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ABSTRACT

The rapid development of next-generation energy systems, wearable electronics, and
lightweight multifunctional composites is driving the need for intriguing sensing
technologies that can operate reliably across a broad spectrum of mechanical and
acoustic environments. Conventional sensors such as strain gauge, lead zirconate
titanate (PZT) wafers, or brittle fibre Bragg grating (FBG), while they are effective in
specific regimes, often suffer from limitations such as high rigidity, poor compatibility
with host structures, or constraints on frequency bandwidth, being confined to a narrow
range. In particular, scalable, flexible, and broadband sensing solutions remain
underexplored, despite their critical importance for applications spanning from

personalized healthcare to structural health monitoring (SHM).

In this PhD research project, a new class of nanocomposite sensors based on low-
dimensional conductive fillers is developed and validated, demonstrating its capability
of offering broadband sensing spanning from quasi-static strain gauging, through
acoustic vibration measurement, to ultrasonic guided wave acquisition. The
performance of the developed sensors is systematically evaluated across multiphysics
scenarios: monitoring charge—discharge-induced strain evolution and external impacts
in structural batteries, detecting acoustic signals for wearable healthcare applications
such as speech recognition, and enabling ultrasonic guided wave—based SHM in fiber-

reinforced polymers (FRP) composites. Additive manufacturing-driven fabrication
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strategy progresses in a stepwise manner, beginning with standalone sensors produced
via aerosol jet printing (AJP), advancing to hybrid systems that combine fused
deposition modeling (FDM) with AJP to embed sensors within carbon fiber—
reinforced polymer (CFRP) laminates, and culminating in totally additively

manufactured multifunctional composites with inherent self-sensing capabilities.

To start with, an implantable graphene—polyvinyl alcohol (PVA)-coated glass fiber
sensor is first developed and integrated into structural batteries using dip-coating
where it achieves ultra-low strain detection limits of 0.009% in tension and stable
durability over 2000 cycles. Beyond capturing charge—discharge-induced
deformations, the sensor provides rapid detection of external impacts, enabling early
warnings against thermal runaway and mechanical damage. This establishes the
feasibility of embedding sensitive nanocomposite sensors within structural energy
storage systems for real-time monitoring under both electrochemical and mechanical

stimuli.

Extending this concept from energy devices to structural composites, a non-intrusive
graphene nanoplatelet/epoxy sensor is then co-cured within glass fiber—reinforced
polymers (GFRPs) using stencil printing. Benefiting from seamless material
compatibility, the embedded sensor combines the inherent strength of GFRPs with
broadband sensitivity, detecting responses from quasi-static strains to ultrasonic

guided waves up to 600 kHz. This highlights the potential of structurally integrated



nanocomposite sensors for in situ SHM, while preserving the host composite’s

mechanical integrity.

While these efforts demonstrate feasibility, ensuring reliable and scalable fabrication
becomes critical for practical applications. To accommodate this, AJP is employed to
precisely formulate and deposit graphene/cellulose nanocrystal (CNC) inks with
varied concentrations. Process optimization ensures uniform deposition, and the
resulting sensors exhibit tunable sensitivity and stable performance across strain
regimes ranging from quasi-static to ultrasonic. This advancement underscores the
capability of AJP to deliver reproducible and customizable nanocomposite sensors

tailored for diverse monitoring needs.

The broad frequency responsiveness of AJP-printed sensors further enables their
application in both wearable healthcare and SHM. A polyurethane-encapsulated
graphene/CNC acoustic sensor is developed using AJP, which demonstrates high
sensitivity (9.7x10°% dB™') and achieves 95.9% accuracy in digit recognition assisted
by machine learning, offering an assistive platform for individuals with speech
impairments. At higher frequencies, the printed sensor network embedded into glass
fiber—reinforced polymer (GFRP) laminates captures impact waves, enabling accurate
impact localization and advancing SHM in demanding environments. These embedded
demonstrations highlight that AJP-printed sensors can be seamlessly integrated into

structural composites, suggesting a natural progression toward manufacturing not only
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the sensing components but also the structural host itself via additive manufacturing.

Building on this concept, this research advances the framework of “totally-additive-
manufacturing” by combining FDM with AJP to fabricate multifunctional CFRP
composites. Structural and sensing components are directly printed in a seamless
process, producing composites with embedded nanocomposite networks that maintain
mechanical integrity while offering ultrahigh sensitivity to strains and ultrasonic
perturbations up to 200 kHz. This approach demonstrates a new paradigm for
multifunctional structural design, where load-bearing capacity and self-sensing

capabilities are integrated by design rather than retrofitted.

In conclusion, this PhD study establishes a comprehensive framework for the design,
fabrication, and application of broadband nanocomposite sensors, spanning from
standalone devices to fully integrated multifunctional composites, by leveraging
advancements in additive manufacturing. By uniting low-dimensional conductive
materials with additive manufacturing technologies, this research not only expands the
fundamental understanding of scalable sensing architectures but also opens practical
pathways for real-time monitoring in energy systems, wearable healthcare, and
advanced structural composites. The outcomes highlight the transformative potential
of additive manufacturing in creating next-generation multifunctional structures that

combine mechanical robustness with intelligent self-sensing capabilities.
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NOMENCLATURE

Acronyms and Initialisms

FRP Fiber-reinforced polymer
2D Two-dimensional

AM Additive manufacturing
LIBs Lithium-ion batteries

AJP Aerosol jet printing

CFRP Carbon fiber-reinforced polymer
FDM Fused deposition modeling
SHM Structural health monitoring
PVA Polyvinyl alcohol

CNC Cellulose nanocrystal

PU Polyurethane

DIW Direct ink writing

PDMS Polydimethylsiloxane

PI Polyimide

PEN Polyethylene naphthalate
GNP Graphene nanoplatelet

rGO Reduced graphene oxide
PLA Polylactic acid

ABS Acrylonitrile butadiene styrene copolymer
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CNTs

TPU

FR

GUW

SOH

SOC

CMC

EVA

ALS

LIG

PE

NDT

GP-GFS

GFRP

SEM

Xrd

GF

Li-ion

Cv

CC

BMS

Carbon nanotubes
Thermoplastic polyurethane
Focusing ratio

Guided ultrasonic wave
State-of-health

State of charge
Carboxymethyl cellulose
Ethylene—vinyl acetate
Amyotrophic lateral sclerosis
Laser-induced graphene
Polyethylene

Non-destructive testing
Graphene-polyvinyl alcohol -coated glass fiber
sensor

Glass fiber-reinforced polymer
Scanning electron microscopy
X-ray diffraction

Gauge factor

Lithium-ion

Constant voltage

Constant current

Battery management systems
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ER Flectrical resistance

PZT Lead zirconate titanate

DI water Deionized water

sccm Standard cubic centimeter per minute
EDS Energy dispersive spectrometer
STFT Short-time Fourier transform

RMS Root mean square

FFT Fast Fourier transform

SNR Signal-to-noise ratio

SPLs Sound pressure levels

SVM Support vector machine

RBF Radial basis function

MFCCs Mel-frequency cepstral coefficients
TDOA Time-Delay-of-Arrival

ILSS Interlaminar Shear Strength

Symbols

v Poisson’s ratio

3 Strain

p Resistivity

R, Tunneling resistance

J Tunneling current density

V Potential difference
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GF

So

Electric charge

Electron mass

Planck’s constant

Distance between nanofiller

Base potential height
Cross-sectional area

Change in the electrical resistance
Initial electrical resistance

Relative electrical resistance

Tensile strain

Gauge factor under tensile strain
Flexural strain

Flexural stress

Thickness of composites

Width of GFRP composites
Midspan deflection

Applied load

Gauge factor under flexural strain
Zeroth-order symmetric Lamb wave
Sound pressure

Reference sound pressure

Xiii



ASPL

tunnel

cutoff

1(x,y)

At(x,y)

Sensitivity to sound

Change in sound pressure level

Number of percolation pathways

Tunneling probability

Fermi energy level

Temperature

Boltzmann constant

Electrochemical potential

van der Waals equilibrium separation
Tunneling distance

Tunneling cutoff distance

Sensor i

Arrival times of the impact wave at sensor P
Wave propagation velocities from assumed
impact point to sensor P

Hyperbola with fociat £, and P,

Pixel value

Time

Normalized signal envelope at time ¢

Theoretical propagation delay from (x,)) to

sensor b
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CHAPTER 1

Introduction

1.1 Background and Research Motivation

The rapid development of fiber-reinforced polymer (FRP) composites has enabled their
widespread deployment in aerospace, civil infrastructure, and renewable energy
applications, owing to their outstanding strength-to-weight ratio [1-4]. The challenge
of integrating sensors into FRP composites for integrity monitoring has long persisted.
A dense sensor network renders rich information, but the inclusion of it into the
composites unavoidably deteriorates the original structural integrity; in contrast, a
sparse sensor network, which minimizes the intrusion to the host composites, may
provide limited information only and accordingly fail to evaluate the structural integrity
accurately. This dilemma has impeded the progress of developing functionalized
composites with integrated sensing capabilities. In these domains, there is a growing
demand for sensing systems that not only deliver superior sensitivity and lightweight
but also nondestructive integrate real-time monitoring capabilities to ensure safety,

reliability, and long-term functionality.



Low-dimensional conductive nanomaterials provide a promising route for developing
lightweight and high-performance sensors for composite health monitoring. Carbon-
based materials such as graphene combine excellent conductivity, flexibility, low
density, and scalability, making them attractive for piezoresistive strain sensing, with
graphene showing particularly strong sensitivity to external deformation [5-7]. More
recently, MXenes—two-dimensional (2D) transition metal carbides and nitrides—have
emerged with exceptional conductivity [8, 9], hydrophilicity, and multifunctional
properties, offering new opportunities for next-generation nanocomposite sensors.
Parallel to these material advances, the past decade has witnessed rapid progress in
additive manufacturing (AM), which provides unprecedented opportunities for
producing multifunctional materials and integrated structures. When combined with
AM, these low-dimensional conductive nanomaterials can be processed into scalable,
flexible, and reproducible sensing platforms, where the uniformity and consistency of
sensor fabrication are well ensured. The convergence of advanced nanomaterials with
AM-driven manufacturing thus opens new avenues for developing multifunctional
sensors that are lightweight, integrable, and capable of broadband, high-fidelity

monitoring across diverse application scenarios.

In the field of electrochemical energy systems, particularly electric vehicles and
aerospace structural batteries, the safety and reliability of lithium-ion batteries (LIBs)
are of paramount importance [10-12]. LIBs provide high energy density and long cycle

life [13-15], yet they suffer from performance degradation, mechanical swelling, and



thermal runaway risks during charge—discharge cycling or under mechanical abuse.
These issues are especially critical when batteries are structurally embedded, where
electro-chemo-mechanical interactions may accelerate interfacial aging and trigger
catastrophic failures such as fire [16, 17]. Conventional diagnostic tools—such as X-
ray diffraction [18, 19], neutron imaging [20], and digital image correlation [21]—are
powerful in laboratory studies but impractical for in situ and real-time monitoring in
operating systems due to their complexity and cost [22, 23]. Existing sensor-based
solutions, including force sensors and optical fiber sensors [24-30], either lack
conformability or are vulnerable to mechanical damage. In contrast, nanocomposite
piezoresistive sensors provide a unique opportunity: they are lightweight, flexible,
highly sensitive, and minimally invasive [23, 31, 32]. By embedding such sensors into
structural batteries, it becomes possible to directly probe strain evolution, detect early-
stage degradation, and prevent failure, paving the way toward safer and more intelligent

energy storage systems.

Beyond batteries, wearable bioelectronic sensors have emerged as transformative tools
for healthcare and human—machine interaction [33-35]. Among these, wearable
acoustic sensors hold unique value for individuals with speech impairments, where
decoding subtle throat vibrations enables alternative communication pathways [36, 37].
Traditional fabrication techniques for wearable electronics, such as spraying or
lithography, suffer from material waste, limited adaptability, and poor compatibility

with soft, curved human skin. Nanocomposite sensors combine flexibility,



biocompatibility, and high piezoresistive sensitivity, making them ideal for epidermal
interfaces [38-43]. Coupled with additive manufacturing techniques such as aerosol jet
printing (AJP), these sensors can be precisely patterned onto soft, conformal substrates,
achieving robust skin adhesion and noise suppression. Integrated with machine learning
algorithms, they enable high-fidelity speech recognition, offering practical solutions for

digital healthcare and rehabilitation.

On the other hand, the last decade has witnessed unprecedented prosperity in AM
techniques, which have opened up numerous opportunities to develop multi-material
structures and functional materials. With high precision, cost-efficiency, a high degree
of automation, and flexibility in material selection, the AM techniques today have
catalyzed the design and manufacturing of complex engineering structures [51, 52],
functional materials [53-56], hybrid electronics [57, 58] and among many others. In
particular, AJP, an emerging AM approach, has been proven capable of precisely
decorating fine features on various types of substrates [59-62], offering advantages such
as freeform deposition and flexible selection of a broad spectrum of materials, as a
result of its good tolerance to material viscosity from 1 to 1000 cP. AJP has become a
highly competent candidate AM technique for digital, integrated manufacturing of
sensors, batteries, and microcontroller units [53-56]. In conjunction with continuous
fiber printing [51, 52, 63-66], AJP has laid the groundwork for fabricating advanced
carbon fiber-reinforced polymer (CFRP) composites with self-sensing capability,

heralding a new era in intelligent and adaptive structural design and manufacturing.



Techniques such as AJP and fused deposition modeling (FDM) allow the fabrication of
multifunctional composites where structural reinforcement and sensing elements are
printed in a unified process. By embedding ultrathin nanocomposite sensors directly
into CFRP architectures, it becomes possible to achieve wideband strain monitoring—
from quasi-static loading to ultrasonic guided waves—without degrading host

performance.

1.2 Research Objectives

In recognition of the critical limitations of prevailing sensing technologies—such as
rigidity, fragility, poor conformability, and incompatibility with real-time embedded
monitoring in operational environments, this PhD research aims to develop the breeds
of nanomaterial-based multi-physics sensors using additive manufacturing techniques,
to enable integrated sensing for battery health monitoring, composite structural
integrity assessment, and human health via sound recognition in wearable devices. The
core innovation lies in a hybrid manufacturing framework that enables the seamless
integration of sensors within host structures during their fabrication process. To achieve
the above aims and address the inefficiencies of existing methods as briefed above, the
following specific objectives are set:
1) To design and formulate nanocomposite sensing inks based on graphene, with
tailored rheology, printability, and electrical functionality for additive

manufacturing;



i) To fabricate and characterize nanocomposite sensors using advanced AM
techniques (e.g., AJP, hybrid printing), achieving conformal deposition on flexible

circuits and composite substrates;

ii1) To tailor the microstructural features of the nanocomposite sensors for enhanced
sensitivity, and to systematically evaluate the sensing performance of the
fabricated devices—including quasi-static strain, vibration, acoustic response, and

ultrasonic guided wave, from battery cycling to ultrasonic wave excitation;

iv) To demonstrate the application of implantable nanocomposite sensors for real-time
monitoring of LIBs, enabling detection of state-of-charge, degradation, and

external impact events;

v) To embed and validate nanocomposite sensing networks in FRP/CFRP composites,
achieving broadband strain monitoring and acousto-ultrasonic damage detection

for structural health monitoring (SHM);

vi) To develop and validate wearable graphene-based acoustic sensors fabricated by
AM, for decoding subtle throat vibrations and enabling speech recognition through

integration with machine learning algorithms;



vii) To explore the framework of “totally-additive-manufacturing” multifunctional
composites by integrating nanocomposite sensors with continuous fiber printing,

thereby paving the way toward intelligent, adaptive structures.

1.3 Scope of the Thesis

This thesis is systematically structured to explore the design, additive manufacturing,
and application of nanocomposite-based sensors across multiple engineering domains,
with a particular focus on SHM and multifunctional integration. The research
progresses from fundamental material development to practical proof-of-concept

demonstrations across several engineering applications.

Chapter 2 offers a comprehensive literature review on low-dimensional nanomaterials
and their processing into nanocomposites via AM. Emphasis is placed on the
connection between sensing mechanisms and their applicability in areas such as battery
health monitoring, wearable acoustic sensing, and guided-wave-based SHM for
composites. This chapter lays the scientific groundwork and identifies the research gaps

addressed in this thesis.

Chapter 3 shifts the focus to battery health monitoring. Here, graphene/ polyvinyl
alcohol (PVA)-based fiber sensors are fabricated and deployed to track strain evolution

during charge—discharge cycles and to detect external mechanical impacts. This



approach allows for real-time, minimally invasive monitoring of lithium-ion battery

behavior.

In Chapter 4, non-intrusive graphene/epoxy nanocomposite sensors are developed and
embedded within FRP composites. Their performance is evaluated across a spectrum
from quasi-static loads to ultrasonic wave detection. Crucially, this chapter also
experimentally verifies that sensor integration does not compromise the host

composite's mechanical properties.

Chapter 5 explores AJP of graphene/cellulose nanocrystal (CNC) nanocomposite
sensors. Through systematic optimization of printing parameters and material
microstructure, the sensing performance is characterized under both low-frequency

dynamic strains and high-frequency ultrasonic guided waves.

Building on this, Chapter 6 extends the use of aerosol jet-printed sensors to wearable
acoustic devices. A prototype wearable sensor is fabricated by encapsulating the device
in a biocompatible polyurethane (PU) film, ensuring conformal skin contact and stable
adhesion. The chapter evaluates the acoustic sensing performance across different
microstructural configurations and demonstrates the device’s ability to distinguish

speaker gender, intonation, and speech rhythm.

Chapter 7 configures aerosol jet-printed nanocomposite sensors into distributed



networks for impact monitoring in composite laminates. Embedded within FRP
structures, these sensors are validated for real-time impact localization using guided

ultrasonic waves.

Chapter 8 introduces a fully additive manufacturing approach for functional composites.
By integrating aerosol jet-printed sensors with FDM-printed continuous carbon fiber
composites, a unified structural-sensing system is realized that maintains interfacial
integrity and supports both quasi-static and high-frequency ultrasonic monitoring. This

chapter establishes a scalable framework for future intelligent composite systems.

Finally, Chapter 9 summarizes the key contributions of the thesis and suggests
promising directions for future research in the field of AM-enabled multifunctional

sensing systems.



CHAPTER 2

The State of the Art of Nanocomposites-

based Sensing Techniques: A Review

2.1 Introduction

This chapter reviews the foundational elements that enable modern nanocomposite
sensing. It begins by examining the material constituents, focusing on the properties of
low-dimensional nanocomposites, particularly carbon-based materials like graphene
and emerging MXenes. The discussion then elucidates the core sensing mechanisms
that govern their piezoresistive response. The discussion then focuses on AM
techniques for printing sensors, analyzing the capabilities of FDM, direct ink writing
(DIW), and the highly relevant AJP method. Their respective advantages, limitations,
and suitability for creating functional sensing patterns are critically evaluated. Finally,
the chapter explores the diverse application scenarios, from low-frequency wearable
acoustic sensing to high-frequency ultrasonic wave detection, framing the specific

performance requirements that drive sensor design and material selection.



2.2 Low-dimensional Materials

Piezoresistive flexible sensors have gained increasing interest, underscoring the need
for conductive materials with high stability and durability. Among them, graphene
offers outstanding conductivity, mechanical strength, and strain sensitivity, while
MXenes provide complementary advantages such as excellent conductivity,
hydrophilicity, and multifunctionality. These low-dimensional materials thus stand out

as the most promising platforms for next-generation flexible sensors.

2.2.1 Graphene-based Nanocomposite Sensors

Graphene-based piezoresistive sensors have attracted significant attention due to the
exceptional electrical, mechanical, and structural characteristics of graphene and its
derivatives [67-69]. As a 2D carbon nanomaterial, graphene exhibits ultrahigh
conductivity, mechanical robustness, large specific surface area, and good thermal
stability [70-77]. However, pristine graphene suffers from inherent challenges,
including sheet restacking, limited dispersibility in solvents, and weak interfacial
interactions with insulating hosts, which compromise its processability and long-term
reliability [67]. To address these issues, graphene is commonly hybridized with
polymers, metals, oxides, or ceramics to form nanocomposites with tailored

functionalities [78-81].

The choice of matrix plays a pivotal role in flexible sensor fabrication. Elastomers such

as polydimethylsiloxane (PDMS), PU, polyimide (PI), and polyethylene naphthalate
1



(PEN) have been widely employed to host graphene nanoplatelets (GNPs) or reduced
graphene oxide (rGO) networks [82-86]. Their softness, deformability, and chemical
stability enable molding into diverse geometries and integration into wearable,

transparent, or acoustically responsive devices [5-7, 87, 88].

In sensing applications, graphene-based nanocomposites rely on percolated conductive
networks to transduce mechanical or environmental perturbations into measurable
resistance changes. Advances in dispersion control and interfacial functionalization
have improved reproducibility and device stability, enabling applications ranging from
strain and pressure sensing to ultrasonic monitoring for structural health evaluation.
Nevertheless, issues such as filler restacking, heterogeneous dispersion, and weak
interfacial bonding continue to limit the stability and repeatability of graphene-based
sensors. These challenges have prompted the exploration of alternative low-
dimensional nanomaterials, among which MXenes have recently emerged as highly

promising candidates.

2.2.2 MXene-based Nanocomposite Sensors

MXenes, a novel family of 2D layered nanomaterials, have recently emerged as
graphene analogues with distinct advantages for sensing applications. They are
typically derived from MAX phase precursors (My+1AX,, n = 1-3), which are layered
ternary carbides, nitrides, or carbonitrides, by selectively etching away the A element

(groups 13 or 14) [8, 89, 90]. More than 60 MXene compositions have been identified,



incorporating early transition metals such as Ti, V, Cr, Nb, Mo, or Ta. These materials
combine metallic conductivity with ceramic-like stability, distinguishing them from

both graphene and conventional nanomaterials [91-93].

MXenes offer additional advantages rooted in their surface chemistry. Their 2D layers
are rich in functional groups (-OH, —O, —F), which improve dispersibility and
strengthen interfacial bonding with polymer or ceramic matrices [91-95]. The
combination of high conductivity, tunable interlayer spacing, and large specific surface
area provides an adjustable resistance response, endowing MXene-based composites

with excellent sensitivity to mechanical and environmental stimuli.

Ti:C.Tx MXene, in particular, has become a benchmark for piezoresistive pressure and
strain sensors, offering ultrahigh sensitivity, fast response, and low detection limits [90].
Its layered structure not only enhances flexibility and signal stability but also allows
effective integration with elastomeric or fibrous insulating substrates. These attributes
make MXenes highly suitable for applications spanning wearable electronics, pressure

mapping, and ultrasonic sensing for SHM [8, 91-99].

Despite these promising features, MXene-based sensors also face challenges, including
oxidation instability, surface termination variability, and difficulties in achieving
uniform dispersion within insulating hosts. These unresolved issues, coupled with the

limitations observed in graphene-based systems, highlight the need for advanced

13



fabrication routes. In this context, AM provides a promising pathway to tailor
architectures, optimize filler distribution, and enable scalable production of low-

dimensional nanocomposite sensors for multiphysics monitoring.

2.3 Additive Manufacturing of Nanocomposite

Sensors

AM offers digital, scalable, and maskless routes for fabricating nanocomposite sensors,
enabling precise material deposition and seamless integration with diverse structures.
Among the widely adopted methods, FDM, DIW, inkjet printing, and AJP each provide

unique advantages in resolution, material compatibility, and application scope.

2.3.1 Fused Deposition Modeling

FDM is one of the most widely used additive manufacturing processes, valued primarily
for its affordability and effectiveness in rapid prototyping. The technique operates by
heating, melting, and extruding a polymer filament through a heated nozzle, depositing
material layer-by-layer onto a build platform to fabricate three-dimensional objects. A
notable limitation of FDM, however, is its relatively low printing resolution, which
stems from the use of nozzles typically ranging from 0.25 to 0.4 mm in diameter,
resulting in a minimum feature size of approximately 250 um [100]. Common feed
materials include thermoplastic polymers such as polylactic acid (PLA) and

acrylonitrile butadiene styrene copolymer (ABS). In addition, conductive polymer



composite filaments have been developed for printing functional electronic components.
Examples include graphene/PLA, carbon fiber/PLA, and copper-based polymer
composites, with volume resistivities of 0.6 Q-cm, 30 Q-cm, and 0.006 Q-cm,
respectively [101]. These conductive filaments are typically produced by melt-blending
conductive nanomaterials—such as graphene, carbon nanotubes (CNTs), or MXenes—
with thermoplastic matrices using extruders, as shown in Figure 2.1. However, due to
the difficulty in achieving a homogeneous dispersion of nanomaterials within the
polymer, even at low volume fractions, the electrical conductivity and sensing
performance of these composites are often compromised. The resulting inhomogeneity
and limited percolation networks lead to inferior and inconsistent electromechanical
properties [102]. Consequently, FDM-printed sensors generally exhibit reduced
accuracy and are often restricted to applications involving large strains or temperature
variations, where high sensitivity is not critical. Nevertheless, these materials still hold
promise for applications such as resistors [101] and electrochemical devices [103, 104],
particularly when enhanced through post-processing treatments including thermal,

chemical, or electrochemical methods.
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Figure 2.1 FDM technique for printing the nanocomposite sensors [105].

2.3.2 Direct Ink Writing

DIW is an extrusion-based additive manufacturing technique in which liquid-phase inks
are deposited through a nozzle and subsequently solidified, either by solvent
evaporation, thermal curing, or UV irradiation, to construct three-dimensional
structures layer by layer (Figure 2.2). The process is highly versatile and compatible
with a broad range of materials, provided that the ink satisfies specific rheological
requirements, including appropriate viscosity (10>-10° cP at =0.1 s™'), shear-thinning
behavior, yield stress, and viscoelasticity [106]. Typical DIW inks consist of conductive
fillers, binders, additives, and solvents, where fillers such as carbon black, CNTs,
graphene, MXenes, or metallic nanoparticles provide conductivity, and polymeric
binders such as silicone rubber or thermoplastic polyurethane (TPU) ensure uniform

dispersion and mechanical integrity [107-110]. Additives and solvents are frequently
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incorporated to optimize rheological properties and printing fidelity [111].

DIW has demonstrated remarkable flexibility for fabricating functional electronic
components, with feature sizes down to several micrometers [112]. Conductive inks
based on metals [113], metal alloys [114], liquid metals [112], and conducting polymers
[115] have been successfully printed. More advanced strategies, such as multicore—
shell DIW, enable the co-extrusion of multiple inks to build multilayered architectures,
extending its utility to strain sensors and other complex devices. For nanocomposite
sensors, DIW offers the advantage of integrating high loadings of functional fillers into
viscoelastic matrices, producing flexible structures with tunable electrical responses.
However, ink formulation remains a critical challenge. Achieving stable dispersion of
low-dimensional nanomaterials while maintaining the rheological balance required for
printability is difficult, often resulting in trade-offs between conductivity, mechanical
performance, and reproducibility. Furthermore, the relatively large nozzle diameters
constrain printing resolution, limiting DIW-based sensors to applications where larger-

scale strain, pressure, or temperature responses are sufficient.

These limitations have driven the exploration of alternative additive manufacturing
approaches capable of higher precision and finer control over material deposition.
Inkjet printing and AJP, in particular, have emerged as promising techniques for
fabricating nanocomposite sensors with enhanced resolution, structural complexity, and

sensing performance.
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Figure 2.2 Schematic representation of DIW [116].

2.3.3 Inkjet

Inkjet printing is a non-contact additive manufacturing technique in which droplets are
generated and ejected from a nozzle by pressure pulses (Figure 2.3), typically induced
through thermal or piezoelectric actuation. By synchronously controlling droplet
ejection and substrate positioning, materials can be deposited layer by layer to construct
patterned structures [117]. The droplet volume typically lies in the picoliter range,
which defines the feature resolution of inkjet printing to tens of micrometers [118].
Owing to its digital, maskless nature, inkjet printing has been widely adopted for printed
electronics. Metal nanoparticle- or flake-based inks, followed by sintering, represent
one of the most established approaches for fabricating highly conductive electrodes
[119]. Beyond metals, carbon nanomaterials such as graphene [120] and CNTs [121],

as well as conducting polymers [122], have also been formulated into printable inks for
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applications in sensors, transistors, and other electronic devices. Multilayer deposition
enables the construction of quasi-3D (2.5D) architectures, extending the scope of inkjet-

printed functional components.
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Figure 2.3 Schematic representation of inkjet [123].

Despite its advantages of high resolution and material versatility, inkjet printing also
faces several limitations in sensor fabrication. The requirement for low- to medium-
viscosity inks constrains filler loading, often leading to poor conductivity in
nanocomposite-based sensors [105, 123, 124]. Multiple printing and sintering steps are
typically necessary to build functional devices, which reduces process efficiency.
Furthermore, the inability to deposit on non-planar or curved substrates significantly

restricts its applicability for integrated sensors in complex geometries.

2.3.4 Aecrosol Jet Printing
The inherent limitations of FDM, DIW, and inkjet printing, particularly their restricted

filler loading, limited resolution, and inability to conformally print on nonplanar
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surfaces—have driven interest in advanced additive manufacturing techniques. AJP has
emerged as a versatile alternative, offering high precision, structural flexibility, and the
unique ability to deposit functional materials directly onto complex three-dimensional

or curved substrates.

In AJP, functional inks are first atomized into fine droplets using pneumatic or
ultrasonic atomizers. These droplets are transported by a carrier gas (e.g., N2 or He)
toward the print head, where they are confined and accelerated by an annular sheath
gas flow to form a tightly focused aerosol jet [125-127]. A key processing parameter is
the focusing ratio (FR)—the ratio of sheath gas to carrier gas flow—which governs the
line definition, thickness, and aspect ratio of the deposited features. If the FR is not
carefully optimized, the printed lines may lose uniformity or spread uncontrollably [127,
128]. Unlike inkjet printing, which is constrained by low-viscosity inks and droplet
spreading, AJP is a maskless and non-contact technique capable of producing well-
defined patterns with line widths down to 620 pm. Its 2—5 mm standoff distance allows
printing without direct contact, enabling conformal deposition on flexible or irregular
substrates while avoiding the need for alignment masks or etching steps (Figure 2.4).
Moreover, AJP supports a wide viscosity window (1-1000 cP) [105, 123, 124],
accommodating inks formulated with nanomaterials such as graphene, CNTs, MXenes,
and metallic nanoparticles [129-132]. This broad material compatibility, combined with
superior film uniformity and suppression of coffee-ring artifacts, makes AJP highly

suited for constructing reproducible, high-performance nanocomposite sensors.
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These distinctive advantages position AJP as a key technology for next-generation
multifunctional sensors, particularly in applications that demand fine structural control,

integration on curved surfaces, and high sensitivity in acoustic or ultrasonic monitoring.
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Figure 2.4 Schematic representation of AJP [133].

2.4 Sensing Mechanism of Nanocomposite Sensors

The operation of piezoresistive nanocomposite sensors fundamentally relies on how
conductive networks respond to external stimuli through resistance variation. Several
key mechanisms—geometric effect, piezoresistive effect, fracture effect, and tunneling
effect—have been identified as the dominant pathways for transduction, each

associated with specific material configurations and applicable frequency ranges.

2.4.1 Geometric Effect
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The geometric effect constitutes the most straightforward mechanism in piezoresistive
sensing, directly linking dimensional variations of a conductor under strain with its
resistance response. As described by the classical relation R=pL/A, elongation increases
the conductive path length while simultaneously reducing the cross-sectional area,
resulting in higher resistance. Although this model is conceptually simple, it captures
the essential electromechanical coupling in many nanocomposite-based strain sensors

[67, 68, 134].

In nanomaterial systems, the contribution of the geometric effect strongly depends on
structural form. For continuous thin films such as CNT or graphene coatings, resistance
change is usually dominated by nanoscale mechanisms (e.g., tunneling or crack
propagation), and the role of geometry is relatively minor [135, 136]. By contrast, in
fibrous or yarn-based architectures, geometric deformation becomes the primary source
of resistance modulation. Twisting, helical alignment, and the textile arrangement of
conductive fibers alter the effective contact area during stretching, giving rise to
pronounced resistance changes [134, 137]. Architected 3D structures fabricated by
additive manufacturing further illustrate how geometry dictates the electrical response,

with different lattice designs producing distinct strain sensitivities [138].

Experimental reports across various nanomaterial platforms consistently highlight this
effect. For example, composites of elastomers with dispersed carbon nanomaterials

exhibit resistance variations largely attributable to changes in path length and cross-
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sectional area under tensile loading. Similarly, CNT yarns and woven fabrics show
resistance changes that can be directly traced to their macroscopic deformation modes
[137]. Even in graphene-based structures, where quantum and interfacial effects are
significant, lattice design has been shown to impose a geometric contribution that

modulates the strain—resistance relationship.

2.4.2 Piezoresistive Effect

The piezoresistive effect refers to the intrinsic change in resistivity of materials under
strain, distinct from purely geometric effects. This phenomenon is especially evident in
semiconductors such as Si and Ge, where deformation modifies the interatomic spacing
and band structure, leading to pronounced resistance variations [139-142]. At the
nanoscale, CNTs and nanowires can also exhibit significant piezoresistive responses
depending on chirality and barrier height [143, 144]. However, for graphene, the high
carrier mobility results in weak intrinsic piezoresistivity, and thus it is more effective
when combined with polymers or semiconductors to enhance sensitivity [142, 145,

146].

This mechanism can be formally represented by the relation AR/R=(1+2v)e+Ap/p,
where the second term captures the contribution from intrinsic resistivity changes

independent of geometry.

In nanocomposite systems, the overall resistance change typically arises from both
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intrinsic piezoresistivity (Ap/p) and structural effects such as tunneling modulation or
filler rearrangement. This hybrid behavior enables flexible and stretchable
piezoresistive sensors [147, 148], which have been widely explored for SHM, wearable
electronics, and soft robotics. Despite their potential, challenges remain regarding
interfacial bonding and mechanical—electrical mismatch between nanomaterials and

polymer matrices, which may hinder stability and reproducibility.

2.4.3 Fracture Effect

One of the most critical mechanisms underpinning the operation of nanocomposite
strain sensors is the fracture-induced disruption of conductive networks. When
conductive films or percolating networks are subjected to tensile strain, nanosheets,
nanotubes, or nanoparticles progressively lose electrical contact. This process manifests
either as visible crack propagation in thin films or as nanoscale disconnection among
dispersed fillers. In both cases, the effective number of conductive pathways decreases,
leading to a marked increase in electrical resistance [149, 150]. Upon strain release,
partial closure of cracks or reestablishment of filler—filler contacts can restore

conductivity, yielding reversible and repeatable responses [151-153].

At the microstructural level, conductive films composed of CNTs or graphene are prone
to developing microcracks that evolve with strain, effectively fragmenting the network
and amplifying resistance changes. Similarly, in composite systems where nanofillers
are embedded in elastomeric matrices, relative sliding or separation of adjacent fillers
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reduces contact area and disrupts tunneling junctions, thereby modulating the electrical
signal [154, 155]. Both processes are inherently governed by the same principle of
contact loss within the conductive network, though they occur at different structural

scales.

This fracture-driven sensing mechanism offers several advantages. It endows strain
sensors with ultrahigh sensitivity and rapid response owing to the abrupt change in
conductive pathways. Gauge factors exceeding 10* have been reported by exploiting
controlled crack generation or engineered filler disconnections [156]. Furthermore,
strategies such as pre-stretching, structural patterning, or substrate roughness
modulation have been employed to tailor crack initiation and propagation, thereby

optimizing sensitivity and stretchability [151, 152].

Nevertheless, the mechanism also imposes intrinsic trade-offs. Excessive crack growth
or irreversible disconnection may compromise linearity, introduce hysteresis, or limit
the maximum strain range [154]. Thus, while fracture-induced mechanisms are
particularly suitable for applications requiring high sensitivity in moderate strain
ranges—such as human motion detection, tactile interfaces, or wearable monitoring
devices—they require careful material and structural design to balance sensitivity with

durability.

2.4.4 Tunneling Effect
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The tunneling effect represents a quantum conduction mechanism that arises when
adjacent conductive nanoparticles or nanofillers are separated by nanoscale insulating
barriers, typically on the order of 1-3 nm [157-159]. Within this distance, electrons can
penetrate the barrier via quantum tunneling, generating a tunneling current highly
sensitive to even subtle variations in interparticle spacing (Figure 2.5). As a result, when
the filler content of a composite is close to the percolation threshold, ultralow strains
can induce pronounced changes in resistance, conferring extremely high sensitivity to
microstrain or even nanostrain levels [160, 161]. This makes tunneling-dominated
nanocomposite sensors uniquely suited for applications where conventional
mechanisms are insufficient, such as guided ultrasonic wave (GUW) detection in SHM,

operating at frequencies up to several MHz [162-166].

The contribution of tunneling resistance relative to other conductive pathways is
strongly dependent on filler dispersion and network morphology. At low strain levels,
resistance variations are primarily determined by tunneling junctions, while at larger
deformations, mechanisms such as crack formation and contact loss tend to dominate
[160, 161, 167]. For instance, graphene and CNT-based composites often exhibit
multiple concurrent mechanisms; in loosely dispersed or near-threshold networks,
tunneling governs the response, whereas in denser or entangled systems, geometrical
effects or fracture pathways may prevail [168, 169]. Hybrid systems that combine
graphene nanosheets with CNTs further illustrate this transition, where tunneling

dominates at small strains (<0.2%) and contact resistance or crack evolution takes over
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at higher strain regimes [169].

The extreme sensitivity of tunneling conduction can be quantitatively described by
Simmons’ tunneling resistance model, which relates tunneling resistance exponentially

to barrier thickness and potential height [161, 167, 170].

v hd 4rd —
AT Ae*2mA P h @1

where J represents the tunneling current density, V is the potential difference, e is the
electric charge, m is the electron mass, / is Planck’s constant, d is the distance between
nanofiller, 4 is the base potential height, and A is the cross-sectional area of the tunnel.
In practice, this implies that small, reversible variations in interparticle distance under
strain can induce orders-of-magnitude changes in resistance, enabling gauge factors
exceeding 10° [171-173]. However, the strong nonlinearity and high dependence on
filler dispersion also present challenges for ensuring reproducibility and stability.
Overall, the tunneling effect provides a powerful mechanism for achieving ultrahigh
sensitivity in nanocomposite strain sensors. Its influence is most pronounced under
small deformation regimes or near percolation, where conductive pathways are
primarily mediated by tunneling junctions. By tailoring filler type, dispersion state, and
matrix interactions, tunneling-dominated composites have been engineered not only for
conventional strain sensing but also for advanced high-frequency applications such as

acousto-ultrasonic SHM and precision wearable devices [168, 169, 174, 175].
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Figure 2.5 Resistor network model of carbon black aggregates [176].

2.5 Applications of Nanocomposite Sensor

2.5.1 Battery Health Monitoring

The rapid commercialization of LIBs has accelerated their deployment in electric
vehicles, renewable energy storage systems, and consumer electronics. With this
expansion, the service lifetime, safety, and reliability of LIBs have become critical
concerns. Mechanical degradation, parasitic side reactions, and electrode—electrolyte
instability can lead to irreversible swelling, capacity fade, and safety risks during
prolonged cycling [16, 17, 22]. Therefore, embedding sensors that can faithfully
monitor the electromechanical response of working batteries offers a powerful strategy
for state-of-health (SOH) evaluation and early fault detection. In particular,
nanostructured piezoresistive sensors, owing to their high sensitivity, mechanical
compliance, and facile integration, have shown strong potential for tracking stress and

strain evolution within battery systems.
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During charge—discharge cycling, the asynchronous volume changes of the cathode and
anode generate stress and strain at the electrode—separator and electrode—current
collector interfaces. These mechanical parameters have been demonstrated to correlate
strongly with the state of charge (SOC) and SOH of LIBs [177-182]. To capture these
signals, two primary sensing strategies have been developed: (i) surface-mounted
sensors that measure in-plane stress and strain, and (ii) through-thickness sensors that

directly monitor dimensional changes in the z-direction.

Surface-mounted nanostructured sensors are typically laminated or spray-coated onto
the exterior of battery cells, enabling real-time tracking of swelling, interfacial stress
accumulation, or abnormal mechanical perturbations. For example, CNT-based thin-
film strain sensors spray-deposited on PDMS substrates form percolated conductive
networks with excellent compliance. When affixed onto the battery surface, the
resistance of the CNT/PDMS film increases proportionally with the volumetric
swelling of the cell, enabling continuous monitoring of charge—discharge dynamics and
abnormal expansions indicative of degradation or thermal runaway risks [183].
Nanocomposite-based sensors have recently been applied to real-time monitoring of
lithium-ion batteries [184], addressing both thermal and mechanical safety concerns.
MXene composites combined with PEDOT:PSS and PV A have shown high sensitivity
and flexibility for temperature detection, enabling continuous thermal tracking during
battery operation. Meanwhile, carboxymethyl cellulose (CMC) reinforced with

graphene or CNTs and dispersed in PDMS provides strain- and pressure-sensitive
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networks, capable of detecting battery swelling and stress evolution. These advances
demonstrate the potential of nanocomposite sensors as lightweight, flexible, and

multifunctional platforms for improving battery safety and reliability (Figure 2.6).
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Figure 2.6 Photograph of integrated intelligent lithium-ion battery with nanocomposite

sensors and d custom designed printed circuit board [184].

In parallel, thickness-direction monitoring provides a more direct approach to capturing
the volumetric breathing of batteries. By measuring dimensional variations along the z-
axis, these sensors are capable of resolving nanoscale to microscale changes in
electrode thickness during lithiation and delithiation. One representative study
employed silver-coated glass microspheres as conductive fillers embedded in an
ethylene—vinyl acetate (EVA) copolymer matrix, processed into freestanding
conductive microfibers via wet-spinning. Seven such microfibers, each with an active
sensing length of ~7.3 mm, were vertically integrated along three sides of a pouch cell

to monitor thickness evolution in real time. The two-probe resistance of each microfiber
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was simultaneously recorded, revealing sensitive and reversible responses to charge—
discharge-induced dimensional variations [23]. As shown in Figure 2.7, this microfiber-
based configuration exemplifies how nanostructured sensors can be engineered for

scalable, flexible, and high-resolution monitoring of through-thickness battery behavior.

Figure 2.7 Schematic of the setup for battery thickness monitoring of microfiber strain

sensors [23].

Overall, nanocomposite sensors offer versatile platforms for battery health monitoring
by exploiting their tunable electromechanical transduction mechanisms. Surface-
mounted devices excel in detecting in-plane strain and swelling-related anomalies,
while through-thickness architectures provide quantitative insights into volumetric
expansion. Together, these approaches highlight the promise of nanocomposite-based
sensors for real-time, non-invasive monitoring of SOC and SOH, offering new
opportunities to enhance the safety, reliability, and lifespan of next-generation lithium-

ion batteries.
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2.5.2 Wearable Acoustic Sensing

The dynamic performance of nanostructured sensors has been extensively explored in
various contexts, with acoustic signal detection being one of the most representative
applications. Wearable acoustic sensors have attracted growing interest across a broad
range of applications, including voice recognition [42, 185-189], human—machine
interfaces [33, 34, 190], and biomedical monitoring [191-196]. Unlike conventional
microphones, which rely on air pressure fluctuations, wearable devices can directly
capture subtle vibrations on the skin or throat surface. This unique capability provides
non-invasive and user-friendly solutions for individuals with speech impairments,
offering alternative communication pathways without conventional vocalization. For
patients suffering from vocal fold disorders [197], amyotrophic lateral sclerosis (ALS)
[198], or laryngeal cancer, such sensors are particularly valuable, as they can decode
mechanical vibrations of the throat and convert them into electrical signals for
subsequent speech synthesis [36, 37]. In this way, wearable acoustic sensors not only
restore the ability of patients to communicate, but also enable access to emergency

services and social interaction, thereby significantly improving quality of life.

Driven by this motivation, researchers have developed a variety of material platforms
and structural designs to improve the sensitivity, biocompatibility, and wearability of
acoustic sensors [42, 185]. Among diverse candidate materials, graphene nanoplates

have emerged as a benchmark due to their high conductivity, mechanical compliance,
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and intrinsic piezoresistive effect. By directly converting throat-vibration-induced
strains into resistance changes, graphene-based wearable sensors provide a
straightforward transduction pathway [199-201]. For instance, a laser-induced
graphene (LIG) artificial throat was fabricated in a one-step process by converting PI
into porous graphene using a 450 nm laser. The device exhibited responsiveness to
diverse audio inputs, including environmental sounds such as firecrackers, piano notes,

and bird calls [200].

Building on the foundation laid by graphene, MXenes have recently emerged as a new
class of 2D transition metal carbides and nitrides for acoustic sensing applications [202-
204]. Their high electrical conductivity, tunable surface chemistry, and layered
morphology make them attractive for constructing sensitive piezoresistive networks.
For example, a MXene/rGO aerogel-based piezoresistive sensor demonstrated the
capability to distinguish spoken words when attached to the human throat [203].
Nevertheless, challenges remain, as human voice sensing requires both wide frequency
response (0.3-3.4 kHz) and high sensitivity to weak acoustic pressures (<1 Pa) [205].
To address these limitations, an ultrasensitive MXene-based artificial eardrum was
designed by integrating double-layer M Xene-PDMS—Polyethylene (PE) films (Figure
2.8), in which MXene nanoflakes were uniformly distributed within PDMS
micropyramid arrays [196]. This architecture enabled two-stage amplification of
acoustic signals: interlayer distance modulation in the MXene sensing film and local

pressure enhancement from micropyramid geometry. As a result, the device achieved a
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sensitivity of 62 kPa™, a detection limit as low as 0.1 Pa, and an operational bandwidth
of 0.15-3 kHz. These performances not only approach the requirements for human
voice detection, but also establish MXene-based systems as promising candidates for

next-generation wearable human—machine interaction platforms.

Figure 2.8 Schematic illustration of the MXene eardrum device [196].

2.5.3 High-frequency Ultrasonic Waves Sensing for Structural
Health Monitoring

SHM has evolved from traditional non-destructive testing (NDT) into a more advanced
paradigm that emphasizes continuous, in situ, and automated surveillance of
engineering structures throughout their entire service life. By enabling real-time
assessment of structural integrity without the need for disassembly or operational
downtime, SHM provides significant benefits, including reduced design redundancy,
enhanced in-service safety, extended service life, and decreased maintenance costs
across critical fields such as aerospace, civil, and mechanical engineering [166, 206,

207].
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Within this context, nanocomposite-based sensors have emerged as an important
enabler for advancing SHM technologies. Conventional sensing approaches often
suffer from intrinsic limitations, such as insufficient responsiveness to high-frequency
vibrations, narrow operational bandwidth, and complex deployment requirements,
which restrict their applicability in demanding structural environments. In contrast,
nanocomposites overcome these barriers through their unique electromechanical
transduction mechanisms. Specifically, their sensing behavior arises from a hybrid
mechanism that combines the quantum tunneling effect with the progressive disruption
of conductive networks under deformation [208]. At the nanoscale, even minute
variations in interparticle distance or network connectivity can induce significant
resistance changes, endowing these sensors with exceptional sensitivity (gauge factors
in the tens) and ultrawide bandwidth responses that extend from direct current to several

megahertz [165].

Such performance characteristics dramatically broaden the functional range of
nanocomposite sensors beyond conventional quasi-static loading scenarios (e.g., tensile
and bending tests [209]) or low-frequency dynamic measurements (e.g., fatigue
monitoring [210]). Importantly, their capability to detect high-frequency, low-
magnitude signals allows seamless integration into acousto-ultrasonic SHM approaches
[162-164, 211]. In particular, nanocomposite sensors can exploit tunneling effect
(Figure 2.10) triggered by guided ultrasonic waves (Figure 2.9), whereby the dynamic

strain fields induce nanoscale variations in filler spacing and exponential resistance
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changes. This mechanism provides the sensitivity required to identify subtle defects,
facilitate early-stage crack detection, and enable reliable long-term monitoring of
structural integrity. By leveraging these nanoscale mechanisms, nanocomposite sensors
provide a powerful and versatile platform for next-generation SHM, bridging the gap
between laboratory-scale sensing demonstrations and practical, in-field structural

diagnostics.

Figure 2.9 GUW excitation and propagation in a composite plate [212].

Figure 2.10 GUW-triggered tunneling effect in the nanoparticle-formed percolating
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network, leading to change in local electrical resistance [212].

2.6 Summary

In summary, this chapter has outlined the development of nanocomposite sensors from
low-dimensional conductive fillers to advanced additive manufacturing techniques that
enable precise, scalable fabrication. The sensing mechanisms—ranging from geometric
and piezoresistive effects GNP to crack propagation and tunneling—collectively
provide broad sensitivity across strain scales, with tunneling-based responses
particularly suited for high-frequency acousto-ultrasonic monitoring. Applications in
battery health monitoring, wearable devices, and ultrasonic wave sensing demonstrate
the versatility of these systems, highlighting their potential to overcome the brittleness
and conformability limitations of conventional sensors and to enable reliable SHM in

demanding engineering environments.
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CHAPTER 3

Dip-coated GNP/PVA Fiber Sensor for

Battery Status Evaluation

3.1 Introduction

Highly sensitive sensors integrated into structural batteries enable real-time monitoring
of the strain state in the operation period, providing early warnings against thermal
runaway and fire hazards in commercial energy storage devices. This study presents an
implantable graphene-PVA-coated glass fiber sensor (GP-GFS) fabricated via dip-
coating, to detect the internal strains induced by battery cycling and external strains
raised by impacts. The sensing performance of the GP-GFS demonstrates an extremely
low strain detection limit of 0.009% and 0.028% under tensile and bending strain, and
excellent durability of 2000 cycles under tensile strain. Percolation threshold analysis
via microstructural and electrical characterization identifies 50 wt% graphene as the
critical concentration for optimal conductive network formation. In addition, the GP-
GFS is specifically designed for integrating with structural batteries, enabling real-time
monitoring of the SOC of batteries, as well as rapid detection of external forces such as
impacts. This work establishes a new benchmark for structural battery health

monitoring, offering a scalable, cost-effective, and reliable solution for next-generation
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energy storage.

3.2 Fabrication of GP-GFS and Functional
Structural Battery

Twill-woven glass fiber fabric (Easycomposites® GF-22-200-100) is first separated into
individual fiber bundles (diameter: 300 um, length: 100 mm) that serve as the substrate
of the GP-GFS. A graphene ink (10 mg/mL) is prepared by dispersing conductive
graphene nanoplatelets (TIME NAN® TNERGO-50) (50 um in diameter, < 3 layers,
and > 95% purity) in ethanol with 1 mg/mL sodium dodecyl sulfate (MACKLIN®SDS)
surfactant to enhance dispersion stability. This graphene ink is then mixed with a 10
wt% PVA aqueous solution (ALS New Materials® 205-10%), followed by 2-hour
mechanical stirring at 300 rpm and 30-minute ultrasonic homogenization to form an

evenly graphene/PV A sensing ink.

Prior to coating, the glass fiber bundles undergo surface modification via 30-minute
immersion in 1 wt% y-aminopropyltriethoxysilane (MACKLIN® KH-550) solution to
improve interfacial adhesion [213]. The silanized fibers are dip-coated in the
graphene/PVA sensing ink for 3 minutes to ensure uniform coating penetration
throughout the fiber bundle, followed by vacuum drying at 50°C for 30 minutes [214],
forming the GP-GFS. This fabrication process (Figure 3.1a) enables the production of

flexible GP-GFS with a diameter of ~500 pum that demonstrates piezoresistive behavior

39



while maintaining the inherent flexibility of the pristine fiber.

The GP-GFS is integrated into a four-layer glass fiber-reinforced polymer (GFRP)
composites during hand lay-up process for evaluating the sensing performance in the
composite structure, as shown in Figure 3.1a. Beginning with twill-woven glass fabric
pre-impregnated with epoxy resin (Easycomposites® EP-L2-F-05, 100:30 mass ratio),
the GP-GFS is positioned on the second layer of resin-impregnated glass fiber ply.
Copper foil electrodes are bonded to both GP-GFS ends using conductive silver epoxy,
with copper wires routed to the outside GFRP composites for signal acquisition via a
multimeter (Keithley® DMM 7510). Then, GP-GFS is encapsulated with two additional
resin-impregnated glass fiber plies, consolidated under vacuum bagging (-30 inHg) to
eliminate air voids, and cured at 25°C for 24 hours. Figure 3.1b schematically illustrates
the cross-sectional architecture of the hand-lay-up process, depicting the sequential
stacking of resin-impregnated glass fiber plies and GP-GFS placement within a vacuum
bagging system. The breather layer (Easycomposites® BR180) ensures complete air
evacuation from within the vacuum bag and also absorbs excess resin from the laminate
during curing. The release film (Easycomposites® R120-P3) facilitates easy demolding
of the finished composite structure. Additionally, the sealant tape bonds the vacuum
bag to the mold, forming a sealed vacuum chamber that is essential for producing high-
quality composite materials with consistent fiber-to-resin ratios and minimal void
content. Figure 3.1c shows the final cured GFRP composites with fully integrated GP-

GFS after vacuum consolidation and ambient-temperature curing.
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Figure 3.1 a Schematic of sensor dip-coating and embedded into CFRP composites; b

the cross-sectional schematic of hand-lay-up; c the picture of final cured GFRP

composites with an implantable GP-GFS.

3.3 Characteristics of GP-GFS

To optimize the graphene/PVA ratio for sensing performance, GP-GFS with graphene
concentration of 10 wt%, 30 wt%, and 50 wt% are systematically characterized through

microstructural, electrical, and crystallographic analyses.

Scanning electron microscopy (SEM, HITACHI® TM4000Plus) reveals distinct
microstructural evolution across formulations through both low (Figure 3.2a-c) and

high magnification imaging (Figure 3.2d-f) for providing detailed insights into the
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graphene distribution and graphene/PV A-glass fiber interfacial characteristics. The GP-
GFS with 10 wt% graphene exhibits sparse GNP coverage on glass fiber (Figure 3.2a),
with high-magnification imaging revealing that the low graphene content results in
GNP being sparsely dispersed within the PVA matrix and only intermittently adhering
to the glass fiber (Figure 3.2d). This sparse distribution forms isolated conductive
islands that result in near-insulating behavior (conductivity: 4.72x10° S/m, see Figure
3.2g). At 30 wt% graphene concentration, localized conductive pathways emerge
through GNP overlap (Figure 3.2b), and high-resolution examination shows that
graphene and PVA form continuous, gap-free adhesion with the glass fiber, indicating
improved interfacial bonding (Figure 3.2e). This microstructure contributes to
increased conductivity to 9.42x10° S/m, as demonstrated in the relationship between
conductivity and graphene concentration (Figure 3.2g). The 50 wt% formulation
achieves a percolation threshold transition, characterized by continuous conductive
networks with densely interlocked GNPs (Figure 3.2c), which yields a conductivity of
6.37x10° S/m (Figure 3.2g). Notably, high-magnification SEM (Figure 3.2f) reveals
that the GNPs appear to integrate seamlessly with the glass fiber, showing no distinct
interfacial boundaries and achieving nearly complete fiber coverage. Beyond 50 wt%,
conductivity plateaus with minimal gains, confirming saturation of the conductive
network. This abrupt transition at 50 wt% graphene loading aligns with classical
percolation theory, where the critical filler concentration marks the onset of bulk

conductivity through interconnected pathways.
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The X-ray diffraction (Xrd, Bruker® D8 Venture, Cu Ka) patterns of the graphene/PVA
nanocomposites reveal two distinct diffraction features (in Figure 3.2h), confirming the
coexistence and structural interplay of both components. A sharp, high-intensity peak
at ~26.0° corresponds to the (002) crystallographic plane of graphene, indicating well-
ordered stacking of GNPs with an interlayer spacing of 0.34 nm, a critical factor for
maintaining electrical conductivity. A broad amorphous halo centered at 19.5° arises
from the PV A, characteristic of its disordered polymer chains. As the PV A-to-graphene
ratio decreases (e.g., from 10 wt% to 50 wt% graphene), the intensity of the 19.5° peak
diminishes progressively, reflecting the reduced volumetric contribution of the polymer
phase. This inverse correlation validates the compositional controllability of the

graphene/PV A nanocomposites.

The mechanical properties of the GP-GFS are studied by an external uniaxial tensile
strain, and the results of the GP-GFS compared with the pristine fiber are shown in
Figure 3.2i. The GP-GFS achieves a 73.7% increase in tensile strength (989.0 =*
184.8 MPa vs. 569.5 * 14.9 MPa for pristine glass fiber) alongside a 9.6% increase
in Young’s modulus (25.1 £ 5.3 GPa vs. 22.9 * 0.3 GPa for pristine glass fiber).
This simultaneous strengthening and stiffening effect originate from the synergistic
interaction between the PV A/graphene and glass fiber. The PVA/graphene infiltrates
interfacial gaps between individual fiber, promoting robust interfacial bonding and
consolidating the fiber bundle into a unified load-bearing network [215-218]. Under

external loading, the composite matrix acts as a stress-redistribution bridge,
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homogenizing applied forces across the fiber bundle, thereby elevating both strength

and stiffness.

1200 | [ Tensile Strength
[ Young's Modulus

1000

3
=3
1=

Intensity (a.u.)
g

FS
E=3
o

Tensile Strength (MPa)
Young's Modulus (GPa)

nN
E=3
1=

0 ] -
10 30 50 70 10 15 20 25 30 35 40
Graphene Concentration (%) 26 (°)

Pristine Fiber GP-GFS

Figure 3.2 Characterizations of GP-GFS. a-c Low-magnification SEM images of GP-
GFS with different graphene concentrations of 10% (a), 30% (b), and 50% (c); d-f
High-magnification SEM images of GP-GFS with graphene concentrations of 10% (d),
30% (e), and 50% (f); g conductivity of GP-GFS at concentration range from 10% to
70%; h Xrd of GP-GFS with different graphene concentration of 10%, 30%, and 50%;
i mechanical properties of pristine fiber and GP-GFS with graphene concentration of

50%.

3.4 Sensing Performances

3.4.1 Sensing Performance under Tensile Strain

The sensing performance of the GP-GFS is first evaluated under tensile loading to
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establish the fundamental sensing mechanism and baseline electromechanical
properties, which serve as the foundation for understanding the sensing behavior of GP-
GFS under more complex loading conditions such as bending and impact scenarios. A
100 mm-long GP-GFS is embedded in the second ply of a four-layer GFRP composites
(250%25 mm) and subjected to uniaxial tensile via a universal testing machine
(ZwickRoell® Z250), as illustrated in Figure 3.3a. Resistance changes are recorded in

real-time using a two-probe digital multimeter synchronized with mechanical loading.

Under quasi-static tensile loading at 2 mm/min, the GP-GFS exhibits a near-linear
correlation between applied tensile strain and relative resistance change, as shown in

Figure 3.3b. The strain sensitivity under tensile strain is quantified by the gauge factor

(GE):

w‘g

— 3.1)

t
gt

where AR is the change in the electrical resistance, R, is the initial electrical

resistance, R_ is the relative electrical resistance, and &, is the tensile strain. The
0

sensitivity at tensile load reaches ~8.6 across the strain range from 0.01 to 0.025. This
piezoresistive behavior arises from strain-induced separation of adjacent GNPs, which

disrupts the percolative conductive network, thereby elevating the relative resistance.

The GP-GFS exhibits remarkable strain discrimination capability even at low strain

levels. As illustrated in Figure 3.3c, the GP-GFS demonstrates real-time response to
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three distinct tensile strain levels (0.070%, 0.183%, and 0.304%). The results clearly
indicate that the GP-GFS can precise track not only the loading and unloading cycles
at 0.304% strain but also at the minimal strain level of 0.070%, while resolving the
incremental strain variations as small as 0.113% (from 0.070% to 0.183%), highlighting
its capability for high-fidelity strain monitoring. Furthermore, investigation of the
detection limit of GP-GFS reveals an impressive minimum detectable tensile strain of
0.009%, while maintaining excellent stability and reproducibility under multiple
loading-unloading cycles (Figure 3.3d). This high sensitivity to fine tensile strains is
particularly valuable when the GP-GFS is integrated into structural batteries or
multifunctional composites, where it enables real-time monitoring of tensile stress
variations in aerospace composite structures [219, 220] or automotive body panels [221,
222] during normal operation, mechanical loading, or dynamic conditions such as

inertial tensile forces during vehicle acceleration.

Complementing its exceptional sensitivity and rapid response characteristics, the GP-
GFS demonstrates validated through 2,000 cycles under strain of 0.067% at a frequency
of 1 Hz. Figure 3.3e depicts that GP-GFS maintains 98.5% initial sensitivity after 100
cycles and shows no further degradation up to 2,000 cycles. This stability stems from
the elastic recovery of the graphene-PVA nanocomposite, which prevents permanent

conductive network damage under cyclic loading.
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Figure 3.3 Sensing performance of the GFRP composites with GP-GFS under tensile
strains. a Schematic diagram of testing the sensing performance of the GFRP
composites with GP-GFS under tensile; b Stress/relative resistance change vs. tensile
strain; ¢ the relative resistance change under cyclic tensile test with the maximum strain
of 0.070%, 0.183%, 0.304%; d relative resistance change under a cyclic tensile strain
01 0.009% showing the minimum detection limit of the GP-GFS; e durability of the GP-
GFS response 2000 cyclic tensile strain of 0.067%, and insets show the enlarged GP-

GFS responses at two temporal windows of 10 to 20th cycles (left), and 1980 to 1990th
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cycles (right).

3.4.2 Sensing Performance under Three-point Bending

Having established the high sensitivity and durability of GP-GFS under uniaxial tensile
loading, structural batteries in practical applications frequently experience complex
loading conditions including bending deformations. To comprehensively evaluate the
versatility of the GP-GFS under bending strain states, we further investigated its
electromechanical response under three-point bending conditions, which introduce
more complex strain distributions combining both tensile and compressive components

through the composite thickness.

GP-GFS is embedded centrally within the second ply of a four-layer GFRP composites
(35 mmx100 mm, sensor length: 80 mm) to evaluate its electromechanical response
under three-point bending (Figure 3.4a). Quasi-static three-point bending tests are
performed using a universal testing machine (ZwickRoell® Z5.0) at a crosshead speed

of 1 mm/min, with a span length L=25.4mm (ASTM D7264/D7264M-21). The flexural

strain (&, ) and stress (o, ) are calculated as:

6h,0
& = Lg (3.2)
_ 3FL (3.3)

" 2bh,

where /i, =0.8 mm (thickness of GFRP composites), b =35 (width of GFRP

composites), 0 (midspan deflection), and F is applied load. The gauge factor under
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flexural strain (GF, ) is defined as:

B>
~

(3.4)

9
. I‘Io’;o ‘

where AR is the change in the electrical resistance, R, is the initial electrical

resistance, — 1is the relative electrical resistance, and ¢ is the flexural strain.
0

As shown in Figure 3.4b, the three-point bending test subjects the sample to
progressively increasing load until catastrophic failure occurs. As flexural stress
increases, the embedded GP-GFS exhibits a corresponding rise in relative resistance
change that follows a consistent trend. A sharp surge in relative resistance occurs at the
critical fracture point of the GFRP composites, due to the rupture of the percolative
graphene network under fracture strain, which irreversibly destroys the electron
transport. When the flexural strain is below 0.01, the GP-GFS shows a near-linear
response with a gauge factor (GF, ) of 0.2, significantly lower than observed under
tensile loading. This reduced sensitivity in flexural strain originates from the neutral
plane effect in bending deformation: as the GP-GFS is embedded in the midplane of
GFRP composites, it experiences minimal strain during small deflections, where
bending-induced compressive and tensile strains on opposing surfaces largely cancel at

the neutral axis.

The underlying sensing mechanism is governed by the conductive network built by
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graphene flakes within the PVA matrix. Under bending deformation, the GP-GFS
experiences asymmetric strain distribution—compression on one side and tension on
the opposite. In regions subjected to compressive forces, graphene flakes undergo
enhanced aggregation and tighter overlapping, locally intensifying conductive paths.
Conversely, areas experiencing tensile deformation exhibit increased separation
between adjacent graphene flakes, disrupting electron transport networks, as illustration
in the Figure 3.4c. This reconfiguration of the conductive paths modulates the overall
electrical resistance of the GP-GFS, enabling precise detection of flexural strain

variations through corresponding electrical signal modulations.

To further evaluate the real-time flexural strain discrimination capability, cyclic

bending tests are conducted at a strain rate of 0.005% s

with strain amplitudes of
0.085%, 0.134%, and 0.260% (in Figure 3.4d). Similar to tensile performance, the
relative resistance changes exhibit high-fidelity tracking of the applied flexural strains,
accurately replicating both the magnitude and phase of each deformation cycle. Notably,
the GP-GFS resolved distinct strain levels with a precision of 0.049%, demonstrating
clear differentiation between the three tested flexural strain amplitudes. Further
investigation of the detection limit of GP-GFS reveals a minimum detectable dynamic

flexural strain of 0.028% (in Figure 3.4e), demonstrating ultrahigh sensitivity to

microscale deformations.

The GP-GFS exhibits exceptional sensitivity under both tensile and bending loading
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modes, with particular proficiency in detecting minute strain variations. This
exceptional ability to monitor microstrains enables precise tracking of subtle
deformations induced by lithium-ion (Li-ion) intercalation/deintercalation dynamics
during electrochemical cycling. Furthermore, the superior dynamic response
characteristics and remarkable durability of GP-GFS facilitate rapid detection of
transient external mechanical stimuli while maintaining consistent performance over

extended operational periods.
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Figure 3.4 Sensing performance of the GFRP composites with GP-GFS under three-
point bending. a Schematic diagram of testing the sensing performance of the GFRP

composites with GP-GFS under three-point bending; b stress/relative resistance change
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vs. flexural strain; ¢ schematic illustration of the conductive path of GP-GFS at initial
state and flexural strain; d the relative resistance change under cyclic flexural strain
with the maximum strain of 0.085%, 0.134%, 0.260%; e relative resistance change
under a cyclic flexural strain of 0.028% showing the minimum detection limit of the

GP-GFS.

3.5 Monitoring the Status of Structural Battery

3.5.1 Monitoring Internal Strain of Structural Battery

Leveraging these advantageous properties, we have successfully integrated the GP-GFS
with structural battery components to develop an intelligent structural battery capable
of simultaneously monitoring both internal electrochemical-induced strains and
external mechanical deformations in real time, thereby enhancing both safety and

reliability.

The fabrication process of intelligent structural battery integration is illustrated in
Figure 3.5a. The commercial Li-ion pouch cell (Yidian Tech® YD 042255, capacity:
24 mAh, dimension: 55.5 mmx22.5 mmx0.45 mm) is first embedded between the
second and third glass fiber plies, and the GP-GFS is then aligned on the third glass
fiber ply using the same electrode bonding and wiring protocol, separated by a resin-
coated glass fabric isolation layer to prevent pouch cell electrode from contacting the
GP-GFS. The final glass fiber ply encapsulates the GP-GFS, followed by vacuum
consolidation and ambient curing. Figure 3.5b depicts a schematic of the multilayer

intelligent structural batteries, detailing the hierarchical integration of the Li-ion pouch
52



cell, glass fabric, and embedded GP-GFS, with Figure 3.5c providing a photographic

representation of the fully encapsulated prototype.

During Li-ion pouch cell operation, the charging and discharging processes are
accompanied by reversible swelling behavior in the direction perpendicular to the
pouch surface which is due to Li-ion intercalation/deintercalation [223, 224]. The pouch
cell is operated using established protocols for constant current and constant voltage
(CC-CV) charging and constant current (CC) discharging processe in a battery test
equipment (NEWARE® CT/CE-4000) with a constant temperature charmer (25°C).
Figure 3.5d depicts four representative charge-discharge cycles of the voltage of the
pouch cell (0.5 C rate) and the corresponding relative resistance change of the GP-GFS.
During CC charging from 3.1 V to 4.2 V, rapid Li-ion intercalation into the anode
induces progressive battery swelling [31], generating increasing internal strain. The
GP-GFS effectively captures this rising internal strain, manifested as an increase in
relative resistance. During the subsequent constant-voltage (CV) charging phase at
4.2V, Li-ion undergoes gradual redistribution and complete intercalation throughout
the electrode structure [225, 226]. At this time, the strain increases very slowly and
gradually stabilizes, yielding minimal relative resistance change. The CC discharge
from 4.2 V to 3.1 V triggers Li-ion progressively deintercalation and anode contraction,
followed by accelerated voltage drop, strain recovery, and the relative resistance of the
GP-GFS decreases accordingly. The results demonstrate that GP-GFS enables real-time

assessment of SOC in structural batteries by correlating Li-ion intercalation dynamics
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with mechanical strain evolution.

Further, the GP-GFS shows the capability for monitoring SOC across varied C-rates
(0.5C, 1C, 1.5C), as evidenced by its proportional relative resistance changes in Figure
3.5¢e. At 0.5 C, the relative resistance changes manifest a characteristic transient plateau
during the mid-charge/discharge regime, directly corresponding to the minimal
volumetric fluctuation associated with the phase transition of the graphite anode from
LiCis to LiCi2 [31, 227-229]. During this transitional stage, the cell voltage
progressively increases while mechanical strain remains consistent, reflecting the
uniform Li-ion intercalation process. When subjected to elevated charge/discharge rates
(1 C and 1.5 C), the plateau region exhibits significant attenuation, indicating the

acceleration of side reactions [31, 229].
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Figure 3.5 The intelligent structural battery for monitoring internal strain. a Preparation
flowchart of the intelligent structure battery; b schematic of the multilayer intelligent
structural batteries; ¢ photographic of the prototype; d relative resistance response of
the GP-GFS during four successive charge—discharge cycles, and the cell voltage-
versus-time plot during the same cycles; e relative resistance response of the GP-GFS

under different cell C-rates.

3.5.2 Monitoring External Impact of Structural Battery

The GP-GFS exhibits versatility beyond monitoring internal electrochemical-induced
strain, demonstrating capability for rapid detection of external mechanical impacts—a
critical safety feature for structural batteries deployed in dynamic operational

environments. To simulate realistic collision scenarios, a custom-built impact platform
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is employed to deliver controlled strikes with an energy of approximately 0.06 J to the
intelligent structural battery during seven consecutive charge-discharge cycles at 0.5 C
(Figure 3.6a). Owing to the limitations of the available data acquisition system
(Keithley® DMM 7510, Sampling rate of 40 Hz), it is technically challenging to
maintain both high sampling rates and continuous long-duration data logging
simultaneously; consequently, priority is given to monitoring the electrochemical
cycling of the battery. Despite the sampling rate limitation, which prevents full
reconstruction of the high-frequency impact waveform, the GP-GFS still reliably
signals external impact events through sudden resistance spikes, providing an effective
early-warning capability. In the initial cycles, the baseline resistance remained stable;
however, from cycle 3 onward, a slight upward drift emerged due to cumulative damage
to the conductive network under repeated mechanical compression from battery
expansion. Importantly, even with this minor drift, the GP-GFS produced clear,
instantaneous spikes at each impact (applied during cycles 1, 5, and 7; Figure 3.6b—d),
precisely indicating the timing of mechanical impacts. This advanced performance
stands in stark contrast to conventional battery management systems (BMS), which are
fundamentally insensitive to non-electrochemical perturbations and thus unable to
detect such mechanical perturbations. The applied hammer strikes generate localized
strains that temporarily disrupt the graphene-PVA conductive network, resulting in
significant resistance surges. By providing real-time alerts to collision-induced
structural compromises such as composite microcracks or interfacial delamination, the

intelligent structural batteries effectively prevent the progression of latent failure that
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could potentially escalate into catastrophic thermal runaway events.
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Figure 3.6 The intelligent structural battery for monitoring external strain. a Response
of an intelligent structural battery with embedded GP-GFS to external impacts during
operation; b-d enlarged image of the relative resistance change of the GP-GFS under

three different impacts.

3.6 Summary

This study presents an implantable, ultrasensitive GP-GFS fabricated via dip-coating
for monitoring the state of structural batteries. The GP-GFS achieves exceptional
sensing performances, including a minimum detectable tensile and flexural strain of
0.009% and 0.028%, while maintaining 98.5% sensitivity retention over 2,000

mechanical cycles. At 50 wt% graphene concentration, the GP-GFS reaches its
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percolation threshold, marked by the formation of continuous conductive networks and
conductivity of 6.37x10% S/m. By embedding the GP-GFS within a GFRP composites-
encapsulated Li-ion pouch cell, GP-GFS effectively monitors internal strains generated
during charge-discharge processes even in multiple C-rates (0.5 C-1.5 C), facilitating
accurate SOC estimation based on mechanical deformation. During external impact
simulations, the GP-GFS captures transient mechanical perturbations undetectable by
voltage-based BMS, demonstrating its unique capacity to identify collision-induced
risks such as microcracks or delamination. Although current data acquisition system
limitations prevent simultaneous high-frequency sampling and long-duration
monitoring, making complete restoration of external impact signals challenging, the
timing of impacts can still be reliably determined through sudden resistance variations.
The GP-GFS provides critical early warning indicators for potential failure modes
ranging from abnormal lithiation processes to impact-induced structural damage in
demanding environments. This limitation can be addressed in future work through a
dual acquisition approach: implementing a low-sampling-rate system for continuous
battery cycling monitoring alongside a high-sampling-rate system for transient impact
detection, with synchronized timing to enable correlation of impact events with specific

electrochemical states.
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CHAPTER 4
Stencil Printed Non-intrusive
Graphene/epoxy Sensor for Structural

Health Monitoring

4.1 Introduction

GFRP composites degrade continuously through service, entailing effective health
monitoring to ensure structural integrity. In this chapter, a new type of GFRP structure,
with the embedded non-intrusive sensors for in situ SHM, is developed. Piezoresistive
nanocomposite sensors — a pre-cured hybrid of GNP and epoxy, are printed in the
second lamina of GFRP prepreg with epoxy matrix during lay-up to laminate process
and then co-cured with GFRP composite, keeping the continuity at the interface
between the composite. The GNP/epoxy sensor successfully captures the structural
response from static strain to a high frequency ultrasonic wave up to 600 kHz with a
gauge factor up to 26, which is the first ever nonintrusive GNP/epoxy piezoresistive
sensor with an ultra-wide frequency response to mechanical deformation. Furthermore,
the mechanical properties of host composite show negligible signs of intrusion testified
with tensile and bending tests. GFRP with embedded sensor features merits of high
strength from GFRP as well as high-sensitivity sensing capability from the

nanocomposite sensors, opening up a new avenue to in situ health monitoring of
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composites.

4.2 Preparation of GNP/epoxy Sensor

A sensor material preparation procedure is proposed to minimize nanofiller
agglomeration and suppress the generation of void. Graphene (diameter: 50 um, layers:
<3, and purity: > 95%) was supplied by TIME NANO Chengdu. Epoxy resin (Buehler®
EpoKwick FC) is provided by BUEHLER USA. The fabrication procedure of GFRP
composites with the embedded GNP/epoxy sensor is shown in Figure 4.1. A total of
0.06 g of graphene nanofiller is dispersed in 4 g epoxy and then added to 4 ml acetone
(purity: > 99.9%) to form a homogeneous dispersion using a magnetic stirrer at 25°C
with 400 rpm for 20 hours. Then, the mixture is sonicated in an ultrasonic bath for 30
mins, followed by acetone evaporation in a vacuum oven under -25 inHg at 80°C for 3
hours. After the acetone is completely evaporated, the hardener is added into
graphene/epoxy using mechanical stirring for 5 mins, and then placed in the oven at a

pressure of -25 inHg at 25°C for 30 mins for degassing.
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Figure 4.1 Flowchart of GNP/epoxy sensor and composite with sensor fabrication.
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4.3 Fabrication of Sensors and GFRP Composites

Plain weave glass fiber prepregs with 38 wt% epoxy resin for GFRP composite are
supplied by the Easycomposites UK. An electrical connection made of a CNT fiber is
purchased from TIME NANO. The glass plate is used as the baseplate, on all sides of
which the release agent is coated and the sealant tape was pasted. The GFRP laminate
consists of 4 layers of glass plain weave prepreg which is cut to the shape of the sample
by a prepreg cutting machine (AOL® AOL-1313), and stacked on the baseplate. Then
two CNT fibers as the connection wire are arranged in precise locations on the second
glass fiber prepreg ply and the electrode distance between the two CNT fibers of each
sensor was controlled at 1 mm. After that, the sensors with 1.5 wt% (closing to the
percolation threshold [9]) of graphene in the nanocomposite solution are printed at a
specific position where the CNT fibers were fixed, and the initial thickness and shape
of the sensor are controlled with a mold. After the sensor fills the mold, the mold is
peeled off, followed by the stack of the remaining two prepreg plies. At last, the pill
film, breather, and vacuum bag are placed in sequence on the top of the prepreg plies,

as shown in Figure 4.2.
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Figure 4.2 The fabrication schematic of GFRP with embedded GNP/epoxy sensor.

After the above steps, sensors and prepregs were co-cured at 120°C for 90 mins. To
study the effect of co-curing fabrication pressure on the sensitivity of the sensor, GFRP
composites with graphene/epoxy sensor and CNT fibers were fabricated at -15 inHg, -
20 inHg, -25 inHg, and -30 inHg, namely GEP-15, GEP-20, GEP-25, and GEP-30,
respectively. Note that -30 inHg equals the standard atmospheric pressure, which is the
maximum pressure that can be reached with the vacuum bag. The GFRPs with the
embedded GNP/epoxy sensor fabricated at these four pressures are displayed in Figure
4.3, showing different final shapes of this sensor. The spread of the embedded sensor
to the nearby area increases as the pressure increases. Further, the fabrication pressure
also influences the initial resistance and thickness of the embedded GNP/epoxy sensor.
The average resistance of the embedded GNP/epoxy sensor fabricated at -15, -20, -25
and -30 inHg are approximately 800 KQ, 1 MQ, 3 MQ and out of the measurement
range of the multimeter (> 1 GQ), respectively. And the thicknesses of the sensors are

105 pm, 76 pm, 62 um, and 40 pm at -15, -20, -25 and -30 inHg, respectively, making
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the thickness of GEP-15, GEP-20, GEP-25 and GEP-30 0.9 mm, 0.89mm, 0.89 mm

and 0.88 mm, respectively.

Figure 4.3 The embedded sensor profile at different fabrication pressures.

4.4 Morphological Characterization

In order to explore the morphology of GFRP with GNP/epoxy sensors, two key factors
need to be precisely observed, one is the graphene dispersion which determines whether
the sensor has a strong sensing capability, and the other is the bonding condition that

affects the mechanical performance of the composite.

Before observing on a SEM platform (FEI® Nova NanoSem450), the cross-section of
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the sample was first polished by a semi-automatic grinder polisher (Buehler® EcoMet
30) to gain a perfect surface, then a sputter coating was applied to each sample cross-
section with a thin layer of gold, with some representative SEM images displayed in
Figure 4.4. Figure 4.4a shows the cross-section of the GFRP with an embedded
GNP/epoxy sensor. The sensor was integrated into the bonding interface located in the
middle of GFRP. It is observed in Figure 4.4c that GNPs are dispersed randomly and
evenly in an epoxy matrix. Because of the uniform dispersion, it is conducive to
creating a stable conductive percolating network in the nanocomposite. And in Figure
4.4d at a smaller scale, a substantial number of conductive paths built in the graphene
network can be clearly observed, which is the precondition to trigger the tunneling
current when subjected to external straining from quasi-static tensile, vibration, and

GUWs, etc.

"" Bonding area

Figure 4.4 SEM images of (a) the cross-sectional GFRP laminate with an embedded
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sensor, (b) the interface between composite and embedded sensor, and (c, d)

graphene/epoxy nanocomposite sensor at two different scales.

As seen in Figure 4.4a, the sensor and glass fiber bundle are tightly bonded together to
form a continuous whole in the area where the sensor is in contact with the glass fiber.
And there is no visible interface between the GNP/epoxy sensor and composite matrix,
the two are fused as a whole. A zoom-in of the GFRP where the embedded sensor is
placed (see Figure 4.4b) further validates the tight sticking of the sensor material around
the glass fiber, attributed to the identical matrix used for the nanocomposite sensor and
the GFRP. Thus, the developed nanocomposite shows the potential of being truly non-
intrusive to the host structure, while fulfilling the sensing capability, which are both

validated in the following study.

4.5 Broadband Sensing Capabilities of GNP/epoxy

Sensor

To examine the sensing capabilities of the developed GNP/epoxy sensor to strains in a
wide range of magnitude and frequency, the quasi-static tensile load, dynamic cycling

load, vibration, and GUW tests are all conducted as follows.

4.5.1 Quasi-static Test

The quasi-static tensile test of GFRP with sensor integration (250 mm X 25 mm) was
performed to investigate the sensitivity of the sensor at different fabrication pressures.
The changes in electrical resistance (ER) of the sensor were measured and recorded
with a digital multimeter (Keithley® DMM?7510) by the two point method as shown in
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Figure 4.5. The normal strain of the composites was measured with the extensometer.
Gauge factor (K) can be defined by the relative change in ER due to mechanical strain.

This definition is shown in Formula 3.1

Glass fiber prepregs Keithley multimeter

Embedded

sSensor

Universal testing system Computer

Figure 4.5 Experimental set-up of quasi-static test under tensile load.

The variation of gauge factor at different fabrication pressures is shown in Figure 4.6.
Within the elastic domain (g, < 0.3%), the fitted gauge factors of GEP-15, GEP-20,
GEP-25 and GEP-30 are 20, 22, 26 and 0, respectively. In consequence of the
nanocomposite sensor material being in an uncured state when evacuated in a vacuum
bag, it is pressed to a certain thickness at specified pressure. The embedded sensor
fabricated at lower pressures with larger thickness builds more conductive paths
through the thickness than thin sensor. However, more conductive paths impair the
sensitivity of strain, because the gap variation between adjacent GNPs is not sufficient
to cause significant global resistance changes [230]. In addition, the embedded sensor
fabricated at -30 inHg pressure does not exhibit any sensing capability. It is because
that the embedded sensor is over-pressed and the GNPs are separated at -30 inHg

pressure, which cannot be connected to form a complete conduction path. As a result,
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at -25 inHg fabrication pressure, the gauge factor of the sensor is larger than those that
of sensors at lower fabrication pressures, and 12 times larger than commercial strain

gauges (K =2).
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Figure 4.6 The fitted gauge factor of the sensor at different fabrication pressures with

quasi-static tensile load.
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Figure 4.7 Stress-strain curve and ER change of GEP-25.

Figure 4.7 shows the relationship between ER and strain of GFRP with embedded
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GNP/epoxy sensor in the larger strain domain. The result shows that the tensile load
induces strain resulting in positive increment in ER. And particularly the ER of GEP-
25 presents a marked exponential growth. This exponential increase can be attributed
to changes induced by tunnel resistance, which increases exponentially with distance
from adjacent graphene nanoparticles, as confirmed by Moriche et al [231]. Disruption
of some conductive paths in the sensor at large strains can quickly lead to a large
increase of ER in the sensor, resulting in a high sensitivity at large strains [230].
Therefore, different gauge factors of embedded sensor can be observed at different
ranges of strain from Figure 4.7, which are around 26 (0-0.5%), 41 (0.5%-1%), 58 (1%-
1.3%,), and 83 (1.3%-1.6%) for GEP-25, respectively. Hence, with the excellent
mechanical properties and strain sensitivity, GEP-25 is adopted for further dynamic

testing.

4.5.2 Dynamic Cycling Test
The long-term sensing stability of the embedded GNP/epoxy sensor in GFRP was

examined with cyclic tensile test. All the specimens were cycled at a constant strain

range from 0 to 0.3% (within the elastic domain) at a frequency of 0.1 Hz using LTM

electrodynamic testing machine (ZwickRoell® linear testing system 10 kN).

As displayed in Figure 4.8, using a high-pass filter to filter out ambient noise, the ER
change remains stable after 10000 cycles, indicating the good integrity of the
conducting pathways in the developed sensor at quasi-static fatigue load. In order to
observe the change of sensor resistance under a fatigue loading cycle, a few cycles

(from 30 to 36 and 9970 to 9976) were selected to zoom in. The ER change presents a
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slight decrease with the number of cycles increasing, which is corroborated in the
reported works investigating fatigue in nanocomposites[232, 233]. That decrease could
be associated to the relaxation of the polymer chains during a nanocomposite being
cycled, thereby reducing the confinement of graphene nanofillers, causing the re-

orientation of the nanofillers and the presence of stacked conductive particles or

agglomerates.
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Figure 4.8 Filtered change ratio of ER of GNP/epoxy sensor at 0.1 Hz cyclic fatigue
load.

The ER change is also interrogated. As displayed in Figure 4.9, in the initial 1000 cycles,
there is an increase of 3.3% in the ER of embedded sensor, after the remaining 9000
cycles, the ER slowly increases by 2%. This phenomenon is very common for
composites loaded for the first time, i.e., the first 1000 cycles are to eliminate the
prestress introduced by the preparation process. After the sensor was unloaded and
stored statically for 30 days, the resistance of the sensor remains at the same value at
the end of the fatigue experiment. It demonstrates that the microstructure of the
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embedded sensor slightly changes resulted from an irreversible change during cyclic
loading. Because it is difficult to completely remove the fine air bubbles in the sensor
during the preparation process, which leads to crack propagation as the nanocomposite
sensor undergoes cyclic tensile loading. Ultimately, this internal cracking leads to the
destruction of part of the conductive network at the crack. With cycles from 875 to 880
(see inset in Figure 4.9), the ER change exactly correlates with the applied load with no
phase delay. The indicated quick response ability provides a potential for the sensor

application to strains of higher frequency such as vibration and GUWs, which are tested

as follows.
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Figure 4.9 ER change of the embedded sensor at the cyclic strain of 0.3%.

4.5.3 Vibration Test (300 Hz to 2 kHz)

After the quasi-static testing, the dynamic electromechanical response of the GFRP
laminate (300 mm X 80 mm X 0.87 mm) with an embedded sensor was tested. The

experimental platform is shown in Figure 4.10. One end of the laminate was clamped
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by a plain vice fixed on the bracket as a cantilever beam, while the other end was excited
by the vibration machine. The excitations (from 300 Hz to 2 kHz) were generated by a
waveform generator (Tektronix® AFG31051) through an electromechanical shaker
system (SKC® YE-10) at 40 mm from the free end of a laminate. To calibrate the sensor
performance, a strain gauge (350 Q) was attached to the surface of the laminate at the
same position as the sensor, which was 60 mm from the fixed end. The dynamic
responses of the sensor and strain gauge were measured with a self-developed
adjustable and commercial acquisition system, respectively. The self-developed
adjustable system integrates a Wheatstone bridge with adjustable resistors compatible
with the ER of the developed sensor, which is powered by a power supply (ITECH®
IT6302), and the commercial acquisition system (KYOWA® DPM-911B) was
composed of a Wheatstone bridge and a signal conditioner. Then, both signals were

input into an oscilloscope (Keysight® Infiniium MXRO058A).

With a low magnitude of elastic disturbance from the vibration test, signals are prone
to disturbance from the ambient noise and power radiation. Thus a band pass filter from
100 Hz to 5 kHz was applied to the raw signals. A sinusoidal vibration signal sweeping
frequency test from 300 Hz to 2 kHz was performed, and the response signals are shown
in Figure 4.11. By observing the response signal, it is found that the sensor has a very
good capability of dynamic stability, repeatability, and response reversibility, and the
filtered signals show no waveform distortion or hysteresis. After that, a random
frequency of 800 Hz is selected from the frequency sweeping to compare the response
signal of the sensor and the strain gauge at this frequency as displayed in Figure 4.12.
Since the two sensors are installed at different thicknesses of GFRP, the collected

signals exhibit the differences in terms of both the magnitude and phase, but show the
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same frequency as the vibration excitation.
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Figure 4.10 Experimental set-up of dynamic vibration test.
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Figure 4.11 Vibration response of GNP/epoxy sensor at different frequencies from 300

Hz to 2 kHz.
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Figure 4.12 Response of GNP/epoxy sensor and strain gauge at 800 Hz.

4.5.4 Guided Ultrasonic Wave Testing (150 kHz to 600 kHz)
Following the same fabrication process as detailed in Section 8.3, a GFRP (200 x 300

x 0.87 mm?*) with the embedded sensor was prepared, on which a lead zirconate titanate
(PZT) wafer (PSN-33, @10 mm, 1 mm thick) was surface mounted. A 3-cycle Hanning-
window-modulated sinusoidal tone burst with the central frequency varying from 150
kHz to 600 kHz was generated by a waveform generator (Tektronix® AFG31051), and
then amplified using a power amplifier (Falco systems® WMA-300) to a Vpp of 300 V
to excite the PZT wafer. Another receiving PZT wafer was mounted on the surface
where the GNP/epoxy sensor had been embedded, which is 150 mm from the excited
PZT, to calibrate and compare the signal acquired with both sensors, as shown in Figure
4.13. For the developed nanocomposite sensor, the elastic disturbance-induced ER
change was captured with a signal acquisition system, which consists of a self-
developed adjustable amplification module and an oscilloscope. To suppress ambient
noise and measurement uncertainties, the adjustable amplification module powered by
a power supply (ITECH® IT6302) was developed, which is composed of a resistance-
voltage transformation module converting piezoresistive variation to electrical signals,
a bandpass filter, and a high-gain amplification module.
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Figure 4.13 Experimental set-up of GUW test.

Figure 4.14 shows filtered ultrasonic signals acquired with GNP/epoxy sensor and PZT
wafer between 150 kHz and 600 kHz. The qualitative coincidence in the time-of-flight
of the first arrival zeroth-order symmetric Lamb wave (denoted by So) acquired with
PZT and an embedded GNP/epoxy sensor for the wave modes is observed.
Discrepancies in signal magnitude captured with the two types of sensors can be
attributed to the distinct sensing mechanisms. The PZT wafer measures the changes in
piezoelectricity, whereas the nanocomposite sensor measures the variation in
piezoresistive properties based on the tunneling effect. To further investigate the
sensing performances between 150 to 600 kHz (with a step of 30 kHz), the spectra of
signals perceived with the GNP/epoxy sensor (see Figure 4.15a) and PZT wafer (see
Figure 4.15b) are displayed over the time-frequency domain. Results show that the

GNP/epoxy sensor exhibits a comparable sensing capability to a commercial PZT wafer.
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Thus, the embedded GNP/epoxy can be used to monitor the health condition of

composite structures.
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Figure 4.14 GUW signals acquired with the embedded GNP/epoxy sensor and surface-
mounted PZT wafer at (a) 150 kHz, and (b) 600 kHz.
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4.6 Mechanical Properties

To study whether the developed GNP/epoxy sensor with a gauge factor up to 26 is
mechanically compatible with composite structures, GFRP composites with embedded
sensor fabricated at -25 inHg were tested with the tensile and three-point bending tests
to investigate the effect of an embedded sensor on the mechanical properties of

composites. Five samples were tested for each GFRP configuration.

4.6.1 Tensile Test

The tensile test was performed according to ASTM D3039 using a universal testing
system (ZwickRoell® 20 kN Allround tabletop), as shown in Figure 4.16a. The GFRP
composites with and without an embedded sensor at the center of the composite are 250
mm X 25 mm X 0.89 mm in the in-plane dimension. To suppress the random errors,
five samples were tested for each test. The raw dimension of the sensor before pressing
is 4 mm X 4 mm. Glass fiber tabs were attached at two ends of the specimen with
epoxy glue (3M® DP460) as reinforcing sheets to avoid breakage in the gripping area.

The test was performed at a constant cross-head speed of 2 mm/min.
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Figure 4.16 (a) Experimental setup of tensile test, (b) fracture of laminates with an

embedded sensor, and (c) schematic diagram of three-point bending experiment.
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Figure 4.18 Tensile modulus and strength of GFRP with and without sensor.

Figure 4.17 shows the result of GFRP with and without embedded sensor under tensile
load. The stress-strain curve (in Figure 4.17) for the GFRP composites with and without
embedded sensor displays stress increasing gradually with applied tensile strain before
reaching a brittle fracture. As displayed in Figure 4.16b, for all the five samples, the
fracture occurs away from where the sensor was placed, which indicates the strong

bonding between sensor and prepreg that withstands the tensile load.

Similarly, Figure 4.18 shows the comparison of tensile properties of composite with
and without sensor. The tensile strength and Young’s modulus of composite with
embedded sensor are -0.3% and -1% less than the original GFRP, respectively, and this
subtle difference comes from discrepancy in sample manufacturing and testing. Thus,
the integration of the sensor, made of the same polymer as the host structure, shows

almost the same mechanical property as the original host GFRP.
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4.6.2 Three-point Bending Test

Following the above tensile test, the bending performance between the GFRP with and
without the embedded sensor was further tested with the three-point bending test, which
was performed using the universal test platform (WANCE TEST® TSE503A) with the
speed of crosshead of 1 mm/min. Five respective GFRP samples (50.8 mm X 12.7 mm
X 0.89 mm) with and without an embedded sensor (2 mm X 2 mm) were prepared
according to ASTM D790. To validate the influence of the embedded sensor on the
bending performance, the cross section where the sensor is embedded is placed in the
middle point of the test platform which withstands the largest bending moment, as

shown in Figure 4.16.

The stress-strain curves under three-point bending of the GFRP with and without
embedded sensor is shown in Figure 4.19. As displayed in Figure 4.20, compared with
the original GFRP with the flexural strength and modulus of 412 MPa and 13.1 GPa,
respectively, the GFRP with embedded sensor shows a slightly increase by 2.7% and
5.3%, respectively, attributed to the slight increase of thickness in the interply layer

from the embedded GNP/epoxy sensor.
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without embedded sensor; S1-S5: with embedded sensor).
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Figure 4.20 Flexural modulus and strength of GFRP with and without sensor.

4.7 Summary

A nonintrusive GNP/epoxy nanocomposite sensor embedded into GFRP was developed.
In an uncured state, the sensor is embedded in the specific prepreg layer during lay-up
to laminate and then co-cured with GFRP composite. As observed from nanoscale

morphological characterization, a remarkably reduced intrusion to the composites
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compared with conventionally embedded sensors is that this sensor with identical
matrix of epoxy blends with prepreg’s epoxy during curing process. Different pressures
are applied to the co-curing process of GFRP with embedded sensors, whose gauge
factors and mechanical performances at quasi-static tensile loading are found to reach
a great balance at -25 inHg pressure. With the tested gauge factor up to 26 at -25 inHg
pressure, the excellent sensing capabilities of the developed sensor at cycling loading,
vibration, and GUW up to 600 kHz are proved, exhibiting high stability, reversibility,
and repeatability in responding to dynamic strains without phenomenal hysteresis and
deviation. In addition, a series of tensile and bending tests prove that the GFRP
composite’s structural stiffness and strength are not adversely affected by the embedded
sensor. Hence, GFRP composites with embedded sensor have both the inherent high
mechanical properties from GFRP and the strain-sensing capabilities from sensor,

which endows fiber-reinforced composites with potential for in situ health monitoring.
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CHAPTER 5

Aerosol Jet Printed Graphene/CNC Sensors

5.1 Introduction

Conventional sensor fabrication methods are often costly, complex, and limited in
scalability, while other printing techniques suffer from narrow ink compatibility or poor
conformability. In contrast, AJP offers high-resolution, maskless deposition on diverse
substrates, accommodating a broad range of ink viscosities and particle loadings. These
advantages make AJP particularly attractive for flexible electronics and nanocomposite

sensor fabrication.

In this chapter, graphene/CNC nanocomposite inks with eight different graphene
concentrations are formulated and processed via AJP to fabricate flexible sensors. The
printing parameters are systematically optimized to ensure uniform deposition and
high-quality feature definition. The resulting sensors are first examined in terms of their
microstructural morphology, highlighting the influence of graphene concentration on
film formation. Their sensing performance is then evaluated across a broad frequency
spectrum, from quasi-static strains to high-frequency ultrasonic excitations, to elucidate

the relationship between filler content, microstructure, and frequency-dependent
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sensitivity.

5.2 Preparation of Nanocomposite Sensor

The fabrication of the sensor begins with the preparation of a precursor solution
containing an insulating spacer suspension (CNCs in deionized water (DI water)) and
a conductive suspension (graphene in ethanol). Sensor inks, prepared by
homogeneously mixing graphene and CNCs suspensions at varying weight ratios, are
used to fabricate a series of specific sensors with customized patterns through aerosol
jet printing. The synthesis process of the sensor ink is illustrated in Figure 5.1. Graphene
(50 um in diameter, < 3 layers, and > 95% purity, TIME NAN® TNERGO-50) and
CNCs (~10 nm wide and ~200 nm long, ScienceK® CNCs) are respectively dispersed
in alcohol and DI water using an ultrasonic crusher for 30 minutes, whereby to produce
graphene ink with the concentration of 5.5 mg/ml in alcohol and CNCs with the
concentration of 5.8 mg/ml in the DI water. Subsequently, the graphene and CNCs are
mixed at a mass ratio of 1:9 to 8:2, to create a sensor ink readily available for AJP.
Printed sensors with inks of different mass ratios between graphene and CNCs are
denoted as GC-x (x = 10, 20, ..., 80), where x corresponds to the weight percentage of
graphene in the nanocomposite. For example, GC-10 refers to a sensor fabricated with
10 wt.% graphene in the graphene/CNC nanocomposite. These inks exhibit viscosities
in the range of 2.8-4.3 cP (RheoSense® microVISO), which lie well within the printable

window of AJP and ensure the formation of continuous, uniform tracks. The electrodes
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of each sensor are prepared using commercially available silver ink

(NOVACENTRIX" JS-A221AE).
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i~ 4 =3
= o Ultrasonic (/” N
CNC ink
cne | Diwater % - =l
I\_{J I_U Graphene/
Ultrasonic CNC ink

Figure 5.1 Fabrication flow of sensor ink.

5.3 Printing Process

The sensor and silver conductive circuits are printed on an aerosol jet 3D printing
platform (Optomec® AJP300). To preserve the layered structure of graphene,
pneumatic atomization is employed for the nanocomposite ink, while ultrasonic
atomization is used for the silver ink, eliminating the need to clean pathways during the
process. The nanocomposite ink is continuously stirred at 500 rpm to prevent graphene
aggregation, and the build platform is maintained at 80°C to accelerate solvent
evaporation. Printing parameters such as atomizer flow rate, sheath flow rate, and stage
speed, which influence the geometry and quality of the sensing unit, are discussed in
the following Section 5.4. To prevent nozzle clogging, sheath gas is introduced to

accelerate the atomized ink stream, ensuring precise deposition onto the GFRP laminate
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in the desired pattern (Figure 5.2).
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Figure 5.2 AJP for sensor printing.

This printing process facilitates microscale self-assembly of graphene/CNCs layered
structure, involving three distinct stages: deposition, evaporation, and formation
(Figure 5.3a, b, ¢). In the deposition stage, atomized droplets of the sensor ink land on
the substrate, with graphene and CNCs uniformly suspended in the solvent (DI water
and ethanol), and each particle is surrounded by solvent molecules, keeping the
particles independent of each other (Figure 5.3a). In the evaporation stage, driven by
the heated building platform, the solvent evaporates and van der Waals forces between
graphene sheets increase, promoting the stacking tendency of graphene (Figure 5.3b).
In the formation stage, CNCs act as the mediator, effectively retarding graphene
stacking process. Upon full solvent evaporation, a stable layered structure composed of
alternating graphene and CNCs layers is established (Figure 5.3c), with hydrogen

bonding between CNCs and graphene further enhancing structural stability.
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Figure 5.3 The self-assembly process of graphene/CNCs sensor via aerosol jet printing

5.4 Selection of Printing Parameters

Selecting the optimal printing parameters is crucial in the AJP process. Among various
parameters, the focusing ratio — the ratio of the sheath gas flow rate to the atomizer gas
flow rate, and the stage speed are pivotal, as they remarkably affect the printing quality

[60, 234, 235].

Considering the viscosity and composition of the prepared graphene/CNC
nanocomposite ink, the atomizer gas flow rate is set at 600 standard cubic centimeter
per minute (sccm) to form a stable and even distribution of aerosol droplets, and the
sheath gas flow rate is regulated in a range from 400 to 1000 sccm. A greater sheath
flow rate can improve the focusing of the aerosol droplets, which, however, commits a
higher risk to blow away the unevaporated ink droplets, causing undesirable sputtering
of the ink. On the contrary, a lower sheath flow rate may not provide sufficient focusing

of ink. In the meantime, different printing stage speeds are tested from 4 to 12 mm/s
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with an increment of 2 mm/s.

Figure 5.4 shows the microscopic morphology of the printed graphene/CNC sample as
observed with an optical microscope (KEYENCE® VK-X200), under three
representative sheath gas flow rates and four representative stage speeds. As seen in
Figure 5.4, different sheath gas flow rates and stage speeds lead to different degrees of
focusing of the graphene/CNC ink on the lower nylon insulation layer, as well as
different areas of the overspray region out of the printing region. Preferably, the width

of the overspray region shall be smaller than half width of the printing region [59].

As noted in Figure 5.4, increasing the sheath gas flow rate from 400 to 1000 sccm at a
constant stage speed can enlarge the width of the overspray region and decrease the
width of the printing region. A higher sheath flow rate creates a greater air pressure
difference between the sheath flow and the atomizer flow, exerting a higher
compressional load on the atomizer flow at the nozzle, thereby narrowing the printing
region [235]. However, part of the accelerated aerosol stream under the higher speed of
sheath flow is observed to rebound into the overspray region, as observed in other
studies elsewhere [127, 236]. In contrast, an excessively lower sheath flow rate, say
400 scem, fails to focus the aerosol droplets, resulting in scattered ink droplets over the
printing region. Together, a superior printing quality — showing a minimized overspray
region and focused ink droplets in the printing region, can be obtained when the sheath

flow is set at 600 sccm.
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Figure 5.4 Microscopic images of the printed areas under different AJP settings of

sheath flow rate and stage speed.

Given a fixed sheath flow, different printing stage speeds, varying from 4 to 12 mm/s,
are observed to lead to different widths of the printing region, Figure 5.4. In general,
the faster the stage speed the narrower the printing region it will be. However, when
the stage speed is above 10 mm/s, the width of the printing region no longer changes
remarkably. These experimental findings corroborate earlier discoveries in other

studies[60, 127, 234].

Considering the above observations, a sheath flow rate of 600 sccm and a stage speed

of 10 mm/s are considered to be the most optimal printing parameters of AJP in the
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hybrid printing. With this, the most optimal AJP parameters in this study are listed in

Table 5.1.

Table 5.1 Optimal AJP parameters used for printing the graphene/CNC ink and silver

ink.

Printing parameters for graphene/CNC ink Printing parameters for silver ink
Atomization Method Pneumatic Atomization Method Ultrasonic
Sheath Flow rate (sccm) 600 Sheath Flow rate (sccm) 50
Atomizer Flow rate (sccm) 600 Atomizer power (mA) 500
Platform Speed (mm/s) 10 Platform Speed (mm/s) 10

Nozzle Size (um) 300 Nozzle Size (um) 150
Platform Temperature (°C) 80 Platform Temperature (°C) 25

5.5 Characterization

The microscale morphology of the graphene/CNC sensor is examined using SEM
(TESCAN® MIRA LMS), complemented by energy dispersive spectrometer (EDS)
elemental analysis at different graphene concentrations (in Figure 5.5). As summarized
in Table 5.2, the progressive decrease in oxygen content with lower CNC fractions
aligns with the reduced cellulose presence, faithfully reflecting the designed
graphene/CNC ratios. Both the SEM images and elemental mapping in Figure 5.5
reveal the distribution of graphene and CNC: at lower graphene loadings (10-30 wt.%),
both components are uniformly dispersed, while at higher loadings (60—80 wt.%),

graphene becomes dominant and tends to coat the CNC surface. These microstructural
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characteristics govern the formation of the conductive network, which in turn
underscores the sensing performance of the sensor, as discussed in detail in the

following section.

Table 5.2 EDS quantitative analysis of C and O content for graphene/CNC composites

at different graphene loadings.

GRAPHENE (WT%) C (WT%) O (WT%)
10% 66.41% 33.59%
30% 69.69% 31.31%
60% 96.8% 3.2%

80% 97.34% 2.66%
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Figure 5.5 SEM images and corresponding EDS elemental mapping (C and O) of

graphene/CNC composites at varying graphene loadings.

5.6 Sensing Performance in Low-frequency

A series of sensors (dimension of 20 mmx 10 mm) with different graphene/CNCs ratios,

are measured their response at different tensile strain levels, varying both amplitude
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and frequency. The tensile measurement set-up includes a universal testing system
(INSTRON®™ 5982) equipped with a 1 kN load cell for applying tensile load on the
sample, a digital multimeter (Keithley® DMM7510) for recording the relative
resistance changes of the sensing unit through the two-point method, and a computer

for recording and analyzing data.

The relative resistance changes of sensors, prepared with varying graphene to CNCs
weight ratios (GC-10 to GC-80), is measured under uniaxial quasi-static tensile loads
across strain ranges of 0% to 0.4% and 0% to 0.1%, respectively (Figure 5.6 and Figure
5.7). In the strain range from 0% to 0.2% (Figure 5.6), all sensors exhibited a positive
correlation between strain and relative resistance change, and with familiar sensitivity
of ~0.7. In Figure 5.6, the performance of these sensors under ranges from 0% to 0.1%
is not readily discernible. An enlarged view for clearer observation is shown in Figure
5.7, demonstrating that the sensor with 40% graphene content (GC-40) displayed the
highest sensitivity (~0.9) in this range. Within the strain range of 0.2%-0.4% (Figure
5.6), a nonlinear increase in resistance is observed. The sensor with higher graphene
content (GC-80) exhibits a gauge factor of up to 10 and shows a more pronounced

relative resistance change, indicating enhanced sensitivity at higher strain levels.
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Figure 5.6 Relative resistance changes of the Graphene/CNCs sensor at the strain

ranges from 0 to 0.4%.
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Figure 5.7 Relative resistance changes of the Graphene/CNCs sensor at the strain

ranges from 0 to 0.1%.

This phenomenon occurs not only in quasi-static tests, but also in tensile cyclic tests at

the frequency of 1 Hz. Figure 5.8 presents the relative resistance changes of eight
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sensors, subjected to three dynamic strain levels of 0.12%, 0.19%, and 0.23% at a
constant frequency of 1 Hz. The GC-40 sensor demonstrates higher sensitivity at the
strain level of 0.12%, while GC-80 performs optimally under higher dynamic strain of
0.19% and 0.23%. By way of illustration, the relative resistance changes from GC-10
to GC-80 under a representative strain of 0.23% at a frequency of 1 Hz are shown in
Figure 5.9. These are because at higher graphene concentrations (GC-80), the stacked
graphene layers create an inert conductive network that can only be reconstructed under
the application of larger strain. In contrast, the GC-40 sensor with optimized interlayer
spacing enhances its sensitivity to smaller strains by facilitating tunneling currents and

allowing even minimal strain to alter the internal conductive network.
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Figure 5.8 Resistance response of different sensors (GC-10 to GC-80) under periodic

tensile strain of 0.12%, 0.19% and 0.23%, respectively, at the frequency of 1 Hz.
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Figure 5.9 Relative resistance changes of different sensors under a representative strain

of 0.23% at the frequency of 1 Hz.

The sensor exhibited a highly repeatable response when subjected to cyclic tensile
strain of 0.23% at the frequency of 1 Hz (Figure 5.10). In addition to the merits of
sensitivity and repeatability, the frequency resolution is another important advantage of
the sensor, which accurately detects frequency changes at 0.4 Hz, 0.6 Hz, and 0.8 Hz
(Figure 5.11), consistent with the frequency of applied load, as shown in Figure 5.12.
The sensor also demonstrates excellent performance in reliably distinguishing and
responding to different levels of cyclic tensile strain of 0.12%, 0.19%, 0.23% (Figure

5.13).
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Figure 5.10 Repeatability of GC-80 under periodic strain of 0.23% at frequency of 1
Hz.

Mean:0.06% Std: ¢=0.12%, 0.4 Hz
0.06

0.04
0.02

Mean:0.06% Std: €=0.12%, 0.6 Hz

0.06
0.04
0.02

A RIR (%)

Mean:0.06% Std: ¢=0.12%, 0.8 Hz

0.06
0.04
0.02

0 5 10 15
Time (s)

Figure 5.11 Relative resistance changes at different frequencies for a representative

sensor GC-80 under a constant strain of 0.12%.
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Figure 5.12 The frequency spectra of applied load and sensor under three representative

frequency of 0.4 Hz, 0.6 Hz, and 0.8 Hz.
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Figure 5.13 Relative resistance changes of the representative sensor GC-80 under

different strain cycle at frequency of 1 Hz.

The sensor’s high sensitivity, repeatability, and frequency resolution in detecting subtle
dynamic strains make it well-suited for potential applications in wearable medical

physiological signal monitoring and information transmission technologies (including
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encrypted communications and voice recognition). Figure 5.14 presents the real-time
pulse signal recorded by the sensor attached to a human wrist, with enlarged images of
two pulse waves inserted, clearly displaying three typical main waves—percussion-
wave, tidal-wave, and diastolic-wave, referred to as P, T, and D in the insert figure,

demonstrating the sensor’s capability to precisely distinguish key physiological signals.
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Figure 5.14 Real-time monitoring of human pulsation, and the inset shows enlarged

pulse wave, consisting of three characteristic peaks

The sensor transmits Morse code by tapping (Figure 5.15). Letters are represented in
Morse code as a series of dots and dashes, where a dot corresponds to a tap and a dash
corresponds to pause. Each spike corresponds to a tap detected by the sensor, while the
flat area represents a pause, matching the Morse code pattern for each letter of
“POLYU”. This demonstrates the sensor’s ability to accurately distinguish between

brief and sustained mechanical inputs, showcasing its high precision in detecting and
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interpreting dynamic signals.
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Figure 5.15 Relative resistance changes for Morse code of “POLYU” by tap sample

(tap represents dot and pause represents dash)

Figure 5.16 presents the waveform signals of a drumbeat recorded simultaneously by
the phone and the sensor. The time-domain signals of both recordings are found to be
nearly identical. Additionally, short-time Fourier transform (STFT) analysis of the
sensor’s signal verifies that it accurately captures the corresponding time-domain
waveform and successfully detects audio frequencies up to 1500 Hz. This demonstrates
the sensor’s capability to reliably record audio information with high fidelity in both

the time and frequency domains.
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Figure 5.16 Acoustic waveforms recorded by a phone and sensor, and the STFT

spectrogram corresponding to the sound waveform acquired by the sensor.

5.7 Sensing Performance of High-frequency

To assess the sensors on the ability of detecting high-frequency mechanical
perturbations, sensors with varying weight ratios of graphene to CNCs (labeled GC-10
to GC-80, 20 mm X 10 mm) are printed on a GFRP laminate (200 mm % 200 mm x 1
mm) and tested for the response to tiny perturbations induced by UGWs propagating
through the thin GFRP laminate at different frequencies (the experimental set-up in
Figure 5.17). A 5-cycle hanning-window-modulated sinusoidal tone burst, generated
by a waveform generator, with a central frequency ranging from 50 kHz to 400 kHz is
amplified to 200 V., using a power amplifier to stimulate the actuator PZT wafer. The
electrical resistance changes of the sensor are converted into a voltage signal, filtered
and amplified through a self-developed amplification circuit, and then recorded on an

oscilloscope.
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Figure 5.17 Experimental set-up of high-frequency UGWs test.

By analyzing the signal intensity and phase of the first wave component (the zero-order
symmetrical Lamb wave denoted by So) to evaluating the performance of sensor at
high-frequency response, Figure 5.18 shows the response signals of the sensors with
varying ratios of graphene to CNC (labeled GC-10 to GC-80) to a representative
frequencies of 150 kHz, and the signal of PZT serves as a reference baseline. A
comparison of the typical 150 kHz ultrasonic signals collected by sensors and the PZT
wafer reveal that the So mode detected by sensors with balanced graphene
concentrations (particularly GC-30, GC-40, and GC-50) arrives simultaneously with
the PZT signal and without distortion, demonstrating the sensor’s ultrafast, distortion-
free response with no delay. In contrast, sensors with either lower or higher graphene
concentrations (especially GC-10, GC-70 and GC-80) exhibit poor high-frequency
response capabilities, a trend observed consistently across the other tested frequencies

as well.

101



0.5 T T T
150 kHz Excitation
of |
-0.5 i i i i
0.01} —10%
0
-0.01} 1
0.005 : : r r
20%
0oy
-0,00!
%68
30%
0
<-0.01
p 04F o
2 0
g 04k . . . .
< o02F = = = " =
0.02 o
of v\rv/\l\[d\rvv\l\/\/wvv ]
-0.02} . ) ) ) |
0.05F I T T ———
oF
-0.05 | \ . ) ) |
0.1 r r r r
—70%
0
-0.1 L L i i
0.01} 80% -
OF
0.01}
1 r r r r
W —PzT
0
1 L L L N
5 0 5 10 15 20
Time (s) %10°®

Figure 5.18 UGWs signals acquired sensors with different Graphene/CNCs ratio and

surface-mounted PZT wafter under frequency of 150 kHz.

Figure 5.19 compares the amplitudes of the So mode at different frequencies as captured
by sensors with varying graphene contents. The amplitude of the So mode of all sensors
reaches the highest value at 150 kHz, which corresponds to the resonance frequency of
the PZT actuator. The GC-40 exhibits the highest sensing ability at 50 kHz, 100 kHz,
150 kHz, and 200 kHz, with values of 0.048 V, 0.040 V, 0.490 V, and 0.085 V,

respectively. Further, the spectra of the root mean square (RMS) values of signal
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perceived by the sensors (GC-10 to GC-80) at different frequencies (Figure 5.20)
indicates that GC-40 achieves the highest RMS value of 0.07 V at 150 kHz,
demonstrating outstanding stability, signal density, and energy retention. These
findings suggest that both excessive and insufficient CNCs content disrupt the delicate
balance of graphene interlayer spacing required for tunneling current generation,

ultimately impairing the sensor’s sensitivity to ultrasonic waves.
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Figure 5.19 Amplitude value of Sp received by Graphene/CNCs sensors with different

graphene concentrations in response to 50 kHz to 200 kHz ultrasound.
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Figure 5.20 RMS values of signals collected by sensors with varying concentration
ratios are measured across four distinct frequencies, 50 kHz, 100 kHz, 150 kHz, 200

kHz.

The time-domain signal is converted to the frequency domain using fast Fourier
transform (FFT) to analyze the signal components at four representative frequencies—
50 kHz, 100 kHz, 150 kHz, and 200 kHz. As shown in Figure 5.21, the spectral
bandwidth of sensors aligns well with that of the excitation signal, confirming its ability
to accurately capture propagated ultrasonic excitations. Among the tested sensors, GC-
40 demonstrates a significantly larger amplitude spectrum, with the most pronounced

advantage observed at 150 kHz.
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Figure 5.21 The corresponding frequency spectra of the signals in frequency of 50 kHz
(a), 100 kHz (b), 150 kHz (c), 200 kHz (d).

GC-40 demonstrates outstanding performance in signal intensity, RMS values and
signal-to-noise ratio (SNR) of 20.19 dB. These features have led to the extension of the
upper limit response frequency of GC-40 to 400 kHz (Figure 5.22) with a fast response

time of just 1.6 pus (Figure 5.23).
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Figure 5.22 The response signal of GC-40 at frequency of 400 kHz.
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Figure 5.23 The response time of GC-40.
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5.8 Summary

In this chapter, AJP is employed to fabricate graphene/cellulose nanocomposite strain
sensors under pneumatic printing mode. Optimized parameters—including a sheath
flow rate of 600 sccm, an atomizer flow rate of 600 sccm, a platform speed of 10 mm/s,
a nozzle diameter of 300 um, and a substrate temperature of 80°C—are identified to
ensure uniform and reliable printing quality. The sensing performance is found to be
strongly dependent on graphene concentration. At low strain levels (<0.1%), sensors
with 40 wt% graphene exhibit the highest sensitivity, while at moderate strains (0.2—
0.4%), 80 wt% sensors achieve gauge factors as high as 10. Leveraging this sensitivity,
the sensors demonstrate the capability to detect subtle physiological signals, such as
human pulse and throat vibrations. At higher frequencies, the 40 wt% sensors again
show superior responsiveness and high SNR, enabling the detection of ultrasonic
guided waves up to 400 kHz. These results highlight the broadband sensing potential
of AJP-printed nanocomposite devices, spanning from low-frequency physiological
monitoring to high-frequency ultrasonic applications. This establishes a foundation for
subsequent chapters, where the sensors are extended to wearable acoustic recognition

and SHM.
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CHAPTER 6

Application of Aerosol Jet-Printed Sensor

in Speech Recognition

6.1 Introduction

This chapter presents the development of a new flexible and biocompatible acoustic
sensor utilizing graphene/CNCs, specifically engineered for dynamic acoustic sensing
and speech recognition applications. The sensor and electrodes are additively
manufactured using AJP and encapsulated with inherently adhesive, medical-grade PU
film, to form a wearable device. The influence of graphene concentration on the
sensitivity of the sensor to sound pressure levels (SPLs) is examined experimentally.
The device can be adhered to the throat, to capture subtle vocal characteristics including
timbre and rhythm accurately. In conjunction with the use of a machine learning
algorithm based on the support vector machine (SVM), the device achieves an accuracy
of 95.9% in recognizing digits from 0 to 9, showing potential to assist people with

speech difficulties to communicate in a digital manner.
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6.2 Preparation of Graphene/CNCs Acoustic Sensor

The sensor ink is prepared according to the procedure described in Section 5.2. The
fabrication of the wearable acoustic device involves three main steps, as illustrated
schematically in Figure 6.la: (i) an inherently adhesive, medical-grade PU film
(thickness ~40 um) is tailored to the required size (100 mm*60 mm) and positioned on
the printing platform of the aerosol jet printer, serving as the substrate; (ii) the sensor
(20 mmx10 mm) and electrodes are printed on the designated areas of the PU substrate
using a standard AJP process, employing a pneumatic atomization procedure using a
printing nozzle of 300 um in diameter, a sheath gas flow rate of 600 sccm, a atomizer
flow rate of 600 sccm, a platform moving speed of 10 mm/s, and a consistent substrate
temperature of 50°C; the sensing layer is printed in four passes, resulting in a total
thickness of approximately 2 um, with an interelectrode spacing of 10 mm; the light-
cured electrodes and metal wires are electrically connected with conductive silver glue;
(ii1) on top of the printed sensor and electrodes an additional PU film is applied as a
protective encapsulation. With that, a multi-layered wearable acoustic sensing device

is fabricated (in Figure 6.1b,c).
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6.3 Acoustic Response

To evaluate the sensitivity of the sensor to subtle variation of sound field, a computer-
controlled loudspeaker (YIJIA® 5757) emits multi-frequency audio signals, and the
sensors which are printed on a glass slide and mounted on a custom fixture detect the
vibrations induced by the sound field. A multimeter (Keithley® DMM?7510) records the
electrical resistance of sensor to each audio signal, providing a detailed assessment of
its acoustic sensitivity. Figure 6.2a shows the obtained relationship between SPL in dB
and captured the relative resistance change by sensors of different graphene

concentrations, labeled GC-5 to GC-80. Here, SPL is defined as:

P
SPL = 2010g10(F) (6.1)

0

where P is the measured sound pressure, and F, =20 puPa the reference sound
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pressure. As the SPL increases from 30 dB to 80 dB, there is a clear trend of increasing
relative resistance change across sensors regardless of the graphene concentration,
indicating that the sensors exhibit higher resistance changes in response to louder
sounds. The sensitivity to sound (.S ), calibrated in terms of the slope of each curve,

varies significantly between different graphene concentrations, defined as [196]:

AR

— RO
ASPL

(6.2)

where AR is the resistance change, Ro the pristine resistance under no acoustic pressure,
and ASPL the change in sound pressure level. Notably, sensors with graphene
concentrations of 20% exhibit the highest sensitivity of 9.7x10° dB~' within the SPL
range of 30-80 dB, indicating that this concentration provides response to sound
pressure with the highest sensitivity. In the meantime, when the graphene content is too
low, as in GC-5, the sensor shows a high resistance (~300 k) and a lower sensitivity
of 1.7 x 10 dB™!, due to the sparse conductive network where the inter-flake spacing
exceeds the effective tunneling distance. Conversely, when the graphene content is too
high (e.g., GC-70 and GC-80), the relative resistance change with increasing SPL
becomes less pronounced, leading to reduced sensitivity despite higher conductivity.
This phenomenon can be attributed to the structural characteristics of the conductive
network at different graphene concentrations, which manifests different tunneling
probability. The quantum tunneling resistance ( R, ) arising from electron transport
between adjacent graphene flakes can be described by the Landauer-Biittiker formalism
[237,238]:
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where % is Planck’s constant, e the charge of electron, M the number of
percolation pathways in the polymer nanocomposite, I' the tunneling probability
between adjacent graphene flakes, E the fermi energy level, T the temperature, &,

the Boltzmann constant, and x the electrochemical potential of graphene networks.

The tunneling probability (I") through the distance between adjacent graphene flakes
can be quantitatively expressed via the Wentzel-Kramers-Brillouin (WKB)

approximation [238-240]:

exp(— M), 0<d<d,,

F — tunnel (64)
exp(— ), d, <d<d

cutoff

tunnel

where d is the distance of adjacent graphene flakes, d , the van der Waals

vdw
equilibrium separation (0.34 nm of graphene), dtu,me, the tunneling distance, and
dcutoff the tunneling cutoff distance. The analytical model reveals that the tunneling
resistance exhibits distinct behavioral regimes governed by the distance of adjacent
graphene flakes (d). When d <0 (physical contact), the direct ohmic conduction
dominates due to graphene flakes overlapping, resulting in a negligible contact
resistance [212, 240]. When 0<d <d , , the tunneling resistance stabilizes at a
constant value as electron wavefunctions maintain coherent overlap through quantum

confinement. In the pressure-sensitive operational range ( d,,, <d <d,,,; ), the

tunneling resistance demonstrates an exponential dependence on distance of adjunct
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graphene flakes due to quantum tunneling modulation — the fundamental piezoresistive

mechanism. Beyond the tunneling cutoff distance (d.,,; <d ), electron transport shifts

to classical percolation pathways and no tunneling path can be formed [241, 242].

Figure 6.2b illustrates the tunneling path change of different graphene concentrations
under the identical sound pressure. At a lower concentration (e.g., GC-10 or GC-20),
the conductive network exhibits a sparse, loosely interconnected structural topology
with most graphene flakes being separated by gaps within the tunneling distance
(0<d<d,,; ), resulting in increased tunneling probability of sensor to external
mechanical perturbation. When the sound vibrations propagate to the sensor, the sparse

network undergoes significant disruption, leading to changes in the electrical resistance.

In contrast, at a higher graphene concentration (e.g., GC-70 or GC-80, d <d ,, ), the

vdw

denser conductive network results in fewer changes in electrical resistance under small-
scale deformation, reducing the sensitivity of sensors. It is because the van der Waals
forces between the graphene flakes promote an inert conductive network, limiting its

responsiveness to sound pressure.

To further verify the effect of frequency on the sensing performance, the responses of
the sensor (GC-20) to varying frequencies are examined under a constant excitation
amplitude. The sensor is mounted on a glass-fiber cantilever beam and excited by an
electrodynamic shaker (B&K® 4809) driven by a sinusoidal input [243]. The excitation

signal is generated by a waveform generator (Tektronix® AFG31252) and amplified
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through a power amplifier (B&K® 2718) and applied to the shaker. Figure 6.2¢c shows
the resistance variations of the sensor at the same SPL (80 dB), as a representative, with
different frequencies (from 10 Hz to 500 Hz). As observed, the relative resistance
increases with frequency, reaching a maximum near ~150 Hz, and then gradually
decreases at higher frequencies. This non-monotonic behavior, consistent with previous
studies on acoustic sensors [196, 243, 244], arises from resonance effects within the
sensor—substrate system. Notably, the peak sensitivity occurs in the low-frequency
region that overlaps with dominant components of human speech (80-300 Hz),
highlighting the suitability of the proposed sensor for acoustic sensing and speech

detection applications.

Figure 6.2d shows the real-time response of the relative resistance change of GC-20 to
an increased SPL from 50 dB to 80 dB with a step of 10 dB. As SPL increases, the
sensor manifests a rise in relative resistance, with clear stepwise changes in response to
the growing SPL. Specifically, the relative resistance increases from approximately
0.008% at 50 dB to about 0.015% at 60 dB, demonstrating the capacity of the fabricated
sensor to resolve 10 dB SPL variations. Revealed by the figure, the SPL manifests a
linear relationship between the relative resistance change, suggesting that the sensor is

suitable for measurement and calibration of dynamic variation of acoustic signals.

The sensor exhibits excellent stability, as further validated by cyclic loading/unloading

tests using mixed-frequency audio signals with SPL varied from 40 dB to 90 dB in 10
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dB increments. As shown in Figure 6.2e, the impedance response after 100 cycles
remains nearly identical to that of the first cycle, with negligible variations attributable
to measurement error. This low hysteresis and high reversibility confirm that the sensor
reliably preserves its structural and functional integrity under prolonged and fluctuating

acoustic fields, which is critical for long-term, precise sound monitoring.

Figure 6.2f shows three waveforms obtained under repeated audio segments at an SPL
of 80 dB, including the original signal from the loudspeaker, the waveform recorded by
an iPhone microphone, and the waveform captured by the GC-20 sensor. The time-
dependent waveform from our sensor closely matches both the original audio and the
iPhone recording, demonstrating excellent agreement with a commercial acoustic
sensor. Furthermore, repeated measurements under the same audio stimulus also reveal
the outstanding repeatability of the sensor, as quantified by the standard deviations of
the local maximum and minimum response values (0.035 and 0.0349, respectively),
indicating negligible variation across trials. These results confirm that the sensor
delivers both high-fidelity acoustic sensing and reliable performance consistency for

continuous monitoring applications.
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Figure 6.2 Acoustic response of sensor. a Response of sensors at varying sound
pressure level; b schematic diagram of the change in tunneling path of sensors with
lower and higher graphene concentrations under sound pressure; ¢ frequency response
of the GC-20 sensor under a representative SPL of 80 dB with different frequencies
(from 10 Hz to 500 Hz);d real-time response signal of the sensor to the signal with
gradually increasing sound pressure level; e relative resistance changes with 1st and
100th cyclic sound pressure level; f three acoustic waveforms from repeated playback
of the same audio segment at 80 dB SPL: original loudspeaker signal, iPhone recording,

and GC-20 sensor output.
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6.4 Detection and Recognition of Speech

The integrated wearable acoustic device, fabricated through the AJP and encapsulated
with inherently adhesive medical-grade PU film, forms a self-adhering epidermal
interface that maintains robust skin conformability during dynamic articulatory
movements, as functionally validated by its stable adhesion to the throat of the

participant under the phonation tests, in Figure 6.3a.

Figure 6.3b presents the response signals of relative resistance change recorded by the
acoustic device attached to the throat when three participants—a female adult, a male
adult and a child, respectively pronounces a phrase of “Merry Christmas”. The curves
demonstrate distinct temporal patterns that reflect both the low-frequency and high-
frequency components, corresponding to the movements of the throat and vibration of
the vocal cords, respectively. The prominent low-frequency fluctuations observed in all
three signals represent relatively strong displacement caused by the movement of the
throat during speech production. This displacement is attributable to the shifting
position of the larynx as the vocal cords adjust to produce different phonemes. This
effect is particularly evident during transitions between words or syllables, where
throats move to modulate pitch and airflow. Superimposed on these low-frequency
fluctuations are relative weak high-frequency fluctuations, corresponding to the rapid

vibrations of the vocal cords during sound production. These finer oscillations are
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indicative of the fundamental frequency of the voice of speaker, reflecting their pitch

and tonal qualities.

Figure 6.3c, d, e present, the time-domain signals of three English phrases— “The Hong
Kong Polytechnic University”, “Hope everything goes well with you”, and “What a
nice weather”, respectively, sensed by the acoustic device attached on the throat of a
study participant. When the participant articulates each phrase, the acoustic device
demonstrates distinct and measurable changes in electrical resistance corresponding to
each phrase. Each phrase is recorded for four times, with the resulting signals showing
almost identical patterns, highlighting the high stability and the repeatability of the
acoustic device. By way of illustration, the response signal of the acoustic device and
the audio signal recorded by a microphone in each phrase, are compared in Figure 6.3f,
g, h. The waveforms of the acoustic device quantitatively match the upper envelope of
microphone signal, demonstrating precise and consistent word-capture for different
phrases and high fidelity in reflecting both the temporal and amplitude details. The
absence of high-frequency components in the recorded signals of sensor, as illustrated
in Figure 6.3h, is attributed to the limited sampling rate of the sensor acquisition system.
Despite this limitation, the acoustic device remains high effectiveness in detecting and

responding to sound signals, successfully capturing the key acoustic features necessary

for speech recognition.
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Figure 6.3 Acoustic device for voice detection. a Wearable acoustic device attached on
the throat; b relative resistance change of the sensor when three different volunteers say,
“Merry Christmas”; c-h relative resistance change of the sensor in response to three
different sentences, compared with the microphone signal; ¢ and f'is the signal response

of “The Hong Kong Polytechnic University”; d and g is the signal response of “Hope

everything goes well with you™; e and h is the signal response of “What a nice weather”.

The above tests demonstrate the capability of developing a wearable acoustic device in
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distinguishing words of different individuals purely based on time-domain signals. This
proves the potential of the acoustic sensor for achieving speech recognition, which can
transmit communication information by decoding the vibration signals of the vocal
parts of individuals with speech disorders, to facilitate communication in a digital

mannecr.

To investigate the potential of the acoustic sensor for non-verbal speech recognition, a
task of recognizing the digits is designed, where the acoustic device is mounted on a
loudspeaker diaphragm to simulate articulatory movements of speech-impaired
individuals. The acoustic device records vibration patterns corresponding to digits 0 to
9, collecting 50 samples per numeral, to establish a dataset containing 500 unique
waveforms. Each digit exhibits distinctive time-frequency characteristics forming the

basis for pattern matching, as illustrated in Figure 6.4a.

The recognition methodology (see workflow diagram in Figure 6.4b) implements a
machine learning approach in conjunction with the use of SVM classification. The
Radial basis function (RBF) kernel is selected for implementing the SVM, to effectively
model nonlinear relationships within the dataset. The regularization parameter C is set
to 10 to balance model complexity against generalization capability. The gamma
parameter, determining the influence of the radius of individual samples, is configured
in ‘scale’ mode (reciprocal of the product of the number of features and the variance of

the input) to enhance robustness against feature scaling. This data-adaptive calculation
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intrinsically scales the kernel function to the dimensionality and variance characteristics
of the input data, reducing sensitivity to manual parameter tuning while maintaining
model stability. Raw signals undergo pre-processing including: 1) Butterworth
bandpass filtering for noise reduction, 2) amplitude-based segmentation of individual
digits, and 3) categorical labeling. Subsequent feature extraction using Mel-Frequency
Cepstral Coefficients (MFCCs) with their first and second derivatives, creating feature
vectors that are normalized. The dataset is partitioned into 80% training data for SVM
model optimization and 20% testing data for validation. The confusion matrix is shown
in Figure 6.4c, which shows that the acoustic device achieves recognition of digits 0 to
9 with a high accuracy of 95.9% over 100 testing data sets. In an actual test - when a
loudspeaker presents continuous input simulating the sequence “007”, the system
correctly segments and identifies all three digits through this SVM model, as shown in
Figure 6.4d. It empowers individuals with vocal impairments to perform vital actions
such as calling emergency services or conveying simple messages and improves quality

of life by enabling them to express basic needs and intentions effectively.
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Figure 6.4 Acoustic devices for digits 0-9 recognition. a Signal of digits from 0 to 9
captured by sensor; b schematic flowchart of speech recognition; ¢ classification
confusion matrix of digits 0-9 prediction versus the test data set; d recognition of a

sequence of digits “007”.

6.5 Summary

In this study, a new piezoresistive graphene/CNCs acoustic sensor is successfully
fabricated using AJP, with a PU film encapsulation to enhance flexibility and skin
conformity. The sensors with 20 wt.% of graphene concentrations (GC-20) exhibited
the highest sensitivity of 9.7x10¢ dB~! and a minimum resolution for SPL change of
10 dB, thus enabling precise acoustic detection. Additionally, the sensor exhibits low

hysteresis and excellent reversibility when subjected to SPLs ranging from 30 dB to

122



90 dB. It also demonstrates strong reproducibility across repeated measurements: the
standard deviations of the local maximum and minimum responses are only 0.035 and
0.0349, respectively. Further, the wearable acoustic device is attached to the throat of a
participant and reliably captures vocal cord vibrations, allowing for accurate detection
of speech patterns, variations in tone, and distinct audio signals. Moreover, we train the
SVM model based on machine learning that can successfully recognize spoken digits
from the signal captured by the sensor with the accuracy of 95.9%, demonstrating its
ability to interpret the semantic content of speech signals. These results illustrate the
capability in detection and recognition of sensors, paving the way for broader adoption

in communication technologies for individuals with speech impairments.

Looking ahead, training models on larger and more diverse datasets could enable
recognition of more complex speech patterns, extending beyond digits to entire words
and phrases, thereby broadening the application scope in human—machine interaction,

healthcare, and accessibility technologies.
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CHAPTER 7

Application of Aerosol Jet-Printed Sensor

in Structural Impact Assessment

7.1 Introduction

Engineering structures subjected to harsh environments are vulnerable to fatigue and
impact damage, necessitating reliable SHM. While piezoelectric transducers have long
been used for GUW detection, their brittleness and poor conformability limit
deployment in complex or corrosive settings. Nanocomposite sensors, formed by
dispersing conductive nanofillers into polymers, offer lightweight, flexible, and highly
strain-sensitive alternatives, yet conventional mechanisms struggle to capture the
ultrahigh frequency and nano strain amplitudes characteristic of GUWs. Recent
advances highlight tunneling-dominated conduction as a key mechanism, whereby
resistance changes exponentially with nanometer-scale filler separation, enabling
unprecedented sensitivity and broadband detection. Since Section 5.7 evaluations have
demonstrated that the GC-40 formulation exhibits superior high-frequency dynamic
performance and high sensitivity to ultrasonic guided waves, this composition is
selected for the present study. In this chapter, these sensors are manufactured via AJP

technologies onto flexible circuits and subsequently embedded within composite
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structures, thereby enabling seamless integration and real-time monitoring of external
impacts. Leveraging these advances, nanocomposite sensors have demonstrated gauge
factors far exceeding traditional strain gauge, positioning them as promising candidates

for impact localization and next-generation SHM.

7.2 Preparation of Graphene/CNCs Sensor Units

The sensor ink is prepared according to the procedure described in Section 5.2. Flexible
circuit substrates are designed to integrate the nanocomposite sensor (GC-40), with the
circuit dimensions and patterns shown in the corresponding Figure 7.1. The deposition
of the sensing material is carried out via aerosol jet printing, employing a pneumatic
atomization procedure with a 300 pm diameter nozzle. The printing parameters are set
as follows: sheath gas flow rate of 600 sccm, atomizer flow rate of 600 sccm, and a
platform moving speed of 10 mm/s. To ensure stable deposition, the substrate was

maintained at a constant temperature of 50°C during the printing process.
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Figure 7.1 Schematic diagram of flexible electrodes.

The sensing layer is printed in four consecutive passes, yielding a total film thickness
of approximately 2 um. Following deposition, the substrate is heated to 50°C to
promote curing and enhance adhesion between the sensing layer and the flexible circuit.
The final structure consisted of circular sensing units with a diameter of 10 mm,

precisely aligned with the predefined areas of the flexible circuits (Figure 7.2).
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Figure 7.2 Photographic diagram of the printed sensor unit.

7.3 Fabrication of Composite with Sensor Networks

To evaluate the performance of the prepared sensors, sensors are embedded into GFRP
laminates for impact localization testing. Glass fiber prepregs (Easycomposites®
XA120-GPL-150) are first cut into sheets with dimensions of 250 x 250 mm using a
precision cutting machine (AOL® AOL-1313). The laminates are then fabricated via a
lay-up process, consisting of a total of eight prepreg layers, as shown in Figure 7.3.
Four sensing units are embedded within the laminate by positioning them on the surface
of the fourth layer, forming a predefined sensor network as illustrated in Figure 7.4.
The coordinate information of four sensors is listed in Table 7.1. The remaining prepreg
layers are subsequently stacked on top to encapsulate the sensing units.
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Figure 7.4 Schematic of GFRP with sensor network.

Table 7.1 Coordinates of the sensor networks.

Sensor NO. X/mm y/mm
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1 0 -105

2 105 0
3 0 105
4 -105 0

The lay-up assembly is enclosed within a vacuum bag and evacuated to a pressure of
—30 inHg to ensure uniform consolidation. The structure is then cured in an oven at
120°C for 100 minutes according to the manufacturer’s specifications. This process
yields a consolidated composite laminate with integrated sensing units, enabling in situ
monitoring and localization of impact events. To provide a suspended configuration for
subsequent testing, the cured composite plate is mounted onto an aluminum frame using
sealing adhesive, leaving a gap of approximately 1 cm between the laminate and the

supporting aluminum plate, as illustrated in Figure 7.5.

GFRP with
sensor network

Figure 7.5 Photographic diagram of GFRP with sensor network.
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7.4 Evaluation of Sensors under Impact

A wide frequency response range is crucial for accurately capturing and reproducing
complex signals. However, most piezoresistive sensors examined in previous studies
[145, 245] fail to meet the stringent requirements for high-frequency signal monitoring
in the aviation industry. Aircraft wings, in particular, are highly susceptible to damage
from accidental impacts, which pose significant risks to flight safety [246, 247]. The
high-frequency sensitive sensors developed in this study provide new ideas for solving

the above problem.

To validate the capability of the embedded sensors to capture impact events, an initial
experiment is conducted in which a 32 g steel ball is dropped from a height of 10 cm at
the GFRP. A PZT sensor is mounted adjacent to the embedded piezoresistive sensor to
provide a reference signal. The output from the embedded sensor is amplified using a
signal conditioner before being acquired by an oscilloscope, while the PZT signal is

directly recorded using the same oscilloscope.

The acquired signals show clearly that the impact-induced elastic waves are
successfully detected by both sensors. As shown in Figure 7.6, the arrival times of the
waveforms obtained from the embedded sensor and the PZT sensor are highly
consistent, demonstrating the rapid response and high temporal resolution of the

flexible embedded sensing system. The experiment is repeated multiple times, and no
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degradation in performance is observed, confirming the robustness and durability of the

sensor—highlighting a significant advantage over conventional brittle sensing elements.
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Figure 7.6 Comparison of the impact response of the sensor and PZT.

Following this initial validation, an experiment is carried out to evaluate the capability
of the distributed sensor network in localizing impact events. The perturbations
generated by the impact are sequentially captured by sensors at different locations
(Figure 7.4), with arrival times corresponding to their respective distances from the
impact point. Differences in waveform characteristics among the sensors are attributed
to sensor positions and wave scattering from structural boundaries, as shown in Figure

7.7.
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Figure 7.7 Impact signals acquired by four sensors.

The Time-Delay-of-Arrival (TDOA) algorithm is a widely used method for localizing
impact events by measuring the arrival time differences of wave signals at multiple
spatially distributed sensors. The key idea is that when an impact occurs, it generates
elastic waves that propagate outward. These waves reach sensors at different times
depending on the distance between the impact location and each sensor. By calculating
the differences in arrival times between pairs of sensors, one can determine hyperbolic
loci of possible impact positions. Each time difference corresponds to a hyperbola,
where the two sensors act as foci. The true impact point lies at the intersection of all
such hyperbolas formed from all sensor pairs. This method does not require knowledge

of the exact time the impact occurred—only relative differences in wave arrival times
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matter. When enough sensors are used, these intersecting hyperbolas converge on a

single point, allowing accurate localization of the impact.

Assume the impact event occurs at an unknown position (x, ), and that N sensors B,
P, .., P, are deployed at known positions (x,-,y,-) , where;=1,2,.... N. The wave
travels at a (possibly direction-dependent) speed V; from the assumed impact point to
each sensor I .

1

For any two sensors ) and Pj , the measured time delay At,-j is:

d_d Jo-xy+o-y) JG-x)+0-y)

Vi Vi v

(7.1)

Aty =t —t, =

where f; and 7, are the arrival times of the impact wave at sensor P and Pj , VY

and V; are the wave propagation velocities from assumed impact point to sensor P

1

and Pj Each value of Atij defines a hyperbola with foci at . and P, and the

1 ]

actual impact point must lie somewhere along this hyperbola.

An enhanced TDOA algorithm, developed based on this principle and accounting for
the anisotropy of wave velocity, can map the sandwich structure into a 2D pixel-valued
image. The pixel value reflects the probability of the impact point being at that location.
By analogy, two sensors form a sensor pair and are mapped into a 2D pixel-valued
image. In this process, the signals representing the 2D pixel-valued images have been

normalized to achieve amplitude correction in different propagation directions.
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Ultimately, the images obtained from each two sensors in the sensor network are

multiplied to create a synthesized image, whose pixel value I(x, y) is expressed as

N-1 N
[(X, y) = H H |:Eti(x,y)+At/-(x,y) + Et,(x,y)+At,-(x,y) - 1:| (72)

i=1 jeitl
where E, is the normalized signal envelope at time f, Af(x,)) is the theoretical
propagation delay from (x,)) to sensor P, . The pixel value I(x,y) represents the
likelihood of the impact originating from that position. Multiplying all sensor pair
contributions highlights regions where time-delay predictions align consistently.

By applying the TDOA, the impact location and energy are quantitatively identified
with good accuracy. It can be observed in Figure 7.8 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 7.8 Comparison between the identified and real point of impact using signals

captured by the printed sensors.

7.5 Summary

In this chapter, a graphene/CNCs nanocomposite sensor network was designed,
fabricated, and embedded into GFRP laminates to enable real-time structural impact
monitoring. The sensors were manufactured via AJP onto flexible circuits, forming
uniform sensing units with stable conductivity and sensitivity. By embedding these
units into the mid-plane of composite laminates, a distributed sensing network was
established without compromising structural integrity. Impact experiments confirmed

that the embedded sensors could not only capture high-frequency elastic waves with
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accuracy comparable to conventional PZT transducers but also withstand repeated
loading without degradation. Furthermore, the integration of a TDOA-based algorithm
allowed the network to localize impact positions with good precision, demonstrating
the feasibility of nanocomposite sensors as lightweight, flexible, and durable

alternatives for next-generation SHM applications.

While embedding printed nanocomposite sensors into GFRP laminates demonstrates
the feasibility of lightweight, flexible, and durable impact monitoring, the approach still
relies on conventional composite manufacturing processes that involve complex lay-up
sequences, mold customization, and co-curing steps. Such procedures limit scalability
and design flexibility for multifunctional systems. To overcome these constraints, the
next chapter advances the concept of “totally-additive-manufacturing,” in which both
the structural framework and the sensing network are fabricated in a fully integrated
manner through multi-material 3D printing. This strategy eliminates the need for
traditional molds and assembly, paving the way for multifunctional composites with

seamless structural and sensing integration.
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CHAPTER 8

“Totally-additive-manufacturing” -

functionalized CFRP Composites

8.1 Introduction

This chapter presents the development of a novel manufacturing framework based on
the concept of “totally-additive-manufacturing”. From printing the CFRP composite
structure using FDM to the fabrication of sensing networks using AJP, the entire
manufacturing process is completed with hybrid printing, without interference from the
operators. Micromorphological analysis and interlaminar shear strength test have
confirmed that the “totally-additive-manufacturing” warrants adequate interfacial
bonding among different components of the AM-fabricated composites. By regulating
the printing parameters, the AJP-made sensing network can be optimized, whereby to
maximize its sensitivity to dynamic strains in a broad frequency regime from quasi-

static to up to 200 kHz.

8.2 Material Preparation

The materials used for developing the “totally-additive-manufacturing”-functionalized

CFRP composites include (i) FDM-printed continuous carbon fibers, (ii) nylon-based
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matrix and electrical insulation layers, and (iii) an ultrathin, AJP-fabricated
piezoresistive sensing network made with a specifically formulated graphene/CNC

nanocomposite ink, as well as the silver ink-based electric circuits.

8.2.1 Filaments (for CFRP Composites)

The FDM-printed CFRP composites consist of nylon filaments and continuous carbon
fiber filaments. The nylon filament (Markforged® Onyx’"), which is infused with short
carbon fibers and 1.75 mm in diameter, serves as the matrix of the composites and also
the insulation medium between the conductive carbon fibers and the sensing network.
The continuous carbon fiber filament (Markforged® Carbon Fiber FR), as the
reinforcement of the composites, is formed with carbon fiber bundles infused with a
sizing agent, with ~1,000 carbon fibers in each bundle. The diameters of each carbon
fiber bundle and individual fibers are 0.35 mm and 0.008 mm, respectively, as observed
using SEM [51]. Both the nylon and continuous carbon fiber filaments are stored in a

sealed dry box to prevent moisture absorption.

8.2.2 Nanocomposite Ink (for Sensing Unit)

A nanocomposite ink is formulated for fabricating the sensing units of the network with
AJP, based on the authors’ previous work [248, 249]. The ink is formulated by mixing
0.1 g graphene (TIME NAN® TNERGO-50) (50 um in diameter, < 3 layers, and > 95%
purity) with 0.1 g CNC (ScienceK® CNCs) (~10 nm wide and ~200 nm long) in the 30
ml solvent of hybridizing DI water and ethyl alcohol with a weight ratio of 1.5:1. Such

a ratio ensures smooth jetting of ink without causing gas line blockages. The mixture is
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then mechanically stirred at 500 rpm for 20 hours at room temperature (25°C), followed
by 1-hour of sonication in an ultrasonic bath to ensure uniform dispersion of
graphene/CNC ink. The graphene/CNC ink manufacturing process is illustrated
schematically in Figure 8.1. Thus-tailor-made ink can trigger the quantum tunnel effect
when the distance between the two neighboring graphene sheets is smaller than the
critical threshold (typically several nanometers), enabling the sensing unit to capture
dynamic strains induced by cyclic loads or elastic perturbation applied on the sensing
unit. The viscosity of the ink measures 3.218 cP (RheoSense® microVISO), which is

suitable for AJP.

DI Water Alcohol

To fabricate solvent To add graphene and CNC To magnetically stir the To ultrasonically dispersion
into the solvent graphene/CNC ink for 20 graphene/CNC ink for 1
DI water: Alcohol=1.5:1 hours hour

Graphene: CNC=1:1

Figure 8.1 The flowchart of fabricating graphene/CNC ink.

8.2.3 Conductive Silver Ink (for Electric Circuits)
A commercial silver nanoparticle ink (NOVACENTRIX® JS-A221AE) is acquired for

printing electric circuits of the sensing network via AJP. This water-based ink,
containing 50 wt.% silver, is specifically formulated to have a viscosity of 10-20 cP
and an average particle size of 35 nm via ultrasonic atomization, conducive to AJP. The
ink can be cured using either heating- or light-based methods, and in this study, the

latter is adopted to avoid potential damage to the nylon-based substrate caused by a
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heating process. Upon completion of the curing, the silver circuits exhibit a volume

resistivity of 9.1x10°¢ Q°m,

8.3 “Totally-additive-manufacturing”-driven

Fabrication

With the materials prepared in the above, the fabrication process of the “totally-
additive-manufacturing”-functionalized CFRP composites primarily involves i) the
printing of CFRP composites using FDM, and ii) the printing of the sensing network
(including sensing units and silver circuits) using AJP at designated interlayers of the

CFRP laminate.

8.3.1 Making CFRP Composites Using FDM

The CFRP composites are continuously printed on a 3D printing platform
(Markforged® Mark Two) with a motion range of 320 mmx 132 mmx154 mm, at a room
temperature (25°C). The printing process is divided into two steps: extruding matrix
(nylon) and extruding continuous carbon fiber, each through a separate printing head,
as illustrated in Figure 8.2a. The carbon fiber layering and orientation are configured
using the commercial software Eiger™. The height of both the carbon fiber layer and
the nylon layers remains at 0.125 mm, ensuring good consistency at the interfaces
between the two layers. The printer bed is pre-treated with a layer of adhesive to

immobilize the initial layer.

8.3.2 Making Sensing Network Using AJP
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The sensing units and silver conductive circuits are printed on an aerosol jet 3D printing
platform (Optomec® AJP300). To preserve the layered structure of graphene in the
nanocomposite ink, pneumatic atomization is selected to atomize the prepared
nanocomposite ink, while ultrasonic atomization is used to atomize the silver ink.
Because the use of two different atomization modes avoids cleaning the pathways
during the printing process, facilitating the “totally-additive-manufacturing”-driven
process. To avoid graphene aggregation, the nanocomposite ink is continuously stirred
with a magnetic stirrer at 500 rotations per minute throughout the printing process. The
build platform is kept at 80°C to rapidly evaporate the solvent composed of DI water
and ethyl alcohol in the ink. A pulsed light system (XENON® Model X-1100) is used
for curing of the silver ink, rather than thermal curing to avoid possible damage to the
CFRP composites due to the use of a high temperature (>200°C). The printing
parameters that may affect the geometry and quality of sensing unit include the atomizer
flow rate, sheath flow rate, and stage speed. These parameters are investigated and
discussed in Section 5.4. To avoid nozzle clogging, the sheath gas is injected into the
nozzle via a sheath channel, which accelerates the atomizer flow rate in the channel and
minimizes the possibility of ink amalgamation at the nozzle, as illustrated in Figure
8.2b. With this, the atomized ink, enveloped and accelerated by the sheath gas stream,

is deposited on the designated interlayer of the CFRP laminate in a desired pattern.
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8.3.3 “Totally-additive-manufacturing”-functionalized CFRP

Composites

To recap, the fabrication of functionalized CFRP composites using the concept of

“totally-additive-manufacturing” includes four key steps, as elaborated in Figure 8.3a

using the manufacturing of a 4-layer cross-ply CFRP laminate ([90/0]s) as an example:

1. To print continuous carbon fiber and nylon filaments using FDM: nylon

filaments are deposited onto the build platform to form the nylon matrix with a

thickness of 0.5 mm, followed by layering the continuous carbon fiber filaments

along the 90 and 0 degree (the first and second carbon fiber layers, see Figure

8.3b) on the nylon matrix. To electrically insulate the graphene/CNC sensing

units from the conductive carbon fiber layers, an additional nylon layer is

printed on the top of the carbon fiber layer, serving as an insulating layer, as
highlighted as the “lower nylon insulation layer” in Figure 8.3b.

2. To deposit nanocomposite ink using AJP for making sensing units: the above

FDM printing process is paused, and then the nanocomposite ink is jetted onto
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specific locations on the lower nylon insulation layer precisely (in Figure 8.3b),
forming individual sensing units of the sensing network.

3. To deposit the silver ink using AJP for making circuits: the silver ink is
deposited on the lower nylon insulation layer in the desired pattern, to network
individual sensing units and form a sensing network. The deposited silver ink
undergoes light curing by exposing it to a 5-minute of illumination at a
frequency of 1 Hz with a pulse intensity of 836 J.

4. To resume nylon and carbon fiber filament printing: the first step resumes, and
an additional nylon layer is printed (indicated as “upper nylon insulation layer”
in Figure 8.3b) to encapsulate the AJP-made sensing network, together with the
lower nylon insulation layer. Subsequently, the continuous carbon fibers are
printed along the 0 and 90 degree (the third and fourth carbon fiber layers as

seen in Figure 8.3b), followed by the printing of the final nylon layer.

(a)
Step 1: Printing CF/nylon Step 2: Aerosol Jet Graphene/CNC Ink [ Nylon Matrix
[l Carbon Fiber (CF)
i 0re e o20080 %000, [ silver Circuits
@ i . | ¢ e |::J_—| I Sensing Unit

Step 3: Aerosol Jet Silver Ink Step 4: Encapsulation by CF/nylon

(i
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Sensing network
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Figure 8.3 Schematic of the concept of “totally-additive-manufacturing”-
functionalized CFRP composites: (a) the printing process; (b) exploded illustration of
the printed functionalized CFRP composites, including the thickness and sequence of

each layer.

8.4 Morphological and Performance

Characterization of Sensing Units

8.4.1 Morphology

The microscale morphology of the printed sensing units is scrutinized using SEM
(TESCAN® Vega 3) Figure 8.4a, to observe a uniform and well-dispersed distribution
of graphene/CNC without observable agglomeration. This homogeneous dispersion is
crucial to establishing a stable and sensitive conductive percolating network within the
nanocomposite ink. At a smaller scale, in Figure 8.4b, CNCs are observed to uniformly
disperse in graphene sheets with a stable microstructure, benefiting the formation of a
densely packed electrically conductive network in the sensing units and triggering the

tunneling effect.
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Figure 8.4 Morphological characterization by SEM images: (a) and (b) the
graphene/CNC sensing unit at two different scales; (c) cross-sectional view of the

functionalized CFRP composites with embedded sensing unit.

8.4.2 Electrical Properties

To ascertain the correlation between the number of printed passes (the number of times
to repeat the same printing path) and the electrical properties, graphene/CNC samples
of different printed passes from 1 to 6, are printed on a glass slide, each measuring 2
mm % 10 mm. Each sample is electrified with a pair of silver electrodes. An optical
profiler (KLA® ZetaTM-20) is employed to measure the thickness of each sample, and
the electrical resistance is gauged using a dynamic digital multimeter (Keithley® DMM

7510) with a two-probe method.

The average thickness and resistance of the printed graphene/CNC sensing units of
different numbers of printed passes are shown in Figure 8.5. As noted, the average
thickness increases nonlinearly against the number of printed passes, because the
surface topography becomes rougher with the increase of printed passes, affects the ink
deposition on the surface. In contrast, the resistance decreases with the increase in the
number of printed passes. The resistance drops rapidly till the pass number reaches 4
and saturates afterward. This can be attributed to the fact that the graphene/CNC ink
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printed in four passes features a uniform and stable conductive network in the
microstructure of the sensing unit, as evidenced by the reduced deviation in resistance

change (error bar shown in Figure 8.5).
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Figure 8.5 Average thickness (red) and electrical resistance (blue) of the printed

graphene/CNC sensing unit against the number of printed passes.

8.5 Interfacial Properties

It 1s important to evaluate the potential degradation to the integrity of the “totally-
additive-manufacturing”-functionalized CFRP composites, due to the embedment of

the sensing network.

8.5.1 Morphology Analysis
The cross-sectional image of the CFRP composites is obtained via SEM (TESCAN®

Vega 3), in Figure 8.4c, showing the interface between a sensing unit (printed with four

passes) and the insulation layers. The image reveals an explicit, intact boundary
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between the sensing unit and the upper and lower nylon insulation layers, without any

delamination phenomenon.

8.5.2 Interlaminar Shear Strength (ILSS) Evaluation

Two groups of CFRP samples, five for each, fabricated respectively with and without
the AJP-fabricated sensing network, are prepared using “totally-additive-
manufacturing” approach. ILSS is calibrated for each sample in both groups, in
accordance with the ASTM D2344 standard on a three-point bending testbed (MTS®
Alliance RT/50). Here, ILSS, Fggs (MPa), is calculated as

0.75P,
Foo = o = (8.1)

where P, (N) is the maximum load during the test b (mm) the measured specimen

width, and h the measured thickness of the specimen. The test results are compared in
Figure 8.6 for two groups of samples, to note that the ILSS for CFRP composites
without an AJP-made sensing unit falls in a range from 12.42 to 15.81 MPa, while the
“totally-additive-manufacturing”-functionalized CFRP composites show an averaged
ILSS between 13.43 and 14.35 MPa. The average ILSS of the CFRP samples without
sensing units and the functionalized CFRP samples with sensing units are 13.916 MPa
and 14.004 MPa, respectively, representing a slight difference of 0.63% between these
two sample groups. Such discrepancies can be attributed to the inherent errors produced
from the printing and testing process. It implies that the embedded sensing unit commits

an ignorable effect on the interfacial integrity of CFRP composites.
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Figure 8.6 Averaged ILSS of two groups of CFRP samples prepared with and without

sensing network.

8.6 Sensing Performance

The self-sensing performance of the “totally-additive-manufacturing”-functionalized
CFRP composites is examined, through measuring quasi-static strains of the CFRP

composites, and acquiring high-frequency GUWSs propagating in the composites.

8.6.1 Quasi-static Strains

Low-frequency dynamic tests are conducted on the CFRP composites at varying
magnitudes and frequencies. The functionalized CFRP composites, with a dimension
of 175 mmx25 mmx2 mm, are fabricated following the procedure as outlined in Section
8.3. A sensing unit, measuring 20 mmx>10 mmx1.2 um, with silver electrical electrodes
is printed at the center of the lower nylon insulation layer, as shown in the exploded

sketch and prototypes in Figure 8.7a and b. To ensure a secure and stable connection
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between the printed silver electrodes on the sample and the multimeter, the screw
electrical connection is adopted, in the insert of Figure 8.7a and c. The measurement
set-up, pictured in Figure 8.7c, includes a universal testing system (INSTRON® 5982)
equipped with a 1 kN load cell for applying tensile load on the sample, a digital
multimeter (Keithley® DMM7510) for recording the relative resistance changes of the
sensing unit through the two-point method, and a computer for recording and analyzing

data.

(a)® Nylon-based CFRP As Design
Silver Circuits
L} Sensing Unit

Load & Strain

Computer

I Resistance

As Printed

functional
g4 CFRP

Keithley Multimeter

Figure 8.7 The low-frequency dynamic tests: (a) exploded illustration of the sample;

(b) prototype; (c) pictured experimental set-up.

The relative resistance change of the functionalized CFRP composites subjected to
applied tensile strains is shown in Figure 8.8, manifesting a proportional relationship
between the tensile strain and relative resistance change over a strain range from 0 to
0.32%. The gauge factor (K) of the sensing unit, which defines its measurement
sensitivity, is calculated as Formula 3.1. The gauge factor of the sensing unit is
measured to be ~2.1 and ~6.8, respectively when the strain is in the range of 0 to 0.12%

and in the range of 0.12% to 0.32%.
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The strain of the sample under the low-frequency dynamic tests with the sinusoidal
tensile strain of 0.15%, at varying frequencies from 0.2 to 0.8 Hz, is shown in Figure
8.9, demonstrating a consistent strain-acquisition performance. The relative resistance
of the sample responds quickly and accurately replicates applied strain within this
frequency range. A secondary peak appears in the unloading stage of each cycle, as
observed in Figure 8.9. This is due to the existence of interlayer gaps of the printed
CFRP composites and the sensing unit [250], which results in an uneven force

transmission during unloading.
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Figure 8.8 Relative resistance changes under quasi-static strain range from 0 to 0.32%.
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Figure 8.9 relative resistance changes under different testing frequencies at a constant

strain of 0.15%.

8.6.2 High-frequency GUWs

The above quasi-static dynamic tests are further expanded to an ultrasonic frequency
domain up to 200 kHz. The functionalized CFRP composite sample with a sensing
network consisting of four sensing units, measuring 200 mmXx120 mmX2 mm and
produced following the steps detailed in Section 8.3, is shown in Figure 8.10a-c. To
generate GUWs into the sample, a PZT wafer (®: 10 mm; thickness: 1 mm) is surface-
mounted on the sample, with its position highlighted in Figure 8.10d. For signal
calibration, another PZT wafer (®: 10 mm; thickness: 1 mm) is also glued on the surface

of the sample, in Figure 8.10d, to be used as the GUWs sensor.
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Figure 8.10 Illustration of the functionalized CFRP laminate of high-frequency GUWs
tests: (a) design; (b) prototype; (c) exploded illustration of the sample; (d) the position
of sensing units (embedded), and two PZT wafers (respectively as the actuator and

sensor, surface-mounted).

An ultrasonic testing system is configured, as illustrated in Figure 8.11a. In the system,
different circuits are designed for PZT wafers and the sensing units, respectively, which
are isolated from each other, to avoid possible interference. Shielded cables are used to
minimize electromagnetic coupling, to minimize cross talk during signal acquisition. A
5-cycle Hanning-window-modulated sinusoidal tone burst, generated by a waveform
generator (Tektronix® AFG31252) with a central frequency ranging from 50 kHz to
200 kHz in 50 kHz increments, is amplified to 200 V., using a power amplifier
(Ciprian® US-TXP-3), to stimulate the PZT wafer (as the actuator). The GUWs-
induced electrical resistance changes that are measured by the sensing network are
converted into voltage signals, filtered and amplified through a self-developed
amplifier, and then registered with an oscilloscope (Keysight® EXR104A). The

oscilloscope also captures the GUWs response from the PZT wafer (as the sensor) and
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compares it with the GUWs signal captured by the embedded sensing network.

By way of illustration, the GUWs signals under the excitation of 150 kHz that are self-
sensed by the functionalized CFRP composites and by the PZT wafer (as the sensor),
are compared in Figure 8.11b, to observe good agreement in the time-of-flight of the
first arrival zeroth-order symmetric Lamb wave (denoted by So) and its waveform. The
cross talk observed in signals captured by the functionalized CFRP composites at the
excitation moment is caused by amplifiers, which does not affect the signal processing
and interpretation. The discrepancy in signal magnitude between the two types of
sensors can be attributed to their different sensing mechanisms: the PZT wafer gauges
changes in piezoelectricity, while the graphene/CNC sensing unit detects changes in

piezoresistivity based on the tunneling effect.

The amplitude and arrival time of the So wave for the functionalized CFRP composites
and the PZT receiver are analyzed at four frequencies. As illustrated in Figure 8.11c,
the amplitude of the Sp wave reaches its highest value at 150 kHz, corresponding to the
resonance frequency of the PZT actuator. Additionally, as indicated in Figure 8.11d,
the arrival time of the So wave shows a consistent time difference between the CFRP
composites and PZT receiver. This discrepancy is attributed to a small positioning error
of approximately 1-2 mm when the PZT wafers are surface-mounted. The results affirm
that the graphene/CNC sensing units exhibit a sensing capability equivalent to that of a

commercial PZT wafer, underscoring the ability of the functionalized CFRP
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composites of responding GUWs of the order of a few micrometers. The results affirm
that the graphene/CNC sensing units exhibit a sensing capability equivalent to that of a
commercial PZT wafer, underscoring the ability of the functionalized CFRP

composites of responding GUWs of the order of a few micrometers.
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Figure 8.11 Experimental set-up and result of high-frequency GUWs test: (a)
experimental set-up; (b) GUWs acquired with functionalized CFRP composites and
surface-mounted PZT wafter at 150 kHz; the amplitude (c) and arriving time (d) of the

So wave at four frequencies, 50 kHz, 100 kHz, 150 kHz, and 200 kHz.
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8.7 Summary

A new manufacturing framework based on the concept of “totally-additive-
manufacturing” is developed. The “totally-additive-manufacturing”-functionalized
CFRP composites are fabricated using a multi-material hybrid printing method,
combining FDM-made composite structures and AJP-fabricated sensing network,
through a seamless, operator-free process. The printing parameters for the
graphene/CNC ink are optimized, revealing that a sheath flow rate of 600 sccm, an
atomizer flow rate of 600 sccm, and a stage speed of 10 mm/s are conducive to
functionalizing CFRP composites with the capacity of in situ, real-time integrity
monitoring. The uniform and dense microstructures of the sensing units thus fabricated
with the optimized printing parameters facilitate easy triggering of the tunneling effect
among neighboring graphene sheets. The “totally-additive-manufacturing”-
functionalized CFRP composites demonstrate the self-sensing capacity to quasi-static
strains induced by cyclic loads and elastic perturbation with an ultralow amplitude (of
the order of a few micrometers) and in an ultrasonic frequency range up to 200 kHz.
This new manufacturing framework opens up new opportunities to customize and

functionalize CFRP composites with the ability of self-monitoring structural integrity.
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CHAPTER 9

Conclusions and Recommendations for

Future Study

9.1 Conclusions

Electrochemical energy systems, FRP composites, wearable devices, and
multifunctional intelligent structures are increasingly required to deliver both high
performance and in situ monitoring in demanding engineering and biomedical
environments. However, prevailing sensing technologies often fall short due to their
rigidity, weight penalties, or incompatibility with host structures. Recent progress in
nanotechnology and AM opens new avenues for embedding lightweight, flexible, and
highly sensitive nanocomposite-based sensors directly into functional systems. This
thesis explores such opportunities across multiple domains, from structural batteries to

intelligent composites, through a unified additive manufacturing—driven strategy.

In the first stage, a graphene/polyvinyl alcohol-based flexible fiber sensor is fabricated
via dip-coating for implantable battery monitoring. By leveraging percolation-driven

conductive networks, the sensor achieves ultra-high sensitivity with minimum
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detectable tensile and flexural strain of 0.009% and 0.028%, while maintaining 98.5%
sensitivity retention over 2,000 mechanical cycles. Embedded within GFRP-
encapsulated lithium-ion pouch cells, the sensor captures internal strains during
charge—discharge cycles and transient perturbations from external impacts—signals
inaccessible to conventional voltage-based BMS. Such capabilities provide early
warning indicators against both electrochemical degradation and mechanically induced

failure.

A nonintrusive graphene/epoxy nanocomposite sensor is then embedded into FRP
laminates through co-curing. Owing to the identical epoxy chemistry between the
sensor and host prepreg, intrusion into the composite is minimized, preserving
mechanical integrity while achieving gauge factors up to 26. The embedded sensor
demonstrates stable responses to quasi-static tensile loading, vibration, and GUWs up
to 600 kHz. Structural tests confirm negligible compromise in stiffness and strength,
validating the feasibility of embedding nanocomposite sensors into FRPs for

simultaneous structural performance and in situ health monitoring.

Building upon this, an aerosol-jet-printed graphene/CNC acoustic sensor encapsulated
in polyurethane film is developed for wearable applications. The sensor exhibits
remarkable acoustic sensitivity, low hysteresis, and high reproducibility, enabling the
detection of subtle speech signals and vocal cord vibrations. Integrated with a machine-

learning algorithm (SVM), the device achieves digit recognition with an accuracy of
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95.9%, underscoring its potential for healthcare, human—machine interaction, and

assistive communication technologies.

To extend monitoring capabilities into structural composites, a graphene/CNC
nanocomposite sensor network is printed and embedded into FRP laminates, forming
distributed sensing units without sacrificing structural integrity. The network captures
high-frequency elastic waves with accuracy comparable to piezoelectric sensors, while
an integrated TDOA algorithm enables reliable localization of impact events. This
lightweight and flexible sensing network demonstrates the feasibility of scalable,

embedded SHM solutions for real-time monitoring of impact-induced damages.

Finally, a new paradigm of totally-additive-manufacturing is proposed and
demonstrated by seamlessly integrating FDM-printed CFRP structures with aerosol-jet-
printed sensing networks. The fabricated multifunctional CFRPs exhibit robust self-
sensing capabilities for both quasi-static strain and high-frequency ultrasonic
perturbations up to 200 kHz, facilitated by optimized microstructures that enhance
tunneling effects among graphene sheets. This totally-additive-manufacturing
framework introduces a scalable, operator-free route to manufacture intelligent
composites that inherently combine structural integrity with real-time monitoring,

opening new opportunities for next-generation smart structures.

In short, the merits and contributions of the AM-enabled nanocomposite sensors
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developed in this PhD study can be summarized as follows:

e High-sensitivity implantable fiber sensors are developed for structural batteries,
capable of detecting ultra-low strains during charge—discharge cycles and
capturing transient impact-induced perturbations beyond the reach of conventional

voltage-based monitoring.

e Nonintrusive nanocomposite sensors are embedded into FRP composites via co-
curing, achieving broadband responsivity to quasi-static loads, vibrations, and
guided ultrasonic waves (up to 600 kHz) while preserving the mechanical integrity

of host structures.

e  Wearable acoustic sensors are fabricated using AJP and polymer encapsulation,
exhibiting excellent acoustic sensitivity, reversibility, and biocompatibility.
Integrated with machine learning, they enable accurate speech recognition and

open pathways toward healthcare and human—machine interaction.

e Distributed sensor networks based on printed nanocomposite units are integrated
into FRP laminates, demonstrating robust capability in real-time acquisition of
high-frequency elastic waves and accurate localization of impact events via TDOA

algorithms.
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e A totally-additive-manufacturing framework is proposed and validated, where
FDM-printed CFRP structures are seamlessly integrated with printed
nanocomposite sensing networks. The resulting multifunctional composites
achieve simultaneous monitoring of quasi-static strains and ultrasonic

perturbations, presenting a scalable route to intelligent structural materials.

9.2 Recommendations for Future Study

Although AM-driven nanocomposite sensors developed in this PhD study are of
numerous merits, there are still several recommendations for extending research in the

future.

First, the acquisition of high-frequency weak signals remains a critical limitation for
piezoresistive sensing systems. Due to the gain—bandwidth trade-off, conventional
amplifiers struggle to simultaneously provide high gain and high-frequency fidelity,
restricting current sensors to a working range from quasi-static to ~1.2 MHz. By
contrast, piezoelectric materials excel in the multi-megahertz regime but are insensitive
to low-frequency or quasi-static strain. This complementary nature highlights a clear
opportunity for hybrid additive manufacturing approaches that integrate both material
systems. Such multimodal sensors would merge the broadband low-frequency
sensitivity of piezoresistive nanocomposites with the high-frequency fidelity of

piezoelectrics, thereby extending the operational spectrum and unlocking broader
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applications in SHM.

Second, the rapid advances in motion control, vision, and auditory systems have
enabled humanoid robots to operate across diverse terrains and application scenarios,
from structured environments to unstructured outdoor conditions. Nevertheless, tactile
sensing remains the final and indispensable step for executing precise and dexterous
tasks. In particular, robotic hands require tactile sensors that are not only highly
sensitive and stable but also capable of detecting multi-axial forces in order to replicate
human-like manipulation. Nanocomposite-based sensors developed in this study
provide a promising pathway toward such tactile sensing solutions. Their intrinsic
flexibility, tunable sensitivity, and compatibility with additive manufacturing facilitate
the design of conformal, lightweight, and robust tactile interfaces. By integrating these
sensors onto flexible substrates and scaling them into arrays, it becomes possible to
emulate the distributed mechanoreceptors of human skin, enabling robots to perceive
pressure, strain, and vibration with spatial resolution. When coupled with advanced
signal processing and machine learning algorithms, such nanocomposite tactile arrays
hold the potential to furnish humanoid robots with refined haptic feedback, thus

bridging the gap between robotic perception and execution.
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