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Abstract: Structural Health Monitoring (SHM) technologies are essential for ensuring the safety,
integrity, and reliability of critical infrastructures. Carbon-based nanomaterials, including carbon
nanotubes (CNTSs),, carbon nanotube yarns (CNTY's), and graphene, have emerged as highly promising
sensing materials due to their remarkable electrical conductivity, flexibility, and mechanical
performance. This review summarizes the most recent advances in CNT-, CNTY-, and graphene-based
sensors developed for SHM applications, with emphasis on their fabrication methods, sensing
mechanisms, and performance metrics. The comparative analysis highlights how these materials enable
accurate strain and damage detection in composite structures, thereby providing pathways toward
multifunctional, lightweight sensing systems. Finally, the main challenges and future prospects of
carbon-based SHM sensors are discussed, including large-scale manufacturing, stability under cyclic
loading, and integration with data-driven diagnostic tools for next-generation intelligent structures.
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1. Introduction

Due to their unique properties, carbon-based materials have seen significant
advancements and an increasing range of applications in recent years. Carbon-based materials
such as graphene and carbon nanotubes (CNTs) have significantly impacted the energy storage
and conversion industry, becoming essential for applications in portable electronics and electric
vehicles. Carbon-based compounds enhance the stability and conductivity of battery
electrodes, increasing capacity and prolonging lifespan. Additionally, these compounds
improve the durability and efficiency of fuel cells by serving as catalysts and support materials.
Carbon-based materials, such as graphene oxide, can also be used in water filtration systems
to remove contaminants and pathogens. Composite materials, which combine the best features
of their constituent elements, offer superior properties that have made them indispensable in
https://materials.international/ 10f 19
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engineering applications. Compared to traditional materials, composites provide enhanced
strength, durability, manufacturability, and versatility. Typically, they consist of a
reinforcement phase and a matrix. These materials are used in a variety of industries, including
automotive, aerospace, and construction [1-4].

Structural Health Monitoring (SHM) is a comprehensive approach for assessing the
integrity of structures. SHM addresses issues arising from material degradation due to
environmental factors and service loads (e.g., fatigue and corrosion), as well as unexpected
external events such as earthquakes and impacts. Major structural failures can lead to severe
economic consequences and loss of life, making SHM a crucial tool in modern engineering.
Non-Destructive Inspection (NDI) methods within SHM have seen significant advancements
over time. The capabilities of NDI have been enhanced through improvements in experimental
techniques, hardware upgrades, statistical methods, analytical simulations, and signal
processing [5-7].

The primary objectives of SHM systems are to optimize structural usage, reduce
downtime, and prevent catastrophic failures. Performance-based inspections aim to replace
scheduled and periodic maintenance in SHM systems, reducing human error and labor costs
while enhancing reliability. For example, SHM is critical for wind turbine blades, as blade
failures are among the leading causes of turbine downtime. Leading-edge erosion, lightning
strikes, ice accumulation, and fatigue are the main sources of blade damage, all of which can
be monitored and managed through SHM. An SHM system integrates sensors either embedded
within or mounted on the surface of the structure, functioning like a nervous system to detect
faults and damage. Various Non-Destructive Testing (NDT) techniques and tools are utilized
in SHM, including metallic foil strain gauges, fiber Bragg grating (FBG) optical fiber sensors,
accelerometers, X-rays, ultrasonic monitoring, infrared thermal imaging, piezoelectric ceramic
sensors, and acoustic emission (AE) technology [6,7].

Despite these advancements and the potential benefits, SHM systems are not yet widely
adopted due to challenges such as cost and the need for nearly zero false-alarm rates. However,
the potential benefits of SHM are considerable, including minimizing service interruptions and
extending the lifespan of structural systems [5].

This paper reviews the recent advancements in the use of carbon-based materials as
sensors for structural health monitoring in composites, with a focus on the past four years.
Specifically, it discusses carbon nanotubes, carbon nanotube yarns (or fibers), and graphene.

1.1. Review methodology.

This review was conducted using the Scopus, Web of Science, and ScienceDirect
databases. The search covered the last five years, using the keywords “carbon nanotube
sensor”, “CNT yarn”, “graphene sensor”, and “structural health monitoring”. Only peer-
reviewed journal articles and review papers written in English were included. Conference
abstracts and non-indexed reports were excluded. The focus was on studies reporting
guantitative parameters, such as gauge factor, sensitivity, operating range, and real-time

monitoring capabilities, for carbon-based SHM sensors.
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2. Carbon-based materials as sensors for SHM
2.1. Carbon nanotubes.

Carbon nanotubes are allotropes of carbon with sp? hybridization, similar to graphene
[8,9]. This type of hybridization creates a layered structure with strong in-plane bonds and
weak out-of-plane van der Waals interactions, allowing graphite sheets to slide along their
planes [10]. CNTs are formed by concentrically rolled graphene sheets, with nanometric
diameters, and can be either single (Single-Walled Carbon Nanotubes — SWCNTSs) or multi-
walled (Multi-Walled Carbon Nanotubes — MWCNTS) (Figure 1) [10-12]. CNTs exhibit
armchair, zigzag, and chiral configurations, which depend on the angle at which the graphite
sheet rolls up [13,14]. The electronic properties of CNTs are strongly influenced by their
chirality, with some CNTSs exhibiting metallic or semiconductor behavior [15].

a

Figure 1. Transmission electron microscopy (TEM) image of multi-walled carbon nanotubes (MWCNTS).

The most common techniques for producing CNTs are chemical vapor deposition
(CVD), a low-temperature method, laser ablation, and arc discharge [13,16,17]. Numerous
studies have documented the outstanding mechanical and physical properties of CNTs,
including high fracture toughness, high elastic modulus, and remarkable resistance to bending
and rupture [18,19].

Owing to their exceptional mechanical, electrical, thermal, and chemical properties,
CNTs are used in semiconductors and electronics for fabricating high-performance integrated
circuit interconnects and transistors. CNTs also improve the electrical conductivity of polymers
for electromagnetic interference (EMI) shielding and antistatic materials. Furthermore, CNTs
enhance mechanical strength, stiffness, and toughness, making them valuable in the aerospace,
automotive, and construction industries [20-22]. In energy storage and conversion, CNTs are
used to improve fuel cell durability and efficiency, increase supercapacitor energy density, and
enhance lithium-ion battery performance [23,24]. Their high thermal conductivity is
advantageous for heat dissipation in electronic devices and thermal management applications,
while their sensitivity makes them suitable for chemical and biological sensors [25]. In
medicine, CNTs are used as contrast agents in imaging procedures, as well as carriers for
targeted drug delivery and photothermal cancer therapy [26]. Additionally, CNTs are utilized
in environmental applications, such as air and water filtration, due to their high adsorption
capacity. CNTs are also integrated into textiles to create smart materials with enhanced
mechanical properties, environmental sensing capabilities, and electrical conductivity. Finally,
CNTs are used in optoelectronics for flexible, transparent displays, light-emitting devices, and
photodetectors, highlighting their versatility across advanced technologies.
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Piezoresistivity, the ability of a material to change its electrical resistance in response
to mechanical strain, is a key property of CNTs. This property arises from the sp-hybridized
carbon atoms in the rolled-up graphene sheets. When CNTs are mechanically bent,
compressed, or stretched, their electrical band structure and density of states near the Fermi
level are altered, leading to changes in their electrical conductivity [27].

CNTs exhibit remarkable strain sensitivity due to their one-dimensional (1D) structure
and quantum confinement effects. Even small mechanical deformations can cause significant
changes in electrical resistance, making CNT-based sensors highly sensitive and capable of
detecting even minute strain variations. The piezoresistive properties of CNTs can be tuned by
adjusting factors such as their diameter, chirality, and the type of mechanical strain applied.
Both SWCNTs and MWCNTSs display piezoresistivity, but SWCNTSs generally offer higher
sensitivity due to their simpler structure [28].

CNT-based sensors have a high gauge factor, making them highly sensitive to strain
and enabling precise stress and strain measurements across various environments. The
exceptional strength, flexibility, and chemical stability of CNTs also ensure the reliability and
longevity of these sensors. Ongoing research and development are expected to further the
integration of piezoresistive CNTSs into functional devices, providing innovative solutions for
advanced sensing technologies.

Al-Bahrani et al. [29] investigated self-sensing nanocomposites designed to predict
structural damage. Nanocomposites containing 0—4 wt% multi-walled carbon nanotubes
(MWCNTSs) were produced using a phenolic matrix. The study identified a percolation
threshold between 0 and 0.5 wt% MWCNT, indicating uniform nanotube dispersion within the
polymer, with agglomeration observed above 2.0 wt%. An increase in MWCNT content
reduced indentation displacement and matrix plasticity, revealing a transition to elastic—plastic
behavior associated with the formation of conductive pathways. Electrical resistance changes
(AR/Ro) correlated with applied load and damage progression, demonstrating the material’s
sensitivity to micro-scale strain. The highest piezoresistive response occurred at 0.5 wt%
MWCNT, where the conductive network was most effective in detecting cumulative damage.
The authors concluded that nanocomposites near the percolation threshold exhibit enhanced
mechanical loading responsiveness, supporting their potential as self-sensing materials for
damage monitoring.

Duan et al. [30] developed a methyl cellulose-based CNT ink for strain and pressure
sensors containing 2 wt% CNT. The ink was printed onto flexible substrates to fabricate textile
strain sensors and sponge-based pressure sensors, both of which were encapsulated in PDMS.
Transmission electron microscopy (TEM) and UV—Vis spectroscopy confirmed uniform CNT
dispersion and high electrical conductivity (2.89 S/cm). The strain sensors exhibited high gauge
factors (=10 at 30% strain), outperforming conventional counterparts, and maintained stable,
repeatable responses over 300 loading cycles without hysteresis. These sensors demonstrated
the ability to detect both small physiological signals, such as throat vibrations, and larger joint
movements, highlighting their versatility for wearable monitoring. Similarly, the sponge-based
pressure sensors showed consistent piezoresistive responses under repeated compression, with
performance influenced by sponge porosity and density. Overall, the CNT ink enabled
lightweight, sensitive, and durable sensors suitable for applications in wearable electronics,
motion tracking, and pressure detection.

Chen et al. [31] proposed an in-situ damage monitoring approach for glass fiber-
reinforced polymers (GFRP) using a bioinspired mesh-structured piezoresistive sensor. Fiber-
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reinforced composites are prone to interfacial debonding, delamination, fiber breakage, and
matrix cracking, making nonintrusive defect assessment essential for structural health
monitoring. The researchers designed a flexible, stretchable MWCNT/PVA mesh film inspired
by spider webs, intended to be embedded within composite laminates. Compared to solid film
sensors, the mesh architecture exhibited higher porosity (80-90%) and strain capacity,
enhancing its flexibility and sensitivity. The gauge factor increased with strain and decreased
with porosity, indicating a tunable piezoresistive response. Mechanical testing showed that
GFRP composites containing the mesh sensor displayed greater elongation at break and
reduced crack propagation, attributed to the sensor’s ability to absorb fracture energy. In
contrast, solid film sensors caused stress concentration, delamination, and reduced tensile and
flexural strength. The mesh sensor also demonstrated superior stability, repeatability, and
early-damage detection, closely correlating with acoustic emission data. X-ray imaging
confirmed that the embedded mesh preserved the mechanical integrity of the composite while
effectively tracking micro-scale damage, establishing it as a nonintrusive and reliable option
for structural health monitoring.

Wang et al. [32] investigated MWCNT buckypapers with varying nanotube
concentrations for use as multisensing elements in the structural health monitoring of glass-
fiber-reinforced polymer (GFRP) composites. The buckypaper sensors were integrated onto
the top and bottom surfaces of GFRP laminates and evaluated under three-point bending tests.
Among the tested formulations, samples produced with 500 mg MWCNT exhibited the highest
sensitivity and stability, and were therefore selected for detailed electromechanical
characterization. The electrical response of the sensors correlated strongly with applied stress
and strain, displaying distinct piezoresistive behaviors under tensile and compressive loading.
The buckypaper positioned on the lower (tensile) surface demonstrated gauge factors
significantly higher than those of commercial metallic strain gauges (GF = 2.0), confirming its
superior strain sensitivity. Changes in resistance followed a nonlinear trend consistent with
flexural stress distribution, enabling detection of microdamage initiation and propagation. The
sensors maintained stable responses under cyclic loading, indicating the durability of the
conductive network. Overall, MWCNT buckypaper sensors demonstrated the ability to
accurately detect and track damage in composite materials, with strong potential for integration
into smart composite structures for real-time health monitoring.

2.2. Carbon nanotube yarns.

Carbon nanotube yarns (CNTYSs) are continuous fibers created by twisting or braiding
aligned carbon nanotubes (CNTs) (Figure 2) [33]. These yarns leverage the remarkable
mechanical properties of individual CNTSs, which include high tensile strength and high elastic
modulus [34]. Structurally, CNTs can be classified as either single-walled (SWCNTSs) with
diameters between 0.4 and 2 nm, or multi-walled (MWCNTSs) with diameters ranging from 2
to 100 nm [35]. This structural arrangement results in yarns that are robust, flexible, and
conductive. The properties of CNTY's are profoundly influenced by the alignment and packing
density of the nanotubes; highly aligned and densely packed yarns demonstrate superior
characteristics, such as enhanced tensile strength and electrical conductivity, compared to yarns
with lower degrees of alignment and packing density [36].

Optimal alignment angles, ideally parallel or nearly parallel to the yarn axis, improve
load transfer and minimize slippage between nanotubes, thereby maximizing the yarn's
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performance [37]. Furthermore, achieving high packing density reduces voids and defects,
further enhancing the overall structural integrity and functional properties of CNT yarns [38].

Figure 2. Scanning electron microscopy (SEM) image of CNT yarn.

CNT vyarns are distinguished by their extensive potential applications due to their
unique properties. They can achieve tensile strengths of several gigapascals (GPa), with values
frequently ranging from 1 to 4 GPa, surpassing many conventional materials such as Kevlar
and high-strength steel [39]. Additionally, CNT yarns exhibit electrical conductivities
comparable to those of metals, reaching up to 10* S/cm, making them suitable for applications
in electronics and electrical systems [40]. Their remarkable thermal conductivity facilitates
efficient heat dissipation in high-performance devices [41]. Furthermore, CNT yarns are
lightweight, chemically resistant, and maintain their properties under extreme conditions,
including high temperatures and corrosive environments [42].

The fabrication of CNT yarns involves various sophisticated techniques, each with its
distinct advantages and limitations. Common methods include spinning CNTs from liquid-
crystalline solutions, dry spinning from CNT arrays, and direct synthesis via chemical vapor
deposition (CVD) [43,44]. In the liquid-crystalline spinning process, CNTSs are dispersed in a
solution and spun into fibers as the solvent evaporates [45]. Dry spinning entails drawing CNTs
from a vertically aligned array and twisting them into yarn [37]. The CVD method produces
CNT yarns directly by continuously growing them on a substrate while simultaneously twisting
them into fibers [46]. These techniques aim to optimize the alignment and packing density of
the CNTs, thereby enhancing the mechanical and electrical properties of the yarns [47].

The integration of CNTYs into composite materials leverages their piezoresistive
properties, making them effective sensors for SHM [48]. The change in electrical resistance of
CNTYs under mechanical strain allows them to function as highly sensitive strain sensors [49].
This characteristic is particularly valuable in detecting deformation and damage in composite
structures.

Abot et al. [49] made a remarkable contribution by investigating carbon nanotube yarns
(CNTYs) as embedded sensors for monitoring static and dynamic responses in laminated
composites. CNTYs were integrated between selected glass fiber layers during lay-up, allowing
intimate contact with the matrix and enhancing strain transfer. Under quasi-static four-point
bending, the CNTY sensors exhibited real-time piezoresistive responses strongly correlated
with applied stress and strain, achieving gauge factors of approximately 0.33 in tension and
0.23 in compression. This sensitivity enabled the early detection of stress concentrations and
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the initiation of microcracks, key to preventing structural failure. In dynamic vibration tests,
CNTYs accurately captured frequency and amplitude variations under sinusoidal loading,
confirming their ability to monitor both static and dynamic behaviors. Overall, the results
highlight the high potential of CNTY's as multifunctional sensors for real-time structural health
monitoring (SHM) in composite materials.

Building on previous research, Wang et al. [50] integrated CNTY sensors into braided
composite structures during the weaving stage, ensuring uniform distribution and full
embedding after resin infusion via VARTM. This manufacturing strategy preserved structural
integrity while enabling the seamless incorporation of sensing elements. Under tensile and
compressive loading, an Artificial Fish Swarm Algorithm (AFSA) was implemented to
optimize the sensor network configuration in real time, improving damage localization. The
piezoresistive CNTY sensors accurately detected fiber breakage and matrix cracking with sub-
millimeter precision, demonstrating outstanding sensitivity and spatial resolution. These
findings underscore the potential of CNTY-integrated braided composites for real-time, high-
accuracy structural health monitoring (SHM) in complex and safety-critical systems.

Expanding the multifunctional potential of CNTYs, Binfaris et al. [51] employed them
as active components in supercapacitors designed to power SHM systems. CNTYs were
embedded and aligned within a polymer matrix to enhance interfacial contact with the
electrolyte, significantly increasing energy storage efficiency. The resulting devices achieved
energy densities of 10-20 Wh/kg and power densities up to 10,000 W/kg, values well-suited
for supplying embedded SHM sensors. Beyond serving as reliable energy sources, these
CNTY-based supercapacitors also contributed to the composite’s mechanical reinforcement,
illustrating their promise for integrated, self-powered, and durable monitoring systems in
advanced structural materials.

As the final example, Uribe-Riestra et al. [52] developed a self-sensing glass-fiber
reinforced composite by embedding CNTYs aligned longitudinally and transversely within the
laminate structure. This configuration enabled distributed strain and damage detection
throughout the material. The composites were evaluated under cyclic four-point bending and
low-velocity impact tests that simulate operational loading conditions. Real-time monitoring
of electrical resistance changes in the CNTYs revealed the initiation, accumulation, and
propagation of damage, which correlated strongly with high-strain regions identified via
Digital Image Correlation (DIC). The results demonstrated that integrating CNTYs enables
accurate and durable in-situ structural health monitoring, with the potential to extend service
life and reduce maintenance costs of composite structures.

This assessment of CNTY integration into composite materials highlights its immense
potential to enhance the reliability and safety of structural components. By enabling real-time
monitoring and early damage detection, CNTYs are becoming crucial for developing smart
materials that maintain structural integrity under various conditions. Their dual function as
sensors and reinforcements paves the way for more resilient and intelligent composites, with
significant implications for aerospace, automotive, and civil engineering. As research
advances, CNTYs are expected to play a central role in the future of structural health
monitoring, driving safer, more efficient, and sustainable engineering solutions.

2.3. Graphene.

Graphene is a carbon allotrope consisting of a two-dimensional layer of carbon atoms
arranged in a hexagonal honeycomb structure. This configuration offers exceptional properties,
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including high electrical conductivity, superior mechanical strength, and excellent thermal
conductivity. The sp? hybridization of carbon atoms in graphene results in a flat network of &
bonds, forming a rigid structure, while 7 bonds control interactions between different graphene
layers [53].

The mechanical properties of graphene are remarkable, with an elastic modulus of
approximately 1 TPa and an intrinsic strength of 130.5 GPa. These characteristics make
graphene an extremely robust material, with a load-bearing capacity significantly higher than
most known materials. Additionally, graphene's thermal conductivity is exceptionally high
(around 5 x 108 W/mK), making it suitable for applications requiring efficient heat dissipation.
The impressive mechanical properties of graphene are largely due to the sp? hybridization of
its carbon atoms, which form strong covalent bonds in a two-dimensional plane. These bonds
give graphene its incredible tensile strength and flexibility, enabling it to stretch up to 20% of
its original length without breaking. These properties are particularly advantageous for
applications that require robust yet lightweight materials. Similarly, the high thermal
conductivity is due to ballistic phonon transport in the graphene lattice, enabling rapid heat
transfer throughout the material [53-55].

Graphene oxide (GO), on the other hand, is derived from graphene through oxidation,
introducing oxygen-containing functional groups into its structure. These functional groups
play a critical role in modifying the material's properties, including dispersibility, chemical
reactivity, and interactions with other substances [56]. Figure 3 presents a high-resolution
micrograph of GO prepared by the Hummers method, highlighting its characteristic wrinkled,
layered morphology. The observed structure consists of thin, transparent, overlapping
nanosheets with irregular edges, typical of exfoliated GO. These sheets demonstrate significant
surface area and flexibility, features that arise from the oxidation and subsequent exfoliation of
graphite. The wrinkles and folds across the surface suggest the presence of oxygen-containing
functional groups (such as hydroxyl, carboxyl, and epoxy groups), which disrupt the planar sp?
carbon network and contribute to the hydrophilicity and chemical reactivity of GO. This
morphology is especially advantageous for applications in nanocomposites, sensors, and
filtration systems due to its enhanced interfacial interactions and mechanical reinforcement.

.‘\\ R

Figure 3. SEM image of gréphene oxide (GO) synthesized via the modified Hummers method.

The oxygen-containing functional groups make GO highly hydrophilic, allowing it to
disperse in water and other polar solvents. This property facilitates the handling of GO in
solution form, enabling the fabrication of thin films, coatings, and composites through solution-
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based deposition methods. Good dispersibility is essential for industrial-scale applications
where uniformity and stability of suspensions are critical. In addition, the presence of oxygen-
containing functional groups in GO provides multiple reactive sites for chemical modification.
This reactivity allows for the functionalization of GO with various molecules, including
polymers, metals, and biomolecules. GO's functionalization can be tailored to adjust its
electronic, mechanical, and biological properties, making it a highly customizable material for
specific applications [56,57].

In the context of SHM, graphene and GO are used as sensing elements due to their high
sensitivity to structural and load variations. Graphene-based sensors can detect subtle
deformations and damage in laminated composites, providing accurate, real-time information
on structural integrity. Integrating these materials into SHM systems enables continuous, non-
invasive monitoring, which is essential for preventive maintenance and the safety of critical
structures, as shown in Figure 4 [58].

Structural health monitoring Traffic detection

Incident EM wave

et

Reflected EM wave

Graphene
Fiber
Cement composite

Transmitted EM wave

Concrete in marine environment EMI shielding

Figure 4. Schematic illustration of the multifunctional applications of graphene in SHM systems, including
mechanical reinforcement, durability enhancement, electromagnetic interference (EMI) shielding, and traffic
detection. Reproduced from [58], an open-access article.

The production of graphene and graphene oxide (GO) has been extensively investigated
due to their exceptional properties and wide range of applications. Since the discovery of
graphene in 2004 by Andre Geim and Konstantin Novoselov, several techniques have been
developed to produce high-quality and large-scale graphene [59].

The first approach, known as micromechanical exfoliation or the Scotch Tape method,
isolates graphene layers from graphite using adhesive tape [60]. Another method,
electrochemical exfoliation, is a simple and high-yield process that employs graphite electrodes
in agqueous or non-aqueous electrolytes, where layer separation occurs through electrode
expansion under an electric field [61]. Chemical vapor deposition (CVD) represents a widely
used “bottom-up” approach for large-scale production, in which carbon precursors (e.g.,
methane or acetylene) decompose on metal substrates such as copper or nickel under controlled
temperature and pressure conditions [62].

Graphene oxide (GO) is typically obtained by oxidizing graphite to introduce oxygen-
containing functional groups into its structure. The most common route is the Hummers’
method and its modifications, which use a mixture of sulfuric acid (H2SO4), sodium nitrate
(NaNO:s), and potassium permanganate (KMnQ.)[63,64]. More recently, green synthesis
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approaches have emerged, employing mild reducing agents such as ascorbic acid, plant
extracts, or amino acids to minimize hazardous chemical use. These environmentally friendly
methods yield high-purity GO or reduced GO (rGO), suitable for applications in biomedicine,
environmental remediation, and energy storage, representing a sustainable advancement in
nanomaterial production [65,66].

Structural health monitoring (SHM) aims to perform tasks such as damage detection,
localization, and quantification to maintain the integrity of an entire structure. Early detection
of damage is crucial to ensure proper maintenance and the reliability of structures. Graphene
and its derivatives, particularly graphene oxide (GO), have emerged as promising materials for
SHM due to their exceptional electrical, mechanical, and thermal properties. Several studies
have demonstrated the effectiveness of graphene-based sensors in detecting various types of
damage, including delamination, matrix cracking, and fiber breaking. The sensitivity and
accuracy of these sensors are discussed, along with the challenges encountered, such as
environmental and operational variations.

Recent advancements have demonstrated the effectiveness of embedded, non-intrusive
graphene/epoxy broadband nanocomposite sensors co-cured with glass fiber-reinforced
polymer (GFRP) for in situ structural health monitoring. Wang et al. [67] dispersed graphene
nanoplatelets (GNP) in epoxy resin and combined them with the GFRP composites. The
preparation involved magnetic stirring, sonication, and vacuum degassing to ensure uniform
dispersion. The sensors, fabricated under various pressures, were tested for their sensing
capabilities and mechanical integrity. Scanning electron microscopy (SEM) revealed uniform
dispersion of GNPs and tight bonding between the sensor and the glass fibers, confirming the
non-intrusive nature of the sensor. The sensor effectively captured structural responses from
static strain to high-frequency ultrasonic waves up to 600 kHz, with a gauge factor of up to 26
at -25 inHg pressure, demonstrating superior sensitivity. The tensile and three-point bending
tests indicated negligible intrusion of the sensor and mechanical properties comparable to those
of GFRP without sensors. The sensor exhibited stable, repeatable, and reversible dynamic
responses in vibration tests (300 Hz to 2 kHz) and effectively captured guided ultrasonic waves
(150 kHz to 600 kHz), showing comparable performance to commercial PZT wafers. However,
challenges such as ensuring uniform graphene dispersion, minimizing nanofiller
agglomeration, and maintaining sensor integrity during co-curing were identified. Addressing
these challenges and optimizing the fabrication process will enhance the application of
graphene-based sensors in SHM of composite materials.

In a similar application, the development of thin-film graphene-based nanocomposite
strain sensors has led to significant improvements in ultrasonic testing-based structural health
monitoring. Guan et al. [68] developed a high-thermal-stability, fully spray-coated multilayer
graphene/polyamide-imide (PAI) nanocomposite strain sensor capable of detecting high-
frequency ultrasonic waves under unstable temperature conditions. The sensor comprised a
PAI insulation/adhesion layer, a graphene/PAl sensing layer, and a silver electrode layer, all
fabricated using ultrasonic atomization-assisted spray coating. The PAI matrix ensured stable
electrical conductivity and strong adhesion to monitoring targets up to 160°C. SEM,
thermogravimetry—differential scanning calorimetry (TG-DSC), and adhesion tests confirmed
the film’s morphology and thermal integrity, showing uniform graphene dispersion and high
stability up to 230°C for the insulation layer and 250°C for the sensing layer. Adhesion tests
demonstrated minimal degradation after ten thermal cycles, ensuring responsiveness under
elevated temperatures, while electrical conductivity increased with temperature, maintaining
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excellent thermal stability. For ultrasonic response evaluation, three nanocomposite sensors
and four PZT wafers were mounted on an aluminum plate. The graphene/PAIl sensors
successfully detected both symmetric (So) and antisymmetric (Ao) Lamb wave modes with
consistent arrival times and amplitudes. Unlike PZT sensors, whose signal amplitude decreased
with temperature, the nanocomposite sensors exhibited enhanced response due to improved
conductivity. The study also proposed a multi-element series design to tune sensitivity to
specific wavelengths, achieving approximately 180% higher sensitivity to the Ao mode than
sensors with fewer elements. Overall, the multilayer thin-film graphene/PAI nanocomposite
strain sensor demonstrated exceptional thermal stability, high sensitivity, and robust ultrasonic
response, highlighting its potential for advanced SHM applications across diverse and high-
temperature environments.

In another application field, such as stress and damage sensing, Gulisano et al. [69]
investigated the incorporation of graphene nanoplatelets (GNPs) into asphalt mixtures to
develop self-sensing road pavement materials. The stress- and damage-sensing responses were
evaluated using digital signal processing techniques, including wavelet transform analysis of
the electrical signals generated by the mixtures. The GNPs were incorporated into a Stone
Mastic Asphalt (SMA 11) mixture via hand-mixing, offering a practical approach for large-
scale production despite inherent challenges in achieving uniform dispersion due to strong van
der Waals interactions. SEM analysis confirmed the flake-like morphology and distribution of
GNPs within the asphalt binder. Volumetric and mechanical characterization showed that
adding 5 wt% GNPs reduced air void content and slightly increased stiffness, though a decrease
in indirect tensile strength (ITS) was observed—attributed to GNP agglomeration affecting
bitumen-aggregate adhesion. The stress-sensing performance was assessed by monitoring
electrical resistance under cyclic compressive loading, revealing a linear correlation between
applied stress and electrical response. Higher stress levels produced increased electrical signals,
while the presence of moisture enhanced ionic conduction, influencing sensitivity. For damage-
sensing evaluation, digital signal processing based on wavelet transform effectively identified
structural changes during loading, enabling detection of crack initiation and propagation. Both
continuous and discrete wavelet analyses provided valuable insights into the piezoresistive
response and structural integrity of the mixtures. Overall, the addition of 5 wt% GNPs endowed
the asphalt composites with notable stress- and damage-sensing capabilities. Future studies
should aim to optimize nanoparticle dispersion to improve mechanical performance and
investigate long-term environmental effects, while integrating advanced digital processing and
machine learning tools to enhance pavement health-monitoring applications.

For damage prediction in aircraft structural components, flexible strain sensors have
emerged as crucial tools where traditional sensors are limited. Meng et al. [70] developed a
flexible graphene/polydimethylsiloxane (GNP/PDMS) strain sensor via a mechanical coating
method, combining large-area coverage, high strain capacity, and excellent sensitivity for
aircraft damage detection. Graphene nanoplatelets (GNPs) were first prepared through thermal
treatment and sonication, then mechanically coated onto a PDMS substrate to form a
conductive composite film. SEM characterization revealed a uniform distribution of GNPs on
the PDMS surface and overlapping flake structures, which established a stable conductive
network essential for strain sensing. The sensors exhibited increasing resistance change rates
(AR/Ro) with applied strain, with thicker films showing higher sensitivity. Tests under strain
and temperature variations demonstrated rapid response and recovery times (~0.23 s) and
marked resistance increases with temperature, indicating potential for temperature sensing. In
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practical tests, GNP/PDMS sensors were applied to specimens with hole-edge cracks, aircraft
wing box sections, and composite structures under various loading conditions. They
successfully detected crack initiation and propagation, as well as strain distribution during
impact and fatigue tests. On aircraft wing box sections, sensor data correlated well with
numerical simulations, confirming accurate strain monitoring. The sensors also detected
impacts on carbon fiber panels, suggesting potential for wide-area coverage with fewer sensors.
Overall, the GNP/PDMS flexible strain sensor shows strong promise for aircraft structural
health monitoring, combining high sensitivity, durability, and scalability. Future work should
focus on optimizing fabrication and extending applications to broader industrial environments.

Fiberglass-reinforced composites also hold significant potential for structural health
monitoring (SHM). In this context, Groo et al. [71] presented a detailed methodology for
integrating laser-induced graphene (LIG) into fiberglass composites and evaluated their
performance under fatigue loading. LIG was synthesized via a transfer-printing process in
which commercial polyimide (Kapton®) films were irradiated with a CO- infrared laser to
convert their surfaces into graphene, then embedded into uncured fiberglass prepregs under
manual pressure. The laminates were cured in a hot press at 127°C and 100 psi (0.69 MPa) for
2 h, forming a robust interlayer within the composite structure. SEM analysis confirmed the
successful conversion of polyimide to graphene. The LIG-embedded composites were tested
under quasi-static tension and cyclic fatigue using an Instron ElectroPuls™ system, while
electrical resistance was continuously monitored via a Wheatstone bridge circuit to track
damage progression in real time. Digital Image Correlation (DIC) and resistance data revealed
three distinct stages of fatigue damage: matrix cracking (Region 1), interfacial debonding and
delamination (Region 1I), and fiber fracture (Region Ill). Marked changes in electrical
resistance correlated with these stages, confirming the sensor’s effectiveness in identifying
different damage modes. A multiphysics numerical model incorporating axial and transverse
strain components was calibrated with experimental data, accurately predicting the nonlinear
electromechanical response. Moreover, the first derivative of the normalized resistance
provided valuable insights into fatigue life estimation, strongly correlating with failure onset.
The combined use of DIC and electrical resistance measurements offered a comprehensive
approach for evaluating the integrity of fiberglass composites under cyclic loading. Overall,
this study demonstrated the strong potential of LIG as a reliable, real-time sensing element for
life prediction and SHM of fiberglass-reinforced composites.

Graphene oxide (GO) can also be employed in laminated composites, as demonstrated
by Rapisarda and Meo [72], who investigated the synthesis, characterization, and application
of reduced graphene oxide (RGO) films as multifunctional coatings on carbon fiber-reinforced
polymer (CFRP) laminates. The process began with the exfoliation of graphite oxide (GtO) in
distilled water using probe sonication to obtain GO, which was then cast onto polyethylene
terephthalate (PET) films and dried for 24 h to form GO films. These films were annealed at
1300°C for 3 h under an argon atmosphere, producing 40 pum-thick RGO films. The RGO-
coated CFRP laminates were fabricated by laminating a three-ply symmetric CFRP prepreg
with the RGO film on top, followed by autoclave curing at 180°C and 100 psi (0.69 MPa) for
3 h. Electrical conductivity, measured via a four-point probe, showed a substantial increase in
the RGO-coated laminates compared to the reference CFRP. Wettability tests revealed that the
RGO layer imparted hydrophobicity to the surface, with a contact angle of 95° versus 60° for
the uncoated side. Mechanical characterization through three-point bending tests indicated a
reduction in flexural modulus for the coated samples, although the RGO film exhibited strong
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adhesion, detaching only after CFRP failure. During bending tests, in situ resistance monitoring
showed a linear relationship between normalized resistance change and flexural strain above a
threshold strain, confirming the strain-sensing capability of the RGO film due to deformation-
induced changes in its conductive network. Overall, this study underscored the potential of
RGO films as multifunctional coatings for CFRP laminates, offering enhanced electrical
conductivity, hydrophobicity, and strain-sensing functionality while maintaining satisfactory
mechanical integrity. Future research aims to deepen the understanding of RGO’s influence on
composite mechanical behavior and to explore DC-biased thermography for damage
localization.

To elucidate recent advances and the relative performance of carbon-based sensors for
structural health monitoring, a comparative analysis of CNT-, CNTY-, and graphene-based
sensors was conducted. Table 1 summarizes key parameters reported in the literature, including
gauge factor, sensitivity, and operating range, as well as representative applications of each
material system. This comparison highlights the specific advantages and limitations of each
carbon-based approach for SHM applications in composite structures.

Table 1. Comparison of key parameters for CNT-, CNTY -, and graphene-based SHM sensors.

Material Gauge factor (GF) Sensitivity Operating range Typical application Reference
CNT 2.10 High up to 3% strain Compof;;eti'lig"”ates' [29-32]

CNTY 0.2-0.5 Moderate up to 5% strain Laminated composites | [45,49-52]
Graphene up to 26 Very high up to 10% strain Thin flcl:rESRF? FRO, [67-72]

The data summarized in Table 1 indicate that while CNT-based sensors exhibit
excellent sensitivity and mechanical robustness, CNTY sensors provide higher structural
compatibility and reliability under cyclic loading. Graphene-based sensors, on the other hand,
combine superior sensitivity with wide operational strain ranges, making them particularly
promising for multifunctional and non-intrusive SHM applications. Together, these results
demonstrate that each carbon nanomaterial offers unique advantages depending on the desired
balance between sensitivity, mechanical integration, and application environment.

3. Conclusions and Future Perspectives

Carbon-based nanomaterials, including CNTs, CNTYs, and graphene, have
demonstrated remarkable potential as sensing elements for SHM in composite materials. Their
superior electrical conductivity, flexibility, and mechanical performance enable accurate, real-
time strain and damage detection while maintaining the structural integrity of the host material.

Recent studies have shown significant progress in developing multifunctional
composites that integrate mechanical strength with sensing capabilities. CNT-based sensors
offer a balance between conductivity and mechanical robustness, CNTYs provide improved
structural integration and cyclic durability, and graphene sensors stand out for their high
sensitivity and adaptability to flexible substrates.

Current limitations, however, include challenges related to nanomaterial dispersion,
interfacial bonding, signal stability under varying environmental conditions, and the scalability
of fabrication techniques. Future directions should therefore focus on developing standardized
processing routes, advancing data interpretation through artificial intelligence, and integrating
energy-harvesting elements into autonomous SHM systems. In terms of application readiness,
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CNTY- and graphene-based sensors already exhibit promising performance in laboratory and
small-scale field studies, indicating their strong potential for industrial deployment.

3.1. Challenges and future prospects.

Despite the rapid progress achieved in recent years, several key challenges remain to
be overcome to ensure large-scale, long-term adoption of carbon-based SHM technologies.
Uniform nanomaterial dispersion within polymer matrices remains difficult to achieve without
compromising mechanical performance, and ensuring durable interfacial adhesion is critical
for signal repeatability. Environmental factors, including temperature, humidity, and fatigue
loading, can introduce noise and drift, requiring improved material design and signal-
conditioning strategies.

Future research should emphasize scalable fabrication and sensor integration methods
compatible with existing composite manufacturing processes. The incorporation of data-driven
modeling and machine learning for damage prediction, as well as the development of
multifunctional CNTY or graphene structures capable of energy storage and self-sensing, will
enable the next generation of autonomous SHM systems. By addressing these challenges,
carbon-based nanomaterial sensors will continue to advance toward reliable, intelligent, and
field-ready solutions for aerospace, civil, and energy infrastructures.
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The following abbreviations are used in this manuscript:

Abbreviation Definition

AE Acoustic Emission

AFSA Artificial Fish Swarm Algorithm
CFRP Carbon Fiber Reinforced Polymer
CNT /CNTs Carbon Nanotube / Nanotubes
CNTY /CNTYs | Carbon Nanotube Yarn/ Yarns
CVD Chemical Vapor Deposition

DIC Digital Image Correlation

EMI Electromagnetic Interference
FBG Fiber Bragg Grating

GF Gauge Factor

GFRP Glass Fiber Reinforced Polymer
GNP Graphene Nanoplatelet

GO Graphene Oxide

ITS Indirect Tensile Strength

LIG Laser-Induced Graphene
MWCNT Multi-Walled Carbon Nanotube
NDI Non-Destructive Inspection
NDT Non-Destructive Testing

PAI Polyamide-Imide

PDMS Polydimethylsiloxane

PZT Lead Zirconate Titanate

rGO Reduced Graphene Oxide

SEM Scanning Electron Microscopy
SHM Structural Health Monitoring
SMA Stone Mastic Asphalt

SWCNT Single-Walled Carbon Nanotube
TEM Transmission Electron Microscopy
UV-Vis Ultraviolet-Visible Spectroscopy
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