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ABSTRACT 

With recent advances in quantum techniques and bourgeoning nanotechnology, 

multifunctional nanocomposites have been developed, to accommodate ever-

increasing requirements of the rapidly progressing industries. In this PhD study, new 

breeds of nanoengineered piezoresistive sensors are explored and developed using 

additive manufacturing. By exploiting the excellent mechanical and chemical 

properties of graphene- and carbon black (CB)-filled nanocomposites including the 

good flexibility, customizable properties, and low density, the developed sensors have 

proven effectiveness and performance in facilitating acousto-ultrasonics-based in situ 

structural health monitoring (SHM) and human health monitoring. By virtue of the 

quantum tunneling effect in nanoparticle-formed electrical networks in the fabricated 

nanocomposites, these genres of innovative sensors, which are coatable, sprayable or 

printable on a medium surface, show great talent in in situ acquisition of broadband 

dynamic signals from quasi-static strains, through structural vibration signals of 

several hundred hertz, to high-frequency ultrasound in a regime of megahertz - a trait 

of nanocomposite-based piezoresistive sensing devices that have until now not been 

discovered and explored. 

 

With polyvinylidene fluoride (PVDF) as the matrix, fabrication of the nanocomposite 

sensors is attempted in a comparative manner, using multiscale nanofillers ranging 

from zero-dimensional CB, through one-dimensional multiwalled carbon nanotubes 

(MWCNTs), to two-dimensional graphene nanoparticles. Compared with conventional 

strain gauges that usually feature a gauge factor of ~2, much higher gauge factors of 



 

ii 

the nanocomposite sensors (ranging from ~5 to ~55) have been achieved in measuring 

quasi-static dynamic disturbances and low-frequency vibrations. With a 

morphologically optimal nano-architecture, the quantum tunneling effect can be 

triggered in the percolating nanofiller network when ultrasound signals traverse a 

sensor to induce dynamic alteration in the piezoresistivity manifested by the sensor. 

To understand the sensing mechanism of the developed nanocomposite-based sensors, 

a three-dimensional molecular model is established to simulate the micro-dynamics of 

the movement of nanoparticles under ultraweak disturbances induced by ultrasound. 

Results of in situ morphological analysis and experiment reveal high fidelity, ultrafast 

responses, and high sensitivity of the nanocomposite sensors to dynamic disturbances, 

from static strains to ultrasound in a regime of megahertz yet with an ultralow 

magnitude (of the order of microstrain or nanostrain). These findings are remarkable, 

as no other investigation has probed the responses of nanocomposite piezoresistive 

sensors over such a broad frequency spectrum. 

 

To further quantitively manipulate the physical properties of the nanocomposite 

sensors, a nanoengineered ink delicately made from CB and polyvinyl pyrrolidone 

(PVP), is prepared, on which basis the thus-fabricated sensors are reproducible with 

high reliability via additive manufacturing approaches (inkjet printing). This ink can 

be deposited directly on the surfaces of various substrates or engineering structures 

such as polyimide (PI) films to configure nanocomposite sensor arrays or dense sensor 

networks via the computer-aided design. Strong structural adaptability and high 

flexibility make the printable sensor a highly promising candidate to substitute 

traditional piezoresistive and piezoelectric sensors in the acquisition of dynamic 

signals from engineering structures with arbitrary surfaces. Lightweight and without 
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the need to use externally connected wires or cables, a printed sensor network 

significantly reduces the weight and volume penalties imposed on the host structure, 

even when the sensor network is installed in a large quantity. It also minimizes the 

possibility of exfoliation of the sensors from the host structure under cyclic loads. The 

printed pattern warrants superior performance in the perception of broadband acousto-

ultrasonic signals. The fabrication process of the sensor network does not entail 

expensive printing facilities, and the CB/PVP hybrid can easily be injected into an 

inkjet cartridge for printing.  

 

To take a step further, several inkjet-printed sensors are arrayed to configure the printed 

sensor networks along with the printed electric circuits, to implement in situ SHM. 

The printed sensor networks, compared with conventional piezoelectric lead zirconate-

titanate ceramics (PZT)-based sensor networks, exhibit higher compatibility with the 

host structures, sensors and electric wires, due to the good adhesion and lightweight of 

the printed sensors and electric circuits. Therefore, these printed sensing networks can 

maintain stable performance under heavy loads without concern of exfoliation of 

sensors and circuits. 

 

An all-in-one SHM system, consisting of a waveform generator, a power amplifier, a 

printed sensor network and an oscilloscope, is configured and manufactured to 

interrogate the area covered by the printed sensing network. This SHM system is used 

to monitor and evaluate the health status of an aircraft structure (i.e., an aircraft 

radome), in which two application paradigms of damage localization are fulfilled – 

passive localization for impact damage and active identification for undersized defects, 

respectively. Being sensitive and broadband, the impact and ultrasonic signals are 
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faithfully captured by the printed sensing network in both active and passive manners. 

The location of impact damage is pinpointed in real time with high precision and 

resolution. In addition, the locations of undersized defects are identified via the time-

of-flight-based triangulation location algorithm. The feasibility of using the GUWs-

sensitive nanocomposites to monitor health indexes of human (e.g., pulse and viscosity 

of human blood) is preliminarily investigated, highlighting that this sensor also has 

great potential for developing human wearable healthcare devices.  

 

Being flexible, lightweight, tailorable and printable, the nanocomposite sensors can be 

densely deposited on curve structures, unlike the brittle and heavy PZT wafers which 

can only be installed on relatively flat structures in sparse fashions. The printed sensing 

networks, with proven sensitivity and precision in responding to GUWs up to 

megahertz (i.e., 1.4 MHz), are configured to render rich information for depicting 

structural health status, highlighting that this new kind of sensors has paved a new path 

for implementing in situ SHM, by striking a compromise between ‘sensing 

effectiveness’ and ‘sensing cost’. 
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SHM Structural health monitoring  

PVDF Polyvinylidene fluoride 
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GUWs  Guided ultrasonic waves 

0D Zero-dimensional 

1D One-dimensional 

2D Two-dimensional  

3D Three-dimensional 
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SRC Signal different coefficients 
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PU Polyurethane 

GO Graphene oxide 

TPU Thermoplastic polyurethanes 

NMP 1-Methyl-2-pyrrolidinone 

DMF Dimethylformamide 

SEM Scanning electron microscope 

XRD X-ray diffractometer 

DMA Dynamic mechanical analysis 

RVE Representative volume element 

GFRP Glass fiber reinforced polymer 

CFRP Carbon fiber reinforced polymer 

PDI Probability-based diagnostic imaging 

BMF Blood-mimicking fluid 

 

 

Symbols 

∆𝑅 Change of resistivity 

𝑅 Resistivity 

휀 Strain 

H Thickness 

𝑘 Wavenumber 
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ω Circular frequency 

𝜆𝑤 Wavelength 

c Wave velocities of Lamb waves 

f Time domain 

𝑆𝑓1𝑓2 Eliminate cross-correlation coefficient 

𝑃𝑖𝑗(𝑥, 𝑦) Probability estimation of each sensor pairs (𝑆𝑖 and 𝑆𝑗) 

𝛽 Scaling parameter 

𝐽 Density of the tunneling current 

𝑉 Electrical potential difference 

𝑒 Quantum of electricity 

𝑚 Mass of electron 

ℎ Planck’s constant 

𝑑 Distance 

𝜆ℎ Height of barrier 

𝐴 Cross-sectional area 

𝑙 Length 

𝑣 Velocity 

t Time 

L Distance 

𝑃(𝑧) Probability of the damaged spot 

𝑝(𝑧) Degree of damage probability 
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σ Standard variance 

I Field value 

𝑛 Number of particles inside the aggregate 

𝐶 Pre-factor 

𝑅 Radius of the CB aggregate 
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D Mass fractal dimension 
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CHAPTER 1  

 

Introduction 

1.1 Background and Motivation 

Engineering structures working in harsh environments or under heavy loads are prone 

to corrosion or fatigue damage which is usually initiated at an unobservable degree. 

These types of undersized damage may potentially result in irremediable disasters, as 

typified by some selected examples enumerated in Table 1-1) [1-6]. Early detection of 

undersized damage in the scale of several millimeters has been facilitated by numerous 

damage evaluation methods developed in recent decades, represented by such as eddy 

current nondestructive testing, laser interferometry measurement and acousto-

ultrasonics-based structural health monitoring (SHM), to name a few [7-11]. Among 

these approaches, acousto-ultrasonics-based SHM has been widely utilized to 

implement real-time monitoring of the conditions and health status of engineering 

assets. Acousto-Ultrasonics is derived from a combination of Acoustic-emission 

monitoring and Ultrasonic characterization [9]. Acousto-ultrasonics-based SHM is 

demonstrably cost-effective in striking a compromise among resolution, detectability, 

practicality and cost, corroborating the philosophy of in-situ SHM. 
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 Table 1-1 A list of accidents induced by corrosion or fatigue damage [2-6]. 

Year Flight Reasons 

1954 BOAC Flight 781 

Metal fatigue, which was initiated from 

repeated pressurization and de-

pressurization, led to the failure of the 

rivet. 

1978 Helikopter Service Flight 165 

Knuckle joint failure, primitively 

induced by a fatigue crack, led to the 

loosening of the rotor blade. 

1988 Aloha Airlines Flight 243  

Metal fatigue, which was accelerated by 

corrosion, led to the disintegration of the 

fuselage. 

2000 Hatfield Rail Crash 

Fatigue cracks, which were caused by 

repeated high stress, led to the fragment 

of the railway. 

2009 
Sayano-Shushenskaya Power 

Station Accident 

Fatigue cracks of the mountings of the 

turbine, which was induced by the 

turbine vibrations, led to the failure of 

the turbine cover.  

 

Resembling a biological nervous system as illustrated in Figure 1.1, an integrated 

acousto-ultrasonics-based SHM system, consisting of multiple modules including a 

signal generator, a sensor network and a data processing unit, endows the inspected 

engineering structures with the capability of diagnosing structural damage in a real-

time or near real-time manner. In this system, the distributed sensors, which are 

analogous to the thousands of neurons in the human body, are employed to acquire 

structural vibrations and disturbances. Subsequently, the acquired signals are 

transmitted to the processing unit via the ‘communication bus’ (electric wires and 

cables) for data processing and damage imaging. Thus, the ‘uncomfortable symptoms’ 

of the host structures can be consequently identified.  
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Figure 1.1 Simulated diagram of a human biological nervous system and an 

imitative sensing system on an airplane structure. 

 

Sensing – the infrastructure of a cognitive system either biological or artificial – plays 

the most rudimentary yet pivotal role in perceiving changes of self-condition or 

fluctuation of ambient factors, on which basis apperception and cognition are 

developed [12-21]. Commercially available sensors are in a diversity of modalities, as 

typified by metal-foil strain gauges [22], piezoelectric wafers (typically lead 

piezoelectric lead zirconate-titanate (PZT)) [23], optical fibers [24], electromagnetic 

acoustic transducers [25] and piezoelectric polymer type sensors (e.g., polyvinylidene 

fluoride (PVDF) and its copolymers) [26, 27]. 

 

Amongst these commercial sensors, PZT ceramics are commonly used as the actuators 

and sensors for the excitation and acquisition of guided ultrasonic waves (GUWs). 

Being piezoelectric, the potential difference can be generated between two faces of a 

PZT wafer along which direction the force is imposed. Conversely, physical changes 
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of a PZT wafer (i.e., vibrations and disturbances) are created when electrical signals 

are applied. Although PZT wafers can cope with a multitude of tasks for GUWs-based 

SHM strategies, certain drawbacks of these piezoelectric sensors have limited their 

further uses in in situ SHM. For instance, because the PZT wafers, like most ceramics, 

have low ductility and poor flexibility, it cannot be externally mounted onto structures 

with curved surfaces. Moreover, the possible exfoliation of such sensors from host 

structures under cyclic loads or chemical corrosion makes their use debatable in high-

end applications such as SHM for aircraft. Taking metal foil strain gauges as another 

example, strain gauges – a sort of resistance sensor – are one of the most important 

tools to calibrate the strain variations of engineering structures under static or low-

frequency vibrations. The thin-film structure of strain gauges offers superior long-term 

stability and enhances the adhesion between the sensors and host structures. However, 

two major demerits of strain gauges are the high measurement noise which arises from 

the resistive thermal noise, and the low sensing frequency regime, suffering from 

which strain gauges are insensitive to GUWs. 

 

In recognition of these deficiencies of PZT wafers and strain gauges, carbon-

nanoparticle-filled composites have been recently applied to fabricate specific and 

versatile applications, offering appealing perspectives to entertain demanding 

measurement needs [28-32]. Taking advantage of the excellent and unique mechanical 

and chemical properties of carbon nanoparticles, efforts have been dedicated to the 

development of novel nanocomposite sensors for capturing signals induced by 

vibrations, temperature variations, and so on. By optimizing the synthesis process and 

selecting a suitable nanofiller along with a matched polymeric matrix, applications 

with specific functionalities are designed and developed. Deployable in diverse 
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modalities such as films, fibers, and porous entities, nanocomposite sensors are 

lightweight, resilient, sensitive, stretchable, and easily fabricated [33-38].  

 

Prevailing nanocomposite sensors are demonstrably responsive to the deformation of 

the order of milli-strain engendered by a static load or a dynamic disturbance with a 

frequency up to several hundred hertz, in that a strain of that class suffices to substitute 

nanofiller-formed conductive networks in sensors, resulting in measurable change [39-

42]. Thus, those piezoresistive sensors can be used to reflect and quantify the 

deformation of engineering assets, and then the variations of structures can be 

identified. 

 

Diverse nanoparticle-filled composites have been explored in the context of rapidly 

developing nanotechnology and the discovery of new types of carbon nanofillers 

including graphene, multiwalled carbon nanotubes (MWCNTs) and carbon black (CB) 

[43-45]. These nanofiller candidates can be dispersed in a matrix to form conductive 

paths at the nanoscale, and the matched polymer matrix makes it more compatible with 

the host structures to form an intelligent sensing network. Among these nanoparticle 

candidates, graphene, a one-atom-thick two-dimensional (2D) material with 

exceptionally high electrical conductivity and excellent mechanical properties, has 

been widely studied for potential applications since its discovery in 2004 [36-38]. 

Graphene has become a potential candidate for the development of piezoresistive 

sensors, because of its remarkable electric conductivity [39-41].  

 

Nevertheless, this genre of sensors, as typified by nanocomposite piezoresistive 

sensors, is in general unable to respond to a dynamic disturbance beyond several 
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kilohertz (kHz), let alone megahertz (MHz) ultrasound. One of the key barriers here is 

that the ultraweak energy carried by a high-frequency dynamic disturbance (e.g., an 

ultrasound signal) can lead to the deformation in the order of microstrain or even 

nanostrain, which, under most circumstances, is inadequate to provoke a phenomenal 

change in piezoresistivity that can be measured by a piezoresistive sensor. This 

challenge has engendered intensive endeavors to enhance the responsive capability of 

nanocomposite piezoresistive sensors to dynamic disturbances with frequencies 

beyond kHz. Hitherto, the fastest response of a nanocomposite-based piezoresistive 

sensor has reportedly reached 2 kHz [46] ~ 10 kHz [47].  

 

Recent advances in quantum science have motivated researchers to develop innovative 

sensors taking advantage of the tunneling effect, significantly increasing the sensitivity 

of nanocomposites in perceiving structural vibrations under a low-frequency range [22, 

48, 49]. The tunneling effect, on which basis electrons can still jump from one 

nanoparticle to a neighboring one when they are in close proximity within several 

nanometers, has been widely considered the dominant sensing mechanism that can 

increase the sensitivity and sensing frequency range of nanofiller-based composite 

sensors under microstrain. By exploiting the tunneling effect, the nanocomposite 

sensors are potentially capable of perceiving GUWs with an ultrahigh frequency up to 

megahertz yet with an ultralow magnitude of the order of microstrain or even 

nanostrain. 

 

In conclusion, the existing nanocomposite sensors have the potential to substitute 

traditional sensors such as PZT wafers and strain gauges used in acousto-ultrasonics-

based SHM approaches, for example, the vibration-based damage detection which 
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features a global resistance variation under a low-frequency regime[50]. Although 

those nanocomposite-based detection approaches are effective to inspect structural 

damage with a large scale normally above several millimeters, they are still inadequate 

to be used for identifying undersized damage. The detection accuracy in damage 

location and severity is still limited by the insufficient information supplied by the 

signals acquired by the nanocomposite sensors which are insensitive to GUWs.  

 

 

1.2 Research Objectives 

To circumvent the above-addressed deficiencies of the prevailing nanocomposite 

sensors, this thesis is aimed at developing GUWs-sensitive nanocomposite sensors to 

reform the sensing units for acousto-ultrasonics-based SHM and human wearable 

healthcare devices. This study features a mixed nature of theoretical analysis, 

numerical modeling, and experimental validation. To reveal the underlying sensing 

mechanism and investigate the feasibility of using nanocomposites to capture GUWs 

with high frequency and low magnitude, the following specific objectives are set: 

 

1) To develop new types of nanocomposite sensors that are sensitive to high-

frequency GUWs up to megahertz; 

2) To evaluate the sensing performance of the thus-fabricated sensors in responding 

to structural vibration and GUWs, from static strains to high-frequency 

disturbances up to megahertz; 

3) To optimize the nanostructures of the nanocomposite sensors to increase the 

sensitivity and sensing frequency range in responding to GUWs; 
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4) To design a cost-effective mean for sensor fabrication via additive manufacturing 

methods including 2D and 3D printing, and further simplify the installation of the 

integrated sensing network consisting of nanocomposite sensors and connecting 

wires and cables;  

5) To enhance the stability of the nanocomposite sensors in signal acquisition, on 

which basis the location and severity of damage can be determined precisely and 

robustly;  

6) To configure an integrated SHM system based on the nanocomposite sensing 

network for real-time diagnosis of structural damage in both passive and active 

manners; and 

7) To preliminarily develop a human healthcare device that can be utilized to 

quantitatively evaluate human health indexes including pulse and blood viscosity. 

 

 

1.3 Scope of the Thesis 

This PhD study is dedicated to exploring new genres of GUWs-sensitive 

nanocomposite sensors for SHM approaches, which are capable of perceiving 

structural disturbances with a frequency up to several megahertz. This thesis is 

systematically organized in the order of design philosophy, sensor fabrication, sensing 

ability validations and proof-of-concept applications. 

 

A brief literature review related to current advances in SHM approaches and 

nanocomposite sensors is reported in Chapter 2. The characteristics of various 

modalities of sensors used in SHM systems are concluded. Previous studies about the 
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fabrication and properties of nanocomposite sensors are recapped. Another emphasis 

is placed on the sensing mechanism, on which basis the nanocomposites are capable 

of responding to GUWs.  

 

Chapter 3 elaborates on and demonstrates the fabrication methods and design 

philosophy of the innovative nanocomposite-inspired sensors. The nanocomposite 

sensors, made of various types of nanofillers and polymers, are comparatively 

fabricated via different methods, featuring great sensitivity in perceiving quasi-static 

structural vibrations. the electrical properties and morphological characteristics of the 

nanocomposite sensors are interrogated, to conduct an initial screening of the raw 

materials for further optimization of the smart sensors. A theoretical model is 

established to investigate the underlying sensing mechanism of the nanocomposite 

sensors in responding to GUWs. 

 

The sensing abilities of the nanocomposite sensors are further investigated from low-

frequency structural vibrations to high-frequency disturbances in Chapter 4. The 

nanocomposites are capable of responding to GUWs faithfully and accurately with a 

broadband frequency range up to 1.4 MHz. Furthermore, stability tests including 

thermal tests and durability tests are implemented, confirming that the thus-fabricated 

sensors can maintain stable and reliable in long-term service under harsh working 

environments.  

 

A computer-aided fabrication method is reported in Chapter 5, to decrease the 

manufacturing defects induced by human errors. The viscosity of the ink, which is one 

of the most crucial parameters for inkjet printing, is carefully investigated to warrant 



 

10 

that the ink can be smoothly ejected from the nozzles. This ultra-thin printed sensor, 

fabricated by additive manufacturing, shows superior stability in detecting GUWs.  

 

Upon validations, proof-of-concept applications are designed and implemented based 

on the nanocomposite sensors in Chapter 6. An all-in-one SHM system, embracing a 

waveform generator, a data processing center and the printed nanocomposite sensor 

network developed in this study, is established to implement damage diagnosis. The 

location of structural damage is pinpointed by the SHM system in either an active or 

passive manner. Meanwhile, potential applications for human healthcare devices in 

detecting pulse and the viscosity of human blood are preliminarily investigated.  

 

In the end, Chapter 7 serves as the conclusion of the thesis where recommendations 

for future research are also given. 
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CHAPTER 2  

 

Literature Review 

2.1 Introduction 

This chapter reviews the key issues that are associated with GUWs-based SHM and 

the fabrication of nanocomposite sensors. In general, physical damage of engineering 

structures can be defined as the changes of geometric properties that influence the 

parameters of guided waves propagating inside the structures including the velocity, 

intensity and frequency. By exploiting the variations of wave signals acquired by 

various types of sensors, the damage can be identified in an early stage before it 

deteriorates to a critical degree. The SHM techniques are reviewed at the beginning to 

give a glance at the dilemmas borne by SHM approaches, with emphasis on existing 

problems. The limitations and demerits of the prevailing sensor networks used in SHM 

techniques are concluded, on which basis the current PhD study has been motived. The 

fundamentals of GUWs and the GUWs-based damage detection algorithms are 

recapped briefly. This chapter further reviews the nanoengineered composites, which 

have already been designed for multifunctional applications. In particular, a summary 

of nanocomposite-based piezoresistive sensors, which can be used to perceive low-

frequency structural vibrations with high sensitivity, are presented. This chapter ends 

up with the potential sensing mechanisms (i.e., the piezoresistive and the tunneling 
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effect), to shed light on the connection and disconnection of conductive paths created 

among the aggregations of nanoparticles when the sensors are in response to the elastic 

disturbances at the nanoscale, leading to the resistance changes of the nanocomposite 

sensors.  

 

 

2.2 Structural Health Monitoring Techniques 

SHM is a series of damage identification strategies by establishing early warning 

systems using an array of sensors, so as to diagnose the onset of anomalous structural 

behaviors [51]. In general, an integrated SHM system comprises ‘muscles” (signal 

generators), ‘nerve cells’ (sensors), a ‘nervous subsystem’ (a connecting wire network) 

and a ‘brain’ (a data processing center). In this circumstance, the development of these 

essential elements and SHM is emphasized in this section.  

 

2.2.1  Basic concepts and principles 

Recently, damage prognosis systems have been envisaged as practical ways to prevent 

structural failure of engineering assets in diverse fields. Non-destructive evaluation 

(NDE), from which SHM is evolved, has already been considered as an efficient way 

to identify and analyze the health status of engineering assets without introducing any 

damage [52-54]. Nevertheless, today’s prevailing NDE techniques are performed at 

regularly scheduled intervals, after terminating the normal operation of the system 

under inspection or occasionally dismantling the inspected structure from its main 

system. Restricted by these prerequisites, conventional NDE techniques are, under 
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most circumstances, unwieldy to evaluate fatigue cracks in a timely manner, because 

the growth and propagation of a fatigue crack usually give insufficient warning before 

it develops to a critical level with an alarming rate, and this could take place in the 

interval between two consecutive inspections. Apart from being time-consuming, 

labor-intensive and cost-exorbitant, the NDE-driven evaluation philosophy is highly 

subjective, excessively depending on the discretion of the manipulation personnel.  

 

With that motivation, SHM has been introduced as a promising means for monitoring 

and diagnosing structural damage in real or near real time, among which the vibration-

based and wave-based techniques are the two most common means to implement SHM 

[55-60]. The passive and active monitoring schemes (normally referring to the 

vibration-based and wave-based SHM, respectively) are the two classifications of 

SHM relying on the signal sources that are generated by the external actuator or not 

[61, 62]. An SHM system can provide the engineering structure a continuous and in 

situ health surveillance during the whole working lifetime. The GUWs-based SHM, 

offering an efficient way to precisely evaluate and identify structural damage, requires 

a bunch of sensors that are sensitive to GUWs and can be permanently installed on an 

engineering structure. Compared with the traditional NDE approaches, the SHM 

schemes can significantly reduce the maintenance cost and enhance the accuracy of 

damage localization [63]. The SHM systems have already been installed on lots of 

infrastructures around the world. For example, thousands of different types of sensors 

were mounted or embedded on Tsing Ma bridge to monitor and evaluate the variations 

of strain, temperature and vibration of the bridge, as depicted in Figure 2.1 [64-66]. 

Thus, SHM can serve as an efficient candidate to protect the engineering properties 

and human lives via apprising operators of the real-time status of the integrity of 
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engineering structures, on which basis the operators can forecast potential risks and 

arrange relevant repairs accordingly. 

 

 

Figure 2.1 Layout of the sensing system and the data acquisition system on Tsing Ma 

Bridge [66]. 

 

2.2.2  Sensors for SHM 

Although most of the sensors (e.g., Hertzian contact transducers and lasers [67]) used 

in NDE schemes function well, it’s hard for them to be permanently installed on 

engineering structures due to the poor compatibility between the metal/ceramic-based 

sensors and structures. As mention in section 2.2.1, SHM, a continuous SHM system, 

requires a series of functional sensors which can be permanently installed onboard. 
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A metal-foil strain gauge is a representative piezoresistive sensor whose resistance 

varies with the applied forces. The resistance of a metal foil strain gauge changes when 

the etched metal wire is stretched or compressed. The gauge factor of a strain gauge, 

which can reflect its sensitivity, is usually around 2 and can be precisely determined 

by Equation 2.1 [68, 69]:  

 𝐺𝐹 =
∆𝑅/𝑅0
휀

 2.1 

where ∆𝑅 represents the change of resistance induced by the strain, 𝑅0 the original 

resistance of strain gauge under static situation and 휀 the strain. The variations of 

resistance can be directly measured or be transferred into electrical changes (e.g., 

changes of voltage or electric current) via a Wheatstone bridge. However, this kind of 

sensor is insensitive to high-frequency disturbances above hundreds of kilohertz. With 

the increase of excitation frequencies, the signals captured by a metal-foil strain gauge 

usually feature a prominent delay in the time domain and a significant distortion in the 

waveform. And, the acquired signals are influenced by the orientation of the metal grid, 

making it much more sensitive to the waves paralleling to the direction of the grid. 

 

Owing to the high sensitivity to broadband signals and low manufacturing costs, PZT 

wafers have been commonly employed as actuators and receivers for signal generation 

and acquisition. When an electric field is applied on a PZT wafer, a corresponding 

mechanical vibration is generated, and vice versa. Being surfaced-mounted, this type 

of sensor can continuously excite and receive GUWs to detect unpredictable damage 

of the structures in a pre-planned scheme during the operation of the structures. 

However, due to the deterioration of glue and weak adhesion between PZT wafers and 

a host structure, the exfoliation of PZT wafers causes failure of the monitoring system. 
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Meanwhile, a PZT wafer features a brittle characteristic so that this type of sensor 

performs badly in damage detection of structures with complex surfaces like curved 

and rugged surfaces, and also it cannot withstand the large strain deformation. As 

shown in Figure 2.2, a great number of PZT wafers and wires were employed to 

configure an efficient sensor network for the SHM system, resulting in tremendous 

weight and volume penalties for engineering assets. 

 

 

Figure 2.2 A representative PZT sensor network. 

 

Optical fiber sensors are very suitable for most of the applications of SHM and human 

health monitoring cause they exhibit versatile abilities in detecting various types of 

damage forms and possess numerous merits (e.g., high bandwidth, dielectric and 
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lightweight) [70, 71]. Being dielectric and passive, this type of sensor presents high 

chemical/electromagnetic resistance and low attenuation rate in long-distance signal 

transmission. By analyzing the change of intensity, wavelength and interference of the 

light propagating inside the fiber, the tiny disturbances of ambient environments and 

the vibrations of engineering structures can be easily captured by optical sensors. As 

depicted in Figure 2.3, an optical fiber was embedded inside the human tissue to 

acquire ultrasound for medical imaging [72]. Normally, optical fibers are embedded in 

engineering structures to achieve higher sensitivity. Although optical fibers are tiny 

and lightweight with a diameter around 50μm, this invasive approach degrades the 

mechanical properties of the host structures to some extent [73, 74].  

 

 

Figure 2.3 Schematic of the human health monitoring system based on embedded 

optical fiber sensor [72]. 
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All of these sensors mentioned above perform well in their specific fields, but there 

are still lots of issues need to be further settled: (a) the low sensitivity and limited 

sensing frequency range for metal-foil strain gauges; (b) additional weight and volume 

penalties introduced by PZT wafers and (c) invasive damage induced by optical fibers, 

to name a few.  

 

2.2.3  ‘Communication system’ – network circuits 

Network circuits, serving as the ‘communication system’ in an integrated SHM 

approach, are used to connect the functional sensors with the diagnosis elements. 

Conventionally, multiple externally connected electric wires and cables are employed 

to configure the network circuits, on which basis huge weight and volume penalties 

are introduced. However, being portable and lightweight is quite important for devices 

installed on engineering structures. 

 

Recently, numerous researches have been initiated to develop and design easy-to-use 

and lightweight connecting circuits. Chang et al. embedded the whole PZT sensor 

network into a polymer substrate [75, 76]. This flexible and stretchable polymer 

network (i.e., SMART Layer), could be embedded in or installed on the structures to 

perform both active and passive SHM schemes. Thus, this SMART Layer could 

provide a portable diagnostic system compared with the traditional bulky PZT sensor 

networks. Due to the thin thickness, not noticeably degradation of the mechanical 

properties and delamination between the permanently embedded SMART Layer and 

the host structure were observed.  
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Besides, a highly stretchable smart skin that could be expanded to 25-fold of its 

original size was developed by Qiu et al, as presented in Figure 2.4 [77]. In that study, 

a low-cost and adjustable sensor network was directly fabricated to accommodate 

structures operating with a large deformation. The copper electrodes were covered 

with upper and lower PI films to act as the insulating layers and enhance the toughness 

of the copper wires.  

 

 

Figure 2.4 Photograph of the smart skin network [77]. 

 

Thanks to the burgeoning development of printing technologies like spray coating and 

silk printing [78, 79], more flexible printing wires have been studied and applied to 
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configure the sensor networks. A silver-nanoparticle-based ink was prepared by Chen 

et al. [80], to demonstrate a high conductive electrical circuit that could be formed 

under room temperature. In this thesis, a silver-based circuit is introduced to strengthen 

the mechanical toughness and ductility of the nanocomposite sensing network. 

 

 

2.3 Fundamentals of Guided Ultrasonic Waves  

The GUWs used in this study are Lamb waves which exist in thin plates and shell 

structures with their upper and lower boundaries guiding the wave propagation [81].  

 

2.3.1  Theory of Lamb waves 

Lamb waves are multimode GUWs existing in plate-like media, compared with other 

types of elastic waves like longitudinal waves, shear waves, Rayleigh waves, etc. [82]. 

Lamb waves have been considered as one of the most efficient tools to implement in 

situ SHM in lieu of conventional NDT methods for providing real-time and dynamic 

detection approaches. Lamb waves exhibit superior abilities in detecting undersized 

damage like fatigue damage with a sparse sensor network. Meanwhile, the velocities 

of Lamb waves are fast normally within the range of 800 m/s to over 6000 m/s that 

can endow the waves with the ability to conduct the rapid diagnosis in a large area. 

Because Lamb waves are dispersive, at least two modes of waves are generated at a 
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certain frequency, featuring several separate wave packets in the signal acquired by 

sensors. With the increase of the frequency-thickness products, higher-order Lamb 

waves are generated, leading to a complicated waveform. It is therefore important that 

the fundamental properties of Lamb waves should be carefully investigated and 

thoroughly understood. 

 

The elastic waves can be represented by Cartesian tensor notation when the waves are 

propagating in homogeneous and isotropic plate-like structures [83]. Then, the 

Cartesian tensor notation can be further decomposed via the Helmholtz decomposition 

method to two parts: longitudinal and transverse wave modes featuring a radial in-

plate motion and out-of-plate motion as demonstrated in Figure 2.5a and 2.5b, 

respectively.  
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(a) 

 
(b)  

Figure 2.5 (a) Symmetric; and (b) anti-symmetric Lamb wave modes [82]. 
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Finally, the description of Lamb waves can be expressed by the following equations 

(which are known as the Rayleigh-Lamb equations) [82, 84]: 

tan(𝑞𝐻/2)

tan(𝑝𝐻/2)
= −

4𝑘2𝑞𝑝

(𝑘2 − 𝑞2)2
 (for symmetric mode) 2.2 

tan(𝑞𝐻/2)

tan(𝑝𝐻/2)
= −

(𝑘2 − 𝑞2)2

4𝑘2𝑞𝑝
 (for antisymmetric mode) 2.3 

where 𝑝2 =
ω2

𝑐𝐿
2 − 𝑘

2 , 𝑞2 =
ω2

𝑐𝑇
2 − 𝑘

2 , and 𝑘 =
2𝜋

𝜆𝑤
 ; H presents the thickness of the 

object; and the basic properties of the Lamb waves including wavenumber (𝑘), circular 

frequency (ω ), and wavelength ( 𝜆𝑤 ) are the key components for deriving the 

fundamental characteristics of Lamb waves; 𝑐𝐿  and 𝑐𝑇  are the longitudinal and 

transverse wave velocities of Lamb waves. According to Equation 2.2 and 2.3, we can 

find that Lamb waves can be divided into two main categorizations: symmetric and 

antisymmetric mode (denoted by 𝑆𝑖 and 𝐴𝑖, respectively; while i means the order of 

Lamb waves, i = 0, 1, 2,…).  

 

Due to the complexity of Lamb waves, selecting a proper frequency of Lamb waves is 

one of the key issues for easily extracting useful information (e.g., arrival time and 

signal intensity) from the multi-mode waves. Simulation is of great importance to help 

testers understand the velocities of different mode waves and the scatter of the GUWs 

reflected from structural damage (including crack and corrosion) in a given structure 

[84]. Via solving the Rayleigh-Lamb equations mentioned above, an example of 

dispersion of Lamb waves propagating in an A606 steel plate is analyzed and graphed 
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in Figure 2.6. As it can be observed that at least two modes of Lamb waves coexist at 

a specific frequency and much more modes of Lamb waves emerge with the increase 

of frequency-thickness product. The different types of damage can be identified 

specifically: (1) the symmetric Lamb waves are more sensitive to fatigue damage 

inside the structure and damage throughout the thickness; (2) the antisymmetric Lamb 

waves behave better in detecting undersized cracks, scratch and chemical damage 

induced by corrosion. 

 

Once there is any damage within the area inspected by a sensing network, the stresses 

distributed throughout the structure induced by the Lamb waves change accordingly. 

Thus, the damage and defects of certain objects can be interrogated when the Lamb 

waves propagate through the damage. The scatter of waves is sensed by sensors and 

then processed by the processing center via algorithms.  
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Figure 2.6 Group velocity dispersion curves in an A606 steel plate structure [84]. 

 

2.3.2  GUWs-based SHM algorithms 

In order to acquire enough signals with sufficient information for damage detection, a 

sensing network is usually designed to be dense and complicated to cover a large 

inspected area as large as possible. For the sake of reducing the weight and volume 

excessiveness, more simplified algorithms are developed to optimize the sensing 

networks. Then, the damage location can be precisely determined with an acceptable 

resolution, based on the limited data acquired by the optimal sensing network in a 

sparse fashion [85-87]. 
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A sparse sensor network with 22 sensors installed on the surface of a carbon/ epoxy 

plate (measuring 610 × 305 × 1.6 mm3) was set up by Rose’s group, as presented 

in Figure 2.7a [88]. During the experiment, a five-cycle tone burst signal with a central 

frequency of 350 kHz was applied on the plate to interrogate the damage induced by 

the impact of a pellet gun. A0 mode GUWs, with the highest group velocity, were 

selected to locate the damage because the velocity variations of A0 mode waves were 

lowest compared with other modes GUWs in this anisotropic plate.  

 

Then, the signal different coefficients (SDC) were extracted from the raw signals 

acquired by the sensor network to serve as the input parameters of the image 

reconstruction algorithm. The basement data was acquired before introducing the 

damage to the structure. Then, the damage-induced signal deviations could be easily 

extracted by a differential method. The SDCs, which can be used to reflect the 

variations of GUWs (e.g., signal amplitude, wave velocity and mode conversion), can 

be derived from the mean-removed cross-correlation value by the following two 

equation: 

 𝑆12 =
∫(𝑓1(𝑡) − 𝑓1̅)(𝑓2(𝑡) − 𝑓2̅)𝑑𝑡

√∫(𝑓1(𝑡) − 𝑓1̅)
2
𝑑𝑡 ∫(𝑓2(𝑡) − 𝑓2̅)

2
𝑑𝑡

 
2.4 

 
𝑆𝐷𝐶𝑓1𝑓2 = 1 − |𝑆𝑓1𝑓2| 2.5 

where 𝑓1 and 𝑓2 signify the time domain with and without damage, respectively; 𝑓1̅ 

and 𝑓2̅ present the corresponding mean values and 𝑆𝑓1𝑓2 means the eliminate cross-

correlation coefficient. Thus, the SDC is located between 0 and 1. A smaller value of 
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SDC refers to a lesser level of damage which means the integrity of the structure is in 

good condition. Then the probability of damage location can be further determined by 

the well-known RAPID (reconstruction algorithm for probabilistic inspection) of 

defects algorithm [89].  

 

𝑃(𝑥, 𝑦) = ∑ ∑ 𝑃𝑖𝑗(𝑥, 𝑦) 

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

 

                                = ∑ ∑ 𝑆𝑖𝑗

𝑁

𝑗=𝑖+1

[
𝛽 − 𝑅𝑖𝑗(𝑥, 𝑦)

𝛽 − 1
]

𝑁−1

𝑖=1

 

2.6 

where 𝑃𝑖𝑗(𝑥, 𝑦) means the probability estimation of each sensor pairs (𝑆𝑖 and 𝑆𝑗); 

𝑆𝑖𝑗 is the SDC between 𝑆𝑖 and 𝑆𝑗 and 𝛽 is the scaling parameter. From the result, 

as shown in Figure 2.7b, the damage point was successfully addressed with an 

acceptable error after setting a proper threshold value. 

 

  
(a) 

Figure 2.7 (a) Photography of a sparse sensor network; (b) predicted damage 

location of the damage induced by a pellet gun [88]. 
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(b) 

Figure 2.7 Cont. 

 

 

2.4 Nanocomposite-based Sensors 

As mentioned above, piezoceramics sensors (e.g., PZT), which are brittle and heavy, 

should be carefully installed and handled before using. Meanwhile, the poor adhesion 

between PZT wafers and host structures usually causes exfoliation of PZT wafers from 

the host structures. In contrast, polymers, exhibiting excellent mechanical and 

chemical properties (including good flexibility, great ductility and lightweight), have 

received tremendous attentions in fabricating sensors for the detection of structural 

vibrations.  

 

2.4.1  Basic properties of nanoparticles and polymers 

The field of nano-engineered materials aroused concern in the early 1990s, because of 
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the discovery of mica-reinforced nylon 6 which features an increase of yield and 

tensile strength up to five-fold compared with the untreated nylon 6 about thirty years 

ago [90]. Nanomaterials (including the natural, incidental and manufactured 

nanomaterials) contain a certain amount of aggregations, of which at least one external 

dimension is of the order of nanoscale ranging from 1 to 1000 nm (a stricter definition 

is 1 to 100 nm) [91]. Nanometal and carbon nanoparticles are most commonly used to 

modify the mechanical and chemical properties of conventional materials. Through 

sophisticated design, the nanocomposites, fabricated by mixing nanoparticles into 

polymers, present desirable properties [92-95]. Nanoparticles-filled polymers exhibit 

numerous outstanding strengths in electromagnetic, chemical, mechanical and 

electrical properties, for example, high corrosion resistance and electric conductivity 

[96]. Hence, different types of nanocomposite-based applications have been developed 

recently for specific purposes in diverse fields. For instance, nanosized semiconductor 

materials (e.g., CdS, ZnO and WO3) have been used as catalysts or redox reagents to 

degrade environmental contamination particles [97], and a serious of ionization 

microsensors fabricated by carbon nanoparticles receive tons of attentions by virtue of 

their great capabilities in sensing gas, featuring great sensitivity and selectivity. 

 

Leveraging the advances of nanotechnology and high-end experimental equipment, a 

variety of novel nanocomposite-inspired products are fabricated continuously, to fulfill 

the fast-growing demands in developing high-powered applications. Kotov et al. used 
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CNTs and montmorillonite clay (with a thickness around 1 nm) to modify polymers, 

respectively [98, 99]. Via a layer-by-layer technique as illustrated in Figure 2.8, the 

CNTs-based polymer exhibited a much higher tensile stress (~220 MPa) than 

conventional industrial plastics (~40 MPa), while the montmorillonite-clay-reinforced 

polymer presented an even better tensile stress up to 400 MPa. By using TiO2 

nanoparticles to functionalize nickel in the plating bath, a Ni-TiO2 nanocomposite 

coating was investigated by Baghery’s group [100]. This coating exhibited great 

resistance to both corrosion and wear, and the level of corrosion resistance could be 

adjusted by changing the concentration of TiO2.  

 

 

Figure 2.8 Schematic of the internal architecture of the layer-by-layer 

nanocomposite [98]. 
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In conclusion, nanocomposites, in diverse forms, reveal preferable properties and 

performance after being scrupulously synthesized. In this study, CB (normally with a 

diameter smaller than 100 nm), MWCNTs (with a diameter ranging from one to several 

hundred nanometers) and graphene (with a thickness within several nanometers) are 

employed to improve the nanocomposites’ sensitivity and sensing frequency range in 

detecting GUWs. 

 

2.4.2  Dispersion and fabrication methods 

One of the greatest challenges for the commercialization of nanocomposite-based 

products is the inefficient dispersion methods that degrade the qualities of products 

due to the uneven dispersion of nanoparticles inside the matrices [101]. In particular, 

aggregations of the nanoparticles significantly destroy the microstructures of 

nanocomposites leading to individual deviations in the properties of final products. 

Thus, uniformly dispersing nanofillers in the matrices is of great significance for 

obtaining satisfied products with outstanding performance. 

 

Several foundational dispersion methods have been conducted to disperse 

nanoparticles into polymeric matrices to achieve an even dispersion status. Three 

representative dispersion technologies are listing below: 
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a) Ultrasonic Sonication 

Ultrasound energy, for which the frequency is large than 20 kHz, is applied to agitate 

solute into the corresponding liquid solvent. An ultrasound probe is dipped into the 

mixture of polymers and nanoparticles for releasing energy. The aggregations of the 

nanoparticles are degraded by the high local energy. However, only low viscous liquid 

mixtures can be dispersed by this method. And, the nanoparticles are destroyed by the 

energy (e.g., the individual graphene sheet are crushed into several separated sheets), 

and the thus-prepared nanoparticles usually feature a low aspect ratio. 

 

b) Mechanical Stirring 

Mechanical stirring provides high shear forces to break the large aggregations of the 

nanoparticles, and further mixes them with the matrices in a container-stirring system 

via a stirring rod. This method is suitable for high viscous liquid mixtures. By 

controlling the stirring rate and selecting a matched stirring rod, the mixture can be 

properly dispersed on a large scale.  

 

c) Calendaring 

Calendaring refers to use several heated rolls to mill the mixture, which is commonly 

implemented by a three-roll mill. The agglomerates in the mixture are drastically 

crushed by the high shear forces, generated by the three horizontally positioned rolls 

that rotate at a progressively faster speed. The desired dispersion degree can be reached 
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by adjusting the gap between each roll. However, this equipment is usually exposed to 

the air, leading to the loss of volatiles. 

 

Apart from those mechanical ways, numerous advances have been done recently to 

facilitate the dispersion of nanoparticles via chemical means. For instance, the 

interactions between nanocomposites and polymeric matrices can be enhanced via 

chemically modifying the surface of nanoparticles. By introducing functional groups 

(e.g., carboxyl or hydroxy) into the nanoparticles, the thus-increased Van der Waals’ 

force and covalent attachment between nanoparticles and polymeric matrices enhance 

the favorable interaction between them, leading to a more uniform dispersion status. 

 

Considering the chemical and mechanical properties of the polymer, different types of 

fabrication methods (e.g., hot-pressing, extrusion forming and solution-mixing) are 

applied to fabricate the hybrids after being uniformly dispersed. Normally, the 

mixtures are cured under certain pressure with high temperature, which is the so-called 

hot-pressing molding, as illustrated in Figure 2.9. If the heat is generated by polymer 

per se during the curing process, it is defined as the cold-pressing molding, for which 

the final products are demolded from the mold with the help of releasing agents.  
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Figure 2.9 Schematic of hot-pressing fabrication method. 

 

However, those compression molding methods need bulky equipment and high cost. 

To solve this problem, more convenient manufacturing methods like spray coating, for 

which only a spray gun and an air pump are required, have been demonstrated to be 

efficient in developing nanocomposite-based products. Although this method can be 

adapted to fabricate products in a large quantity, the accuracy and stability of the thus-

produced composites are hard to control due to the man-made errors involved in the 

fabrication processes. Therefore, inkjet printing has been widely used to fabricate 

nanocomposites because a precise-controlled manufacturing process can be easily 

achieved via this computer-aided approach. As a consequence, a series of 

nanocomposite-based products can be acquired with stable properties by selecting the 

matched dispersion and fabrication methods. 
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2.4.3  Applications of the nanocomposite-based sensors 

In addition to the excellent physical and chemical properties such as higher strength 

and better corrosion resistance than untreated polymer materials, nanoparticles-filled 

polymers possess special properties that make them applicable in a variety of scenarios 

with specific functions, such as the great talents in chemical absorption and physical 

detection, as presented in Table 2-1 [101-106]. By virtue of the high sensitivity in 

detecting physical vibrations, various types of nanocomposite-based sensors have been 

investigated for signal acquisition in perceiving structural disturbances driven by 

external forces or ambient environment variations. In order to achieve insight into the 

current advances in developing nanocomposite sensors, several innovative 

applications, which are realized and fabricated by nanocomposites, are reviewed. 

 

Table 2-1 Applications developed from nanocomposite-based sensors.  

Nanoparticle Matrix  Sensor Type 

SnO2 Polyaniline 
Gas sensor for detecting ethanol and 

acetone [101] 

Au Chitosan 
Chemical sensor for detecting Zn2+ and 

Cu2+ [102] 

TiO2 Polypyrrole 
Humidity sensor for detecting the variation 

of humidity [103] 

Au Chitosan Biosensor for detecting Glucose [104] 

Pd/Sn Resin 
Pollution reduction sensor that can deduce 

Sn2+ to Sn0 [105] 

Silver 

nanowire 
Polydimethylsiloxane 

Strain sensor for human motion detection 

[106] 

 

Zeng et al. developed a porous electromagnetic interference nanocomposite shield, 

which was fabricated by mixing MWCNTs into water-borne polyurethane via a facile 
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freeze-drying technology [107]. The specific shielding effectiveness of this 

nanocomposite shield was increased to 1148 dB∙cm3∙g-1, due to the cell-wall structure 

of MWCNTs and the polarization between MWCNTs and the polymer matrix. The 

weight of this porous shield can be significantly reduced to be around 2% of the weight 

of the conventional bulk composite shield. By optimizing the orientation of the pores 

inside the matrix and the fraction of MWCNTs, the performance of this shield could 

be effortlessly adjusted to an expected level so that this nanocomposite shielding could 

be designed to perfectly fit the demands of actual applications. 

 

A graphene-based fiber, featuring a “compression spring” microstructure, was 

fabricated by Cheng et al., presenting ultrahigh sensitivity in detecting full-range 

human activities, as illustrated in Figure 2.10a [34]. After etching polyester (PE) fibers 

which were winded around a polyurethane (PU) core fiber, the graphene oxide (GO) 

was wrapped on the surface of the PE fibers compactly. Then, the GO was reduced by 

immersing the core fiber into hydroiodic acid. This sensor exhibited highly flexibility 

in bending and torsion because the fabrication procedure of the sensor did not destroy 

the microstructure of the core fiber. The contact area between adjacent PE fibers would 

increase when the fiber encountered tensile and torsion stresses, leading to additional 

resistance increase of the core fiber. Thus, the sensor presented great potential in 

detecting full range human motions including finger bending (Figure 2.10b), knee 

movement (Figure 2.10c and 2.10d), pulse (Figure 2.10e and 2.10f) and throat in 
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speaking different words movement (Figure 2.10g and 2.10h).  

 

 
(a)                                  (b)  

(c)                                  (d)  

Figure 2.10 (a) Photograph of the wearable device; (b) Monitoring of finger 

bending; (c) Wearable sensor attached to the knee; (d) Signal response of the knee 

movement; (e) Wearable sensor attached to the wrist; (d) Pulse acquired by the 

sensor; (f) Wearable sensor attached to the throat; (h) Responsive curves when 

wearer spoke “Hi”, “Hello”, “Sensor”, and “Graphene” [34]. 
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(e)                                   (f) 

 
(g)                                    (h) 

Figure 2.10 Cont. 

 

By leveraging the superior properties in both physical and chemical performance, 

nanocomposites fabricated by diverse methods have already proven desired 

capabilities in monitoring human motions, detecting leakage of chemical gases and 

perceiving vibrations of engineering structures, to name a few. However, the usage of 

nanocomposite sensors in SHM approaches remains predicament that the sensing 

frequency of the existing sensors is still too low normally within several kilohertz 

which is far below the frequency range of the broadly defined GUWs (≥  20 kHz). 
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2.5 Sensing Mechanism of Nanocomposite Sensors 

Two fundamental theories, which can be adopted to increase the sensitivity of 

nanocomposites in detecting structural vibrations, are reviewed in this section. 

 

2.5.1  Electrical properties 

At the stage of signal acquisition, the resistivities of piezoresistive sensors vary with 

structural disturbances induced by the GUWs. Therefore, one of the useful strategies 

for increasing the sensitivity of the nanocomposite-based sensors is to maximize the 

use of electrical properties of the conductive nanocomposites. When gradually adding 

the conductive nanofillers into a dielectric polymer, the mixture changes from a 

dielectric component to a conductive component at a specific turning point of the 

nanofillers’ volume fraction. The relationship between the electrical conductivities of 

the nanocomposites and the volume fraction of nanofillers is described as [108]: 

 σ ∝ (𝑝 − 𝑝𝑐)
𝑡 2.7 

where σ is the electrical conductivity, 𝑝 means the volume fraction of nanofiller, 𝑝𝑐 

signifies the turning point of the nanofiller’s volume fraction and 𝑡  presents the 

constant exponential rate. The turning point, also known as the percolation threshold, 

is the minimum volume fractions of the nanoparticles for establishing efficient 

continuous conductive paths inside the matrices [109]. At around the percolation 

threshold, the electrical conductivity of a nanocomposite increases dramatically with 

only a slight increase in the content of the conductive nanoparticle. In consequence, a 
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higher sensitivity of the nanocomposite can be achieved when the concentration of the 

nanofiller is close to the percolation threshold. Previous studies also revealed that the 

nanoparticles with a larger aspect ratio normally possess a lower percolation threshold, 

which means only a small amount of nanofillers can form up a relatively well-

developed conductive network. Hence, the sensitivity of the nanocomposites can be 

optimized through the investigation of the volume/weight fractions and the aspect 

ratios of nanoparticles. 

 

  

Figure 2.11 Schematic of the Wheatstone bridge. 

 

The disturbances excited by GUWs are extremely weak, which is hard to be detected 

because the thus-induced strain is quite low at the microscale or even nanoscale. 

Therefore, a Wheatstone bridge is introduced to enlarge the resistance changes of the 

nanocomposites via transferring the unknown resistance changes into accurate current 
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or voltage variations. As illustrated in Figure 2.11, a fundamental Wheatstone bridge 

usually consists of two measured arms 𝑅1 and 𝑅3, an adjustment arm 𝑅2, a voltmeter 

𝑉𝐺  , a direct voltage supply and the unknown arm 𝑅𝑥 . When the bridge reach 

equilibrium states, the resistance of the unknown arm can be easily calculated via 

𝑅𝑥 =
𝑅2

𝑅1
𝑅3 . Alternatively, 𝑅𝑥  can be determined with the vibration of 𝑉𝐺  using 

Kirchhoff’s circuit laws when the balance of the bridge shifts: 

 𝑅𝑥 =
𝑅2𝑉𝑠 − (𝑅1 + 𝑅2)𝑉𝐺
𝑅1𝑉𝑠 + (𝑅1 + 𝑅2)𝑉𝐺

𝑅3 2.8 

where 𝑉𝑠 signifies the supply voltage and 𝑉𝐺 the voltage of the voltmeter. Thus, a 

more complicated Wheatstone bridge, based on the fundamental theory as mentioned, 

is developed in this study to amplify the signal amplitude acquired by our 

nanocomposite sensor.  

 

2.5.2  Theory and molecular modeling of the tunneling effect 

Compared with traditional strain gauges, the CNTs-based sensors have already been 

proven to be more sensitive in detecting vibrations at the macroscale due to its superior 

electrical properties [110]. Then, Hu et al. established a 3D model to demonstrate that 

the tunneling effect between adjacent CNTs can enhance the sensitivity of the 

nanocomposite-based sensors [48]. In that study, a numerical simulation was carried 

out by setting up a statistical resistor network model to evaluate the tunneling current 

among the randomly distributed CNTs aggregations. Therefore, the total resistance 

(𝑅𝑡𝑜𝑡𝑎𝑙) of the CNTs-based nanocomposite could be divided into three key components: 
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the inherent resistance of nanoparticles (𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) that is almost constant, the contact 

resistance of the conductive network (𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ) which is adjusted under a large 

deformation, and the tunneling resistance between two adjacent nanoparticles (𝑅𝑡𝑢𝑛𝑛𝑒𝑙) 

which is the dominated factor that controls the resistance of the nanocomposite under 

extreme low strain variations : 

 𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑅𝑡𝑢𝑛𝑛𝑒𝑙 2.9 

The tunneling resistance can be further identified by the following equation [48]:  

 𝑅𝑡𝑢𝑛𝑛𝑒𝑙 =
𝑉

𝐴𝐽
=

ℎ2𝑑

𝐴𝑒2√2𝑚𝜆ℎ
exp (

4𝜋𝑑

ℎ
√2𝑚𝜆ℎ) 2.10 

where 𝐽  presents the density of the tunneling current, 𝑉  the electrical potential 

difference, 𝑒  the quantum of electricity, 𝑚  the mass of electron, ℎ  the Planck’s 

constant, 𝑑  the shortest distance between two adjacent CNTs, 𝜆ℎ  the height of 

barrier (for epoxy, 0.5 – 2.5 eV), and 𝐴  the cross-sectional area of tunnel (the 

approximate cross-sectional area is similar to that of the CNT). Thus, if the shortest 

distance between two adjacent particles is smaller than the cutoff distance of the 

tunneling effect, the electrons may still leap from one nanoparticle to another one.  

 

This theory was further confirmed by a CNTs/epoxy nanocomposite strain sensor 

which exhibited higher sensitivity than conventional strain gauges under the 

deformation at the macro-scale, as depicted in Figure 2.12. Under a small strain, the 

tunneling effect is the dominant theory that influences the resistance change of the 

nanocomposite sensors featuring nonlinear piezoresistive variation trends in the 
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acquired signals. With the increase of applied forces, the variation tendency tends to 

be linear, which means that tunneling current is negligible under a larger strain because 

the distance variations between adjacent nanoparticles are too large to induce tunneling 

current. 

 

 

Figure 2.12 resistance change of the polymer with different CNT content [48]. 

 

2.6 Summary 

In brief, the current advances in programming effective algorithms for SHM and 

designing new types of nanocomposite sensors have been reviewed in this chapter. 

Meanwhile, the dilemmas for the installation and use of SHM systems have been 
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systematically concluded in this section, guiding the development of the innovative 

nanocomposite sensors. 

 

Nanocomposite sensors, with high sensitivity and excellent mechanical properties, 

have been considered as one of the most promising products for substituting traditional 

bulky and brittle sensors like PZT wafers. Nanocomposites are more compatible with 

the host structures that can maintain a better connection with objects. However, those 

sensors fail to perceive GUWs which are one of the most crucial tools using in SHM 

approaches. Thus, the development of GUWs-sensitive sensors is of great significance 

for the evolution of SHM. In summary, the sensors need to be developed with the 

following characteristics including but not limited to:  

 

1) Broad frequency sensing range: In general, a specific PZT wafer should be 

selected to acquire signals in a certain frequency range, because most of PZT 

wafers have their own resonant or response frequencies. Thus, a sensor with 

a broad sensing frequency range can be applied in diverse sensing scenarios 

with changeable excitation frequencies; 

2) Flexibility and lightweight: This can allow the sensors to be installed on 

engineering structures with curved surfaces without introducing redundant 

weight to the host structures. Meanwhile, being flexible can allow the sensors 

to properly function under a tough working environment with a large 

deformation; 

3) Rapid fabrication and easy installation: Some nanocomposite hybrids can 

be directly deposited on the surfaces of the host structures in a straight-

forward way via spray coating or inkjet printing approaches, while the 
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nanocomposites can be used as the adhesives per se. The thus-produced 

sensors can maintain a better connection with the host structure compared 

with other types of sensors installed via additional adhesives; and 

4) Fast response: By increasing the toughness of the polymeric matrices, the 

damping and loss modulus of nanocomposites decrease slightly with the 

increasing frequency, featuring a low energy dissipation under the structural 

deformation. As a consequence, the viscoelasticity of a plastic-based sensor 

is usually smaller than that of a rubber-based composite, featuring a lower 

hysteresis in signal acquisition. Therefore, the damage can be pinpointed 

precisely.  
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CHAPTER 3  

 

Development of Nanocomposite Sensor 

Coatings 

3.1 Introduction  

Until now, the investigation of using nanocomposites to acquire ultrasound is still 

inadequate, and only a few of researches have been reported to simulate and validate 

the feasibility of using nanocomposites to perceive signals with a high frequency (≥

20 kHz ) and an ultralow magnitude of strain (≤ 10 με  ). Considering the stringent 

requirements of the sensors applied in SHM approaches, we have developed new 

genres of rapid-responsive and coatable nanocomposite piezoresistive sensors by 

exploiting the tunneling effect in the percolating nanofiller networks that is triggered 

by the traversing ultrasound, whereby high-frequency ultrasound signals can be 

acquired.  

 

In this chapter, we attempt nanocomposite sensors in a comparative manner, with 

multiscale nanofillers ranging from one-dimensional (1D) multiwalled MWCNTs with 
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a low specific surface area (SSA) of the order of hundreds of square meters per gram 

(m2/g), through zero-dimensional (0D) CB with a medium SSA less than 900 m2/g, to 

two-dimensional (2D) graphene with a high SSA from 1000 to 3000 m2/g, to advance 

insight into the sensing capabilities and sensing mechanisms of nanocomposite 

piezoresistive sensors when they respond to high-frequency dynamic disturbances and 

ultrasound in particular [111]. Meanwhile, the fundamental electrical and 

morphological properties are explored and discussed for further optimization of the 

nanocomposite sensors. The feasibility of using the nanocomposite sensors to perceive 

GUWs is preliminarily verified via the computational simulation and quasi-static 

mechanical deformation tests. 

 

 

3.2 Fabrication of Nanocomposite Sensors 

Making use of the control variates method, various types of nanocomposite sensors 

are fabricated with different nanofillers and matrices for comparison purposes. Raw 

materials with diverse mechanical and chemical properties are prepared and fabricated 

for sensor optimization. 

 

3.2.1  Material preparation  

Three representative carbon nanofillers (MWCNTs, CB and graphene) are selected to 

investigate the relevant factors which may influence the sensing capabilities of the 

nanocomposite sensors. The main characteristics of the three representative sensors 
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are listed below:  

 

a) MWCNTs: FloTube™ 7000, average tube diameter: ~6 – 10 nm, length: ~50 µm, 

SSA: ~250 m2/g, purity > 95 wt. %, supplied by Cnano Technology Ltd, China. 

b) CB: N220, average particle diameter: ~80 nm, SSA: ~600 m2/g, supplied by 

CABOT Co., USA.  

c) Graphene: thickness: ~1 nm, diameter: 50 μm, SSA: ~1200 m2/g, purity > 99 

wt. %, supplied by TANFENG Ltd, China. 

 

Different kinds of polymers are also employed to accommodate various purposes of 

the practical applications:  

 

a) PVDF: Kynar k721, density 1.74 g/cm3, melting point ~158 ºC, bought from 

ARKEMA, France. 

b) PVP: PVP K-30, density 1.2 g/cm3, melting point ~130 ºC, acquired from 

DASHAN BIO Corporation, China. 

c) TPU (Thermoplastic polyurethanes): Elastollan1185A10, density 1.12 g/cm3, 

melting point ~190 ºC, obtained from BASF SE, Germany.  

 

Solvents are chosen based on the chemical compatibility of different types of 

nanofillers and polymers: 
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a) NMP (1-Methyl-2-pyrrolidinone): boiling point 203 °C, density 1.028 g/cm3, 

supplied by J&K Scientific, China. 

b) DMF (Dimethylformamide): boiling point 153 °C, density 0.944 g/cm3, supplied 

by Sigma-Aldrich, USA. 

c) Ethanol: boiling point 78 °C, density 0.79 g/cm3, supplied by Honeywell, 

Germany. 

 

3.2.2  Nanocomposite fabrication  

Nanocomposite sensors fabricated via solution mixing: Nanofillers with various 

degrees of specific surface area are prepared, including (i) MWCNTs, (ii) CB, and (iii) 

graphene. A standard solution-mixing process is used to compound nanofillers with 

PVDF, dissolved in NMP with a weight ratio of 20:80, in a mechanical stirrer at 800 

rpm for 120 minutes. For each type of nanofiller, nanocomposites with a range of mass 

ratios of nanofiller to the matrix are fabricated. An ultrasonic cell disrupter is used to 

agitate nanofillers in the PVDF by “peeling off” individual nanofillers located at the 

outer part of the nanofiller bundles or in agglomerates, leading to even and uniform 

dispersion of nanofillers in the matrix. After a standard degassing process to remove 

trapped air bubbles (at 60 ºC for 30 minutes), the solutions are poured on the surfaces 

of glass plates. After curing in a vacuum oven at 150 °C for 2h, films with a thickness 

of 0.2 mm are peeled off from the glass plate. 

 

Graphene/PVDF sensor fabricated via hot-pressing: Graphene and PVDF are 

injected into an internal mixer with different graphene contents. Then, the mixtures are 
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further stirred at the speed of 50 rpm for 30 mins under 190 °C. Later, the mixtures are 

injected into a steel mold with a pressure of 10 MPA for 10mins under 190 °C. Finally, 

sensor films with a thickness of 0.2 mm are acquired after cooling down at room 

temperature. 

 

Graphene/TPU sensor fabricated via solution mixing: The graphene and TPU are 

mixed with different ratios in DMF. And then, the mixtures are mechanically stirred at 

the speed of 800 rpm at 70 ºC for 2h. The mixtures are poured onto the surfaces of 

glass plates. Then, the liquid mixtures are degassed and then cured at 80 °C or 2h to 

obtain the 0.2 mm thick sensing films. 

 

 

3.3 Investigation of Basic Characteristics of 

Nanocomposite sensors 

To get a preliminary understanding of the nanocomposites, the basic characteristics of 

the sensors are investigated in this section including the morphological characteristics, 

electrical and mechanical properties. 

 

3.3.1  Characterization methods 

The morphological characteristics of the nanocomposite sensors are investigated by a 

scanning electron microscope (SEM, JSM-7500F, JEOL Ltd., Japan, as presented in 

Figure 3.1a). All the SEM samples are treated by spray-gold craft to prevent the 



 

51 

deposition of electrons.  

 

The electrical properties of the nanocomposite sensors are detected by a digital 

graphical sampling multimeter (DMM7510, Keithley Instruments, Inc., USA, as 

presented in Figure 3.1b) via a four-probe measurement method. At least five samples 

of each type of sensor are measured to eliminate the measurement errors. And the 

corresponding conductivity of each sensor can be derived by the following equation:  

 σ =
𝑙

𝑅𝐴
 3.1 

where 𝑙 presents the length of sensing region of the nanocomposite sensor, 𝐴 the 

cross-sectional area of the sensor through where electrons transmit and 𝑅  the 

measured resistance of the sensing region. 

 

XRD analysis is implemented at room temperature on an X-ray diffractometer 

platform (XRD, X’Pert Pro, Malvern Panalytical, Netherlands, as shown in Figure 3.1c) 

with a specular reflection mode (Cu Ka radiation) and a scanning angle varying from 

15° to 29° at a scanning rate of 4°s-1) 

 

The test for measuring quasi-static dynamic response is performed using a 

semiconductor characterization system (4200-SCS, Keithley Instruments Inc., USA, 

as depicted in Figure 3.1d) on a dynamic mechanical analysis (DMA) platform (TA 

Q800, TA Instruments, USA). At least three samples of each type of sensor would be 

prepared to test the response relationship between the variation of electrical parameters 
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and the change of strain under a quasi-static situation.  

 

 

(a)                             (b) 

 
 (c)                                (d) 

Figure 3.1 photograph of: (a) SEM platform; (b) digital graphical sampling 

multimeter; (c) XRD analysis platform; (d) DMA platform. 
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3.3.2  Electrical properties 

The electrical conductivity of all the samples is measured via a four-probe method as 

shown in Figure 3.2. It is also noteworthy that all the experimental conditions during 

conductivity measurement are kept consistent for all types of nanocomposites 

including the use of electrode and applied voltage. 

 

 

Figure 3.2 Schematic of sample for electrical conductivity measurement. 

 

As depicted in Figure 3.3a, the Graphene /PVDF sensor made by melting blend 

technology presents a lower conductivity compared with that made by the solution 

mixing method. The variation trend (referring to the constant exponential rate 𝑡 ) 

between the conductivity and the graphene content in logarithmic form reveals that the 

conductivity of the solution mixing sensor (𝑡 = 3.2) can change more significantly 

compared with that of the melting blend sensor (𝑡 = 1.7), as it can be observed in 

Figure 3.3b. So, the solution mixing sensor tends to have higher sensitivity according 

to the percolation theory. 
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(a) 

 
(b) 

Figure 3.3 the conductivity of nanocomposite sensor fabricated by graphene/PVDF 

sensor with different graphene content: (a) experiment data; (b) log-log plot of the 

experiment data.  
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Further investigation is conducted to explore the conductivity of the solution mixing 

PVDF sensors filled with different types of nanofillers, as demonstrated in Figure 3.4. 

In quest of the sensitivity of percolating networks formed by nanofillers of various 

modalities to a broadband dynamic disturbance, nanoparticles with different degrees 

of SSA, varying from ~250 m2/g (MWCNTs), through ~600 m2/g (CB) to ~1200 m2/g 

(graphene), are compounded with PVDF, as a matrix, to prepare nanocomposites in a 

comparative manner. 

 

 

Figure 3.4 Correlation between the measured electrical conductivity of three genres 

of nanocomposites and wt.% of nanofiller fabricated by solution mixing method. 
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According to Equation 2.7 and the theory of percolation threshold, the percolation 

thresholds are ~1.0 wt.% for MWCNTs-based, ~6.5 wt.% for CB-based, and ~1.0 wt.% 

for graphene-based nanocomposites, which demonstrates that the graphene-based 

sensor can form up a continuous conductive network with lower filler content. The 

graphene with the highest SSA has the ability to create the most conductive paths for 

the transfer of tunneling currents. Consequently, we can speculate that the graphene-

based sensor has the highest sensitivity in detecting strain variations compared with 

CB- and MWCNTs-based sensors. 

 

In addition, the graphene particles filled in the PVDF matrix own a much higher 

Young’s modulus (the theoretical value for graphene is around 1000 GPa) than that of 

the polymer matrix which is around 2500 MPa [112]. Therefore, the deformation of 

the nanoparticles is negligible compared with that of the polymer matrix under a small 

strain. This reveals that the variation of tunneling distance is the dominant reason that 

induces the resistance change of the nanocomposite. Therefore, it is of great 

importance to understand the dispersion status of the nanofillers inside the matrices.  

 

3.3.3  Morphological characteristics 

To create an even and stable conductive percolating network in a nanocomposite, the 

emphasis is laid on the dispersion of nanoparticles in the matrix. Figure 3.5 shows the 

SEM images of three representative genres of the thus-produced nanocomposite 

sensors, at their respective percolation thresholds, which are pre-determined by 
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calibrating the electrical properties of the nanofillers, as shown in Figure 3.4. Massive 

entanglements or aggregations of nanofillers in the matrix can be observed for the 

nanocomposites with MWCNTs (Figure 3.5a) or CB (Figure 3.5b) as nanofillers, 

against the even dispersion when graphene nanoparticles are used as nanofillers 

(Figure 3.5c). The aggregations of the nanofillers significantly reduce the probability 

of the establishment of tunneling paths because the nanoparticles are fully connected 

inside the fractal aggregates. More details can be found that: 

 

1) for the MWCNTs-based nanocomposite: A bunch of entanglements can be 

observed from the SEM image, as demonstrated in Figure 3.5a. The MWCNTs 

tend to intertwine with each other due to the long-tube structure of CNT. 

Although the MWCNTs-based nanocomposite possesses a high conductivity 

due to the great electrical conductivity of MWCNTs per se, the poor dispersion 

of MWCNTs may degrade the performance in sensing ultrasound.  

 

2) for the CB-based nanocomposite: As it can be observed in Figure 3.5b, several 

large agglomerations are found inside the matrix. The high aspect ratio of CB 

makes the nanoparticles easy to aggregate together. The strong attraction 

between the CB nanoparticles is induced by the Van der Waals force. Hence, it 

is hard to break the agglomerations of the CB to achieve a uniform dispersion 

status.  

 

3) for the graphene-based nanocomposite: No obvious aggregations can be 

observed from the SEM image (Figure 3.5c). The graphene can provide a 
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higher surficial contact area due to its 2D structure, owing to the highest SSA 

among these nanofillers. Thus, enough conducting paths can be established at 

a low percolation threshold and more tunneling paths can be created with 

proper graphene content.  

 

 
(a) 

Figure 3.5 SEM images (obtained using a field emission SEM (JSM-7500F, JEOL 

Ltd.)) of produced nanocomposites at their respective percolation thresholds with 

low, medium, and high degrees of SSA: (a) ~250 m2/g (MWCNTs, 1 wt.%), (b) ~600 

m2/g (CB, 6.5 wt.%), and (c) ~1200 m2/g (graphene, 1 wt.%). 
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(b) 

 
(c) 

Figure 3.5 Cont. 
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To further achieve insight into the microstructures of the nanocomposite sensors, the 

PVDF-based sensors filled with different graphene content are prepared for the SEM 

investigation, with results in Figure 3.6. It can be observed that the dispersion status 

of graphene particles changes from sparsity to saturation gradually with the increase 

of graphene content. According to the tunneling effect, the tunneling distances between 

adjacent graphene particles inside the 0.5 wt.% graphene/PVDF nanocomposite may 

be larger than the upper limit of the cutoff distance, failing in forming up an effective 

tunneling network to motivate tunneling currents. Meanwhile, when the content of 

graphene increases to 2.0 wt.%, a fully connected conductive network is established 

which means that the dispersion of graphene may be too compact to agitate tunneling 

currents. Thus, 1 wt.% graphene nanocomposite with an optimal microstructure may 

provide the greatest sensitivity amongst the graphene/PVDF nanocomposites in 

detecting GUWs according to the SEM results. These speculations are further 

validated in the following experiments. 
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(a)                               (b)              

 
(c)                               (d)              

Figure 3.6 The SEM images of PVDF sensor with a graphene content of X and a 

amplified magnitude of Y: (a) X = 0.5 wt.%, Y = 5000 ×; (b) X = 0.5 wt.%,          

Y = 40,000 ×; (c) X = 1 wt.%, Y = 5000 ×; (d) X = 1 wt.%, Y = 40,000 ×;       

(e) X = 2 wt.%, Y = 5000 × and (f) X = 2 wt.%, Y = 40,000 ×. 
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(e)                               (f)          

Figure 3.6 Cont. 

 

It is relevant to point out that the PVDF – the matrix of the nanocomposites – has been 

traditionally used to develop strain sensors [37], by virtue of its superior flexibility and 

greater ease of handling than many other candidate materials such as PZT. In this study, 

however, PVDF is mainly used as a matrix to accommodate dispersed nanoparticles. 

Here, to exclude the possibility that the piezoresistivity manifested by the 

nanocomposites in response to ultrasound could originate from the PVDF matrix, an 

XRD test is conducted. 

 

Figure 3.7 presents XRD results for the nanocomposites with the three representative 

nanofillers. The scanning angles of diffraction peak are 17.6°, 18.5°, 20° and 26.6° 

which refer to the crystal lattice of (100), (020), (100) and (021), demonstrating that 

the fabricated nanocomposites, regardless of nanofillers’ types, feature a pattern of 𝛼-

crystal with a nonpolar crystal structure. This finding implies that the PVDF in the 

nanocomposites, as a matrix, does not cause remarkable piezoelectricity – because 
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only a polar crystal (such as b-crystals) can lead to piezoelectricity [113-115]. The 

nonpolar crystal structure can be attributed partly to the fabrication methods adopted 

in this study for compounding nanoparticles into PVDF. Thus, once any change in 

conductivity is perceived, it can be fully attributed to the change in the percolating 

network induced by ultrasound as a result of the tunneling effect, rather than due to a 

response from PVDF itself. 

 

 

Figure 3.7 XRD pattern of the three genres of nanocomposite (2𝜃: scanning angle).  

 

3.3.4  Simulation of the sensing mechanism 

A 3D microscale model is established to implement the theoretical study to investigate 

the tunneling effect occurring inside the nanofiller-based smart sensors, as illustrated 



 

64 

in Figure 3.8a. The individual CB aggregate normally contains a mean number of a 

single particle of 16 based on the microstructure of the CB/PVDF sensor (Figure 3.5b) 

via a standard picture analysis method [116]. Then, the geometry of the CB aggregates 

can be described by 𝑛 = 𝐶(𝑅/𝑟𝑝)
𝐷, where 𝑛 presents the number of particles inside 

the aggregate, 𝐶 means the pre-factor (set as 1), 𝑅 is the radius of the CB aggregate 

while 𝑟𝑝 is the radius of the CB particle and D signifies the mass fractal dimension 

(set as 1.71). Thus, a simulated microstructure with a high level of branching can be 

set up to represent the fractal aggregate of CB [117]. A good deal of fractal aggregates 

is randomly distributed into a cubic representative volume element (RVE) with a 

length of 2 μm. 

 

A simplified circuit network can be illustrated in Figure 3.8b. Several conductive paths, 

as highlighted in red, are successfully formed in the RVE with a weight ratio at around 

the percolation threshold. So, the whole conductive network contained two types of 

conductive resistors (e.g., the resistor of the particle itself and tunneling resistor) and 

conductive paths. The tunneling resistance is adjusted when the shortest distance 

between two adjacent nanoparticles changes within the range of tunneling distance, 

which can be further calculated by [118]: 

 𝑅𝑡 =
16𝜋2ℎ𝑑

3𝑒22√2𝑚𝑒𝜆𝑆
exp (2√2𝑚𝑒𝜆𝑑) 3.2 

where 𝑒  the quantum of electricity, 𝑚𝑒  the mass of electron, ℎ  the Planck’s 

constant, 𝑑 the shortest gap width between two adjacent CB, 𝜆 the height of barrier 

which is 0.2 eV in this study. The cutoff distance, which is considered to be the upper 
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limit for triggering the tunneling effect, is set as 5 nm which can be determined by the 

value of 𝜆.  

 

 
(a) 

Figure 3.8 (a) Simulative dispersion status of CB aggregates; (b) Computational 

conductive network inside the matrix. 
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(b) 

Figure 3.8 Cont. 

 

Based on the Kirchhoff's current law and matrix representation method [119], the total 

resistance of the simulated model can be calculated. Subject to different strain levels 

of the RVE, the displacement of the CB particles within an individual aggregate is 

assumed to be equal to that of the mass center of the aggregate, which can be calculated 

using the coordinate and strain level at the mass center by taking the Poisson's ratio of 

the matrix (0.3 for PVDF) into account. Therefore, the microstructure of the 

nanocomposite is reconstructed based on the deformation of the structure, resulting in 

resistance variation. 
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The simulated relationship of the piezoresistive responses between the resistance 

change ratio (
∆𝑅

𝑅0
) and the given quasi-static/dynamic vibrations is presented in Figure 

3.9. Under a relatively wide strain vibration range from -1% to 1%, a nonlinear 

exponential variation tread of the quasi-static piezoresistive response is observed, as 

depicted in Figure 3.9a. Under such a strain change range, the tunneling effect induced 

resistance variation is the significant contributory factor for the total resistance 

response together with the piezoresistive effect, resulting in a nonlinear change trend 

comparing with the traditional piezoresistive sensor. Taking a further insight into the 

vibration at a sub-range strain of ±10𝜇휀, which is similar to the strain triggered by 

ultrasound-induced disturbances, the variation trend tends to be approximately linear, 

revealing the great potential for the nanocomposite in detecting ultrahigh-frequency 

disturbances. 

 

As presented in Figure 3.9b, the piezoresistive responses of the nanocomposite are 

investigated under periodical dynamic load under both high and tiny strain levels. An 

asymmetrical response subject to tension and compression can be found when the PVE 

encounters a strain of ± 1%, while the strain of ±10𝜇휀  generates an exactly 

harmonic response. As a consequence, this type of nanocomposite, by virtue of the 

tunneling effect, shows great ability in the quantitative measurement of ultrasonic 

wave signals.  
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(a) 

 
(b) 

Figure 3.9 (a) Simulation results of the responses of the RVE under: (a) static tensile 

stress and (b) 200 kHz dynamic cyclic vibration at a strain from -1% to 1%. 
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3.3.5  Sensitivity to ultralow magnitude 

Using a dynamic mechanical testing platform (TA Q800, TA Instruments), a series of 

axial compression tests are conducted on the three representative types of 

nanocomposites with MWCNTs, CB, and graphene as nanofillers. In the tests, each 

sample is trimmed to 5.11 mm in length, 5.11 mm in width and 1.8 mm in thickness. 

A nanoscale strain is generated and applied on each sample. The displacement of the 

compression head (moving at a speed of 1 mm/s) and the accordingly engendered 

compressive force applied on the sample are prudently determined so that both can 

reach their respective extrema simultaneously. Notably, the displacement and 

consequently induced force respectively resemble the deformation and load induced 

to the sample by a typical ultrasound signal. We take the sample with graphene as the 

nanofiller as an example, in which the maximum displacement and its accordingly 

induced current measured in situ are ~5000 nm and ~4.744 mA, respectively. A linear 

correlation between the applied force and the in situ measured currents can be observed 

for all nanocomposite types. Figure 3.10 shows the correlation for the graphene/PVDF 

nanocomposite. This observation demonstrates that the nanocomposites, properly 

prepared, are sufficiently and precisely sensitive to a dynamic disturbance down to 

strains of the order of nanoscale. On the basis of the simulation results (in section 3.3.4) 

and quarter Wheatstone bridge configuration, the strain induced by a typical ultrasound 

signal varies from hundreds of nanostrains to several microstrains.  

 



 

70 

 

Figure 3.10 In situ nanostrain compression test results: correlation between applied 

force and in situ measured current in graphene/PVDF-based nanocomposites. 

 

 

3.4  Summary 

In conclusion, the fundamental characteristics of the fabricated nanocomposites have 

been thoroughly explored and compared. Diverse nanoparticles (i.e., CB, MWCNTs, 

graphene) and polymeric matrices (i.e., PVDF, TPU, epoxy), possessing different 

mechanical and chemical properties, are fabricated in a comparative manner to provide 

fundamental criteria for the selection of raw materials. According to the morphological 

characteristics and electrical properties of the nanocomposites, graphene nanoparticles 

can disperse uniformly with the highest degree inside the PVDF matrix to create 
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effective conductive tunneling paths at around percolation threshold (1.0 wt.%). Under 

a broadband frequency range varying from 0 to 400 kHz, the theoretical sensing 

performance of these types of piezoresistive sensors is validated via a 3D simulated 

model, proving that the nanocomposites are potentially capable of acquiring GUWs 

from a theoretical point of view.  
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CHAPTER 4  

 

Performance of Nanocomposite Sensor 

Coatings 

4.1 Introduction 

The basic characteristics of the thus-fabricated nanocomposite sensors have been 

investigated to prove that these genres of nanocomposites have great potential in 

responding to GUWs in Chapter 3. Making use of the alluring features of the 

developed nanocomposites including extra-lightweight and rapid prototyping, the 

nanocomposite sensors are deposited directly onto a medium surface, in conjunction 

with screen-printed electronic circuits, to form a dense sensing network for in situ 

acquisition of broadband ultrasound. The sensing performance of various types of 

nanocomposites is evaluated and compared, while the referenced signals are acquired 

by conventional metal foil strain gauges or PZT wafers depending on the frequencies 

of the excitation signals. A self-developed Wheatstone bridge is designed to amplify 

the weak signals and filter the signal noise. Most importantly, to simulate the real-

world scenarios at which the engineering assets work, thermal and durability tests are 

conducted to evaluate the stability of the sensors under different working temperatures. 
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4.2 Acquisition of Vibration Signals 

4.2.1  Integration of individual sensors  

Being designable, the nanocomposite sensors can be fabricated into diverse modalities 

to perfectly satisfy the various demands of different applications functioning in various 

fields. The aqueous graphene nanoparticle/PVDF nanocomposites can be directly 

sprayed on substrate films using a screen-printing approach or be molded via solution-

mixing technology depending on the practical applications. In the spraying approach, 

a polymer film with desired cutouts is prefabricated (serving as a molding layer) and 

pressed onto the substrate film. The thickness of the polymer film and cutouts is 

deliberately designed, determining the thickness and size of the sensors finally 

deposited on the substrate. After sufficient curing, the molding layer is peeled off, 

leaving individual nanocomposite films on the substrate, each of which is measured 

10 mm × 5 mm × ~200 µm after degassing and curing. These films exhibit excellent 

resilience and flexibility (Figure 4.1a and 4.1b), highlighting their potential for uses 

on uneven structural surfaces and human bodies as wearable devices. Two fine finger 

electrodes for each sensor are also screen-printed on the substrate film using a silk 

printing method. With an electrode pair, each printed nanocomposite film is 

functionalized as a self-contained sensor. In the thin film modality, such produced 

sensors are resilient, able to adapt to a curved structural surface for in situ acquisition 

of ultrasound – a challenging task for conventional PZT ultrasound sensors due to their 

high stiffness. These merits of the produced sensors are not constrained by the material 

properties (metals or composites) or geometry (flat or curved) of the recipient structure 

to be sprayed on. 
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(a) 

 
 (b) 

Figure 4.1 Produced spray-on nanocomposite sensors: (a) a screen-printed 

nanocomposite film, showing good resilience, and (b) a self-contained sensor 

network with an electrode pair. 
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4.2.2  Acquisition of quasi-static structural vibration signals 

The frequency of the dynamic load applied on the nanocomposite samples in the above 

nano-compression tests in section 3.3.5 is obviously far below an ultrasonic frequency. 

To extend the investigation to a higher frequency domain, dynamic electromechanical 

excitation-response tests are implemented from static to dynamic up to 2 kHz.  

 

The test for measuring quasi-static dynamic response is performed using a 

semiconductor characterization system (4200-SCS, Keithley Instruments, Inc.) on a 

dynamic mechanical testing platform (TA Q800, TA Instruments). A cyclic load 

windowed in a ramp strain mode (1.0%/min) is applied on the nanocomposite samples, 

to generate a strain up to 1%. Representatively and comparatively, Figure 4.2 shows 

the measured change in resistance of the three types of nanocomposites (MWCNTs, 

CB, and graphene), when undergoing a low-frequency cyclic load at 8 microhertz 

(mHz). It can be observed that the MWCNTs-based nanocomposites fail to conform 

to the load, showing a deviated and distorted waveform; this contrasts with the other 

two nanofiller types that exhibit faithful adherence to the load without observable 

hysteresis or wave distortion. 
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Figure 4.2 Responses of nanocomposite samples of three genres of nanofiller to a 

quasi-static dynamic load at 8 mHz. 

 

4.2.3  Responses to low-frequency vibrations (up to 2 kHz) 

A testing system, pictured in Figure 4.3a, is configured for acquiring the responses of 

samples under excitations in the range 100 – 2000 Hz, consisting mainly of a signal 

amplification module integrating a commercial Wheatstone bridge with adjustable 

resistors compatible with the electrical resistance of the developed sensor, an 

electronic amplifier circuit, a series of filters and a signal conversion circuit for 

converting measured piezoresistivity to electrical signals, a waveform generator 

(HIOKI® 7075) (for generating a continuous sinusoidal signal), a power amplifier 

(B&K® 2706), an electromechanical shaker (B&K® 4809) (for introducing vibration 

to a structure), and an oscilloscope (Agilent® DSO9064A). The three types of 
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fabricated sensors (length 10 mm, width 5 mm, thickness ~200 µm) are deposited onto 

a clamped cantilevered beam made of glass-fiber/epoxy composites (length 290 mm, 

width 40 mm, thickness 2 mm) along with a strain gauge (gauge factor: 2.07) adhered 

to the beam for comparison, see Figure 4.3a. The shaker excites the beam through a 

bonded point, with a sinusoidal signal sweeping from 100 to 2000 Hz. 

 

With a load of a higher frequency (200 Hz), the sample with graphene as the nanofiller 

outperform its counterparts using other types of nanofillers, clinging to the load and 

conveying the strongest responsive energy, as shown in Figure 4.3b. With the highest 

sensitivity to external loads, the graphene/PVDF-based nanocomposites are chosen for 

further investigation. With a further increase in the excitation frequency to 2 kHz, the 

graphene/PVDF-based nanocomposite samples retain their faithful responses to the 

excitation, as shown in Figure 4.3c. Together, these observations highlight the dynamic 

stability, measurement repeatability, and response reversibility of graphene/PVDF-

based nanocomposites at ~1 wt.% in responding to high-frequency (up to 2 kHz) 

dynamic strains, without detectable waveform distortion and response hysteresis. No 

obvious discrepancy can be observed between the signals acquired by the 

nanocomposite sensors with different nanofillers and strain gauge, as shown in Figure 

4.3b. Note that a precise half-cycle of phase difference between the signals acquired 

by the graphene/PVDF-based nanocomposite sensor and those measured by strain 

gauge can be observed, which is attributed to the fact that the sensor and strain gauge 
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are symmetrically positioned on two sides of the beam, as pictured in Figure 4.3a. 

 

 
(a) 

Figure 4.3 (a) Schematic of the experimental setup; (b) electromechanical responses 

of nanocomposite samples of three nanofiller genres to vibrations at 200 Hz; (c) 

response of graphene/PVDF-based nanocomposite sample at representative 

frequencies from 100 Hz to 2 kHz (signals normalized by respective maximum 

magnitudes). 
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(b) 

  
(c) 

Figure 4.3 Cont. 
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4.3 Acquisition of GUWs 

Notably, when compared with the measurement of static strains or low-frequency 

dynamic strains, the acquisition of ultrasound using nanocomposite piezoresistive 

sensors faces a twofold challenge: i) responsive sensitivity to an ultralow magnitude 

(of the order of microstrain or even nanostrain) and ii) responsive frequency beyond 

several hundred kHz. 

 

4.3.1  Mechanism of sensing ultrasound 

Up to this point, the graphene/PVDF nanocomposite at their percolation threshold has 

been demonstrated responsive to a dynamic disturbance up to 2000 Hz, with 

measurement reversibility and repeatability yet without hysteresis and deviation. 

Importantly, the reversibility underpins the speculation that under a dynamic 

disturbance (e.g., the strain induced by ultrasound), the pivotal sensing mechanism of 

the nanocomposite piezoresistive sensors is the tunneling effect triggered in the 

conductive network formed by nanofillers (as well as their aggregations). At the 

nanoscale, the tunneling effect occurs when neighboring nanoparticles are in close 

proximity (usually of the order of several nanometers) but not in direct contact. 

  

As shown in Figure 4.4, this can be illustrated by a molecular dynamics-based 

simulation: when an ultrasound signal traverses the nanocomposites, the dynamic 

disturbance triggers the tunneling of charged carriers, locally altering the conductivity 
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of the percolating network. Although the energy carried is of an ultralow amplitude, 

an ultrasound signal suffices to promote measurable modulation of the graphene 

nanoparticle-formed conductive network at its percolation threshold, engendering a 

tunneling current to subsequently alter the electrical resistance manifested. A detailed 

explanation can be found in section 3.3.4. 

 

 

Figure 4.4 Schematic illustration of ultrasound propagation triggering tunneling 

current in graphene nanoparticle-formed conductive network at its percolation 

threshold (from molecular dynamics-based simulation). 

 

4.3.2  Adjustable Wheatstone bridge 

Intrinsically, an ultrasound signal is low in magnitude and prone to contamination from 

ambient noise and measurement uncertainties. With this consideration a dedicated 

signal conditioner device is developed, to be used in conjunction with the fabricated 

sensors. The device consisted mainly of a high-pass filter and an electrical Wheatstone 

bridge. Most of the current used Wheatstone Bridge in the market are designed for 
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commercial strain gauges, which normally possess a resistance of 120 Ω ± 1 Ω or 350 

Ω ± 1 Ω. However, the resistance of the nanocomposite varies with many factors 

including temperature, humidity and size of the sensor. So, it is vast imperative to 

develop an adjustable Wheatstone bridge with a proper amplifier level that is 

equivalent to the commercial one.  

 

The Wheatstone bridge, powered by a ± 10 V constant voltage, is pertinently designed 

for this study, as shown in Figure 4.5. In the bridge, a 1000 Ω slide rheostat cascading 

with a 500 Ω fixed resistor is used as the measurement arm to balance the bridge, while 

the other two fixed arms are installed with a 1000 Ω completion resistor, respectively. 

The output resistive signal is transferred into a voltage signal after being amplified 

1000 times via an operational amplifier circuit (ICL7650) and filtered between 1000 

Hz and 1.5 MHz.  

 

 

Figure 4.5 Photograph of the Wheatstone bridge. 
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4.3.3  In situ acquisition of GUWs up to 1.4 MHz 

The self-contained, dedicated signal acquisition system is developed on a PXI (PCI 

eXtensions for Instrumentation) bus platform (NI® PXIe-1071). The system features 

mainly a signal amplification module, an electronic amplifier circuit, a series of filters 

and a signal conversion circuit for converting measured piezoresistivity to electrical 

signals, a waveform generator (NI® PXIE-1071) (for exciting ultrasound via PZT 

wafer), a linear power amplifier (Ciprian® US-TXP-3), and an oscilloscope (Agilent® 

DSO9064A). 

 

In a frequency sweep test, a group of ultrasound signals, 5-cycle Hanning-function-

modulated sinusoidal tonebursts, with frequency varying from 50 kHz to 1.4 MHz with 

an increment of 50 kHz, are emitted into a glass fiber epoxy laminate panel (600 mm 

× 600 mm × 2 mm) via a surface-mounted PZT wafer (PSN-33, Ø8 mm, 0.48 mm 

thick). Eight nanocomposite sensors are adhered to the panel at eight arbitrarily 

selected positions. For verification and calibration, another eight PZT wafers are 

respectively collocated adjacent to each nanocomposite sensor, to capture ultrasound 

signals simultaneously. A schematic of the experimental setup is shown in Figure 4.6a. 

By way of illustration, the signals respectively captured by one of the eight 

nanocomposite sensors and its adjacent PZT wafer are compared at 200 kHz (Figure 

4.6b) and 1.2 MHz (Figure 4.6c). These signals are processed with a first-order 

Butterworth filter to remove measurement noise. In the processed signals, the 
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quantitative coincidence between PZT- and nanocomposite-captured signals can be 

observed, in particular, for the first-arriving wave component – that is, the zeroth-order 

symmetric Lamb wave mode guided by the panel (denoted by S0 hereinafter). 

Discrepancies in signals captured by the two types of sensors, particularly under the 

excitation of 1.2 MHz, can be attributed to the distinct sensing mechanisms: a PZT 

wafer measures changes in piezoelectric properties, whereas the nanocomposite sensor 

registers variation in piezoresistive properties based on the tunneling effect. 

 

Further, the spectra of signals perceived by one of the nanocomposite sensors are 

presented over a frequency-time domain via short-time Fourier transform, separately 

deployed in a lower frequency range (50 kHz~450 kHz, Figure 4.6d) and a higher 

frequency range (500 kHz~1.4 MHz, Figure 4.6e), both showing high consistency of 

the sensor at any monochromatic frequency in broadband up to 1.4 MHz. These 

observations authenticate the excellent performance of the fabricated sensors in 

responding to ultrasound across a wide spectrum. Not only the S0 mode but also other 

wave modes (e.g., antisymmetric Lamb wave mode, A0) can be captured by the 

nanocomposite sensors. 
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(a) 

Figure 4.6 Performance of the nanocomposite sensor for acquisition of broadband ultrasound against conventional PZT wafer: a) schematic of the 

experimental setup; signals captured by a nanocomposite sensor and PZT wafer at b) 200 kHz and c) 1.2 MHz; spectra (obtained using short-time 

Fourier transform) of broadband signals captured by the nanocomposite sensor in a frequency range of d) 50 kHz~450 kHz and e) 500 kHz~1.4 MHz. 
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(b) 

 
(c) 

Figure 4.6 Cont. 
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(d) 

 

 
(e) 

Figure 4.6 Cont. 
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4.4 Environmental and Durability Tests 

Intensive experimental validations have been carried out in a laboratory environment. 

Thermal and durability tests are conducted to verify the stability of the nanocomposite 

sensors in detecting structural vibrations under different working conditions. 

 

4.4.1  Investigation of temperature effect on sensor performance 

The thermal stability of the graphene/PVDF nanocomposites is examined on a 

mechanical testing platform under low-frequency vibrations. In the range from -90 ℃ 

to 75 ℃, Figure 4.7 shows the change in response energy of the graphene/PVDF 

nanocomposite when a strain of 0.5% is applied on the sample, accentuating the slight 

dependence of the material on the temperature within a range between -40 ℃ and 

75 ℃, owing to the stable nanostructure of the matrix (PVDF) in this range; however, 

a dramatic increase occurs in the resistance change ratio of the material in a cryogenic 

environment (below -40 ℃), which can be attributed to the contraction of the matrix 

under low temperature that consequently results in cracking and reduced friction 

between graphene flakes and PVDF. 
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Figure 4.7 Response of graphene/PVDF-based nanocomposite sample to a quasi-

static dynamic load at 16 mHz under different temperatures, with reference to the 

measurement of strain gauge. 

 

The thermal stability of the nanocomposites in perceiving signals under a high 

frequency of 150 kHz is verified in a ‘Temperature, Humidity, and Vibration Integrated 

Test Platform’ (THV1070W, HONGRUIYIQI, China), to investigate the temperature 

effect on the nanocomposites. A nanocomposite sensor is installed on an aluminum 

plate, while the excitation signal is generated by a commercial PZT wafer mounted on 

the plate, as illustrated in Figure 4.8. The sensor is directly deposited on a PI film to 

avoid short-circuit which happens if there is any physical contact between the 

conductive sensor and the aluminum plate.  
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Figure 4.8 Photograph of the experimental setup for the cyclic thermal test. 

 

A cyclic temperature variation is applied in the chamber increasing from -60 ℃ (Figure 

4.9a)), through 20 ℃ (Figure 4.9b), to 120 ℃ (Figure 4.9c) and then decreasing to 20 ℃ 

(Figure 4.9d) again. The signal amplitudes increase with the increasing temperatures, 

as demonstrated in Figure 4.9 a to c. The main reason for this phenomenon is mainly 

attributed to the thermal effect of the PZT actuator that the piezoelectric constant 

increases with rising temperature. When the temperature decreases to 20 ℃ again (as 

illustrated in Figure 4.9d), the waveform and signal intensity (0.0472 V) of the 

acquired signal keep almost constant compared with the signal (with a signal intensity 

of 0.0445 V) acquired at 20 ℃ in the ascent stage referred to Figure 4.9b. The 

nanocomposite sensor exhibits high stability in perceiving signals in a dynamic 

temperature environment and functions well in some extreme situations with either a 

high or low temperature. 
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(a) 

 
(b) 

`  

(c) 

Figure 4.9 Signal acquisition of GUWs in a dynamic temperature variation: 

increasing from (a) -60 ℃, through (b) 20 ℃, to (c) 120 ℃ and then decreasing to 

(d) 20 ℃ again.  
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(d) 

Figure 4.9 Cont. 

 

4.4.2  Investigation on durability of nanocomposite sensors 

Before using this nanocomposite sensor to develop applications, the durability of the 

sensor should be investigated to confirm whether this type of sensor can maintain a 

reliable signal output in long-term service. As illustrated in Figure 4.10a, a large 

deformation (with a strain of 1%) is applied to a nanocomposite sensor coating on a 

dynamic mechanical testing platform under a low frequency of 0.08 Hz for around 

5000 s. Meanwhile, a 10-hour continuous vibration experiment is also implemented 

under 3000 Hz to verify the stability of this sensor coating, as depicted in Figure 4.10b. 

In conclusion, a highly consistent response of vibration can be observed under both 

the large deformation for around 400 cycles and a high-frequency vibration test for 

more than 100 million repeated cycles, which confirms that this type of sensor can be 

qualified as a strain sensor for SHM approaches. 
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(a) 

 
(b) 

Figure 4.10 Cyclic testing of the nanocomposites under different frequencies: (a) a 

quasi-static strain with 10%/min tensile speed (~0.08 Hz) and (b) a long cyclic 

sensing test (more than 100 million cycles) under 3000 Hz. 
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4.5 Performance Comparison among Various Types 

of Nanocomposite Sensors  

The sensing capabilities of the sensors have been fully investigated, confirming that 

these genres of sensors can be employed to configure sensing networks for SHM 

approaches in diverse working environments. To investigate the performance 

differences between various types of nanocomposite sensors, nanocomposites with 

different viscoelastic properties are fabricated for comparison. And, the performance 

characteristics of the tailor-made sensors with different sizes are also evaluated to 

explore the size effect. 

 

4.5.1  Comparison of different breeds of sensors 

To explore the performance differences of nanocomposites with different 

viscoelasticity in sensing GUWs, the TPU-based sensor, a type of thermoplastic rubber 

elastomer with higher viscoelasticity, is fabricated and compared with the PVDF-based 

sensor. GUWs, serving as the testing signals, are excited at a central frequency of 150 

kHz via a PZT wafer. Taking the signal acquired by a commercial PZT wafer as the 

benchmark signal, a much higher hysteresis of the signal acquired by the TPU-based 

sensor can be obviously observed compared with that acquired by the PVDF-based 

sensor, as illustrated in Figure 4.11a and 4.11b. This confirms that a polymer with 

lower viscoelasticity can perceive GUWs with higher accuracy. 



 

95 

 
(a) 

 
(b) 

Figure 4.11 GUWs signal acquired by: (a) the TPU-based sensor and (b) the PVDF-

based sensor, compared with a commercial PZT wafer at 150 kHz. 
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4.5.2  Size effect on nanocomposite sensors 

One of the alluring merits of the thus-fabricated nanocomposite sensors is the 

tailorability. Therefore, it is of vital importance to explore the size effect of the 

nanocomposites. The macrostructure of the nanocomposites (the exterior size) is 

systematically examined in this section to reveal the relationship between the length 

of the sensors and the responses of signals. On top of that, the length of the sensors 

(the length is straightly along the propagation direction of GUWs) is designed to be 20 

mm (Sensor1), 10 mm (Sensor2) and 4 mm (Sensor3), respectively. Two PZT wafers 

are installed to act as an actuator (PZT1) and a reference sensor (PZT2), respectively. 

Then, the sensors are surfaced on a glass fiber epoxy reinforced plate in a circular way 

(30 mm away from the PZT actuator (PZT1), which is installed at the center), as 

illustrated in Figure 4.12.  

 

 

Figure 4.12 Schematic diagram of the experiment set up. 
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Then, GUWs with a central frequency of 500 kHz are excited to verify the size effect 

of the nanocomposites. The signals are acquired by the thus-designed nanocomposites 

as presented in Figure 4.13a. Interestingly, no monotonous or regular relationship can 

be observed from the result. The signal acquired by the sensor with a length of 10 mm 

is weakest among these three sensors, while the one with a length of 4 mm possesses 

the highest sensitivity. In order to investigate this issue, more tests are conducted with 

various excitation frequencies from 400 kHz to 1000 kHz. The signal amplitudes are 

extracted from the raw data to present a clear exposition, as shown in Figure 4.13b. It 

can be observed that sensor3 (4 mm) possesses almost the highest amplitude among 

them under different excitation frequencies with slight fluctuations.  
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(a) 

Figure 4.13 (a) Sensing signals for graphene/PVDF nanocomposites of various 

sensor sizes at a frequency of 500 kHz. (b) Amplitudes of sensing signal for 1 wt.% 

graphene/PVDF nanocomposites of different lengths. 
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(b) 

Figure 4.13 Cont. 

 

The underlying mechanism of dimension dependence of the response signal on GUWs 

is analyzed according to the tuning effect. The sensing signal acquired by the sensor 

originates chiefly from the variations in the conductive network in the nanocomposites, 

caused by the in-plane deformation excited by S0 mode Lamb wave. The periodic 

deformation contained bulging and contracting through the thickness direction. As 

shown in Figure 4.14, when the sensor length is an odd multiple of the half-wavelength, 

the bulging and contracting occurs alternately, thereby changing the distance between 

adjacent graphene platelets at the nanometer scale and consequently resulting in 
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enhanced signal intensity. If the sample length is an even multiple of the half-

wavelength, the co-existence of bulging and contracting neutralizes the distance 

variation, consequently counteracting the tunneling effect and weakening the signal 

intensity. 

 

 

Figure 4.14 Schematic model of the change in conductive structure in composites 

under ultrasonic waves with the sensor length equal to half of the wavelength and 

equal to the wavelength of ultrasonic waves. 

 

The wavelengths of the ultrasonic waves with frequencies ranging from 400 to 1000 

kHz propagated in a glass-fiber-epoxy laminate panel are calculated. The relationship 

between sensor length and wavelength under different frequencies is displayed in 

Table 4-1. From the result we find that sensors 4 mm and 20 mm in length are closer 



 

101 

to the odd times of the half-wavelength at the specific excitation frequency we 

analyzed, while the sensors 10 mm in length closer to the even multiples. The 

counteracting effect can cripple the sensitivity of the 10 mm sensor, resulting in the 

weakest signal among the three sensor lengths. 

 

Table 4-1 The relationship between nanocomposite sensor length and wavelength 

under different frequencies. 

Frequency 

(f/kHz) 

Wavelength 

(/mm) 

Sample size (L) 

4 mm 10 mm 20 mm 

L/(/2) 

400 12.9 0.62 1.55 3.10 

500 9.7 0.82 2.06 4.12 

600 8.0 1.00 2.50 5.00 

700 6.8 1.17 2.94 5.88 

800 5.9 1.35 3.39 6.78 

900 5.2 1.54 3.85 7.69 

1000 4.6 1.74 4.35 8.69 
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4.6  Summary 

After the rigorous fabrication, the sensing performance of different types of 

nanocomposites is verified in a broadband frequency spectrum, ranging from low-

frequency vibrations to high-frequency disturbances. Amongst them, the 

graphene/PVDF sensor exhibits the highest sensitivity with a gauge factor of ~55.0 ± 

0.6 at its percolation threshold under quasi-static or low-frequency vibrations, because 

the graphene nanoparticles are dispersed uniformly with the highest degree in the 

PVDF matrix, compared with its counterparts made of CB or MWCNTs. The 

graphene/PVDF sensor performs well in perceiving cyclic low-frequency vibrations 

with great stability in long-term service, and has been demonstrated responsive to a 

dynamic disturbance up to 1.4 MHz. The perceived ultrasound signals are accurate and 

faithful, without discernible hysteresis or deviation in waveform. The findings 

obtained are remarkable and promising, showing that the fabricated sensors, with 

properly selected nanofillers and a morphologically optimized nanostructure, can 

respond to broadband excitations, from static strain to ultrasound up to 1.4 MHz, yet 

with ultralow magnitude – a trait of nanocomposites-based piezoresistive sensing 

devices that has not until now been fully explored 

 

The sensing performance of the graphene/PVDF sensor is further explored in several 

particular perspectives. Compared with the graphene/TPU sensor, the graphene/PVDF 
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sensor can respond quickly without obvious hysteresis due to the lower loss modulus 

of the PVDF matrix. Compared with a piezoelectric PZT wafer for which the acquired 

signals are partially influenced by its resonant frequency, the resistivity variations of a 

piezoresistive type of sensor exhibit a better synchronization with the strain changes 

of the host structure on account of their different sensing mechanisms. Thus, the 

graphene/PVDF sensor can provide a response with higher accuracy regardless of the 

excitation frequency, whereas a specific PZT wafer should be selected for a specific 

application case with different excitation frequencies. Meanwhile, the nanocomposite 

sensor maintains great stability in sensing GUWs in the cyclic temperature variation 

tests, proving that the influences induced by temperature variations can be eliminated 

via a compensation equation. 

 

In addition, the thus-fabricated sensors can be coated or sprayed onto a structure 

directly and deployed in large quantities to form a dense, spray-on in situ sensing 

network in a cost-effective manner, as schematically depicted in Figure 4.15, in which 

the circuits (including the finger electrode pair for each sensor used to interlink the 

sensors in the sensor network) can also be deposited on the structural surface using an 

inkjet printing approach. The hollowed-out pattern of the molding layer is deliberately 

designed to determine the final sprayed sensor network, including size, thickness, 

location, and shape of each sensing element, and the total number of sensing elements 

in the network. after the graphene nanoparticle/PVDF nanocomposites are sprayed on 
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the host structure, the molding layer is peeled off, leaving the spray-on sensor network 

on the host structure. 

 

 
Figure 4.15 Schematic of the spray-on process for developing a dense sensor 

network using the graphene nanoparticle/PVDF nanocomposites: (a) molding layer 

on the host structure, (b) the hollowed-out pattern, and (c) the spray-on sensor 

network  
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CHAPTER 5  

 

Development of Ultra-thin Printable 

Nanocomposite Sensor Networks for in situ 

SHM 

5.1 Introduction 

To minimize the dependence of sensor installation on the use of adhesives and wires, 

the sprayable and coatable sensors, which can be sprayed directly onto a structural 

surface and respond to signals across a broadband frequency range, are developed in 

Chapter 4. However, the thickness and density of each sensor film can be influenced 

by human operation errors, for example in the force and duration of spraying applied 

in each sensor fabrication process. In this chapter, an ultra-thin sensor film, fabricated 

by carbon black and polyvinyl pyrrolidone (denoted hereinafter by CB/PVP), is 

developed by using an inkjet printing technology to precisely design the shape and 

control the quality of the nanocomposite sensor. The sensing performance of this sort 

of printable sensor is verified via several confirmatory experiments in the laboratory, 
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from quasi-static vibrations to GUWs. 

 

5.2 Printable Sensor Networks 

5.2.1  Nanocomposite ink preparation 

PVP powder with a molecular weight of 40,000 (PVP K-30, acquired from DASHAN 

BIO Corporation, China) is chosen as the matrix of the nanocomposite sensor, because 

it can be easily dissolved in both aqueous and organic solvents, forming a 

homogeneous solution with suitable viscosity, which is one of the essential parameters 

for printing [120, 121]. CB with an average diameter of 50 nm (BP2000, supplied by 

CABOT Corporation, USA) is chosen as the nanofiller to prevent clogging of the 

nozzle (supplied by Fujifilm, USA), for which the aperture is 21 µm. 1-Methyl-2-

pyrrolidinone (NMP) (with a boiling point of 203 °C, supplied by J&K Scientific, 

China), which is hard to volatilize, is chosen as the solvent in case of premature 

volatilization that can lead to resin curing inside the nozzle. The CB nanoparticles, 

together with PVP powder (mass ratio 1:2), are dispersed into NMP solvent, with a 

weight ratio of 5 wt.%. Then the mixture is mechanically stirred for 2 hours at the 

speed of 400 rpm for homogenization. Later, the mixed ink is dispersed in an ultrasonic 

bath for 30 mins with a power of 50%. 300-nanoscale filter paper is used to filter large 

aggregations of the hybrid.  
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5.2.2  Sensor fabrication and morphological characteristics 

The ink is loaded in an inkjet cartridge (Dimatix Materials Cartridge DMC-11610, 

USA) with a volume of 10 pL. The printouts are deposited on various substrates by a 

desktop inkjet printer (PiXDRO LP50, supplied by OTB Solar - Roth & Rau, the 

Netherlands) upon a heated platform with a maximum heating temperature of 50 °C.  

 

Six printed sensors measuring 20 mm × 10 mm, deposited on a glass fiber reinforced 

epoxy (GFRE) plate (measuring 280 mm × 200 mm × 1 mm), are gradually cured 

under 50 °C on the heated platform layer by layer to configure a sensor network, as 

presented in Figure 5.1a. It is noteworthy that the shapes of the printed sensors can be 

designed variously to fit different types of engineering structures. The printed sensors 

show good stability in signal acquisition, partially attributable to the good adhesion 

between the printed sensors and the substrates. Such good adhesion minimizes the 

probability of sensor exfoliation from the host structures in harsh working 

environments. 

 

The PI films are widely used as insulating layers because of their high thermal stability, 

good chemical resistance, and excellent mechanical properties [122]. To achieve good 

adhesion and uniform surfaces, the PI films are pre-treated by a plasma cleaner (PDC-

002, Harrick Plasma, USA) to conduct the deoxidation treatment that can increase the 

surface energy of the films, resulting in a lower contact angle of the ink, whereby good 

adhesion between the nanocomposite ink and the substrates can be achieved [123]. 

The printed sensors deposited on the PI films can be easily tailored to individual 

sensors. Simultaneously, the PI films can act as the insulating layers when the sensors 

are mounted on a conductive surface, preventing short-circuiting. These printed 
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sensors, with good resilience and flexibility, can be easily manipulated to adapt to a 

wide variety of structures, as depicted in Figure 5.1b.  

 

The surface condition of one of the nanocomposites is investigated by a scanning 

electron microscope (SEM, Vega3, supplied by Tescan, Czechoslovakia). As shown in 

Figure 5.1(c), the morphology of the printed sensor is observed compact and uniform, 

owing to the high resolution of the desktop printer with 16 nozzles supplying the ink 

simultaneously. Due to the filter process, uniform dispersion of CB may not be 

observed in the SEM image explicitly, however, aggregation of CB is not noted. 

 

The thickness of the printed sensor is measured by a surface optical profiler (Dektak 

XT, supplied by Bruker, USA). An ultra-thin nanocomposite sensor with a thickness 

of ~1000 nm is observed in Figure 5.1d. As observed, slight fluctuation in sensor 

thickness exists, however, such fluctuation would not downgrade the accuracy of 

measurement – that is because the sensing mechanism of the sensor is the tunneling 

effect which is triggered among conductive nanofillers at the nanoscale when the 

dynamic strain applied on the sensor. At the nanoscale, the tunneling effect would not 

be affected by the macroscopic discrepancy in the sensor thickness. 
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(a) 

 
(b) 

Figure 5.1 (a) Nanocomposite sensors printed on a glass fiber epoxy plate; (b) 

Nanocomposite sensors printed on PI films; (c) SEM image of the printed sensor’s 

surface; (d) The thickness of the printed sensor along the width direction. 
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(c) 

 
(d) 

Figure 5.1 Cont. 
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5.2.3  Electro-mechanical characteristics 

A uniaxial tensile test, operated on an MTS tensile machine (Alliance RT/50, Frank 

Bacon, USA), is conducted to preliminarily investigate the sensitivity of the 

nanocomposite sensor in a quasi-static situation, while the sensor is deposited on 

a dog-bone shaped tensile specimen, a 2 mm thick epoxy plate. In this test, a metal foil 

strain gauge with a gauge factor of 2 is used as the reference sample to quantitatively 

calibrate the gauge factor of our nanocomposite sensor. A two-probe resistance 

measurement method is used to measure the change in resistance of the printed sensors 

via a dynamic digital multimeter (Keithley DMM7510, USA). As can be observed in 

Figure 5.2, the printed nanocomposite sensor possesses a higher gauge factor (k =

~6.4 ), indicating higher sensitivity than that of a traditional strain gauge (k = 2 ), 

demonstrating a promising application for SHM. It can also be found that the fitting 

curve of the signal acquired by the printed sensor consisting of a linear fitting curve 

and a nonlinear fitting curve. The linear change of resistivity is caused by the 

piezoresistive effect when the sensor is subject to a large deformation. In the low strain 

range, a higher coefficient of determination (R-squared) can be achieved by using a 

quadratic equation to fit the data. This phenomenon is predominantly caused by the 

distance variations between CB nanoparticles at the nanoscale due to the tunneling 

effect.  
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Figure 5.2 Resistance change ratio of the printed sensor under quasi-static tensile 

testing. 

 

 

5.3  Acquisition of Structural Vibration Signals 

A cantilevered beam (280 mm in length, 30 mm in width and 1 mm in thickness), 

trimmed from the glass fiber epoxy plate prepared in section 5.2.2, is adhered to a force 

transducer (8200, B&K®, Denmark) installed on an electro-mechanical shaker (4809, 

B&K®, Denmark) for the low-frequency vibration testing, as presented in Figure 5.3. 
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Figure 5.3 (a) Photograph of the experimental setup for low-frequency vibration 

acquisition; 

 

A sinusoidal signal generated by the low-frequency waveform generator is transmitted 

to the beam under different frequencies through the adhesion point 200 mm from the 

clamped end via the shaker. Good consistency and reversibility of the vibration signal 

can be observed at each cycle of the response signals acquired by the nanocomposite 

sensor in the low-frequency range from 200 to 1000 Hz with slight fluctuations, as 

indicated in Figure 5.4a The response signals, acquired by the nanocomposite sensor 

and by a metal foil strain gauge that is adhered to the back of the beam, show good 

consistency without any obvious hysteresis, upon processed with a fast-Fourier-

transformation-based filter, as shown in Figure 5.4b. A half-cycle delay is noted, which 

is owing to the fact that the two types of sensors are placed at the front and back 

surfaces of the beam, respectively. In Figure 5.4c, the intensity of the signal increases 

proportionally with the rise in excitation voltage, a result validating the applicability 

of the response signal for quantitatively reflecting the strain values.  
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(a) 

 
(b) 

Figure 5.4 (a) Electro-mechanical responses of the printed sensor to vibration at 

representative frequencies from 200 Hz to 1000 Hz; (b) Response of the printed sensor 

at 200 Hz compared with metal foil strain sensor; (c) Relationship between response 

of the printed sensor against driven voltage at 500 Hz. 
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(c) 

Figure 5.4 Cont. 

 

 

5.4  Acquisition of Acoustic Emission Signals 

A nanocomposite sensor is randomly selected from the sensor network to detect the 

medium-frequency acoustic emission (AE) signals induced by a ball drop (i.e., a 7g 

steel ball is freely dropped from a height of 30 cm to strike the GFRE plate). As 

illustrated in Figure 5.5, the impact spot is set 15 cm from the printed sensor and a PZT 

wafer (Physik Instrumente Co. Ltd., PIC151; diameter: 9 mm; thickness: 0.5 mm) is 

surface-mounted on the GFRE plate as a comparison sensor. 
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Figure 5.5 Schematic of the experimental setup for AE signal acquisition. 

 

The impact signals are captured by the two sensors, as presented in Figure 5.6a. The 

impact signal is successfully captured by the selected sensor with an acceptable 

intensity and an unambiguous waveform, featuring good coincidence with that 

acquired by a PZT wafer without obvious delay in the arrival time of wave packets in 

the early stage. Note that there exists a certain degree of discrepancy after the first-

arrival wave pack in signals captured by the nanocomposite sensor and PZT wafer, 

which can be attributed to the different locations of the nanocomposite sensor and PZT 

wafer, and the scattered waves from the boundary lead to such discrepancy. Here, we 

present a proof-of-concept experiment to validate the capabilities of the developed 

nanocomposite sensors in perceiving the first-arrival signal, by using commercial PZT 

wafers as a reference. In the validation, the arrival time and waveform of the first-

arrival wave pack are of the key interest. Then the acquired signal is filtered by a fast-

Fourier-transformation based algorithm with a cutoff frequency of 10 kHz. No sensible 
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difference can be observed between the original and filtered signals, a result that 

highlights the stable sensing ability of the nanocomposite sensor, as depicted in Figure 

5.6b. 

 

 
(a) 

 

 
(b) 

Figure 5.6 (a) Impact signals acquired using two sensors; (b) Comparison of impact 

signals acquired by the printed sensor with/without noise filtering. 
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5.5  Acquisition of GUWs 

Because the magnitudes of the strains induced by GUWs are extremely low in general, 

the accordingly generated resistivity variations of the printed sensor can be 

contaminated by ambient noise. To investigate the sensing ability of this sensor in the 

high-frequency regime up to several megahertz, a self-developed Wheatstone bridge 

with cutoff frequencies between 100 Hz and 1500 kHz is designed to amplify the signal 

by transferring the resistivity change into a voltage change with 1000 times 

amplification. Two PZT wafers are used as an actuator and a counterpart sensor, 

respectively. The actuator is installed at the center of the GFRE plate for the generation 

of GUWs, as shown in Figure 5.7. 

 

 

Figure 5.7 Schematic of the experimental setup for GUWs acquisition. 

 

 



 

119 

As can be observed in Figure 5.8a, a five-cycle Hanning-windowed sinusoidal tone 

burst signal, excited by the actuator at a central frequency of 175 kHz with an 

excitation voltage of 1 V after being amplified 200 times by a linear power amplifier 

(Ciprian® US-TXP-3, French), is received by the nanocomposite sensor with a high 

signal-to-noise ratio (SNR) and high fidelity. There is no obvious discrepancy between 

the first arrival wave packet (zeroth order symmetric Lamb wave mode (S0)) acquired 

by the printed sensor and that acquired by a PZT wafer in both waveform and arrival 

time, even though they have different sensing mechanisms – a piezoresistive effect for 

the nanocomposite sensor and a piezoelectric effect for a PZT wafer. The sensing 

frequency limitation of the nanocomposite sensor is investigated by gradually 

increasing the excitation frequency from 50 kHz to 500 kHz. By virtue of the weak 

excitation intensity, a significant decrease in the signal magnitude can be observed 

from the signal at 500 kHz (processed by a low pass filter with a cutoff frequency of 

350 kHz and 650 kHz because the signal is severely masked by environmental noise), 

as shown in Figure 5.8b. The crosstalk, which occurred at initiation, is induced mainly 

by circuit disturbances.  
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(a) 

 

 
(b) 

Figure 5.8 GUWs signal acquired at: (a) 175 kHz using both a printed sensor and a 

PZT wafer; (b) 500 kHz using a printed sensor. 
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As illustrated in Figure 5.9, the magnitudes of the acquired signals are extracted from 

the data at 200 kHz and are used for clear observation of the trend between the signal 

amplitudes acquired by three types of nanocomposite sensors against the driven 

voltages. The result proves that this CB-based printed sensor is able to quantitatively 

reflect the intensity of variation of the host engineering structure in such a high-

frequency regime. Compared with the signals acquired by the nanocomposite sensors 

fabricated in our previous work, it is found that: (1) the CB-based printed sensor sheds 

light on much higher sensitivity than the CB-based hot-pressing sensor; (2) the CB-

based printed sensor has the highest accuracy and the lowest sensing errors among 

three nanocomposite sensor types, although the graphene-based hot-pressing sensor 

has the highest sensitivity. Owing to the precise fabrication process of inkjet printing 

technology, this printed sensor can function stably with accurate performance. 
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Figure 5.9 Signal amplitude of acquired GUWs under different driven voltages at 

200 kHz. 

 

 

5.6 Summary 

To increase the sensing stability of the nanocomposite-inspired sensors, the 

manufacturing procedure of sensor fabrication is precisely controlled by an additive 

manufacturing approach (inkjet printing technology). On this basis, an ultra-thin (~ 

1000 nm) sensor film, made of CB and PVP, is fabricated via the computer-aided 

design with few manufacturing errors induced by man-made faults. It is worth 

mentioning that the stability of this kind of printed sensor is the highest among all the 
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nanocomposite sensors fabricated in this study. Compared with the Graphene/PVDF 

sensor, this printed sensor exhibits an acceptable gauge factor of ~6.4. The printed 

sensor has proven responsivity and precision in responding to quasi-static strains, 

medium-frequency vibrations, and ultrasound up to 500 kHz. An additional merit of 

this sort of printable sensor is that the responsive sensitivity can be fine-tuned by 

adjusting the degree of conductivity via controlling the printed passes, allowing the 

sensor to perceive strains of different frequencies precisely and also making it possible 

to customize the sensor towards a specific application yet without a need to modify 

the ingredients of the ink. Furthermore, an integrated nanocomposite sensor network, 

which significantly reduces the weight and volume penalties applied to the host 

structures, can be directly printed out along with the printed silver conductive wires.
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CHAPTER 6  

 

Applications of Broadband Nanocomposite 

Sensor Networks for in situ SHM and 

Human Health Diagnosis 

6.1 Introduction 

GUWs-based SHM is a strategy of evaluating the health status of engineering assets, 

via which undersized damage including tiny cracks and fatigue damage can be 

identified in a real-time manner. Conventionally, to establish an inspected area for a 

GUWs-based SHM strategy, a dense sensing network has to be formed with multiple 

PZT wafers and substantial connecting cables and wires, thus resulting in additional 

weight and volume penalties to the host structure, and increasing the possibility of 

exfoliation of the sensor network. A lightweight printed sensing network, consisting of 

printed sensors and printed electrical circuits, is developed in this chapter, to 

circumvent such a problem. As a typical application paradigm, this printed network is 

installed on an aircraft radome for the characterization of impact damage, and on an 
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aluminum plate for the evaluation of undersized damage, respectively. In view of the 

superior sensing performance of the nanocomposite sensors, structural damage is 

precisely assessed by the sensing system, indicating that this type of printed sensor 

performs well in practical SHM applications. Furthermore, the feasibility of using the 

GUWs-sensitive sensors in human health monitoring is preliminarily validated, for the 

purpose of developing human wearable healthcare devices in detecting human motions 

and monitoring viscosity of human blood. This chapter spotlights new application 

prospects of nanocomposite-inspired sensors in burgeoning ultrasonics-based health 

monitoring (for both human and engineering assets), tactile sensing, and wearable 

apparatus, in lieu of conventional sensors [119-121]. 

 

 

6.2 Impact Damage Localization Using Printed 

Sensor Network 

An aircraft radome, made of carbon fiber reinforced polymer (CFRP), is a dome-

shaped structure, offering impact protection for the electronic antenna from bird strike, 

as presented in Figure 6.1a. To detect the impact damage on the radome in a real-time 

manner, an all-in-one SHM system, embracing a printed sensor network for data 

acquisition, a signal amplifier and an oscilloscope for data storage, is established.  
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(a)                                 (b) 

Figure 6.1 Photographic diagram of (a) the aircraft radome and (b) the printed sensor 

network. 

 

Four printed sensor films are mounted on the internal surface of the radome in a 

cruciform shape to cover an inspection area which measures 40 ×  40 cm2, as 

illustrated in Figure 6.1b. Printed circuits are introduced to link the sensor network to 

a circuit breadboard to which four knock-down electrical wires are connected. The AE 

signals, induced by a percussion hammer, are perceived sequentially by the printed 

sensors, depending on their distances from the impact point, as illustrated in Figure 

6.2.  
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(a) 

 
(b) 

  
(c) 

Figure 6.2 Impact signal acquired by: (a) Sensor1; (b) Sensor2; (c) Sensor3; (d) 

Sensor4. 
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(d) 

Figure 6.2 Cont. 

 

By virtue of the relatively high sensitivity of the printed sensors, the arrival time and 

amplitude of the AE signals can be identified clearly with high SNR. Thus, the severity 

and location of the impact damage can be quantitatively evaluated based on the signals 

acquired by the all-in-one SHM system, using the delay-and-sum algorithm [124]. 

With the known locations of the four sensors (𝑥𝑖, 𝑦𝑖), the time difference (∆𝑡𝑖(𝑥, 𝑦)) 

in the arrival time of the zeroth order antisymmetric mode signal (denoted by 𝐴0) 

captured by two sensors i and j (denoted by 𝑆𝑖 and 𝑆𝑗) can be expressed as: 

 ∆𝑡𝑖𝑗(x, y) = 𝑡𝑗 − 𝑡𝑖 6.1 

where 𝑡𝑖  (𝑖, 𝑗 = 1, 2, 3, 4)  represents the traveling time of the 𝐴0  wave from the 

impact point P(𝑎, 𝑏) to the ith printed sensors. Now, taking the four sensors (𝑆1, 𝑆2, 

𝑆3, 𝑆4) into consideration with 𝑆1 as the reference sensor, the distances between four 

printed sensors and the impact point can be calculated as: 
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{
 
 

 
 (𝑎 − 𝑥1)

2 + (𝑏 − 𝑦1)
2 = 𝑣2𝑡1

2

(𝑎 − 𝑥2)
2 + (𝑏 − 𝑦2)

2 = 𝑣2𝑡2
2 = 𝑣2(𝑡1 + ∆𝑡12)

2

(𝑎 − 𝑥3)
2 + (𝑏 − 𝑦3)

2 = 𝑣2𝑡3
2 = 𝑣2(𝑡1 + ∆𝑡13)

2

(𝑎 − 𝑥4)
2 + (𝑏 − 𝑦4)

2 = 𝑣2𝑡4
2 = 𝑣2(𝑡1 + ∆𝑡14)

2

 6.2 

where 𝑣 is the velocity of the A0 wave in the CRFP plate. The impact point can be 

located via Equation 6.2 with the known locations of the four sensors and the time 

delay ∆𝑡𝑖𝑗 . Based on these characteristics extracted from the raw data, the impact 

severity can be evaluated by the pixel value (𝛿𝑖𝑗(𝑥, 𝑦)) in a two-dimensional grayscale 

image: 

 𝛿𝑖𝑗(𝑥, 𝑦) = max (𝐸𝑖 + 𝐸𝑗 (∆𝑡𝑖𝑗(𝑥, 𝑦))) 6.3 

where 𝐸𝑖 is the energy of the A0 mode acquired via a wavelet transform. Aggregating 

images constructed by all available sensor pairs in the sensor network through 

appropriate image fusion algorithms, a superimposed image can be hypothesized – a 

collective consensus as to the impact point from the entire sensor network. With 

compensation for the time delay ∆𝑡𝑖𝑗(𝑥, 𝑦), the impact severity can be reflected by the 

summation of peak energy acquired by the whole sensor network involving four 

printed sensors:  

 

 

𝛿𝑠𝑢𝑚(𝑥, 𝑦) = max(∑(𝐸1 + 𝐸𝑗(∆𝑡1𝑗(𝑥, 𝑦)))

4

𝑗=2

) 6.4 

It can be observed in Figure 6.3 that the location and severity of impact damage are 

precisely localized and evaluated with acceptable errors using a spare sensor network 

with only four sensors. Meanwhile, a higher pixel value can indicate a higher 

probability of the location of impact.  
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Figure 6.3 Comparison between the identified and real point of impact using AE 

signals captured by the printed sensors. 

 

 

6.3 Determination of Damage Characteristics via 

Using GUWs 

In this section, a GUWs-based SHM system is established with a printed sensor 

network, a waveform generator, a self-developed Wheatstone bridge and an 

oscilloscope. The GUWs acquired by the printed sensors are fully exploited to locate 

the undersized damage.  

 

Eight printed sensors (made of CB/PVP, symbolized as Seni, i=1, 2, …, 8) are surface-

mounted on a 6061-T aluminum plate (measuring 500 × 500 × 2 mm3) to configure 
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a dense sensor network, and a traditional PZT wafer (PSN-33, Ø 12 mm, 0.48 mm 

thick, denoted by PZT1) is utilized as the signal generator, as illustrated in Figure 6.4.  

A mass block, imposing a mechanical deformation in the specific region, is mounted 

on the surface of the aluminum plate at two locations (denoted by D1 and D2 in Figure 

6.4), respectively. Thus, a circular damage identification zone is created with a radius 

of 150 mm. The coordinates of the essential objects are listed in Table 6-1.  

 

Upon the validations in section 5.5, the thus-fabricated sensors exhibit highlighted 

ability in detecting S0 mode waves especially in the range from 100 to 500 kHz. 

Meanwhile, the resonant frequency of the PZT used in this section is around 200 kHz. 

Therefore, a seven-cycle Hanning-windowed sinusoidal toneburst signal with a central 

frequency of 200 kHz is selected as the excitation signal to ensure an unambiguous 

signal can be perceived by the printed sensors. 

 

 Table 6-1 The coordinates of the essential objects (unit: mm). 

Subject PZT1 Sen1 Sen2 Sen3 

Coordinate (15√2, 15√2) (0, 150) (75√2, 75√2) (150, 0) 

Subject Sen4 Sen5 Sen6 Sen7 

Coordinate (75√2, -75√2) (0, -150) (-75√2, -75√2) (-150, 0) 

Subject Sen8 D1 D2  

Coordinate (-75√2, 75√2) (30, 70) (0, 0) 
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Figure 6.4 Illustration of locations of the actuator and sensors (unit mm). 

 

Before introducing the mock-up damage to the structure, the baseline signals of the 

eight sensors are acquired in advance for further measurement, as presented in Figure 

6.5a. It can be obviously observed that there is a stepped presentation in the arrival 

time of the first wavepacket acquired by the eight sensors regarding the distances 

between each sensor and the PZT actuator. More precise arrival time can be obtained 

by using the Hilbert transform (the green line in Figure 6.5a). The velocity of the 

GUWs can be easily derived to be around 5332 m/s, which is the slope of the traveling 

distance of GUWs against the arrival time, as presented in Figure 6.5b.  
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(a) 

 
(b) 

Figure 6.5 (a) Raw data acquired by the eight sensors without the mock-up damage; 

(b) arrival time of the first peak of the signal regarding the distance between the 

sensor and the PZT actuator.  
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After that, the mass block is bonded on either of two locations (as illustrated in Figure 

6.4, with a symbol of D1 and D2). Taking Sen1 as the representative sensor, the signals 

acquired before and after introducing damage are obtained, as depicted in Figure 6.6a. 

No obvious deviations can be observed in the figure in both the waveform and wave 

amplitude. Therefore, the data is analyzed via the Hilbert transform, as illustrated in 

Figure 6.6b. From the figure, a time difference, called time of flight (ToF), is observed 

which is the different value of the arrival time between the signals acquired with and 

without bonded mass. 

 

 
(a) 

Figure 6.6 (a) Signal acquired by Sen1 with and without the bonded mass; (b) ToF 

extracted by the Hilbert transform. 
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(b) 

Figure 6.6 Cont. 

 

Thus, eight sets of ToFs can be extracted from the data acquired by the sensing network. 

A triangular equation for each sensing path is used to deduce the possible location of 

the damage, as: 

 (
𝐿𝐴−𝐷𝑗+𝐿𝐷𝑗−𝑆𝑖

𝑣𝑆0
) −

𝐿𝐴−𝑆𝑖
𝑣𝑆0

= ∆𝑡𝑖, (𝑖 = 1, 2, … ,𝑁 𝑎𝑛𝑑 , 𝑗 = 1, 2) 6.5 

in which  

 𝐿𝐴−𝐷𝑗 = √(𝑥𝐴 − 𝑥𝐷𝑗)
2 + (𝑦𝐴 − 𝑦𝐷𝑗)

2 6.4(a) 

 𝐿𝐷𝑗−𝑆𝑖 = √(𝑥𝐷𝑗 − 𝑥𝑆𝑖)
2 + (𝑦𝐷𝑗 − 𝑦𝑆𝑖)

2 6.4(b) 

 𝐿𝐴−𝑆𝑖 = √(𝑥𝐴 − 𝑥𝑆𝑖)
2 + (𝑦𝐴 − 𝑦𝑆𝑖)

2 6.4(c) 

where 𝐿𝐴−𝐷𝑗, 𝐿𝐷𝑗−𝑆𝑖 and 𝐿𝐴−𝑆𝑖  represent the distances between the actuator and the 
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damage center, the damage center and the sensor Sen1, and the actuator and the sensor 

respectively; 𝑣𝑆0 means the group velocity of the S0 Lamb wave and ∆𝑡𝑖 is the ToF 

extracted from the raw data. Then, the possible spot of the damage location can be 

derived from Equation 6.4. One representative result is obtained from the signals 

acquired by Sen1, presenting as an ellipse, as illustrated in Figure 6.7.  

 

 

Figure 6.7 the possible spot of the damage location deduced from only one sensor. 

 

The probability-based diagnostic imaging (PDI) algorithm is subsequently employed 

to screen out the precise damage spot [125, 126]. The meshed area with L×K nodes is 
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set up to verify the probability of damage in each nodes Nmn (𝑥𝑚, 𝑦𝑛) (m=1, 2, …, L; 

n=1, 2, …, K). Via accumulating the probability calculated from the signals acquired 

by the eight sensors, the highest probability of the damaged spot can be deduced from 

the following equation: 

 𝑃(𝑧) = ∫ 𝑝(𝑧𝑖)𝑑𝑧𝑖

𝑧

−∞

 6.6 

in which, 

 𝑝(𝑧𝑖) = (
1

𝜎𝑖√2𝜋
)exp(−𝑧𝑖

2/2𝜎𝑖
2) 6.4(a)  

 𝑧𝑖 = √(�̅�𝑖 − 𝑥𝑚)2 + (�̅�𝑖 − 𝑦𝑛)2 6.4(b)  

where, 𝑧𝑖 means the distance from the node Nmn in the set-up mesh to the point (�̅�𝑖 , �̅�𝑖) 

in the locus of the elliptical (as shown in Figure 6.7), 𝜎𝑖 the standard variance which 

equals 2 in this thesis. The finally derived 𝑝(𝑧)  presents the degree of damage 

probability of each node Nmn and then the total probability 𝑃(𝑧)  can be further 

calculated by accumulating all the possibilities of each node together. Thus, a local 

field value Ii (referring to the signal acquired by Seni) of each node Nmn can be derived 

as 

 𝐼𝑖(𝑥𝑚, 𝑦𝑛) = 1 − [𝑃(𝑧𝑖) − 𝑃(−𝑧𝑖) ] 6.7 

The final field value 𝐼𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦)  of the whole mesh can be defined as the 

accumulation of the local field of Seni via the image fusion approach: 

 𝐼𝑡𝑜𝑡𝑎𝑙(𝑥, 𝑦) =  ∑𝐼𝑖(𝑥𝑚, 𝑦𝑛)

8

𝑖=1

 6.8 

Figure 6.8 presents the identification results derived from the ToFs extracted from the 

eight sets of sensing paths via the PDI algorithm. High accuracy of the speculated 
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damage points (two red spots in Figure 6.8a and 6.8b) can be achieved by the image 

fusion approach to screen out the damage points with the highest probabilities. It can 

be observed that the two speculated damage positions closely approximate the true 

locations of the pre-set damage points (D1 and D2). Note that for a specific point, the 

higher degree of probability of damage presence is, the higher pixel value is displayed 

in the diagnostic image, giving users an intuitive and precise perception about the 

damage location.  

 

 
(a) 

Figure 6.8 The speculative damage spot of the mock-up damage at (a) D1 (30, 70) 

and (b) D2 (0, 0). (unit: mm).  
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(b) 

Figure 6.8 Cont. 

 

Further setting a threshold value on the diagnostic images in Figure 6.8, the ultimate 

resultant probability images are exhibited in Figure 6.9, where the locations and sizes 

of the mock-up damage are revealed clearly. Although not predicting the damage sizes 

and shapes accurately, the imaging results are still able to identify the locations of the 

mock-up damage existing in the inspected regions, demonstrating the capacity of the 

developed nanocomposite sensors for active GUWs-based damage localization. 
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(a) 

 
(b) 

Figure 6.9 The speculative damage spot of the mock-up damage after filtering by a 

given threshold value at (a) D1 (30, 70) and (b) D2 (0, 0) (unit: mm).  
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6.4 Applications for Human Health Diagnosis 

Upon the successful detection of structural damage, a human wearable healthcare 

device is preliminarily designed in this section. At first, the Graphene/PVDF film is 

closely attached to the human wrist via a double-side medical grade adhesive tape to 

avoid any gap between the skin and tape, as illustrated in Figure 6.10.  

 

 

Figure 6.10  Photograph of the wearable device for detecting human pulse. 

 

Continuous pulse signals are directly acquired by the sensor in the form of resistivity 

change measured by a digital multimeter (DMM7510, Keithley, the USA), as 

presented in Figure 6.11a. Compared with the standard pulse signal as shown in Figure 

6.10c, it can be observed that a complete pulse cycle is recorded by our nanocomposite 

sensor including the three major characteristics of a heartbeat cycle referring to the 

diastole, dicrotism and systole. The dicrotic notch is the sign of the closure of the aortic 
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valve which hinders the backflow of blood which is induced in the early stage of 

ventricular diastole. On account of the distinguishable signals acquired by the sensor, 

the time interval of the dicrotic notch (which is the time between systolic peak and 

diastolic peak, denoted as ∆t, as illustrated in Figure 6.11b.) of one cycle of the 

heartbeat can be easily extracted from the measurement result. ∆t can be used to 

evaluate the artery stiffness because it demonstrates a secondary upstroke in the 

descending part of a pulse tracing corresponding to the transient increase in aortic 

pressure upon closure of the aortic valve [127-129]. The express formula of arterial 

stiffness index (𝑆𝑎) can be formulated as below: 

 𝑆𝑎 =
ℎ

∆𝑡
 6.9 

where ℎ is the high of the subject, which is 1.80 m in this study. The average time ∆t 

of the ten cycles heartbeat is 0.355 s. Thus, the 𝑆𝑎 is calculated to be 5.07 which is 

lower than the average 𝑆𝑎 for 28-year-old normal people (~6.5) [128]. This index can 

be further used to predict the cardiovascular risk for asymptomatic human subjects. In 

general, the 𝑆𝑎 index increases with the age of the patient. However, some bad living 

habits like smoking and intemperance lead to hyperlipidemia, featuring a higher 𝑆𝑎 

index compared with that of health people. Therefore, continuous monitoring of pulse 

can provide a preliminary diagnosis to evaluate the possibilities of getting 

cardiovascular diseases. 
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(a) 

 
(b) 

Figure 6.11  (a) waveform acquired by our nanocomposite sensor; (b) pulse 

diagrammatic representation of one standard cycle of the radial arterial pulse wave. 
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The probability of using GUWs to on-line monitor the viscosity of human blood is 

further verified. A simplified blood vessel setup is fabricated using a 3D printing 

method, which consisted of a TPU-based cube and a circular micro-tunnel within the 

cube, as illustrated in Figure 6.12a. Deionized liquid with different levels of sugar 

concentration, serving as blood simulacra, is continuously pumped into the micro-

tunnel at a flowing velocity similar to that of normal blood in veins. The viscosity of 

the blood simulacra is regulated to be similar to that of human blood (in the range of 

4~15 mPas).  

 

The nanocomposite sensor, deposited on a PI film, is mounted on the setup surface, to 

receive ultrasound excited by a miniaturized PZT wafer (Ø5 mm) at 0.8 MHz. Figure 

6.12b shows sensor-measured ultrasound magnitude vs. the degree of sugar 

concentration, revealing a monotonous decrease with the increase of the sugar 

concentration. As blood viscosity (BV) has demonstrated a close link to blood sugar 

concentration, this preliminary study has highlighted a feasible way for calibrating BV 

using ultrasound. 
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(a) 

 
(b) 

Figure 6.12 (a) Experimental set-up; (b) signal amplitude acquired by 

nanocomposite sensor VS variation of sugar concentration. 
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CHAPTER 7  

 

Conclusions and Recommendation for 

Future Work 

7.1 Conclusions 

Engineering assets – land, water, air and space vehicles, infrastructure, heavy 

equipment and domestic appliances, for example – have become ubiquitous. Yet the 

presence of damage in these engineering assets, in whatever form it is manifested, can 

significantly jeopardise their operation and safety without timely awareness. Thanks 

to the development of SHM, the undersized damage can be precisely diagnosed in its 

infancy, to avoid critical and catastrophic structural or system failure. Numerous 

researchers have dedicated great efforts to developing high-efficiency strategies and 

signal processing algorithms for damage detection to improve the precision and 

effectiveness of SHM approaches in recent years. For all the SHM approaches, sensors 

are the fundamental elements for the acquisition of signals. However, limited efforts 

have been deployed for improving the performance of GUWs-sensitive sensors in the 

past decades. Currently, most of the sensors including PZT wafers are externally 
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installed on engineering structures via adhesives which make them vulnerable to 

external shocks, and this increases the possibility of sensor exfoliation from the host 

structures. Meanwhile, massive weight and volume penalties are introduced to the host 

structures due to the installation of multitude PZT wafers along with connecting wires 

and cables. Therefore, it is of vital importance to develop lightweight and flexible 

sensors yet sensitive to GUWs. 

 

To probe some other ways to break through these predicaments, the recent advances 

in both SHM techniques and quantum nanotechnology have enlightened new solutions 

for the development of novel nanocomposite-based sensors. By leveraging the superior 

mechanical and electric properties of nanofillers and polymeric matrices, lots of 

functional products have already been developed for various purposes like gas 

detection, microwave absorption and ultraviolet protection, just to name a few. 

 

Inspired by those applications, a breed of innovative nanocomposite sensors, which 

can be further used to configure sensing networks for acousto-ultrasonics-based SHM, 

is rigorously designed and comprehensively investigated in this study. Unlike 

conventional nanocomposite-based strain sensors, the sensors applied in acousto-

ultrasonics-based SHM systems should feature two critical characteristics – the 

sensitivity to disturbances with ultralow magnitudes, and the capability of responding 

to GUWs with extremely high frequencies up to hundreds of kilohertz. 
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The sensing mechanism (the tunneling effect) of this new breed of nanocomposite 

sensors is thoroughly investigated through computational simulation and practical 

experiments to verify the feasibility of using nanocomposites to acquire GUWs in 

high-frequency regime up to hundreds of kilohertz. The disturbances induced by 

GUWs significantly influence the conductive paths inside the matrix at the nanoscale, 

resulting in the migration of tunneling currents.  

 

In a frequency range up to 1.4 MHz, the graphene/PVDF nanocomposite sensor 

outperforms its counterparts made of MWCNTs or CB, exhibiting the highest 

sensitivity and greatest gauge factor (~55.0 ± 0.6 at percolation threshold) to a 

broadband GUWs, compared with the lowest gauge factor of the MWCNT-based 

nanocomposite sensor. To put it into perspective, Figure 7.1 chronologically compares 

the currently prevailing nanocomposite piezoresistive sensors developed by others, in 

terms of their respective responsive frequency maxima [12, 33, 46, 47, 130-133]. The 

gauge factor of the sensor is also greater than that of a conventional metal-foil strain 

gauge that is usually ~2. A higher gauge factor guarantees greater sensitivity of the 

sensor in responding to GUWs with an ultralow magnitude (of a microstrain or even 

nanostrain order). Compared with 0D CB or 1D MWCNT, the 2D structure of the 

graphene nanoparticle is conducive to decreasing the possibility of nanofiller 

entanglement and aggregation and is beneficial to the formation of an even, stable, and 

uniform percolating network within the nanocomposites, in which the tunneling effect 
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plays a dominant role in making the sensor responsive to disturbances in an ultrasonic 

regime. Moreover, the highest SSA of graphene nanoparticles augments the number of 

contact points in the matrix. The matrix, PVDF, possesses a higher elastic modulus 

than that of traditional rubber-based materials (like TPU) and is therefore capable of 

responding more rapidly to a dynamic load with higher frequency. The somewhat 

frequency-independent viscoelastic traits of the matrix allow the graphene/PVDF 

sensor to respond inherently easily to a dynamic disturbance without prominent 

hysteresis compared with the graphene/TPU sensor. Together, these features make the 

graphene/PVDF nanocomposite sensor most sensitive to broadband GUWs. The high 

stability and great durability of the sensor allow this new breed of sensors to function 

well under complex working environments with changeful temperatures.  

 

An additional merit of this piezoresistive nanocomposite sensor compared with 

conventional PZT wafers is its independence of the frequency of an ultrasound signal 

to respond to. In a PZT wafer, its resonant frequency (e.g., the resonant frequency of 

the PZT used in this study is 200 kHz) significantly affects the captured signals, and 

the signals can be anamorphic provided the resonant frequency of the sensor is distant 

from the central frequency of the signal. That trait in conventional PZT sensors greatly 

narrows the operational frequency band. 
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Figure 7.1 Chronological comparison of nanocomposite piezoresistive sensors 

developed since 2011 (including that reported in this study), in terms of their 

respective responsive frequency maxima [12, 33, 46, 47, 130-133]. 

 

An ultrathin nanocomposite sensor, made of CB/PVP, is fabricated to capture vibration 

signals via the inkjet printing technology. Without the use of an adhesive compound, 

this innovative sensor is capable of being tightly integrated with the host structure. 

Meanwhile, this type of printed sensor introduces no significant weight or volume 

penalty to the host structures, by virtue of the low-density materials used in the 

manufacturing process and the negligible thickness (~1000 nm) produced by the 

additive manufacturing – inkjet printing technology. And by using the computer-aided 

approach, the appearance of each sensor can be easily designed as a desired geometry 

to perfectly adapt to the shape of the host structure. The sensitivity of this printed 
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sensor is also higher than that of a conventional strain gauge with a gauge factor of ~ 

6.4. After that, the performance in sensing GUWs is successfully validated up to 500 

kHz. Although the sensing frequency range of this printed sensor is relatively narrower 

than that of the Graphene/PVDF sensor, the signals acquired by the CB/PVP sensor 

are more reliable and stable due to the precise fabrication process provided by the 

inkjet printing approach, which can eliminate the man-made fabrication errors. 

 

With its extra-lightweight, the sensor network thus produced imposes negligible 

volume or weight penalty on the host structure, yet can acquire rich information, 

circumventing the deficiency of conventional sensor networks with sparsely 

distributed sensors (e.g., PZT) in achieving a compromise between ‘sensing 

effectiveness’ and ‘sensing cost’. By ‘communicating’ with each other cooperatively, 

the networked sensors holistically and collectively perceive ambient information and 

system parameters, with extra redundancy of data acquisition. This sensor network can 

be tailored to accommodate diverse needs such as ultrasonics-based health monitoring 

(for both human and engineering assets), tactile sensing, and wearable apparatus. 

Based on the printed sensor network, several proof-of-concept applications are 

developed on account of the unambiguous signals acquired by the printed sensor. The 

sensing network, consisting of a set of printed sensors and printed electric circuits, is 

installed on an aircraft radome. By evaluating the fluctuations of the signals in 

response to the impact force, the location and severity of the impingement are 
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successfully pinpointed and assessed. Furthermore, this sensing network shows a great 

talent for acousto-ultrasonics-based in situ SHM in depicting tiny structural damage 

via a ToF-based triangulation location algorithm. Being flexible and sensitive, this 

sensor also exhibits a wonderful prospect for developing human wearable healthcare 

devices in the detection of human motions and the evaluation of viscosity of human 

blood. 

 

In summary, the nanocomposite sensors, which is specially designed for SHM schemes 

in this study, possess some merits as listed below: 

 

1) Broadband sensing frequency range: this genre of sensors has the ability to 

perceive signals from low-frequency vibrations, through medium-frequency 

impacts, to high-frequency disturbances; 

2) High sensitivity: the signals acquired by the thus-fabricated nanocomposite 

sensors are distinct enough to ensure that the signal discrepancies induced by tiny 

damage can be identified; 

3) Great stability: The nanocomposite sensors maintain great stability under long-

term service, which avoids false alarms induced by the unsteadiness of the signals; 

4) Fast response: the arrival time of the signals can be measured accurately which 

guarantees that the damaged spot can be pinpointed precisely; and 

5) Good environmental tolerance: these types of sensors present great 
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environmental stability in thermal cyclic tests revealing that the sensors can 

perform well in harsh environments.  

 

 

7.2 Recommendations for Future Work 

Even though the nanocomposite sensors possess numerous proven merits reported in 

this study, some problematic issues still need to be solved in the future to make the 

nanocomposite sensors more stable and practical. First, one of the biggest challenges 

in increasing the sensing performance (e.g., the stability and sensitivity) of the 

nanocomposite-inspired sensors is how to disperse nanoparticles homogeneously in 

the polymeric matrices. Second, the environmental tolerance of the nanocomposites is 

also a big problem for further implementing the thus-developed applications in various 

detection scenarios. Taking transoceanic flights as an example, they travel through 

multiple regions including land and ocean with adverse environments, resulting in the 

degradation of the nanocomposites. Thus, it is of vital importance to optimize the 

mechanical and chemical properties of the nanocomposites to make them resistant to 

unstable environments. There is another important thing that must be mentioned, that 

is, the electrical circuits used in this study are still behindhand, which may introduce 

unnecessary weight and volume penalties to the host structures. Some hypothetical 

solving methods for optimizing the nanocomposite-based sensors are listing below: 
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1) The dispersion problem of the nanoparticles can be solved in various ways 

including chemical or mechanical modifications. Chemically, the chemical 

modified graphene with special functional groups can be dispersed more uniformly 

in the matched solvents. Mechanically, via folding the nanostructure of the 

graphene in some ionic liquids, the graphene can maintain a longer dispersion 

status in the solvent without destroying the chemical and electrical properties of 

the graphene; 

2) The temperature tolerance of the nanocomposites can be enhanced from several 

aspects: (1) chemical crosslinking – linking one of the polymer chains with another 

to form a crosslinking network; and (2) polymer blends – blending two or more 

types of polymers to acquire a new kind of polymer with improved physical 

properties; 

3) Using an isolating layer or choosing a befitting polymer with good hydrophobicity 

can protect the sensors from the changes in environmental factors; and 

4) By using advanced additive manufacturing such as using 3D and 2D printing 

approaches, the electrical circuits can be designed to be more flexible and 

stretchable. 

 

Furthermore, more practical applications related to the GUWs-sensitive 

nanocomposite sensors will be carried out in the future. Taking the human wearable 

healthcare device as an example, an elastic polymer PDMS-based microfluidic chip 
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(~50-60 mm long, ~20-30 mm wide and ~5 mm high) will be designed and fabricated, 

in which a delicate micro-channel network will be trapped. A microfluidic chip is a set 

of micro-channels etched or molded into a material (Si or polymer such as PDMS). A 

conceptual illustration of the microfluidic chip is shown in Figure 7.2.  

 

 

Figure 7.2 Schematic of a wearable device for monitoring blood viscosity. 

 

The chip will mimic artificial skin containing blood vessels. PDMS has elastic and 

mechanical properties highly similar to those of human skin, making it suitable for 

simulating human organs. The dimensions of the trapped micro-channels will be ~100 

µm wide and ~2 µm high – close to those of typical human blood vessels. Blood-

mimicking fluid (BMF) (Model 069-DTF, CIRS Ltd) with a viscosity similar to that 

of human blood will be used. BMF will be continuously injected into the micro-

channel network from the inlet through a syringe pump, and then drained from the 
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outlet via by another syringe pump. Thus, the possibility of using GUWs to monitor 

the viscosity of human blood will be investigated and a final product will be fabricated 

in the future. 
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