZnO gum sensor immersed in distilled water 

c) ZnO-MWCNTs gum sensor immersed in distilled water……………………………………..48 

Figure 4.2: Clear solution of the piezoelectric gum immersed in a buffer solution of pH 7 after 7 

days a) ZnO-SWCNTs gum sensor immersed in buffer solution b) ZnO gum sensor immersed in 

buffer solution c) ZnO-MWCNTs gum sensor immersed in a buffer solution............................. 49 

Figure 4.3: The effect of increase in CNTs addition to the ZnO/SWCNTs gum sensor .............. 52 

Figure 4.4: The effect of an increase in CNT additionon the piezoelectric coefficient of  

ZnO/SWCNTs gum sensor and ZnO/MWCNTs gum sensor. ...................................................... 55 

Figure 4.5: Resistance vs Strain Plot for ZnO-SWCNTs gum sensor with 9.1 wt % of SWCNTs

....................................................................................................................................................... 59 

Figure 4.6: Resistance vs Strain Plot for ZnO-MWCNTs gum sensor with 9.1 wt % of MWCNTs

....................................................................................................................................................... 60 

Figure 4.7: Comparison of the effect of temperature on the resistance of the piezoelectric gum 

sensors ........................................................................................................................................... 62 

Figure 4.8: Stress-Strain Plot for ZnO piezoelectric gum sensors ................................................ 64 

Figure 4.9: Stress-Strain Plot for ZnO-SWCNTs piezoelectric gum sensors ............................... 65 

Figure 4.10: Stress-Strain Plot for ZnO-MWCNTs piezoelectric gum sensors............................ 66 

Figure 4.11: The comparison of the strain to failure for the mechanical testing of the piezoelectric 

gum sensors ................................................................................................................................... 67 

Figure 4.12: The comparison of the yield strength for the mechanical testing of the piezoelectric 

gum sensors ................................................................................................................................... 69 



xiii | P a g e  
 

Figure 4.13: The comparison of the ultimate tensile strength for the mechanical testing of the 

piezoelectric gum sensors ............................................................................................................. 70 

Figure 4.14: The comparison of the failure strength for the mechanical testing of the piezoelectric 

gum sensors ................................................................................................................................... 72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv | P a g e  
 

LIST OF TABLES 

 

Table 3.1: The properties and source of the materials used in the fabrication of the piezoelectric 

nanocomposite gum sensor ........................................................................................................... 30 

Table 3.2: The varying composition (weight percent) of  the SWCNTs in the ZnO-SWCNTs 

piezoelectric nanocomposites gum sensor for optimization purpose ........................................... 35 

Table 3.3: The varying composition (weight percent) of the SWCNTs in the ZnO-SWCNTs 

piezoelectric nanocomposites gum sensor .................................................................................... 36 

Table 3.4: The varying composition (weight percent) of the MWCNTs in the ZnO-MWCNTs 

piezoelectric nanocomposites gum sensor .................................................................................... 36 

Table 4.1: The piezoelectric coefficients of ZnO-SWCNTs with varying wt %s of SWCNTs in the 

gum sensor……………………………………………………………………………………….53 

 

 

 

 

 

 

 

 



1 | P a g e  
 

CHAPTER 1- Introduction 

1.1Background Information 

Failure of structures such as buildings, highway, aircraft, bridges, ships, pipelines is usually 

accompanied by catastrophic consequences such as loss of life and restricted commerce [1-3]. In 

order to prevent such catastrophic failure, it is, therefore, necessary to continuously monitor the 

state of the structure and identify any initiation in real time with the help of Structural Health 

Monitoring (SHM) technique. Damage to engineering structures are inevitable due to the load they 

are been subjected to but the monitoring techniques ensure that such damages are detected early 

enough. Through analytical methods and instrumentation system, SHM provides an independent 

way of tracking real-time changes in a system [4-5]. For instrumentation systems, transducers are 

primarily used to measure quantities such as displacement, strain, and acceleration which can give 

an insight of the response of the structure to deformation. 

In recent times, the discovery of materials such as carbon nanotubes has led to a lot of research in 

the area of sensors used for SHM based on nanostructures and their composites. Strain gauges or 

transducers can be broadly classified into resistance-based sensors, optical sensors and 

piezoelectric sensors [6]. Compared to other types of sensors, piezoelectric sensors have the lowest 

power requirements and it produces charge output that lies within the range of measurement 

capabilities of commercially available digital/analog sensors. Piezoelectric sensors are based on 

the principle of piezoelectricity. Piezoelectricity is a phenomenon observed in non-

centrosymmetric crystals in which the application of stress leads to an electric polarization (charge) 

been induced in the material. Conversely, with the application of an electric field, a mechanical 

deformation is produced [7].  Katzir [8] presented a historical background on the discovery of the 

piezoelectric effect. The first piezoelectric effect referred to as the direct piezoelectric effect was 
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discovered by the Curie brothers in 1800. It was observed in certain crystals such as quartz, topaz, 

cane sugar, tourmaline, zincblende. The second effect known as the converse piezoelectric effect 

which was theoretically proven by Lippmann shortly before the Curies brothers proved it 

experimentally. Piezoelectricity can be induced in polymers such as nylon and copolymers of 

Vinylidene Fluoride (VDF) with tetrafluoroethylene (TeFE) [9]. However, most of the 

piezoelectric materials used for commercial sensing applications are from synthetic polycrystalline 

ferroelectric ceramics such as Lead Zirconate Titanate (PZT). 

There are several methods used in damage detection which include optical fiber method [10,11], 

frequency changes [12,13], mode shape changes, ultrasonic wave method [14], dynamically 

measured flexibility, neural network-based methods [15], matrix update methods, acoustic 

emission methods, non-linear methods, piezoelectric transducers [16] and many more. These 

methods have been used by different researchers in the detection of damages in structures.  Duggan 

and Ochoa [13] characterized the vibration responses of damaged fiber reinforced plates based on 

the effect of the material system, stacking sequence, and geometry. The research focused on the 

natural frequency alteration on the damage detection in structures. Al-said and Al-Qaisa [17] 

studied the effect of location of attached masses and crack depth on natural frequency alteration 

of a system. This was achieved through the free vibration of a clamped-clamped cracked beam 

with different attached point loads along the length of the beam. Rahman et al. [12] studied the 

effect of open cracks was investigated in rotor shaft using a frequency response function (FRF) 

phase changes. The frequency response at different points on the shaft was measured, it was 

observed that the vibration behavior of the shaft is extremely sensitive to crack location, crack 

depth and mode number. 
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Sensors can be classified broadly into flexible [18] and non-flexible [19]. Flexible sensors are 

fabricated from malleable materials without altering their properties whereas, non-flexible sensors 

are made from brittle and rigid materials. Although non-flexible sensors are used for different 

applications, they have some limitations such as intransigence, stiffness etc. These limitations 

become imminent when the physiological parameters of human beings are being monitored or 

when a large stress is required to be applied to the sensor. This led to an alternative approach of 

fabricating a sensor that can be used dynamically and capable of withstanding impact load without 

failing easily. 

Nowadays, a lot of sensors used for SHM and human dynamic motions are developed from 

piezoelectric materials such as Zinc Oxide (ZnO), Poly Vinylidene Fluoride (PVDF), Barium 

Titanate (BaTiO3) and Lead Zirconate Titanate (PZT); these materials have advantages and 

limitations for SHM applications. Lead Zirconate Titanate (PZT) is one of the most commercially 

used piezoelectric material which finds its application as sensors and electric actuators. When used 

as strain sensors, they are usually embedded inside or bonded on the surface of the matrix material 

for strain measurement and can only measure strain at the fixed direction and discrete points. Most 

pure piezoelectric materials are brittle ceramics that cannot be used for flexible applications and 

they are weak in tension [20]. 

 

1.2 Motivation 

Due to the brittle nature of most pure piezoelectric material and due to the fact that they cannot be 

used in flexible application, so many studies have been done on the fabrication of flexible 

piezoelectric sensors or actuators. Most of these flexible sensors/actuators require special 

technologies, therefore, making it uneconomical for large-scale production of such sensors [21, 
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22]. Although other materials were also used for flexible strain sensors, they lack unique properties 

of piezoelectric materials or involves complicated fabrication techniques. In a research carried out 

by Qingliang et al [23], a piezoelectric nanogenerator was fabricated consisting of ZnO nanowires 

(NWs) on carbon fibers and foldable Au-coated ZnO NWs on paper using a two-step hydrothermal 

growth approach. Another study was carried out by Xu et al. [24] reported the fabrication of a 

flexible sensor by growing of ZnO Nanowires on polystyrene nanofibers (PSNF) through the 

immobilization of the seed onto the PSNFs followed by a hydrothermal process. 

There are so many publications on the fabrication of flexible piezoelectric sensors [21-24]. In most 

cases, the piezoelectric materials are usually bonded to the surface or embedded inside the host 

structure for strain measurement- they have limitations of measuring strain at discrete points and 

fixed direction. Kymakis et al [25] fabricated a polymer composite by embedding single-walled 

carbon nanotubes (SWCNTs) in the polymer matrix. This was achieved by drop casting of the 

nanotube/poly (3-octylthiophene) (P3OT) mixture dissolved in chloroform. It was observed that 

the conductivity of the polymer composite increases with an increase in the weight percent of the 

SWCNTs. 

There are several methods used for the fabrication of nanocomposites, the most commonly used 

techniques are: injection molding [26], spin coating [27][28], solvent casting [29][30], melt mixing 

[26], in-situ polymerization [31][32], coagulation spinning [33], latex fabrication [34][35], 

electrophoretic deposition [36], twin screw pulverization [37] and compression molding [38]. Each 

of these methods has its pros and cons; the whole essence is to achieve even distribution of the 

nanomaterials in the host structure or matrix. 

In spite of a whole lot of contributions in the area of flexible composite sensors, they still have 

some limitations such as strain measurements at only discrete points and fixed direction, expensive 
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and complex fabrication techniques, low piezoelectric output and low mechanical strength. With 

the recent research and advent technology in the area of strain sensors based on nanostructures 

[39][40] and their composite[41-45], it has accelerated the discovery of nanomaterials such as 

carbon nanotubes which can be used to enhanced the piezoelectric and mechanical performance 

of naturally occurring piezoelectric material, thereby leading to fabrication of piezoelectric nano-

composites sensor. Vemuru et al. [46] developed a sensor using a multiwalled carbon nanotube 

film for structural health monitoring. Other studies [47] [48] also indicated the possibility of using 

carbon nanotubes as the major material in the fabrication of nanocomposite sensors. 

As a result of technological improvement in the area of structural health monitoring (SHM), 

different work has been done to improve the fabrication method of piezoelectric sensors. One of 

the present limitations of these sensors is the complex fabrication method involved and hence an 

increased overall cost. Therefore, there is a need to fabricate sensors using simple fabrication 

technique and exhibit excellent. 

 

1.3 Research Objective 

The aim of this research is to fabricate and characterize a simple, scalable, inexpensive and 

mechanically flexible static and dynamic sensor that can be embedded into a material or form fitted 

easily into an existing structure. This sensor can be potentially used for structural health monitoring 

with large structural strain and also for static and dynamic human motion detection such as finger, 

elbow, knee and throat motions. 
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1.4 Research Scope 

The scope of this research work is limited to the use of Zinc oxide (ZnO) nanoparticles and how 

its piezoelectric effect can be optimized by the addition of CNTs. Both single-walled carbon 

nanotubes and multi-walled carbon nanotubes were added to the ZnO nanoparticles. The reason 

for choosing ZnO is that it exhibits the strongest piezoelectric coefficient when compared to the 

piezoelectric materials apart from the PZT ceramics [49] [50]. The ZnO and CNTs nanoparticles 

were embedded into the gum by multiple stretching and folding technique. Two metal plates were 

placed on both sides of the gum sensors and were excited via static loading during the piezoelectric 

calibration. 

 

1.5 Methodology 

To fabricate and calibrate the piezoelectric nanocomposite sensor, bubble gum which was used as 

the matrix was chewed for 30 minutes and the chewed gum was washed in ethanol and distilled 

water overnight. The gum was left at room temperature to allow the excess water in the gum to 

evaporate and achieve a stable weight. Different weight percent (wt.%) of the ZnO and CNT 

nanoparticles were added to the surface of the gum. The gum was then stretched and folded 

multiple time in one direction to allow the particle to align. 

The experimental procedures used in the characterization of the piezoelectric gum sensor include 

piezoelectric calibration, mechanical testing, temperature dependence testing. For the piezoelectric 

testing, the gum was placed in between two steel plate of 20mm by 20mm and was sealed round 

with Cantech tape. The piezoelectric calibration was done using the LMS Data Acquisition system 

which gives an accurate measurement of the static force applied and the voltage generated from 

the sensor when mechanically deformed. The mechanical properties of the piezoelectric sensor 
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were evaluated by subjecting the gum sensor to a tensile load and at the resistance of the sensor 

was measured simultaneously during the mechanical testing. The temperature dependence testing 

was done by attaching the gum sensor to the outside of a container filled with water. The container 

was placed on the plate heater with magnetic bar rotating inside. The temperature of the heater was 

increased while the resistance was measured with a two-probe multimeter. 

 

1.6 Major Findings 

This research confirms the possibility of fabricating a stretchable, attachable and low-cost 

piezoelectric gum sensor by direct mixing of Zinc Oxide (ZnO) and Carbon nanotubes (CNTs) 

with the gum. The results validate that the piezoelectric property of nanocomposites made from 

ZnO can be improved by the addition of carbon nanotubes. The results obtained from the 

piezoelectric calibration of the gum sensor show that there is a threshold amount ( 9.1wt % )of 

CNTs that can be used for the fabrication of the piezoelectric nanocomposite gum sensor beyond 

which the piezoelectric coefficient of the gum sensor begins to drop. The resilience test that was 

carried out on the piezoelectric gum sensors confirmed that the constituent materials (ZnO and 

CNTs) adhered properly to the surface of the gum. The effects of temperature and strain on the 

sensor resistance were considered and the results indicate that ZnO-MWCNTs gum sensor has a 

higher resistance as compared to ZnO-SWCNTs gum sensor. This implies that ZnO-SWCNTs 

gum sensor has better piezoelectric property as compared to ZnO-MWCNTs gum sensor. Finally, 

the mechanical strengths results show that ZnO-SWCNTs piezoelectric gum sensors have the best 

mechanical properties when compared to ZnO piezoelectric gum sensor and ZnO-MWCNTs 

piezoelectric gum sensors. 
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1.7 Thesis Organization 

This thesis consists of 6 chapters and it is organized as follows: 

 Chapter 1 contains the introduction which consists of the background information, the 

motivation for the work, research objectives, research scope, methodology and thesis 

structure. 

 Chapter 2 is the literature review which gives a general overview of the constituent 

materials (ZnO and CNTs), their properties and the application of nanocomposites material 

with ZnO and CNTs-enhanced films as the major constituent. The different methods that 

can be used for the fabrication of nanocomposites were discussed. Lastly, a robust literature 

review was done on structural health monitoring, the stages of damage growth in structures. 

 Chapter 3 provides details on the sensor fabrication and testing methodologies and 

instruments used in the research 

 Chapter 4 provides the results of the experimental work carried out and its analysis 

 Chapter 5 contains a summary of the major findings, conclusions and presents 

recommendations for future work. 
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CHAPTER 2-Literature Review 

This section provides a robust literature review of Zinc Oxide and Carbon-nanotubes, their 

properties and application. It then entails a close review of the recent works on ZnO-CNT 

nanocomposites, nanocomposites fabrication methods and the application of piezoelectric 

composite materials for structural health monitoring (SHM), human motion detections and various 

applications. 

 

2.1 Zinc Oxide (ZnO) 

Zinc Oxide is naturally occurring n-type semi-conductor and has been used in so many researches 

in the past few years due to its unique and prosperous properties. The first paper on ZnO was 

published in the 30s, the research has been fluctuating due to the difficulty involved in obtaining 

a stable p-type doping [51]. However, ZnO in its nanostructured form makes it possible to integrate 

ZnO with other p-type materials. The possibility of integrating ZnO with other p-type materials 

has made the research of ZnO an intense area of research for the past few years. ZnO is an II-IV 

semiconductor that has a direct band gap of 3.34eV and possesses a relatively large exciton binding 

energy of 60meV at room temperature. Due to its high stable non-centrosymmetric hexagonal 

wurtzite structure, it has high piezoelectric tensor, a relatively large piezoelectric coefficient and a 

high modulus of elasticity. Due to these outstanding properties, it has been studied by a lot of 

researchers. ZnO exhibits peculiar properties most especially in its nanostructured form and it is 

used for applications such as photonics, sensing, and energy harvesting. It can be fabricated from 

different physical and chemical synthesis techniques [52]. 
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2.2 ZnO Properties 

2.2.1 Crystal Structure of ZnO 

ZnO has a wurtzite structure with a hexagonal unit cell which belongs to a space group of C6mc. 

It has a lattice parameter of a=0.3296 and c=0.52065. The lattice parameter of any semiconductor 

is determined by a number of factors; (i) temperature (ii) concentration of the free electrons acting 

via the deformation potential of a conduction band (iii) external strain applied (iv) foreign atoms 

concentration, defects and the difference between ionic radii with respected to the substituted 

matrix ion[53]. The whole structure of the ZnO lacks a central symmetry, the cations (zinc) and 

the anions (oxygen) form a tetrahedral unit [54]. The crystal structure of ZnO can be seen as an 

alternating set of tetrahedral plane coordination of Zn2+ and O2- ions positioned on each other along 

c-axis as shown in Figure 2.1. 

The cryptography of ZnO is usually described in terms of the distributions of the anions and cations 

with cretin arrangement. A net positive or negative charge might be seen on some surfaces with 

the anions or cations. This leads to polar surfaces due to the positively or negatively charged 

surfaces. An example of polar surfaces is the basal plane. An oppositely charged ions [negatively 

charged O2- (0 0 0 1 -) polar surfaces and positively charged Zn2+ (0 0 0 1). To achieve a settled 

structure generally, the polar surfaces must have faces that show huge surface reconstructions [55] 

[56]. This process is repeated several times and leads to fast growth in the ± (0 0 0 1). ZnO also 

have non-polar surfaces like (1 1 20), (1 0 1 0) e.t.c. apart from the polar surfaces. Exposing the 

non-polar surfaces in the solution at the growth stage is the basis for one-dimensional growth. This 

property enables different novel ZnO nanostructures to be synthesized simply by controlling the 

growth condition and parameters [54]. 
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Figure 2.1: Non-central symmetry in ZnO wurtzite structure. This non-central structure is 

responsible for the observed piezoelectric effect for ZnO [53] 

 

2.2.2 Mechanical Properties 

Mechanical properties such as hardness, stiffness, Young's modulus, yield strength, and young 

modulus are so important in characterizing the behavior of any material. The strain is also an 

important property that describes the deformation of a material when subjected to external force. 

To incorporate ZnO nanoparticles as electromechanical components, it is important to investigate 

their mechanical properties [57]. It might be quite challenging to carry out the mechanical 

characterization of ZnO but due to the evolving use of ZnO in many applications, it is therefore 

important to study and understand their mechanical behavior. Hence the need to carry out the 

mechanical characterization of nanoparticle materials in order to achieve reliable and efficient 

piezoelectric devices and sensors. 
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2.2.3 Piezoelectric Properties 

Piezoelectric effect was first observed by Jacques and Pierre Curie in 1888. Piezoelectric effect is 

defined as the ability of some materials to produce electric potential in response to applied 

mechanical stress. The stress applied leads to a change in the polarization density of the bulk 

material which is responsible for the observed potential. The piezoelectric effect is only exhibited 

by materials with non-centrosymmetric crystal structure [58]. Examples of piezoelectric materials 

that are commonly used are ZnO, Barium Titanate (BaTiO3), and Polyvinylidene fluoride (PVDF). 

When ZnO is subjected to an applied load, there is an effective accumulation of charges which is 

responsible for the piezoelectric property of ZnO. ZnO is considered as a potential material for 

energy harvesting due to its piezoelectric and semiconducting properties. 

 

2.2.4 Electrical Properties 

As indicated above, ZnO has a potential application in optoelectronics and electronic devices. ZnO 

has a comparatively high breakdown voltage coupled with its electrical operation producing low 

noise at high temperature which is associated with the wide band gap in semiconductors. The band 

gap of ZnO can be tuned between 3 to 4 eV if it is alloyed with some other metal oxides such as 

cadmium oxide or magnesium oxide [59]. The transport properties of ZnO is affected by the 

strength of the electric field [59] [60]. When a relatively low electric field is applied, the thermal 

energy can be higher than the electron energy. This implies that the electron distribution will not 

be altered by the electric field [59] [60]. Therefore, the mobility of the electrons will not change; 

the electron scattering will not be affected, and Ohm's law still applies [59] [61]. There is a 

deviation of the electron distribution function from the equilibrium since the thermal energy is 

lower than the electron energy [60] [62]. 
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2.2.5 Applications of Zinc Oxide films and Poly Vinylidene Fluoride films 

To evaluate the state of health of a structure, physical quantities such as displacement, strain, and 

acceleration are used. These physical quantities provide the detailed and required information 

regarding the health of a structure if it is properly investigated using a different method. Strain 

sensors have a wide range of application in structural health monitoring. Piezoelectric materials 

can be used as a strain measuring device. 

When piezoelectric materials are used as strain sensors, they are usually embedded inside or 

bonded on the surface of the matrix material for strain measurement. ZnO is a semiconducting 

material with a wide band gap which is electrically conductive and it is used for a wide range of 

piezoelectric application [63]. The detailed and ongoing research on ZnO has revealed that it has 

the potential of been used in many industrial applications such as nano-generators, gas sensors, 

solar cells, ceramics, catalysts, biosensors, ceramics, photodetectors and piezoelectric films [63]-

[80]. 

A research was carried out by Hu et al. [81] which confirms the possibility of using ZnO as a 

piezoelectric material. Carbon nanotubes were coated with Zinc Oxide to produce a flexible 

piezoelectric generator. The flexible piezoelectric generator produced a short circuit current of 

75µA/cm-2 and an average open-circuit current of 1.6V. Atomic layer deposition was used for 

coating the carbon nanotubes with zinc oxide. 

Due to the limitations encountered in the use of PZT ceramics for piezoelectric applications, 

extensive research has been carried out and it is still on-going in the use of ZnO for piezoelectric 

applications. Gullapalli et al. [82] fabricated a nanocomposite material by embedding ZnO (a 

crystalline piezoelectric material) in a cellulose-based paper (matrix). The flexible strain sensor 

was fabricated using a low-temperature solvothermal process in which the paper was soaked 
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repeatedly Zinc oxide crystal solution. Thin layers of gold coating were used as the electrode and 

were deposited on the surface of the flexible strain sensor using plasma sputtering. An excellent 

strain sensitivity was produced when the flexible strain sensor was tested under dynamic and static 

loading. 

In order to validate the research carried out by other people on the enhanced piezoelectric property 

of Poly (vinylidene fluoride-trifluoroethylene) (PVDF-TrFe) polymers by the addition of ZnO, 

Meyer et al. [83] fabricated and characterize Zinc Oxide/PVDF-TrFe Interdigitated Transducers 

(IDT). The sensing and actuation performance of the transducer was characterized. The IDT 

electron pattern was deposited on a Kapton substrate using a photolithography process. 

Ultrasonication was used to suspend the zinc oxide nanoparticles in a PVDF-TrFe solution, it was 

then spin coated on the IDT-Kapton substrate. The ability of the substrate to detect damage was 

evaluated using the Lamb waves sensing and actuation validation testing technique. 

Research has revealed the potential of using zinc oxide for dynamic strain sensing. One of such 

research was carried out by Loh and Chang [84] in which a thin film was fabricated using high-

probe sonication by dispersing zinc oxide nanoparticles in Poly (vinyl alcohol) (PVA) and poly 

(sodium 4-styrenesulfonate) PSS. The solvent used for dispersing the nanoparticles in the polymer 

was dried using solution evaporation. It was observed that the thin film exhibited high dynamic 

strain sensitivity and good mechanical properties. The best piezoelectric property and dynamic 

strain sensitivity were obtained with 60wt% and 50wt% of ZnO nanoparticles in the polymer 

respectively. 

However, some other studies have established that the piezoelectric performance of zinc oxide 

film can be enhanced by poling or by the addition of carbon nanotubes. 
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2.3 CARBON NANOTUBES (CNTs) 

Carbon nanotubes (CNTs) were first discovered by Endo [85] in 1976 when he synthesized vapor-

grown carbon fibers. At that time, it was not focused on, neither was it given a thought. Scientific 

research was globally shifted to this area after the work done by Iijma in 1991 [86] and this led to 

intense research on the structures, properties, and application of carbon nanotubes. It has been 

observed from the study of CNT that one-dimensional (1-D) nanomaterials exhibit entirely 

different or better properties as compared to the bulk materials. CNTs have been discovered to be 

the stiffest and strongest material on earth in terms of the elastic modulus and tensile strength 

respectively and both properties are about ten times better as compared to stainless steel [87-89]. 

One-dimensional nanomaterials such as CNTs are assumed to be the promising building blocks 

for Nano-Electromechanical System and Micro-Electromechanical Systems. 

CNTs can be described as a rolling concentric graphene sheet with high aspect ratio [90]. The 

length of the hollow cylindrical structures could be up to a centimeter and diameter as small as up 

to nanometers. Several physical properties of CNTs that are associated with its electronic band 

structure can be studied such as the optical properties and field emission properties due to the 

graphene-like electronic structure of CNTs. The electronic structure of CNTs determines its 

application in electrical engineering either by using it for field emission effect or transistor effect. 

Based on the number of layers in a CNT, there are basically two types of CNTs; single wall 

(SWCNTs) and multi-wall CNTs (MWCNTs). SWCNTs consists of monolayer molecules which 

are seen as rolled-up graphene. The MWCNTs are made up of multi concentric carbon layers 

which are also seen as rolled-up graphene and the distance of separation between each layer is 

about 0.34nm. The electronic property of MWCNTs is semi-metallic as seen in graphite too while 

SWCNTs can be both metallic and semi-metallic. The quality of the structure will determine the 
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behavior of SWCNTs as either metallic or semi-metallic; high-quality structure behaves as 

metallic SWCNTs. Metallic SWCNTs are conductive and the electrons collide and flow through 

the axial distance. Semi-metallic SWCNTs are semi-conductive and they have a band gap of about 

0.6eV based on the diameter of the tubes [91]. The electrical properties of MWCNTs are due to 

the combined effect of the semi-conductive layers and the conductive layers, it has an electric 

property which is in between the semi-metallic and metallic. There is interaction of layers in 

SWCNTs and the reduction in the band gap is a result of the few nanometer sizes of the SWCNTs. 

Hence the conductivity difference between the metallic and semiconductor property of MWCNTs 

is lower than that of SWCNTs. The diameter of SWCNTs is in the range of 0.5 to 5nm while the 

diameter of MWCNTs varies from several nanometers up to 200nm. The concentric nanotubes of 

MWCNTs are bonded together by Van der Waals force [91]. 

 

 

 

 

Figure 2.2: Two CNT variants: (a) SWCNTs and (b) MWCNTs [89] 

0.4-2nm 5-100nm 
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2.3.1 Applications of Carbon Nanotubes enhanced films 

The enhancement of the piezoelectric property of ZnO, barium titanate and PVDF polymers will 

lead to their improved use in most industrial application as compared to PZT. Due to some of the 

peculiar properties of carbon nanotubes such as high aspect ratio, high Young’s modulus, excellent 

stiffness, chemical stability and exceptional electrical conductivity [30] [31]. Based on the 

theoretical calculation, Young’s modulus of multi-walled carbon nanotubes (MWCNTs) ranges 

from 1.7-2.4 TPa and 2.8-3.6 TPa for single-walled carbon nanotubes (SWCNTs) [83]. 

Experimentally, Young’s modulus of SWCNTs and MWCNTs were estimated to be 1470 GPa 

and 960 GPa respectively [34] [35]. Individual MWCNTs has an electrical conductivity ranging 

from 20 – 2 × 107 S/m [92]. 

The outstanding electrical and mechanical properties of carbon nanotubes have been leveraged on 

since it was discovered in 1991 by Iijima [86]. Studies have shown that CNTs and its composite 

can be used in a wide range of applications such as optimization of electrical performance in 

microelectronics, the enhancement of stiffness in coatings and films, used as components of 

biosensors and for increasing the capacity of lithium-ion batteries. A lot of research has confirmed 

the possibility of using carbon nanotubes for enhancing the electromechanical response of 

piezoelectric materials. The piezoelectric film was fabricated by blending of carbon nanotubes 

with the piezoelectric material and dispersing it into the polymer. In some cases, films were 

fabricated by mixing of carbon nanotubes with polymers and used for strain sensing. 

The effect of the addition of carbon nanotubes to PVDF-TrFe polymers on the sensitivity of the 

piezoelectric polymers was studied by Ramaratnam and Jalili [93]. Two types of carbon nanotubes 

were used in this experiment; Single-Walled Carbon Nanotubes (SWCNTs) and Multi-walled 

Carbon Nanotubes (MWCNTs). The electromechanical response of the three different 
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piezoelectric films was evaluated; PVDF-TrFe film, SWCNTs-PVDF-TrFe film and MWCNTs-

PVDF-TrFe film. It was observed that the carbon nanotubes-based film yield a better piezoelectric 

response as compared to the plain PVDF-TrFe film. The SWCNT-PVDF-TrFe film produced a 

greater piezoelectric response than MWCNT-PVDF-TrFe film. The improved sensing capability 

of the piezoelectric polymers was as a result of an increase in Young’s modulus of the elasticity 

of the nano-based polymer. 

Some other research was done on the possibility of using carbon nanotubes for the fabrication of 

strain sensors by the addition of carbon nanotubes to the polymer to produce a composite. Strain 

gauges were designed, fabricated and characterized by Lee et al. [27] from spray-coated single-

wall carbon nanotube film. It was fabricated by spray-coating of SWCNT on the polyimide film, 

chromium was used as the electrode. The sensitivity obtained was about eight times greater than 

the commercial strain gauges. Loh et al. [94] proposed a multifunctional layer-by-layer CNT-

polyelectrolyte thin films for corrosion and strain sensing. The thin films were produced by 

dispersion of carbon nanotubes solution in poly (sodium-4-styrene-sulfonate) (PSS) and poly 

(vinyl alcohol) (PVA) via probe and bath sonication.   

A carbon nanotube strain sensor was developed by Kang et al. [95] by dispersing of SWCNTs in 

polymethyl methacrylate (PMMA) for SHM purpose. Pham et al. [96] fabricated a conductive 

polymeric film with PMMA by solution-casting or melt-processing of the polymer matrices having 

a low concentration of multi-walled carbon nanotubes (MWCNTs). The composite film was used 

for strain sensing application. 

A thin film was developed by Anand and Mahapatra [97] by dispersing of carbon nanotubes and 

carbon black nanoparticles in an epoxy polymer. Multi-walled carbon nanotubes of different 

concentrations by weight were dispersed in the epoxy matrix and it was observed that the thin film 
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with 0.57wt% of MWCNTs gave the best and highest sensitivity were subjected to static 

mechanical loading. The thin films can be potentially used as accelerometers and strain sensor for 

structural health monitoring purposes. 

Furthermore, a study was carried out by Saber et al. [98] to investigate the effect of adding 

MWCNTs and graphene platelets (GnPs) to three-phase nanocomposite containing epoxy and 

PZT. Both mechanical and electrical test was carried out to characterize the fabricated 

nanocomposite. It was observed from the result obtained that the addition of the GnPs to PZT and 

epoxy increased the dynamic response and poling behavior of the composites and yielded better 

results as compared to MWCNTs. This study confirmed the potential of using GnPs as an additive 

for enhancing the piezoelectric property of nanocomposites for SHM applications. 

 

2.4 ZnO-CNT Nanocomposite  

ZnO and CNTs nanoparticles are two important building blocks in nanotechnology and they have 

rarely been assembled as a hybrid structure. Dutta and Basak [99] fabricated a nanocomposite 

material by coating vertically grown ZnO nanowires with a solution of MWCNTs which were 

dispersed in 2-propanol. It was observed that with an increased coating of the ZnO nanowires with 

a solution of MWCNTs, the ultraviolet emission is enhanced and also the ultraviolet photoresponse 

increased. These improved properties were attributed to the faster electron response and surface 

plasmon resonance effect of MWCNTs. 

A piezoelectric composite nanotube was fabricated by Jin et al. [100] by coating of the carbon 

nanotubes with zinc oxide nanocrystals. The nanocomposite was subjected to both electrical 

voltage and axial strain and the corresponding mechanical responses were observed. Euler beam 

model was used to investigate the axial buckling of the nanocomposite accounting for the 
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piezoelectricity of the coating layer. It was observed that a tensile radial stress is generated in the 

nanocomposite prior to buckling. 

Furthermore, Venugopal et al. [101] fabricated a ZnO/CNT nanocomposite electrode by mixing 

ZnO nanopowder with MWCNTs in different proportions. The nanocomposite was characterized 

electrochemically by cyclic voltammetry in 0.1, 0.5 and 1M of potassium chloride (KCl) aqueous 

solutions using a scan rate of 100mVs-1. The result obtained from the electrochemical experiment 

indicated that ZnO-CNT combination with ratio 2:1 gave a better specific capacitance value than 

ZnO-CNT combination with 1:1 and 1:2.  The ZnO-CNT combination with a ratio of 2:1 has a 

stable cycle life with characteristics charging-discharge straight lines whereas the ZnO-CNT 

combination with ratio 1:2 shows a less capacitance values with a small IR drop as a result of the 

resistance on the surface of the MWCNTs in contact with the electrolyte. 

 

2.5 Nanocomposites fabrication methods 

Depending on the polymer material to be used, two or more materials are mixed together at 

different proportions using different techniques in order to fabricate a nanocomposite. The 

nanocomposites are usually made up of carbon nanotubes, piezoelectric materials, and polymers. 

The ability of the nanoparticles to be uniformly distributed in the polymer depends on the 

procedures of fabrication and the mixing methods. 

There are basically three factors that affect the piezoelectric performance of nanocomposites [26]: 

the uniform distributions of the piezoelectric particles in the polymeric matrix, the interfacial bond 

between the main constituent materials and the polymer, and the alignment of the piezoelectric 

particles in the composites. These factors ensure a uniform transfer of load and the generation of 

charges in the nanocomposites. 
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2.5.1 Direct mixing of Polymer and Nanofillers 

Direct mixing of the polymeric material with the nanoparticles is a step-wise approach in the 

fabrication of nanocomposites. This depends on the ability of the nanoparticles to mix 

homogeneously with the polymer during the process of mixing. This method is suitable for the 

fabrication of polymer matrix nanocomposites. There are two ways of mixing the polymer and 

nanoparticles; the first way is mixing of the polymer without solvent with the nanoparticles above 

their glass transition temperature (Tg), this is referred to as melt compounding method [102] [103]. 

The second way involves using a solvent to mix the polymer and the nanoparticles together and it 

is referred to as solution mixing/solvent method [103]. This method was used in this thesis for the 

fabrication of the piezoelectric nanocomposite gum sensors. 

 

2.5.2 Melt Mixing 

Melt melting is one of the common methods used in the fabrication of nanocomposites. This 

method is used for manufacturing nanocomposites that contain thermoplastics as the polymeric 

material since there is a decrease in the hardness of the material when heat is applied to it. This 

method requires a high temperature in order to reduce the viscosity of the polymeric material and 

this produces a high shear force which perturbates the bundle of the nanotubes. Different sizes of 

nanocomposites are fabricated using techniques such as injection molding, compression molding 

or extrusion [25]. Andrews et al. [104] fabricated a nanocomposite thin films and fibers using melt 

mixing from MWCNTs and industrial polymers such as polypropylene, acrylonitrile-butadiene-

styrene (ABS) and polystyrene. The uniform distribution of carbon nanotubes in the polymers was 

achieved at elevated temperature and with high impact force. The thin film composites were 
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manufactured using compression molding. The fabrication of nanocomposites using compression 

molding and shear mixing was studied by other researchers [37] 

 

2.5.3 Solvent Casting  

This is the commonest method used in the fabrication of nanocomposites, although it depends on 

the solubility of the constituent materials. Due to the energetic nature of the agitation, there is a 

homogenous distribution of the nanotube dispersion and the composite. The agitation of the 

constituent materials is achieved by reflux, magnetic stirring, sonication, and shear mixing.  

The carbon nanotubes, piezoelectric materials, and the polymer are all dispersed in a solvent and 

are agitated together for some time. 

There are some other methods used in the production of nanocomposites apart from direct mixing, 

melt mixing, and solvent casting. They include twin screw pulverization [37], in-situ 

polymerization [31] [32], coagulation spinning [33], electrophoretic deposition [36] and latex 

fabrication [34] [35]. 

 

2.5.4 Materials and Fabrication Techniques for Flexible Nanocomposite Sensors 

There are different factors that determine the materials used for the fabrication of flexible sensors 

and these include the application of the sensor, manufacturing cost, the availability of the material 

etc. Organic electronics are one of the key aspects of materials science which has been developed 

substantially for the fabrication of flexible sensors [105]. These types of sensors have been used 

for the manufacturing polymer electrodes, ionic pumps, thin film transistors etc. Electronic devices 

that are printed on thin layers are developed from a process known as Organic and large area 

electronics (OLAE) [106]. Polyethylene Terephthalate (PET) and Polyethylene Naphthalate (PEN) 
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are the main substrates that are used for this operation due to their transparency and lower cost 

compared to other organic polymers. OLAE process is popularly used for the fabrication of 

wearable medical and health devices. 

Flexible sensors are commonly developed from PEN [107], PDMS [108] [109], Polyimide 

(PI)[110], PVDF-TrFe [111], Polypyrrole [112] and Parylene [113] for different applications. 

Different conducting materials such as metallic nanoparticles and carbon-based nanoparticles have 

used as the electrode part of the sensor. Among the metallic nanoparticles, gold [114] [115], silver 

[116][117]  and nickel [118] are some of the most widely used ones in flexible wearable sensors. 

The carbon compound include graphene [119]-[121], CNTs [122] [123],carbon fibers[124] etc. 

Different techniques such as screen printing [125], photolithography [126], laser cutting [127], and 

inkjet printing [128] are used for the fabrication of flexible sensors. The dimensions of the final 

product determine the procedure used to manufacture the prototype of the sensor. The commonly 

used insulating substrate for developing flexible sensors are PEN [129], PET [130], PI [131], 

PDMS [132] etc. 

 

2.6 Piezoelectric Composite Materials Applications 

In structural health monitoring, sensors and actuators are used for monitoring the failure of 

structures. Most of the actuators and sensors are manufactured from smart materials that possess 

piezoelectric properties. Piezoelectricity is an inherent property of a material and its importance 

cannot be overemphasized. 
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2.6.1 Smart Materials 

With the present-day advance in technology, there are some special group of materials referred to 

as smart materials.  Smart materials are materials that can significantly alter one or more of their 

inherent properties owing to the application of external stimuli in a controlled fashion. The several 

external stimuli to which smart materials are sensitive to are; stress, moisture, temperature, pH, 

electric fields and magnetic fields. Smartness denotes self-sensing, self-adaptability, multiple 

functionalities and memory of the structures or materials [133]. The materials can be used in a 

wide range of applications such as manufacturing, aerospace, civil engineering, and biomechanics. 

The recent advance and growth in technology have led to the discovery of smart technology. The 

aim was to achieve a faster and easier result of specified tasks using smart materials. Smart or 

intelligent materials are materials with both intrinsic and extrinsic properties; they are able to 

respond to environmental and stimuli changes, they are able to achieve their functions based on 

these changes [134].   

There are different types of smart materials and these include; piezoelectric materials, Magneto-

resistive materials, Thermo-responsive materials, Chromogenic materials, Polymer gels and pH 

sensitive materials [133]. For piezoelectric material, the input stimulus is in form of mechanical 

stress and the output response is an electric charge, they also exhibit an inverse piezoelectric effect 

that makes them under mechanical deformation upon application of electrical charge. The input 

stimulus for electro-rheological fluid is an electric field and the response is viscosity change 

(internal damping). When the magneto-restrictive material is subjected to a magnetic field, it 

experiences mechanical deformation. When shape memory alloys are heated, it returns to its 

original memorized shapes. Changes in pressure, temperature and mechanical strain in optical 

fibers cause a change in the optoelectronic signals. 
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Smart materials are categorized into two: active and passive [133]. Active smart materials are 

materials that are capable of changing their shapes or their properties when subjected to magnetic, 

thermal or electrical fields and in the process acquiring an intrinsic capacity of energy conversion. 

They include magneto-restrictive materials, shape memory alloys and piezoelectric materials. 

Active smart materials are used basically as actuators and force transducers. Passive smart 

materials do not have the intrinsic capability of energy conversion. They are used as sensors and 

cannot be used as actuators or force transducers [133]. 

The peculiar property of piezoelectric material makes it an important part of this research work. 

The material produces an electric charge when subjected to mechanical deformation and also 

exhibit a reverse effect- it is able to undergo mechanical deformation when an electric field is 

applied to it. It exhibits the electromechanical effect. Piezoelectric materials have mechanical 

properties; they have Young’s Modulus and obey Hooke’s law. It simply means that the 

application of a mechanical load on the piezoelectric material will produce an electrical charge 

which can be measured using an electrical device. Conversely, when an electric charge is passed 

through it, it experiences a mechanical deformation. 

However, from the constitutive equation of piezoelectric, the whole concept of piezoelectricity 

was better understood. It should be understood that when a piezoelectric material is subjected to 

mechanical deformation, it is anticipated that there with be some changes in the mechanical 

properties accompanying the electric charge produced. Also, with the application of electric 

charge, it is expected that the material will experience an electrical response simultaneously with 

the mechanical deformation. A lot of piezoelectric materials has been used by different researchers 

for structural health monitoring applications.  
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There are lots of research work published on SHM applications and piezoelectric materials have 

been used for the acquisition of data which are thereafter using different algorithms such as wavelet 

analysis and neural networks. The neural network was used by Islam and Craig [15] for the 

detection of damage in a composite using a piezoelectric material; the response was analyzed. Yan 

and Yam [135] used wavelet analysis to develop an online damage detection method for structures 

based on the generated data from the embedded piezoelectric materials. 

Dib et al. [136] monitored the health of a structure using PZT ceramics as the sensing device. The 

health of the structure was measured using guided wave technique while the health of the PZT 

ceramics was monitored using the impedance method. From the study, it was concluded that PZT 

ceramics are good for sensing the damage of a structure when they are 80mm from the impact 

point. 

A study was carried out by Dziendzikowski et al. [137] to compare the use of mounting surface 

and embedded PZT transducers for the damage detection of hardly noticeable impact crack 

confined in a composite structure. When the PZT transducers were embedded in the composite 

structure, it was observed that there was a change in the electrical properties of the transducers. 

However, the sensing ability of the embedded transducer can be immensely enhanced even when 

it is embedded. It was concluded from the research that the surface mounted PZT transducers have 

a better ability for damage detection of hardly noticeable impact crack confined in a composite 

structure as compared to embedded transducers. 

Piezoelectric materials could be naturally occurring or artificial (manufactured). Some examples 

of piezoelectric materials include tourmaline, Zinc oxide (ZnO), quartz, lithium sulfate, Rochelle 

salt, Lead Zirconate Titanate (PZT), barium titanate (BaTiO3) and Poly Vinylidene Fluoride 

(PVDF). Each of these materials has their limitations for structural health monitoring application. 
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Despite the peculiar piezoelectric property of PZT ceramics, it cannot be used in applications that 

require flexibility due to its brittle nature. Piezoelectric materials have been widely used in the 

monitoring of the health and crack growth of a structure. 

 

2.6.2 Flexible sensors 

Different types of flexible wearable sensor are fabricated based on the parameters that are to be 

monitored which invariably determines the fabrication method that would be used for the sensors. 

For example, monitoring of parameters such as respiration [138], cardiorespiratory signal [139] 

and heart rate [140] would require sensors that are sensitive and subtle. For monitoring of 

physiological parameters of a human being such as gait analysis [141], limb movement [142] and 

motions such as running and walking [143], sensor patches that are bigger and more flexible are 

used. Flexible wearable sensors are used as glucose sensor through different medium such as 

immobilization of glucose oxidase [144] [145], tear [146]. To mimic the function of a natural skin 

and the changes in pressure, temperature or even the health condition of human beings, electronic 

skins were developed [147][148]. Thermal actuators and organic displays were integrated into 

these sensors [149]. One of such development is the fabrication of wearable skin sensors [150] that 

could be used as non-volatile memory, physiological sensors, and therapeutic actuators and for 

drug release [151]-[153]  

Artificial skins [154], human motion detection [155] [156], forces and acoustic vibrations [115] 

are some of the application of flexible sensors. Due to their high bendability and flexibility, flexible 

sensors are widely used as pressure sensors [115] [157] [158]. They can also be used potentially 

in the field of aviation and robotics. 
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From the literature review, it was observed that most of the sensors were fabricated from brittle 

materials and complex techniques which invariably affects the cost of fabrication. Furthermore, 

existing flexible sensors usually measure static or low frequency dynamic strain based on the 

resistant variation with different strain levels [159]. Hence, there is a need to fabricate the gum 

sensors from a stretchable and foldable materials that can measure both static and dynamic motions 

by introducing piezoelectricity and using a simple method in a cost effective way. 
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CHAPTER 3- MATERIALS AND EXPERIMENTAL PROCEDURE 

This chapter gives a description of the steps involved in the fabrication of the piezoelectric 

nanocomposite gum sensor. It provides detail of the experiments that were carried out to 

characterize the gum sensor. The electrical, mechanical and temperature dependency properties of 

the piezoelectric nanocomposite gum sensor were characterized. All the methods involved in the 

fabrication and characterization of the piezoelectric gum sensor are discussed. 

 

3.1 Materials 

The piezoelectric nanocomposite gum sensors were fabricated with double mint bubble gum, 

dispersed Zinc oxide (ZnO) in water, and dispersed Carbon Nanotubes (CNTs) in water. ZnO acts 

as piezoelectric functional particles sensing dynamic signals with high sensitivity and speed of 

reaction, while the gum with CNTs works as static strain gauge with variable resistance under 

different strain. Both Single-walled carbon nanotubes (SWCNTs) and Multi-walled carbon 

nanotubes (MWCNTs) were used. The Zinc Oxide (ZnO) nanopowder suspension was supplied 

by Sigma Aldrich. As mentioned in chapter 2, due to the non-centrosymmetric crystal structure of 

ZnO, it exhibits piezoelectric effect [58]. Both the SWCNTs and MWCNTs were supplied by US 

Research Nanomaterials. Inc. The properties of the materials used for the fabrication of the 

piezoelectric nanocomposite gum sensor and their sources are shown in Table 3.1. 

Bubblegum was selected as the matrix material due to its ability to be folded and stretched into 

different shapes and sizes. It is also cheap, commercially available and most importantly used as a 

proof of concept. The use of nanotube and nanostructures such as CNTs and ZnO have shown to 

be quite promising in the advancement of flexible and stretchable strain sensor [160]-[164].  Figure 
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3.1 shows the images of the materials used in the fabrication of piezoelectric nanocomposite gum 

sensor. 

 

 

 

Table 3.1: The properties and source of the materials used in the fabrication of the piezoelectric 

nanocomposite gum sensor 

Name Properties Source 

Double- mint bubble gum Foldable and Stretchable 

elastic-plastic material 

Super-Store, Canada 

Dispersed Zinc Oxide (ZnO) 

nanoparticle in water 

<100 nm particle size (DLS), 

≤ 40 nm avg. part size (APS), 

20 wt % in water. 

Sigma Aldrich®, St. Louis, 

Missouri, United States of 

America. 

Dispersed Single-Walled 

Carbon Nanotubes 

(SWCNTs) in water 

1wt%, >95%, OD: 1-2 nm, 

length: 1-3µm. 

US Research Nanomaterials. 

Inc., Houston, Texas, United 

States of America 

Dispersed Multi-Walled 

Carbon Nanotubes 

(MWCNTs) in water 

1wt%, >95+%, OD: 5-15 nm, 

ID: 3-5 nm, length: around 

50µm. 

US Research Nanomaterials. 

Inc., Houston, Texas, United 

States of America 
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Figure 3.1: Images of the materials used in the fabrication of the piezoelectric nanocomposites 

gum sensor a) SWCNTs dispersion b) MWCNTs dispersion c) ZnO dispersion d) bubble gum  
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3.2 Fabrication of the Piezoelectric Nanocomposite Gum Sensor 

The piezoelectric gum sensor was fabricated by using Carbon Nanotubes, Zinc Oxide and Bubble 

gum with bubble gum serving as the matrix.  

 The following steps were adopted in the fabrication of piezoelectric nanocomposite gum sensor. 

1. The bubble gum was chewed for 30 minutes and it was immersed in ethanol for 24 hours 

to remove the saliva. 

2. The bubble gum was removed from the ethanol and then immersed in distilled water for 

24 hours. 

3. The bubble was removed from the distilled water and placed on the glass slide. The gum 

was left at room temperature overnight in order to allow the excess water to dry out and 

also attain a stable weight. 

4. The gum was weighed using a weighing balance, 3.5±0.5g of the gum was weighed. 

5. ZnO nanoparticle dispersion was added to the surface of the weighed gum, it was stretched 

and folded for 20 times in one direction. The reason for folding and stretching is to allow 

for better alignment and more evenly distribution of the ZnO particles in the bubble gum. 

6. CNTs dispersion was added to the surface of the ZnO-gum mixture. The gum mixture was 

then stretched and folded for like 20 times in the same direction to ensure the alignment of 

the CNTs along the stretched direction [159]. 

7. The ZnO-CNT gum mixture was allowed to dry for 24 hours. 

8. The piezoelectric gum sensor was thereafter characterized. 

Different volumes of ZnO nanoparticle dispersion and CNTs dispersion were mixed by direct 

mixing method with the bubble gum resulting in different weight percentage (wt %) of ZnO and 

CNTs in the final dried gum sensor for the fabrication process. The mixing method was selected 
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because it is one of the most suitable methods for the fabrication of polymer matrix nanocomposite 

and it is believed that the direct mixing method helps to achieve a homogenous mixture of the 

nanoparticles with the polymer after multiple times of stretching and folding [103] [159]. The 

flow-chart of the steps involved in the fabrication of the piezoelectric nanocomposites gum sensor 

is shown in Figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Flow-chart of the fabrication process 
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In order to determine the wt % of CNTs that is required to be added to ZnO to give an optimum 

piezoelectric property, different wt % of SWCNTs was added to ZnO in the gum to fabricate ZnO-

SWCNTs gum sensors as shown in Table 3-2 and Table 3-3. Furthermore, to evaluate if the 

addition of MWCNTs to ZnO in the gum sensor would give better enhanced piezoelectric property 

as compared to ZnO-SWCNTs gum sensors, ZnO-MWCNTs gum sensors were fabricated by 

adding different wt % of MWCNTs to ZnO as shown in Table 3-4.  The piezoelectric coefficient 

of ZnO-SWCNTs and ZnO-MWCNTs gum sensor were compared. ZnO gum sensor was also 

fabricated because ZnO is the base material and responsible for the piezoelectric property. Figure 

3.3 shows the images of the prepared ZnO gum sensor, ZnO-SWCNTs gum sensor, and the ZnO-

MWCNTs gum sensor. It costs less than $20 CAD to fabricate the piezoelectric gum sensors 

considering the cost of ZnO and CNTs which were around $50CAD/100g and $120/50g 

respectively. 

Some other tests such as resilience test, mechanical test and temperature and strain dependency 

effect were carried out on ZnO-SWCNTs, and ZnO-MWCNTs gum sensors to ascertain if the 

addition of the CNTs to the ZnO did not impair other properties of the gum sensors.  
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Table 3.2: The varying composition (weight percent) of the SWCNTs in the ZnO-SWCNTs 

piezoelectric nanocomposites gum sensor for optimization purpose 

Piezoelectric Nanocomposite gum sensor SWCNTs (wt %) 

Sample 1 2.44 

Sample 2 2.92 

Sample 3 3.61 

Sample 4 3.70 

Sample 5 4.22 

Sample 6 4.76 

Sample 7 6.98 

Sample 8 9.1 

Sample 9 11.11 

Sample 10 13.07 

Sample 11 23.07 
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Table 3.3: The varying composition (weight percent) of the SWCNTs in the ZnO-SWCNTs 

piezoelectric nanocomposites gum sensor 

Piezoelectric Nanocomposite 

gum sensor 

SWCNTs (wt %) ZnO (wt %) 

Sample 1 3.6 96.4 

Sample 2 4.2 95.8 

Sample 3 4.8 95.2 

Sample 4 7.0 93.0 

Sample 5 9.1 90.9 

 

 

Table 3.4: The varying composition (weight percent) of the MWCNTs in the ZnO-MWCNTs 

piezoelectric nanocomposites gum sensor 

Piezoelectric Nanocomposite 

gum sensor 

MWCNTs (wt %) ZnO (wt %) 

Sample 1 3.6 96.4 

Sample 2 4.2 95.8 

Sample 3 4.8 95.2 

Sample 4 7.0 93.0 

Sample 5 9.1 90.9 
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Figure 3.3: Images showing the raw samples of fabricated piezoelectric gum sensors a) ZnO-

SWCNTs piezoelectric nanocomposite gum sensor b) ZnO-MWCNTs piezoelectric nanocomposite 

gum sensor c) ZnO piezoelectric gum sensor 
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3.3 Resilience Test 

Resilience tests were carried out on three types of piezoelectric gum sensors (ZnO gum sensor, 

ZnO-SWCNTs gum sensor, and ZnO-MWCNTs gum sensor) to evaluate the ability of the 

constituent materials (ZnO and CNTs) to bond and adhere to the surface of the gum. It was also 

used to evaluate the mix-ability of the constituent materials with the gum. This is also important 

because sensors are also used in the neutral environment with pH of 6.5-7.0. It is therefore 

imperative to test the ability of the piezoelectric gum sensors to withstand neutral environments. 

To evaluate the adherence and bond-ability of the constituent material to the gum and to also 

evaluate the ability of the gum sensor to withstand the neutral environment, the three different 

piezoelectric gum sensors were immersed in both distilled water and a buffer solution of pH of 7 

for 1 week. A pH meter (Mettler Toledo EL2-Basic Portable Education pH Meter) as shown in 

Figure 3.4 was immersed in the distilled water and buffer solution before and after the leaving the 

piezoelectric gum sensors into the media for a certain period. This was done to evaluate if there 

was a change in the pH of the media which would indicate that the media have been contaminated 

by the constituent materials (ZnO and CNTs) of the gum sensor. 

 

3.4 Piezoelectric Calibration 

The calibration of the piezoelectric coefficients of the samples of the piezoelectric gum sensors 

was done using the LMS data acquisition system. The LMS data acquisition system has different 

channels for measuring force via the use of a force transducer input and other time-dependent 

functions. The data acquisition system generates accurate data of these quantities within 

microsecond intervals. 
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Figure 3.4: Mettler Toledo EL2-Basic Portable Education pH Meter 
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The gum sensor was placed in between a 20mm by 20mm sheet metal which served as the electrode 

and was sealed round with Cantech tape as shown in Figure 3.5. The figure also shows the data 

acquisition system and the captured signal during the testing of the gum sensor along the 1-1 

direction where the ‘1’ denotes the direction of the applied force and measure electrical field as 

shown in Figure 3.6. Direction 3 indicate the CNTs alignment direction.   

The force transducer was connected to one of the channels of the LMS data acquisition system to 

monitor the force applied to the gum sensor. Copper tapes were attached to both sides of the sealed 

gum sensor. A signal cable which was used to monitor the voltage generated as one of its ends 

connected to the copper tapes and the other end was connected to one of the channels of the LMS 

data acquisition system. The LMS data acquisition system records both the force applied, and the 

corresponding voltage generated when a compressive force is applied to the sealed piezoelectric 

gum sensor via the force sensor. Eleven (11) compressive loading cycles was done in 8 seconds 

period. 

To ensure an accurate reading, the piezoelectric calibration for each gum sensor was done four 

times and the average value of the force applied and the voltages generated were used for the 

piezoelectric calibration. The readings obtained from the force applied and corresponding voltage 

from one of the tests carried out are plotted as shown in Figure 3.7 and Figure 3.8 respectively. 

The capacitance of the gum sensors was measured using a two-probe multimeter (U1242B 

Handheld Digital Multimeter). The piezoelectric coefficients were calculated from the 

capacitance, the peak value of the forces applied and the corresponding voltages. The following 

formulas were used for the calculation of the piezoelectric coefficients of the piezoelectric gum 

sensors; 

Q = C * V                                                                                                               (3-1) 
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where Q is the total charge generated on the surface of the gum sensor covered by the metal 

electrode, C is the capacitance of the gum sensor at a particular point, and V is the average of the 

corresponding voltage generated as a result of the force applied at a particular point. 

 

D = Q/A                                                                                                                 (3-2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: (a) The piezoelectric calibration setup showing the force transducer and the gum 

sensor (b) The piezoelectric calibration setup showing the force transducer with the hammer used 

to apply force on the gum sensor (c) The image of the front view of the LMS data acquisition with 

two channels for the applied force and subsequent voltage generated (d) The image of the signal 

responses of the reading during the excitation of the gum sensor 
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Figure 3.6: Direction of alignment of carbon nanotube and force applied 

 

where D is the charge density and A is the area of the metal electrode. 

 

d11 = D/S                                                                                                                 (3-3) 

 

where d11 is the piezoelectric coefficient and S is the stress applied on the gum sensor. 

 

S = F/A                                                                                                                 (3-4) 

where F is the average force applied to the gum sensor. 
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Force Applied During Piezoelectric Calibration (N) 

 

 

Figure 3.7: The plot of force applied against time during the piezoelectric calibration of the 

piezoelectric gum sensor 
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  Voltage Generated During Piezoelectric Calibration (mV) 

 

 

 

Figure 3.8: The plot of the voltage generated against time during the piezoelectric calibration of 

the piezoelectric gum sensor 
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3.5 Mechanical Testing 

Tensile tests were conducted to evaluate the mechanical properties of the piezoelectric gum sensors 

using an Instron 3366 Universal Testing Machine equipped with a static load range of ± 2KN as 

shown in Figure 3.9. This load cell was chosen so that the Instron machine can detect the smallest 

force applied to the sample. The ends of the piezoelectric gum sample with a 65mm length, 15mm 

width, and 0.65mm thickness were attached to flat metal plates with a universal glue and attached 

to the grips of the Instron machine operating at a constant speed rate of 5mm/mins. 

To determine the effect of strain on the sensor resistance, the resistance was measured with a two 

probes digital multimeter (HYELEC MS8236, data-logging multimeter) simultaneously during the 

tensile testing. Two-sided copper tapes were used to connect the ends of the sample to the probes 

of the multimeter. 

 

3.6 Temperature Dependency Test 

The performance of a polymer-based nanocomposite piezoelectric sensor can be affected by the 

electrical resistance of the sensor. The resistance of the CNTs in the gum sensor can change due 

to temperature changes which invariably would affect the piezoelectric property of the sensor. In 

order to ensure that the CNTs can effectively connect and transport the charges produced by the 

ZnO nanoparticles in the sensor, it is important to carry out a temperature dependency test on the 

sensor.  

The piezoelectric gum sensor with 50mm length, 2mm width and 0.5 mm thickness was affixed to 

the outer part of the container filled with water. Copper tape was connected to both ends of the 

piezoelectric gum sensor and connected to the digital multimeter (HYELEC MS8236, data-logging 

multimeter). The container was placed on a plate heater (Barnstead Thermolyne Cimarec heater) 
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with a magnetic bar rotating inside the container. The temperature of the heater was increased from 

20oC-80oC in the step of twenty while the resistance of the piezoelectric gum sensor was measured 

at the same time using a two-probe digital multimeter. The temperature range was selected because 

it was noticed that the gum was melting above 80oC. 

 

              

                                             

Figure 3.9: Instron 3366 Universal Testing Machine with the sample attached to the jaws. 
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CHAPTER 4- RESULTS AND DISCUSSION 

This chapter contains the results and explanation of the results obtained from the resilience test, 

piezoelectric calibration, mechanical test, and temperature dependency test. 

 

4.1 Resilience Test Results 

In order for a sensor to function properly, it is important to consider different environments in 

which the sensor would be used. It is crucial to carry out this test to evaluate the ability of the 

constituent materials (ZnO and CNTs) to bond and adhere to the surface of the gum for use as bio-

sensor for example.  This test is also used to evaluate the ability of the gum sensor to be used in 

neutral environments of pH of 6.5-7.5.  

The pH of the buffer solution and the distilled water were measured using the pH meter before 

immersing the piezoelectric gum sensors (ZnO gum sensor, ZnO-SWCNTs gum sensor, and ZnO-

MWCNTs gum sensor). The pH of both media is 7 as expected. The pH was measured after the 

piezoelectric gum sensors have been immersed in these media for 7 days, and it is seen that there 

is no significant change in the pH of the media. It, therefore, means that the constituent materials 

are well bonded to the gum surface and the piezoelectric gum sensor can withstand a neutral 

environment. The media are clear with no traces of the constituent materials in the media as shown 

in Figure 4.1 and Figure 4.2. This also validates the ability of the constituent materials to bond 

perfectly to the gum matrix and the ability of the piezoelectric gum sensor to withstand the 

environment. 
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Figure 4.1: Clear solution of the piezoelectric gum immersed in distilled water after 7 days a) 

ZnO-SWCNTs gum sensor immersed in distilled water b) ZnO gum sensor immersed in distilled 

water c) ZnO-MWCNTs gum sensor immersed in distilled water 

 

 

 

 

 

 

a b c 

40mm 



49 | P a g e  
 

 

 

 

 

Figure 4.2: Clear solution of the piezoelectric gum immersed in a buffer solution of pH 7 after 7 

days a) ZnO-SWCNTs gum sensor immersed in buffer solution b) ZnO gum sensor immersed in 

buffer solution c) ZnO-MWCNTs gum sensor immersed in a buffer solution 

 

 

 

 

 

 

 

 

a b c 

40mm 



50 | P a g e  
 

4.2 Optimization of CNTs in the gum sensor by the use of Piezoelectric Calibration  

Several literatures [99]-[101] have shown that the piezoelectric property of ZnO can be enhanced 

by the addition of CNTs. It is, however, important to determine the wt % of CNTs that is required 

to be added to the ZnO in order to achieve an optimum piezoelectric property of the gum sensor. 

Based on this, different piezoelectric gum sensors were fabricated by adding different wt %s of 

SWCNTs to ZnO (base material) in the gum sensor. The piezoelectric properties of these gum 

sensors were evaluated using the piezoelectric coefficient (d11) calculated from piezoelectric 

calibration of the gum sensor gotten from LMS data acquisition system. The piezoelectric 

coefficient (d11) was calculated using equation (3-1) – (3-4). The values of the piezoelectric 

coefficient for the different wt % of CNTs added to ZnO in the gum sensors are shown in Table 

(4.1). 

The optimization plot as seen in Figure 4.3 shows the plot of the piezoelectric coefficient of the 

piezoelectric gum sensor against increasing varying wt % of CNTs. It can be observed from Figure 

4.3 that there is an increase in the piezoelectric coefficient of the gum sensor with an increase in 

the wt % of CNT to a threshold value followed by a sharp decline. The highest piezoelectric 

coefficient occurs when 90.9 wt % of ZnO and 9.1 wt % of CNTs solutions were used for the 

fabrication of the gum sensor. The CNTs were optimized within the limitation of the preparation 

and test procedures. There is a drastic drop in the piezoelectric coefficient of the gum sensor when 

the wt % of SWCNTs was increased from 9.1% to 11.1%. The piezoelectric coefficient dropped 

by approximately 339% from the threshold value of 27.05 pC/N to 5.43pC/N when the wt% of 

SWCNTs was increased from 9.1% to 11.1%. This shows that excess of SWCNTs in the gum 

sensor is detrimental to the piezoelectric property of the gum sensor. However, if added in a little 

amount, the piezoelectric property of the ZnO in the gum sensor would not be optimally enhanced. 
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The piezoelectric coefficient of the gum sensor increases with increase in the addition of CNTs to 

the ZnO in the gum sensor as shown in Figure 4.3 and this suggest that there is an enhanced 

electrical bridging and connectivity between the ZnO nanoparticles with increase in CNTs addition 

[165] [166]. The presence of CNTs in the piezoelectric gum sensor perhaps leads to the formation 

of electrically connected networks providing a continuous pathway for the electric current to be 

transmitted [167]. The application of force on the gum sensor can cause the CNTs to flex and bend 

against adjacent ZnO nanoparticles. This leads to the deformation of the structure which in effect 

induces electrical potential. Due to cross-linking of the ZnO and CNTs nanoparticles, there can be 

inhomogeneity in the gum domain creating a potential difference across the gum resulting in the 

change in voltage [165]. 

The same behavior is also reported in some research carried out on energy storage and conversion 

device [168]-[170]. Researchers reported that the addition of CNTs to lithium-ion batteries helped 

in the enhancement of the electrical properties of the batteries. It enhanced the electrical 

connectivity of the Lithium-based active materials in the battery, decreases the electrolyte 

absorption time and subsequently increases the lifetime of the batteries. The uniform introduction 

of CNTs into the batteries resulted in an increased electrical connectivity and hence, provides a 

pathway linking the nanoparticles in the battery [169]. 

However, because the CNTs nanoparticles are in water suspension, with more addition of CNTs 

dispersion (> 9.1 wt. %) to ZnO, this can lead to excess voids in the gum sensor after the water 

dries up. This can affect the electrical connections between the ZnO nanoparticles [165]. The 

electrical charges produced by the ZnO nanoparticles when subjected to external load cannot be 

connected due to these voids causing a low voltage output from the gum sensor and hence a low 

piezoelectric coefficient. 
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Piezoelectric Coefficient (pC/N) with increasing wt % of CNTs 

 

 

Figure 4.3: The effect of increase in CNTs addition to the ZnO in the gum  

 

 

 



53 | P a g e  
 

 

 

 

 

 

Table 4.1: The piezoelectric coefficients of ZnO-SWCNTs with varying wt %s of SWCNTs in the 

gum sensor 

SWCNTs (wt %) Piezoelectric Coefficient (pC/N) 

2.4 0.81 

2.9 2.05 

3.6 2.06 

3.7 8.26 

4.2 10.67 

4.8 18.04 

6.9 26.27 

9.1 27.05 

11.1 5.43 

13.1 1.43 

23.1 1.26 
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4.2.1 Comparison of the Piezoelectric Coefficient of ZnO-SWCNTs and ZnO-MWCNTs 

Gum Sensor 

In order to evaluate if the addition of MWCNTs to ZnO in the gum will further enhance the 

piezoelectric property of the gum sensor as compared to the addition of SWCNTs to ZnO, ZnO-

MWCNTs and ZnO-SWCNTs gum sensors were fabricated with the same wt %s of CNTs 

(SWCNTs and MWCNTs) and ZnO. The effects of the increase in the wt % of CNTs (SWCNTs 

and MWCNTs) on the piezoelectric coefficients of ZnO-SWCNTs gum sensor and ZnO-

MWCNTs gum sensor respectively are shown in Figure 4.4. It shows that for both piezoelectric 

nanocomposite gum sensors, the piezoelectric coefficients increased with increase in the wt % of 

SWCNTs and MWCNTs. Both ZnO-SWCNTs and ZnO-MWCNTs gum sensors have almost the 

same piezoelectric coefficient values when the wt %s of the CNTs were increased from 3.61% to 

4.22%. Further increase in the wt % of SWCNTs and MWCNTs in the gum sensors indicate that 

ZnO-SWCNTs gum sensor has a higher piezoelectric coefficient as compared to ZnO-MWCNTs 

gum sensor. The highest piezoelectric coefficient is obtained at 9.1 wt.% each of SWCNTs and 

MWCNTs.   

Better piezoelectric property is observed for ZnO-SWCNTs gum sensor as compared to ZnO-

MWCNTs gum sensor as seen in Figure 4.4. This is probably because the shorter SWCNTs were 

able to provide a better conduction path for the ZnO nanoparticles in the gum sensor than 

MWCNTs. SWCNTs are known to have fewer defects as compared to MWCNTs [171]. The 

presence of more defects in MWCNTs could reduce the ease of connection and transportation of 

the charges produced by the ZnO nanoparticles. The same behavior was reported by Ramaratnam 

and Jalili [21]. The SWCNT-PVDF-TrFe film produced a greater piezoelectric response than 

MWCNT-PVDF-TrFe film.  
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Figure 4.4: The effect of an increase in CNT addition on the piezoelectric coefficient of 

ZnO/SWCNTs gum sensor and ZnO/MWCNTs gum sensor. 
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4.3 Effect of Strain on Sensor Resistance 

The performance of a polymer-based nanocomposite sensor can be affected by the electrical 

resistance of the sensor. The resistance of the CNTs in the gum sensor can change due to strain 

application which invariably affects the piezoelectric property of the sensor. Several researches 

[99]-[101] however, have shown that carbon nanotubes are responsible for connecting the charges 

produced by the ZnO nanoparticles. It is therefore important to consider the effect of strain on the 

sensor resistance to ensure that the CNTs can effectively connect and transport the charges 

produced by the ZnO nanoparticles. 

Two piezoelectric gum sensors; optimized ZnO-SWCNTs and ZnO-MWCNTs gum sensors were 

subjected to tensile loading and the resistance change was measured simultaneously as explained 

in chapter 3.  The resistance versus strain plots for ZnO-SWCNTs gum sensor and ZnO-MWCNTs 

sensor when they were subjected to tensile loading is shown in Figure 4.5 and Figure 4.6 

respectively. The resistance increases with increase in the applied load even unto the fracture for 

the two gum sensors. The change in resistance of the piezoelectric gum sensors with applied load 

could be due to the loss of contacts among the CNTs and tunneling resistance variation due to 

rearrangement of neighboring CNTs and intrinsic resistance due to deformation [171-178].  

The increase in the resistance of both the ZnO-SWCNTs gum sensor and ZnO-MWCNTs gum 

sensor suggests that the electrical properties of piezoelectric gum sensors are greatly affected by 

the tunneling effect in which it is required that the tunneling distance is close enough for 

appreciable electron flow to occur [179] [180]. Tunneling is a plausible concept that is greatly 

influenced by the gap between two neighboring tubes. The electrical conductivity vanishes slowly 

as the gap between these CNTs increases thereby leading to an increase in the tunneling resistance 

or, proportionately, a reduction in electrical conductivity is observed [171]. 
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Due to the applied load, there is every likelihood that changes occur in the tunneling resistance 

between neighboring CNTs because of inter-tube distance enlargement and/or decrease in the 

electrical contact areas. Both concepts can lead to an increase in the resistance of both the ZnO-

SWCNTs gum sensor and ZnO-MWCNTs gum sensor with applied load [179].  

The increase in the resistance of both gum sensors with an increase in applied load can also be 

explained using the geometric effect. The resistance of the gum sensor is given as; 

 

R = 
𝜌𝑙

𝐴
                                                                                                                               (4-1) 

where 𝜌 is the electrical resistivity 

L is the length of the conductor 

A is the cross-sectional area of the conductor. 

The resistance of the gum sensor increases upon elongation in length and reduction in cross-

sectional area. 

Furthermore, as observed in Figure 4.5 and Figure 4.6, the initial and final resistance values 

obtained for ZnO-MWCNTs gum sensor are quite higher than that obtained for ZnO-SWCNTs 

gum sensor with increase in load application. The introduction of more contacts and tunneling 

points between neighboring CNTs possibly can lead to a reduction in electrical conductivity which 

subsequently causes an increase in the electrical resistance and percolation threshold [181]. More 

contacts points and tunneling points are likely to be introduced due to the wavy and 

multiconcentric layers of the MWCNTs as compared to SWCNTs which has a single contact point. 

Large interface and contact resistance are built up due to the contact between the multiconcentric 

layer MWCNTs which acts as a barrier to the flow of electric current [182] and therefore 
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responsible for higher resistance in ZnO-MWCNTs gum sensor as compared to ZnO-SWCNTs 

gum sensor. 

Moreover, the mechanical strength of the ZnO-SWCNTs gum sensor is found to be much higher 

than ZnO-MWCNTs gum sensor, while the ZnO-SWCNTs gum sensor fails at around 40% strain 

and ZnO-MWCNTs gum sensor is broken at only 22% strain as shown in Figures 4.5 and 4.6. 

SWCNTs are known to have fewer defects as compared to MWCNTs [171]. The presence of more 

defects or voids in the ZnO-MWCNTs gum sensor is believed to be responsible for the higher 

resistance and lower strain capacity as compared with ZnO-SWCNTs gum sensor with fewer 

defects. These results confirm that ZnO-SWCNTs gum sensor has a better piezoelectric property 

as compared to ZnO-MWCNTs gum sensor. 
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Resistance vs Strain Plot for ZnO-SWCNTs gum sensor 

 

 

Figure 4.5: Resistance vs Strain Plot for ZnO-SWCNTs gum sensor with 9.1 wt % of SWCNTs 
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Resistance vs Strain Plot for ZnO-MWCNTs gum sensor 

 

Figure 4.6: Resistance vs Strain Plot for ZnO-MWCNTs gum sensor with 9.1 wt % of MWCNTs 
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4.4 Effect of Temperature on Sensor Resistance 

The performance of a polymer-based nanocomposite piezoelectric sensor can be affected by the 

electrical resistance of the sensor. The resistance of the CNTs in the gum sensor can change due 

to temperature changes which invariably affects the piezoelectric property of the sensor. In order 

to further confirm that the CNTs can effectively connect and transport the charges produced by the 

ZnO nanoparticles, it is important to consider the effect of temperature on the resistance of the 

sensor. 

The resistance vs temperature plots for ZnO-SWCNTs (9.1 wt % of SWCNTs) and ZnO-

MWCNTs (9.1wt % of MWCNTs) is as shown in Figure 4.7. The resistance increases with 

increase in temperature from 20oC to 80oC for the piezoelectric nanocomposites gum sensors as 

expected as shown in Figure 4.7. The temperature range was selected because it was noticed that 

the gum was melting above 80oC. The mechanism of the increase in resistance with increase in 

temperature has been explained in several kinds of literature using several theories such as 

conduction pathway theory, percolation phenomenon, thermal expansion theory, electric field 

emission theory and tunnel effect theory [183-188]. 

The increase in the resistance of the piezoelectric gum sensor with increase in temperature is 

believed to be due to the difference in the thermal expansion between nanoparticles and the gum 

which can cause an increase in the interparticle gap width of the conductive path [189]-[192]. 

ZnO-MWCNTs piezoelectric gum sensor has a higher resistance as compared to ZnO-SWCNTs 

piezoelectric gum sensor for each temperature. The result shows that at 20 oC, the resistance of 

ZnO-MWCNTs piezoelectric gum sensor is 173% higher than the resistance of ZnO-SWCNTs 

piezoelectric gum sensor while at 80 oC, the resistance of ZnO-MWCNTs piezoelectric gum sensor 

is 42% higher than the resistance of ZnO-SWCNTs piezoelectric gum sensor. 
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   Effect of temperature on the resistance 

 

 

Figure 4.7: Comparison of the effect of temperature on the resistance of the piezoelectric gum 

sensors 
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The interparticle gap width between the CNTs perhaps increased with increase in temperature. It, 

therefore, implies that the smaller the interparticle gap width, the lower the resistance of the 

piezoelectric sensor [38] [182]. This suggests that the interparticle gap width between SWCNTs 

nanoparticles in the ZnO-SWCNTs piezoelectric gum sensor is smaller than the interparticle gap 

width between MWCNTs in the ZnO-MWCNTs piezoelectric gum sensor. This can explain the 

reason for the lower resistance obtained for ZnO-SWCNTs piezoelectric gum sensor as compared 

to ZnO-MWCNTs piezoelectric gum sensor and this confirms that ZnO-SWCNTs gum sensor has 

a better piezoelectric property as compared to ZnO-MWCNTs gum sensor. 

 

4.5 Effect of CNT addition on the mechanical properties of the gum sensor 

Traditionally, carbon nanotubes are used as nanofillers for polymeric material to enhance their 

mechanical properties. Enhanced mechanical property is important as the sensor would be 

subjected to load and it is important for the sensor to have significant load-bearing capacity in 

application. 

The stress vs strain plots as shown in Figure 4.8, 4.9 and 4.10 obtained during the tensile testing 

of the three piezoelectric gum sensors show the values of the strain to failure, yield strength, 

ultimate tensile strength (UTS), and the failure strength for each of the piezoelectric gum sensors.  

The bar charts in Figure 4.11, Figure 4.12, Figure 4.13 and Figure 4.14 gives the comparison of 

the different mechanical properties that are obtained from the stress-strain curve for the three 

piezoelectric gum sensors. The stress vs strain plot shows that ZnO-SWCNTs piezoelectric gum 

sensor can withstand more load as compared to ZnO piezoelectric gum sensor and ZnO-MWCNTs 

piezoelectric gum sensor.  
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Stress-strain plot                

    

Figure 4.8: Stress-Strain Plot for ZnO piezoelectric gum sensors 

 

 

 

 



65 | P a g e  
 

 

 

 

Stress-strain plot 

 

Figure 4.9: Stress-Strain Plot for ZnO-SWCNTs the piezoelectric gum sensors 
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Stress-strain plot 

 

Figure 4.10: Stress-Strain Plot for ZnO-MWCNTs the piezoelectric gum sensors 
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Strain to failure 

  

 

Figure 4.11: The comparison of the strain to failure for the mechanical testing of the piezoelectric 

gum sensors 
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The strain to failure values obtained for the three piezoelectric gum sensors; ZnO, ZnO-SWCNTs, 

and ZnO-MWCNTs show that the strain to failure of ZnO-SWCNTs piezoelectric gum sensor is 

more than twice that of ZnO piezoelectric gum sensor and almost twice the strain to failure of 

ZnO-MWCNTs piezoelectric gum sensor. Also, as shown in Figure 4.12, the yield strength for 

ZnO-SWCNTs piezoelectric gum sensor is almost 2 times greater than the yield strength of ZnO 

piezoelectric gum sensor and close to the value obtained for ZnO-MWCNTs piezoelectric gum 

sensor. In order to evaluate the maximum stress that the three piezoelectric gum sensors can 

withstand when subjected to loading before breaking, the ultimate tensile strength (UTS) is 

obtained from the stress vs strain plot and the results indicate that the UTS for ZnO-SWCNTs 

piezoelectric gum sensor is almost ten times greater than that of ZnO piezoelectric gum sensor and 

has a close but greater value as compared to UTS obtained for ZnO-MWCNTs piezoelectric gum 

sensor. The failure strength of ZnO-SWCNTs piezoelectric gum sensor is more than 20 times 

greater than that of ZnO piezoelectric gum sensor and almost twice the UTS obtained for ZnO-

MWCNTs piezoelectric gum sensor. 

The enhancement of the mechanical properties of nanocomposites can be attributed to the transfer 

of stress from the polymer matrix to the nanoparticles. It is, therefore, necessary to have strong 

interfacial adhesion between the polymer and CNTs for improved mechanical properties. 

However, the presence of voids, agglomerates, defects, and other inclusions of MWCNTs reduces 

the strength of a nanocomposites [193]. Better mechanical properties are observed in ZnO-

SWCNTs piezoelectric gum sensor as compared to ZnO-MWCNTs piezoelectric gum sensor and 

this is could be because SWCNTs have fewer defects as compared to MWCNTs [171]. The internal 

layer of MWCNTs possibly slide over each other thereby reduces the load-bearing capacity of the 

nanotubes; only the outer shells of MWCNTs tend to carry loads. 
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Figure 4.12: The comparison of the yield strength for the mechanical testing of the piezoelectric 

gum sensors 
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This suggests that only weak van der Waals force interaction is responsible for transferring the 

loads between the shells, the resulting aggregates act as a defect site rather than reinforcing the 

nanocomposites, and inner shells are hence able to slide and rotate freely [193].  

SWCNTs are made from a single rolled-up graphene and there is the absence of multiple nesting 

in SWCNTs as found in MWCNTs and as a result, it is believed to have better mechanical 

properties due to curvature effect. In addition, SWCNTs are made up of close-packed stacking 

ropes and form self-assembled cables on nanometer scales [89] and therefore provides strength to 

the piezoelectric nanocomposites gum sensor. It is also possible that agglomeration occurs at a 

higher concentration of MWCNTs in the piezoelectric nanocomposite gum sensor which could 

reduce the strength of the piezoelectric nanocomposite gum sensor [171]. 

A similar trend was observed in a research carried out by Gojny et.al [194], where the mechanical 

properties of epoxy reinforced with varying wt % of Double-walled carbon nanotubes (DWCNTs), 

SWCNTs and MWCNTs. It was observed that the epoxy reinforced with SWCNTs has a higher 

UTS and young modulus than the epoxy reinforced with MWCNTs. SWCNTs is believed to have 

provided better mechanical properties due to its large surface area and aspect ratio as compared to 

epoxy reinforced with MWCNTs. It was also attributed to the agglomeration of MWCNTs with 

local stress concentration and thus reduces the strength of the nanocomposites. 
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Ultimate tensile strength 

 

Figure 4.13: The comparison of the ultimate tensile strength for the mechanical testing of the 

piezoelectric gum sensor 
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Failure strength 

 

Figure 4.14: The comparison of the failure strength for the mechanical testing of the 

piezoelectric gum sensors  
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CHAPTER 5- Conclusions and Recommendation 

5.1 Summary and Conclusions 

The purpose of this research was to fabricate a piezoelectric nanocomposite gum, which can serve 

as both static and dynamic sensor, by direct mixing of the constituent materials (ZnO and CNTs) 

with gum. The piezoelectric gum sensor was characterized using the LMS data acquisition to 

obtain the piezoelectric coefficient, resilience test was done to determine the ability of the 

constituent materials to adhere properly to gum and the ability of the gum sensor to withstand the 

environment, the effects of temperature and strain on the sensor resistance were considered to 

further evaluate the performance of the gum sensors. Finally, a mechanical test was done to 

evaluate the mechanical properties of the gum sensors. The results from the experiments show 

that; 

 Piezoelectric nanocomposites gum sensor can be effectively fabricated by direct mixing of 

ZnO and CNTs with the gum. 

 The constituent materials (ZnO and CNTs) adhered properly to the surface of the gum and 

were able to withstand the environment without been dissolved in the solution. 

 The piezoelectric property of nanocomposite made from ZnO embedded in the gum can be 

enhanced by the addition of CNTs. 

 There is a threshold for the weight % of CNTs (9.1 wt %) required for the fabrication of 

the piezoelectric nanocomposites gum sensor beyond which the piezoelectric coefficient 

of gum sensor would decrease. 

 The addition of SWCNTs to ZnO provide a better piezoelectric property enhancement as 

compared to MWCNTs possibly because SWCNTs are able to form a better electrical 

bridges and connection between the ZnO nanoparticles as compared to MWCNTs 
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 ZnO-MWCNTs gum sensor has a higher resistance with increase in strain as compared to 

ZnO-SWCNTs gum sensor. The presence of multiconcentric layer in MWCNTs as 

compared to single contact point in SWCNTs could be responsible for higher resistance in 

strain observed in ZnO-MWCNTs gum sensor as compared to ZnO-SWCNTs gum sensor. 

 ZnO-MWCNTs gum sensor has a higher resistance with increase in temperature as 

compared to ZnO-SWCNTs gum sensor. This could be due to interparticle gap width of 

SWCNTs which is smaller than that of MWCNTs with increase in temperature. 

 The mechanical strength of the piezoelectric nanocomposite gum sensor is significantly 

enhanced by introducing CNTs. ZnO-SWCNTs piezoelectric gum sensor has higher 

strength than the ZnO-MWCNTs and this could be possibly due to fewer defects in 

SWCNTs as compared to MWCNTs. 

 The results obtained from this research shows that the optimized ZnO/SWCNTs 

piezoelectric nanocomposite gum sensor can be fabricated with 9.1 wt% of SWCNTs and 

90.9 wt% of ZnO. This combination has a better piezoelectric property, mechanical 

property and temperature and strain dependency effect as compared to ZnO/MWCNTs 

piezoelectric nanocomposite gum sensor with the same composition of MWCNTs and 

ZnO. 

 

5.2 Recommendations for Future Work 

 One of the main limitations of this research was the inability to measure the piezoelectric 

coefficient of the piezoelectric nanocomposite gum sensor along other directions i.e. along 

the direction of alignment of the nanotubes. If this can be measured, it would give rise to a 

better piezoelectric property. 



75 | P a g e  
 

 Attempts were made to carry out the microscopic examination of the piezoelectric 

nanocomposite gum sensor but due to the soft nature of the matrix material (bubble gum), 

it was quite difficult to get a microtomed section on the TEM grid. If the microscopic 

examination of the gum sensor was possible, it would help to reveal the arrangement of the 

constituent materials (ZnO and CNTs) in the gum. 

 The effect of temperature on the piezoelectric coefficient of the piezoelectric 

nanocomposite gum sensors should be investigated. 

 Gum was used as the matrix material for the fabrication of the sensor and as a proof of 

concept. The temperature range of application without damage of the gum sensor is limited. 

Other flexible matrix materials should hence be considered for the fabrication process 

 Further studies are required to be carried out on the field testing of the piezoelectric 

nanocomposite gum sensor. 
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