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Structural health monitoring (SHM) is a critical aspect of ensuring the safety and durability of smart bio-

composite materials used as multifunctional materials. Smart biocomposites are composed of renewable

or biodegradable materials and have emerged as eco-friendly alternatives of traditional non-bio-

degradable glass fiber-based composite materials. Although biocomposites exhibit fascinating properties

and many desirable traits, real-time and early stage SHM is the most challenging issue to enable their

long-term use. Smart biocomposites are integrated with sensors for in situ identification of the progress

of damage and composite failure. The sensitivity of such smart biocomposites is a key functionality,

which can be tuned by the introduction of an appropriate filler. In particular, nanocarbons hold promising

potential to be incorporated in SHM applications of biocomposites. This review focused on the potential

applications of nanocarbons in SHM of biocomposites. The aspects related to fabrication techniques and

working mechanism of sensors are comprehensively discussed. Furthermore, their unique mechanical

and electrical properties and sustainable nature ensure seamless integration into biocomposites, allowing

for real-time monitoring without compromising the material’s properties. These sensors offer multi-para-

meter sensing capabilities, such as strain, pressure, humidity, temperature, and chemical exposure, allow-

ing a comprehensive assessment of biocomposite health. Additionally, their durability and longevity in

harsh conditions, along with wireless connectivity options, provide cost-effective and sustainable SHM

solutions. As research in this field advances, ongoing efforts seek to enhance the sensitivity and selectivity

of these sensors, optimizing their performance for real-world applications. This review highlights the sig-

nificant advances, ongoing efforts to enhance the sensitivity and selectivity, and performance optimiz-

ation of nanocarbon-based sensors along with their working mechanism in the field of SHM for smart

biocomposites. The key challenges and future research perspectives facing the conversion of nanocar-

bons to smart biocomposites are also displayed.

1. Introduction

The advent of smart biocomposites offers a synergy of sustain-
able biobased materials and advanced composite technologies
in the field of materials science.1 This novel category of
materials are composed of biodegradable polymers or natural
fibers, resulting in an innovative material possessing mechani-
cal characteristics akin to those of conventional glass fiber-

based composite materials.2 These eco-friendly, lightweight,
and sustainable materials hold the promise of revolution of
various industries, such as aerospace,7 construction and build-
ing material,6 oil and gas industry,227 marine and shipbuild-
ing,8 electrochemical,5 textile and apparel manufacturing, elec-
tronics,3 and pharmaceuticals.4 Although smart biocomposites
hold significant achievements, the prediction of their defor-
mation mechanism remains a challenge because they may
damage differently by compressive or tensile strain unlike
metals or traditional composites.9 In general, ‘damage’ is
characterized as a substantial factor that affects the structural
behaviour, leading to a decline in the present or future per-
formance of a structure. Consequently, a precise explanation
of damage involves a comparison between two distinct states
of a structure: one in a state of ‘health’ and the other in a state
of ‘damage’.10 In definitional terms, a healthy structure oper-
ates excellently and maintains its integrity over its lifespan.11

Conversely, within the realm of structural identification,
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damage is linked to alterations initially in the material and
subsequently in the geometry and topology of the structure,
which includes modifications of the boundary conditions.12

Current methods for detecting damage span a broad spec-
trum, ranging from traditional inspection methods performed
by experts to advanced automated approaches employing
smart sensors and artificial intelligence. The latter identifi-
cation process combines science and engineering, forming the
basis of the interdisciplinary field known as structural health
monitoring (SHM). The SHM of smart biocomposites utilised
in critical infrastructure like bridges, buildings, and dams is
critical for ensuring safety from catastrophic
consequences.13,14 SHM allows the early detection of structural
issues before they reach critical problems.15 This proactive
approach can not only extend the lifespan of biocomposites
but also reduce the cost and disruption associated with major
repairs. In addition, SHM can also contribute to sustainability
in terms of energy saving and waste reduction. Furthermore,
SHM can provide real time information of structural health at
extreme events or natural disasters.16,17 The main objective of
the SHM system is to establish a real time health monitoring
network for the future advancement of smart biocomposites.

In this regard, various SHM techniques have been utilized
such as non-destructive evaluation,18,19 self-sensing material
system,20–22 and smart embedded sensor.23–25 The non-
destructive testing methods are generally utilised in the last
step of the major process, and the structure size limits the
application.26 Additionally, self-sensing materials system may
have a limited sensing range, which can make it challenging
to monitor complex structures.20 On the other hand, incorpor-
ating integral sensing systems within the composite structure
enhances the ability of real time SHM during the manufactur-
ing process by effectively monitoring crucial parameters like
strain or temperature variations. Furthermore, the integration
of sensors within the structure provides protection from the
operational environment, ultimately extending the lifespan of
the sensors.27 Additionally, this method offers a cost-efficient

solution, increasing the durability of smart biocomposites by
enabling continuous data collection for timely repairs and
maintenance, hence reducing the need for unnecessary main-
tenance procedures.28

Commercially available strain sensors exhibited the limit-
ations of poorer sensing within a few percentages owing to the
inadequate stretchability of metal and semiconductors.29,30

Strain sensors with high sensing efficiency (>50%) are of par-
ticular interest for the fabrication of interactive election
devices to be human-friendly. The ability or performance of
these sensors are measured by gauge factor, durability, stabi-
lity, response time, sensing range, and the correlation between
strain and relative resistance change. Various types of strain or
pressure sensors including, strain gauges, fiber optic, piezore-
sistive,31 piezoelectric,33 Raman pressure sensor,34 field effect
transistor,35 and capacitive sensors32 are used in SHM to
assess the condition and performance of structures. These
sensors are fabricated using diverse functional nanomaterials
such as MXene/AgNW composite,36 PEDOT:PSS fibers,37

MXene/PEDOT:PSS@Melamine foam,38 ZnO/PVDF compo-
site,39 metal nanoparticles, and metal organic framework
depending on their working mechanism.40–45 Among these
nanomaterials, nanocarbons such as carbon black (CB),
carbon nanotubes (CNTs), carbon nanoonions (CNOs), and
graphene are often considered superior to other nanomaterials
for strain sensors because of the combination of their excep-
tional properties and performance advantages. Nanocarbons
exhibits high sensitivity,49 exceptional mechanical pro-
perties,46 high electrical conductivity,48 wide strain range,51

high chemical stability,53 lightweight,52 high thermal stabi-
lity,47 high signal-to-noise ratios,228 electrochemical charge
storage capicity54 and multi-directional sensing,50 which make
them suitable for a wide range of applications. The nanocar-
bons can be easily incorporated in different polymer matrixes
to form stretchable and mechanically stable strain sensors.
Nanocarbon-based sensors exhibit ultra-sensitivity, stability,
and responsiveness to environmental factors that makes them
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suitable for monitoring the structural integrity of biocompo-
site materials. Nonetheless, the development process is
complex because of their small size and structure, which can
cause difficulty in uniform incorporation and structural assem-
bly in the polymer matrix.55 Recent research reports have high-
lighted the successful development of nanocarbons using
various techniques to enhance the strain-sensing capabili-
ties.56 These assembly methods encompass approaches like
uniform blending57 and structured arrangements58 such as
micro yarns,59 nanofibers,60 foams,61 and nanofiber mem-
branes.62 The characteristics of these strain sensors are
changed with the specific assembly method employed.
Although the sensors fabricated directly using nanocarbons
show higher strain sensitivity than the nanocarbon-based com-
posites but the use of these polymer substrates enhance the
linear response, expand the strain range, and improve the
stability.63 The enduring interactions between carbon nano-
materials and polymers are pivotal for optimal sensing per-
formance. For example, the incorporation of CNTs in the
matrix of polyaniline (PANI) enhances the flexibility and range
of sensitivity of conductive yarn strain sensors.64 In addition,
the piezoresistive sensing performance of the pressure sensor
can be improved by the incorporation of cellulose nanocrystal
in the CNTs/waterborne polyurethane (WPU) composite.65

Apart from the polymer, the sensitivity of elastic rubber-based
flexible strain sensor can be achieved with low detection limit,
wide detection range, and high gauge factor by decorating the
dual conducting layer of CNT and reduced graphene oxide
(rGO) on elastic rubber band.66 Moreover, the introduction of
CNTs in the conducting layer of Ag nanoparticles on spandex
fiber improves the range of sensitivity as well as the response/
recovery time of wearable strain sensor.67

Nanocarbons derived from biomass may have a lower
carbon footprint compared to traditional carbon sources and
it indirectly contributes to carbon sequestration.68 These
materials may be cost-effective, eco-friendly, and bio-
degradable, offering environment-friendly end-of-life disposal

options, especially in applications where degradation over
time is acceptable.69 In addition, the production methods may
have lower energy requirements compared to traditional
methods, contributing to reduced environmental impact.70–73

Sustainable nanocarbons can be easily tailored based on the
specific features of the biomass source, providing a precise
control over the material’s properties.74–76

This review article presents the latest progress of the bur-
geoning field of nanocarbon-based sensors and their transfor-
mative impact on the SHM of smart biocomposites. The utiliz-
ation of nanocarbons in SHM, encompassing various sensor
types, and delving into the role of nanocarbons in electronic
skin applications are discussed in detail. Furthermore, the
review provides a detailed exploration of different types of
nanocarbon-based sensors, elucidating their operational
mechanisms. In closing, conclusions and insights into the
future prospects of these sensors, illuminating their potential
to revolutionize how to monitor and uphold the integrity of
advanced composite structures in various sectors have been
discussed. The insights within this review serve as a valuable
resource for research scholars, scientists, and industries
engaged in the field of strain sensors and SHM of biocompo-
site materials.

2. In situ structural health monitoring

SHM refers to the process of continuously monitoring the
integrity and condition of a structure over time. Various
sensors involve monitoring the performance, strain, crack, and
other critical factors affecting the structural integrity of air-
craft, buildings, bridges, dams, and other engineered struc-
tures.77 These sensors continuously collect data on factors
such as vibrations, temperature, humidity, strain, and defor-
mation; structural health can be accessed by analyzing them.
SHM is important in various industries such as civil engineer-
ing, aerospace, energy, medical, and transportation as it helps
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prevent catastrophic failures, ensures safety, reduces mainten-
ance costs, and enhances the overall performance and
reliability of critical infrastructure and assets.78,79 In situ SHM
is a crucial aspect of securing the structural or operational
safety of smart biocomposite materials in real-world appli-
cations. Traditional SHM methods often rely on external
sensors or periodic monitoring, which may not be reliable for
the continuous inspection of biocomposites used in dynamic
and remote environments. In situ SHM for smart biocompo-
sites often include the use of embedded actuators and
sensors. Nanocarbon-based sensors offer a compelling solu-
tion for in situ SHM of smart biocomposite by strain sensing,
damage detection, and pressure monitoring.80

2.1 Strain sensing

The measurement of strain within smart biocomposites is one
of the critical parameters in real time and long term SHM.
Strain sensing using nanocarbon-based sensors provides valu-
able insights into the material’s mechanical behaviour and its
response to external loads and environmental conditions.
Among various strain sensing materials, nanocarbon-based
sensors, including CNTs and graphene, exhibit outstanding
sensitivity to strain due to their unique electrical, mechanical,
and optical properties.81–83 Furthermore, the band gap of
carbon-based materials can be opened under strain due to the
breaking of sublattice symmetry, which make them promising
materials for strain sensing.84 Three dimensionally (3D) inter-
connected vertically-aligned CNT are being utilized as sensory
films in resistive strain sensors.85–87 These sensors can be fab-
ricated using several techniques. For instances, vertically-

aligned CNT can be directly embedded in the polymer matrix
or directly laid on to the polymer substrate via the dry-spin-
ning technique, or CNT films can grow on a catalyst with a pat-
terned layout by carefully selecting and manually transferring
onto polymer substrates.85,87,88 The strain-sensing capability of
CNT-based sensors relies on alterations in the structure when
subjected to strain. The CNT layers become less tightly packed
on stretching, which causes a reduction in contact between
neighbouring CNTs proportionate to the applied strain. As a
result, the electrical resistance of the sensors increases. This
process occurs gradually due to the intricate entanglement of
the CNT films’ morphology. Consequently, these devices typi-
cally show linear sensitivity across a wide range of strains,
extending to several hundred percent.87–89 An exceptionally
effective metal flexion sensor can be achieved by incorporating
a super-aligned CNT sheet between an elastomer substrate and
a metallic sensing film, which expressively improves the
sensor’s linearity of response, all the while maintaining a high
level of sensitivity.89 Additionally, highly linear piezoresistive
strain sensor can be develop by single-walled CNTs encapsu-
lated in a nonfluorinated super hydrophobic coating, provid-
ing water resistance during elastic deformation, even at 100%
strain.90 In contrast to CNT, graphene offers advantage in scal-
able device production using top-down approaches, which
aligns with the existing semiconductor manufacturing
processes.

Strain causes shift in the electronic band structure of gra-
phene, leading to an attractive change in its electrical pro-
perties and electromagnetic coupling. Moreover, several
theoretical studies on strained graphene show that under
asymmetrical strain distribution, the Fermi velocity is reduced
and the Dirac cones are shifted, which introduces a pseudo-
magnetic field and can be used to engineer the electronic
structure.91 Even though the strain can cause additional scat-
tering and resistance decrease,92 different methods have been
adopted for the fabrication of graphene-based strain sensors
such as layer-by-layer (LBL) deposition and chemical vapour
deposition (CVD). Graphene woven fabrics (GWFs) strain
sensor was developed by the CVD method to monitor real time
various strain levels of human motion signals. On applying
stress, cracks density within the network increases, causing a
reduction in the available current pathways and an increase in
resistance. In order to mould around human skin well to
ensure the response of real signals, a new kind of electronic
skin was developed with graphene woven fabrics, polydi-
methylsiloxane, and medical tape.93 However, CVD-grown gra-
phene-based sensors involve expensive and complicated
process, which is not appropriate for practical applications. To
overcome this problem, Wang et al. fabricated highly stretch-
able, sensitive, wearable graphene strain sensors using the
LBL deposition technique, as illustrated in Fig. 1.94

Stretchable yarns such as rubber (RY), nylon covered rubber
(NCRY), and wool yarns (WY) were used to develop the strain
sensor because they can be utilised for wearable fabric. The
sensing performance of the sensors is demonstrated in
Fig. 2.94 The RY sensor is placed within the PDMS layer on an
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elastomeric medical patch (as shown in Fig. 2a), and the patch
is affixed onto the throat (Fig. 2b). The bending and stretching
of elastomeric patch are displayed in Fig. 2c and d, which is
able to generate stress for the sensor. Fig. 2e shows a relative
change in resistance of the sensor when the tester spoke
several words since every individual word led to distinct move-
ments of the laryngeal prominence. The NCRY sensor-based
elbow wrap (Fig. 2f) is used to monitor the largescale motion
like elbow bending at the angles of 45°, 90°, and 135°, as
demonstrated in Fig. 2g, h, and i, respectively. The relative
change in resistance increases with larger banding motions
(Fig. 2j), indicating the sensors ability to detect and quantify
the applied strain. In order to compare the piezoresistive
response of WY and NCRY sensors, a data glove is used with
index and middle fingers made by the WY and NCRY sensors,
respectively (Fig. 2k, l, and m). The opposite response of incre-
ment and decrement in resistance for the similar bending of
the WY and NCRY sensors were observed under strain
(Fig. 2n), which can be advantageous for identifying the
sensor that produces the signal.94 Moreover, the fabrication of
graphene composite materials based upon polymers has
attracted considerable amount of interest to provide the route
for a new type of materials with enhanced performance and
new functionality.95 Graphene has the ability to be easily dis-
persed in diverse polymer matrices. Polymer–graphene compo-
sites encountered outstanding properties for novel technologi-
cal applications due to the molecular level dispersion of gra-
phene in the polymer matrix and provided high interface
between graphene and polymer.96 The hybrid structures of
CNT and graphene may enhance the overall strain sensitivity
of sensors. The in situ crosslinking of PDMS in the hybrid
structure of CNT/rGO showed improved sensitivity as com-

pared to the CNT/PDMS-based strain sensor.97 Additionally,
3D rGO foam and natural rubber-based flexible strain sensor
was able to detect human motion.98 Overall, nanocarbons have
advantages in in situ SHM. However, uniform dispersion,
reproducibility, and long-term stability challenges are need to
be addressed for widespread implementation.

2.2 Damage detection

In situ damage detection by monitoring resistance change
under strain of the biocomposite to identify damage or struc-
tural changes without need for the interruption of its oper-
ation. Piezoresistive strain sensors are integrated within the
structure to continuously monitor strain levels, and any devi-
ation from expected values can indicate damage or structural
issues. This technique is mostly applicable for carbon fiber-
based composites because of their high conductivity.99,100

Furthermore, the composite with low conductivity does not
respond to these sensors. To address this limitation, the
enhancement of the structure’s electrical conductivity and self-
sensing capabilities was achieved through the incorporation of
nanocarbon-based fillers such as CB, CNTs, carbon nano-
fibers, and graphene.101 In this regard, Tripathi et al. fabri-
cated quantum resistive sensors (sQRS) in situ on the flax
fibers/epoxy matrix interface using spray sensing LBL process
for monitoring deformation as well as damage of the smart
biocomposite.102 The sensing layer was developed by dissol-
ving CNTs into an epoxy solution in chloroform, as displayed
systematically in Fig. 3a. Sensors 1 and 2 were embedded sym-
metrically, as shown in Fig. 3a, to monitor the difference
between elasticity and inelasticity of flax fibers/epoxy compo-
site. The initial resistance of both sensors is different for the
same flax fiber content, and their gauge factor is nearly the

Fig. 1 (a) Steps in the LBL process for the fabrication of a graphene strain sensor using a stretchable yarn, (b) without and (c) with PDMS coating.
Reproduced with permission.94 Copyright 2015 American Chemical Society.
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same for the initial two cycles. The small signal curvature
changes from the third cycle due an inflection and it becomes
clearly visible in the last cycle that leads to breakage (Fig. 3b).
In this way, sQRS are able to detect the damage of the biocom-
posite before its complete failure.102 Furthermore, onion-like
nanocarbon can also be utilized in place of CNTs to create a
conductive network in the polymer matrix. In this regard,
Chowdhury et al. designed QRS by dispersing diesel engine
pollutant waste-derived onion-like nanocarbon in poly(lactic
acid) (PLA) matrix. These sensors were embedded on the
surface of flax fiber to fabricate flax fibers–PLA biocomposite
plate using spray LBL deposition, as illustrated in Fig. 3c. The
prepared QRS showed the deformation of the composite

material leading up to its ultimate failure. The different kinds
of linear mechanical deformation in relative change in resis-
tance response (Fig. 3d) strain range up to 0.2% and 0.2–2.5%
can be understood by loading/unloading cycle test below
elastic limit and above elastic limit. Fig. 3e represents the
loading/unloading cycle test below 0.2% strain showing the
elastic nature of fibers–PLA biocomposite because of the repro-
ducibility of relative resistance change. Nevertheless, the rela-
tive resistance change does not reach its initial value as the
strain increases from 0.1 to 0.5% (Fig. 3f), which represents
irreversible behaviour due to the viscoelastic nature of the bio-
composite. The relative resistance change curve (Fig. 3f) tends
to be linear for the first two cycles. However, after the second

Fig. 2 (a–d) Photographs showing the RY strain sensor embedded in an elastomeric patch that is bendable and stretchable for the detection of the
small-scale motions of the throat. (e) Relative resistance changes of the RY strain sensor associated with muscle motions for different phonations.
(f–i) Photographs showing the NCRY strain sensor sewn in an elbow wrap to monitor the bending motion of the arm at different angles of 45°, 90°,
and 135°. ( j) Relative resistance changes for the NCRY strain sensor according to the bending motions. (k–m) Photographs showing the WY and
NCRY sensors implanted in a glove for recording the movements of the index and middle fingers. (n) Relative resistance change of the sensors,
showing distinct signals. Reproduced with permission.94 Copyright 2015 American Chemical Society.
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cycle, non-linearity becomes more pronounced, signifying the
occurrence of initial microcracking at the biocomposite inter-
face, eventually leading to complete failure.103 Furthermore,
the in situ growth of CNTs in cement-based materials was uti-
lised for the early detection of damage in the structure. Fly ash
(FA) was utilized for the uniform dispersion of CNTs in the
cement-based structure. The gauge factor of FA-coated CNT
2.0 wt% CNT concentration was found to be 6544.104 In
addition, the hybrid structure of CNT and graphene-based film

sensor was utilized for out-of-plane shear damage detection of
epoxy composites.105 It is important to develop scalable manu-
facturing processes with long-term stability and uniform dis-
persion of nanocarbon materials for in situ damage detection
of smart biocomposites.

2.3 Pressure monitoring

Pressure monitoring involves measuring and tracking the force
per unit area exerted by a fluid, gas, or mechanical system on a

Fig. 3 (a) Schematic illustration of fabrication steps and structure quantum resistive sensor instrumented flax fibers/poly(epoxy) biocomposites. (b)
Incremental loading/unloading cycling under and over the elastic limit monitored by sensors 1 and 2. Reproduced with permission.102 (c) Schematic
illustration of the spray layer-by-layer fabrication of sensors on the flax fiber surface and the fabrication of flax fibers–PLA biocomposite plate with
embedded QRS sensor. Variability and trends in the electrical resistance (blue line) of the onion like nanocarbons–flax fiber–PLA composite with
applied strain (black line) over time. (d) Linear increase in the relative resistance change with the static tensile strain until fracture, (e) during cyclic
loading and unloading, (f ) during cycling with incrementally increasing strain. Reproduced with permission. Reproduced with permission.103

Copyright The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021.
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surface or within a confined space.106 The pressure sensors are
utilized in the touch panels, human motion monitoring, and
real-time SHM of the smart biocomposite. Based on the
working mechanism, pressure sensors are generally divided
into four categories such as piezo-resistivity,107 triboelectri-
city,108 capacitive,109 and piezoelectricity.110 The piezoresistive
pressure sensor converts mechanical pressure into resistance
change. It has cost-effective synthesis, simple design, scalabil-
ity, and fast response. The properties and performance of
sensing devices depends on substrate and active layers, which
are optimized through structure redesign and raw material
selection. From the view point of human health monitoring,
piezoelectric pressure sensors require high sensitivity, high
mechanical flexibility, and wide linear range.55 The piezoresis-
tive pressure sensors are optimized by the active layer and
surface and bulk structure of the substrate. To achieve ultra-
high sensitivity, each layer should be rough or uneven surface
so that small amounts of applied pressure may cause obvious
change in the resistance because of rough contact between the
active layers and electrodes.111 Furthermore, for large pressure
measurement ranges, the active layer requires continuous vari-
ation of resistance. For this purpose, the selection of a suitable
conducting material is also an important aspect for the fabri-
cation of high-performance flexible sensors.

Most sensors use metal-based nanomaterials as a conduc-
tive filler.112 However, nanocarbon-based hybrid-conducting
material with high aspect ratio of one-dimensional material
combined with two-dimensional material shows high perform-
ance as compared to solely metal nanowires because of the
synergistic effect.113,114 In order to achieve this, Li et al. fabri-
cated a flexible pressure sensor with a hierarchical nanonet-
work of silver nanowires, graphene, and polyamide nanofibers
(Ag NWs/GR/PANF). The schematic representation of the
pressure sensing model is demonstrated in Fig. 4a.115 Without
pressure, the layers of sensors are far from each other; there-
fore, there is no conductive path between the active layer and
electrodes. However, when external pressure is applied, electro-
des move close to the active layer (Ag NWs/GR/PANF film), an
electrically conducting path established between them. As the
pressure increases more, the conductive pathways increase
because at high pressure, bulk resistance plays a dominant
role rather than contact resistance in overall resistance change,
after unloading the sensor returns to their initial stage. Fig. 4b
shows that current changes linearly with voltage at different
pressures, which is consistent with the above mechanism. The
change in current (ΔI/I0) as a function of applied pressure is
illustrated in Fig. 4c, which is also incorporated with the above
explained mechanism. The pressure sensor offers rapid
response and relaxation time (<20 ms), as depicted in Fig. 4d.
The Ag NWs/GR/PANF skin sensors show excellent perform-
ance in real-time biomedical monitoring and clinical diagno-
sis. To monitor muscle movement, a highly flexible sensor is
attached to the neck (Fig. 4e) of a person. Fig. 4f and g illus-
trate higher sensitivity when the speaker said some sentences
and words. The current versus time curve also demonstrates
the same response when the speaker said some words.

Additionally, the skin sensor was also utilized for the pulse
signal monitoring; for this purpose, a skin sensor is attached
on the wrist (Fig. 4h) of a person to monitor the pulse period
and waveform in real time. Fig. 4i demonstrates a female pulse
signal, and the pulse rate was found to be 73 beats per minute.
Moreover, Fig. 4j shows that each pulse waveform has three
characteristic peaks corresponding to percussion (P), tidal (T),
and diastolic waves (D).115

Graphene and CNT-based hybrid structures were also uti-
lized for a wide range of pressure monitoring with high sensi-
tivity. The sensor was prepared by a PDMS composite sponge
incorporated with rGO/CNT filler via polydopamine. The stabi-
lity of the sensor was tested by 500 loading–unloading cycles.
In addition, the gauge factor of the sensor was found to be
2.13.116 Utilizing in situ transmission electron microscopy
observation techniques, it is possible to manipulate a gra-
phene layer at the atomic scale, achieving nanoscale sliding.
Based on this technique a pressure sensor was fabricated,
which demonstrated a high gauge factor of 4303 at maximum
strain of 93.3%, low hysteresis, and high stability. Therefore,
the sensor can be utilized for the SHM of the biocomposite.117

3. Application of nanocarbons in
structural health monitoring

Nanocarbons are utilized as various sensing components in
multifunctional SHM devices because of their excellent pro-
perties such electrical conductivity, low toxicity, high thermal
stability, high chemical stability, and availability of various
functional groups for modification.118–120 Furthermore, nano-
carbon-based device shows extra ordinary features such as easy
fabrication, low power consumption, easy miniaturization, and
bulk production.121–124 Herein, we discuss the utilization of
nanocarbon-based material in SHM via different techniques
including piezoresistive sensors, Raman analysis, optical
sensors, and field-effect transistor.

3.1 Piezoresistive sensors

A piezoresistive sensor transforms the electrical resistance of a
system into an electrical signal in response to mechanical
stimuli. Nanocarbon-based piezoresistive sensor is greatly
needed for SHM because of its easy signal processing and
simple fabrication. The performance of these sensors effec-
tively depends on the selection of nanocarbons and micro-
structure of the sensor.125,126 For example, Hu et al. designed a
carbon black (CB)-coated polydimethylsiloxane (PDMS) piezo-
resistive-type flexible sensor, which showed higher conduc-
tivity than those of polymer composites filled with CB.127

Furthermore, the concentration of CB in the polymer matrix
may tune the conductivity of the sensor. In this regard, an elec-
trode free piezoresistive sensor was developed using CB as a
conducting material and polyvinylidene fluoride–hexafluoro-
propylene (PVDF–HFP) as the polymer matrix. CB particles
function as inner electrodes as well as the piezoelectric enhan-
cer. The schematic diagram of the prepared sensor is shown in
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Fig. 5a.128 As depicted in Fig. 5b, the sensor was utilized in
two sensing modes: in mode 1 the impacted area of sensor is
fully covered by copper foil, whereas in mode 2, it is not fully
covered by copper foil. In mode 2, the copper foil did not work
as electrodes; it was just as if a wire is connected with another
copper wire; therefore, this mode was named as “electrode
free”. The porous PVDF–HFP film showed higher response as
compared to non-porous PVDF–HFP film without the incorpor-
ation of CB nanoparticles, as demonstrated in the orange part
of Fig. 5c. Additionally, the flexibility and sensitivity of the
film was affected because of the low mechanical strength of
copper in mode 1. Therefore, mode 2 was utilized for porous

PVDF–HFP film with different concentrations of CB nano-
particles (blue part of Fig. 5c). The incorporation of CB nano-
particles in PVDF–HFP matrix significantly enhance the per-
formance of the sensor, especially at 5 wt% of CB nano-
particles in porous PVDF–HFP matrix.128 The significant
improvement in piezoresistive behaviour was observed in the
composite of CB with the PVDF matrix with the addition of
either poly(butylene succinate) (PBS) or poly(methyl methacry-
late) (PMMA) in the PVDF matrix.129

Apart from CB, CNT is also a promising material for flexible
electronics because of its excellent electromechanical prop-
erty.130 To utilize this property, He et al. designed a single-

Fig. 4 (a) Schematic illustration of the mechanism of the Ag NWs/GR/PANF pressure sensor. (b) I–V curves of the device under different applied
pressures. (c) Current response (ΔI/I0) vs. applied pressure. (d) A response and relaxation time within 20 ms. (e) Photograph of pressure sensor
attached to the throat. (f ) Responsive curves when wearer spoke “Nice to meet you. Welcome to BINN”. (g) Real-time current signal responding to
different words. (h) Photograph of device loaded on the wrist for testing a wrist signal. (i) Original current signals for monitoring wrist pulses of a
healthy person. ( j) A single pulse signal that contains characteristic peaks called P-wave, T-wave, and D-wave. Reproduced with permission.115

Copyright 2020 American Chemical Society.
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sided electrode-based piezoresistive sensor using CNT-incor-
porated polyurethane (PU@CNT) film. The synthesis process
of the sensor is illustrated in Fig. 6a, and a digital photograph
of the prepared sensor is displayed in Fig. 6b.131 The different
concentration of PU was taken in N,N-dimethylformamide
(DMF) to generate a porous structure. Further, these films
were dip coated in CNTs to fabricate different types of sensors.
The relative change in resistivity was found to be increased for
all the sensors under uniform pressure, as depicted in
Fig. 6c.131 The response of cyclic relative resistance changes
with different applied pressure, as shown in Fig. 6d.131 Film
deformation takes place in the presence of external pressure,
leading to an increase in the contact area between the electro-
des and CNTs. This leads to an increase in the number of con-
ductive pathways within the pores of the composite film,
which results in a reduction of the resistance, as indicated in

Fig. 6e.131 In contrast with this, to investigate the effect of
different concentrations of conducting materials in the
polymer matrix, Jang and team developed piezoresistive
sensors using CNT and carbonyl iron powder (CIP) incorpor-
ated in the polymer matrix. The schematic of the synthesis
process and working mechanism of the sensor are represented
in Fig. 6f.132 The electrical conductivity of the polymeric com-
posite increases with the concentration of CNT. The dramatic
increase (more than 3 orders of magnitude) in conductivity
was observed when CNT concentration increased from 0.5 wt%
to 1 wt% while it increased by 0.5 order of magnitude when
the concentration was increased from 1 wt% to 1.5 wt%
(Fig. 6g). Therefore, the CNT content more than 1 wt% is
favourable for the fabrication of the sensors. The electrical
conductivity measurement of the prepared composites with
increasing concentration of CIP and fixed content of CNT

Fig. 5 (a) Schematic illustration of a self-powered flexible sensor. (b) Two testing modes of sensors with different electrode adhesion modes. (c)
Piezoelectric currents, voltages, and charges generated by the non-porous pure PVDF–HFP film and porous CB/PVDF–HFP composite films.
Reproduced with permission.128 Copyright 2023 Elsevier B.V.
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(2 wt%) was also performed. The results indicated that the
conductivity decreases with increasing concentration of CIP
since the electric resistance of CIP is higher than that of CNT
(Fig. 6h).132

In addition to CB and CNT, graphene, a 2D material con-
sisting of sp2-bonded carbon atoms is also a promising candi-
date for high performance sensors because of its high
mechanical strength and electrical properties.133,134

Additionally, it shows interfacial π–π interactions with styrene–
butadiene–styrene (SBS) family or SBS-containing copolymers;
therefore, it can be utilized as nanofiller/polymer composites
for the fabrication of piezoresistive sensors.135,136 However, the
choice of nanofiller and its concentration is critical for desired
application. In general, the graphene/polymer composite
shows superior piezoresistive sensibility as compared to other
nanocarbons.137–139 A composite material, using tri-block-

copolymer styrene–ethylene–butylene–styrene (SEBS) as a tem-
plate and various graphene material like graphene nanoplate-
lets GO and rGO as nanofiller, had been prepared to develop
piezoresistive sensors. The structure of various graphene-
based materials and the schematic diagram of the synthesis
procedure of the sensor is demonstrated in Fig. 7a and b,
respectively.140 An operational amplifier with voltage follower
configuration was utilized as a sensing circuit in which the
capacitor works as a low pass filter, as shown in Fig. 7c.140 In
order to investigate the suitability of the sensor, four sensors
fabricated using rGO/SEBS composite had been placed at four
fingers of a hand glove to record the movement of each finger,
as displayed in Fig. 7d. The response of the sensors was
measured in terms of resistance change, with the bending of
all fingers at the same instant by closing the hand (Fig. 7e)
and with the bending of the fingers one at a time (Fig. 7f).

Fig. 6 (a) Schematic demonstration of the synthesis procedure of porous PU@CNT film and the piezoresistive sensor, (b) digital photographs of the
prepared sensor. (c) The relative resistance changes with the increasing pressure of various PU@CNT sensors. (d) A cycle pressure–resistivity
response of various PU@CNT sensors. (e) Schematic representation of the working mechanism of the PU@CNT sensor. Reproduced with permission
from ref. 131. Copyright 2020 Elsevier Ltd. (f ) Schematics of the manufacturing procedure and working principle of the polymeric composites. (g)
The electrical conductivity of the polymeric composites with different CNT and (h) CIP contents. Reproduced with permission.132 Copyright 2020
Elsevier Ltd.
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Further, Fig. 7g indicated the rapid response of the sensor on
the stretching of the rGO/SEBS composite film but due to the
viscoelastic nature of the film, the recovery was slow.140

Furthermore, Zheng et al. summarized the fabrication
methods, selection strategies, and working principles of gra-
phene-based sensors.141

Fig. 7 (a) Illustration of the structure of the G-NPL, GO, and rGO nanomaterials. (b) Schematic representation of the processing method. (c) Signal
conditioning circuit for each of the sensors. (d) Hand glove with four rGO/SEBS stripes placed over each finger. (e) Electronic readout of the resis-
tance variation of the sensors when all fingers are moving at two different time points, and (f) for the sensors in each finger when moving separately.
(g) Illustration of the hand glove application using four sensors, one for each finger. Reproduced with permission.140 Copyright 2019 American
Chemical Society.
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CNTs exhibit excellent electromechanical properties, large
aspect ratio, and high flexibility, which make it a potential
material for flexible sensors. Furthermore, conducting CB par-
ticles are abundant materials having large surface area and
low cost. By taking the mixer of both as nanofiller in the
porous 3D structure, one can enhance the piezoresistive sensi-
tivity. In this regard, CB particles and MWCNTs were mixed in
the porous structure of polydimethylsiloxane (PDMS) to fabri-
cate piezoresistive sensors, as depicted in Fig. 8a and b.142 The
schematic of the distribution of CB particles and MWCNTs
and the working mechanism of prepared sensors, which is
based on the tunnelling effect, is demonstrated in Fig. 8c.142

The CB particle helps to increase the number of conducting
paths on applying stress to the sensor. Fig. 8d represents the
variation of current with applied voltage (I–V characteristics) of
the sensor under various applied pressures. The curve shows
ohmic characteristics under different pressures. Additionally,
as the pressure increased at a fixed applied voltage, the current
increased. This is because of the decrease in resistance due to

the deformation of the CB/MWCNTs composite film.142 The
relative resistance versus pressure curve of various weight
ratios of CB particles and MWCNTs (keeping total amount the
same)-based composite is shown in Fig. 8e. An equal amount
of CB particle and CNT-based pressure sensor showed the
highest sensitivity. The elongation of CNTs with each other
forms a conductive network due to its larger aspect ratio and
higher conductivity than CB particles. The addition of CB par-
ticles in CNTs forms fragile CNTs–CB contact point, which
helps to enhance the conductivity. When the amount of CNTs
become higher, then more fragile CNTs–CB contact forms, but
the reduction in contacts between CNTs resulting in a
reduction in the conductivity.142 The stress versus strain curve
of the 1 : 1weight ratio of CNTs and CB (CB/MWCNTs = 1 : 1)-
based sensor is plotted in Fig. 8f. The results showed that the
composite film was torn when the strength reached 0.86 MPa,
and the deformation reached 139%. Furthermore, the increase
in relative resistance changes was observed with an increase in
pressure (Fig. 8g), and the relative resistance change under

Fig. 8 (a) Fabrication procedure of the conductive film based on CB/MWCNTs. (b) Assembly of the pressure sensor based on CB/MWCNTs. (c)
Schematic diagram of the working principle and hybrid conductive network constructed by the CB/MWCNTs composite. (d) Current–voltage (I–V)
characteristic curves of the sensor under different applied pressures. (e) Sensor’s relative resistance change (ΔR/R0) with different weight ratios of
mixed conductive fillers in response to the applied pressure. (f ) Stress–strain test curves of mixed conductive fillers. (g) Measurements of repeated
loading/unloading experiments at different pressures. (h) Measurement results of repeated loading/unloading experiments at different weight ratios
of CB and MWCNTs. Reproduced with permission.142 Copyright 2022 The Authors. Published by American Chemical Society.
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three N pressure of the sensor was manifest among different
weight ratios of CNTs and CB composite-based sensors
(Fig. 8(h)).142

The nanocomposite of zero-dimensional CB and two-
dimensional nanomaterials graphene nanosheets (GNs) were
also utilized to enhance the sensitivity of the piezoresistive
sensor.143–146 Additionally, the sensor based on the 3D struc-
ture offers more abundant sensing functions as compared to
the sensor with lower dimensional structures but their
complex synthesis route hinder their utilization. Ma et al. fol-

lowed an effective 3D printing on SEBS substrate to fabricate
CB/GNs composite-based piezoresistive sensors by three
different routes, as demonstrated in Fig. 9a–d.147 The relative
change in resistance versus relative change in length and rela-
tive change in resistance versus pressure curves (Fig. 9e and f)
were used to analyze the stretch sensing properties of the
sensors.147 The gauge factor values of the sensors CB/
GNs@SEBS and GNs/CB@SEBS was found to be 10.89 and
2.81 under strain less than 50% while it was found to be 47.60
and 3.94 under strain are in the range of 50–100%, respect-

Fig. 9 Schematic illustration of the flexible piezoresistive sensor fabrication. (a) 3D printing of the SEBS substrate. Surface filling of the conductive
nanomaterial composites of (b) CB/GNs@SEBS sensor. (c) GNs/CB@SEBS sensor and (d) GNs + CB@SEBS sensor. Resistance responses to various (e)
ΔL/L0 under tension and (f ) pressures under pressure. The top view (left) and sectional view (right) schematics of the conductive networks of (g) CB/
GNs@SEBS, (h) GNs/CB@SEBS, and (i) the GNs + CB@SEBS in the initial state and the stretching state, respectively. Reproduced with permission.147

Copyright 2022 American Chemical Society.
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ively. The distribution and morphology of CB and GNs in the
conductive network explains the stretch sensing properties of
various sensors. In the CB/GNs@SEBS sensor (Fig. 9g), CBs are
mainly distributed on the surface of GNs and have small
impact on GNs morphology. Some CBs, which were dispersed
between GNs, acted as connectors between adjacent GNs. This
resulted in an easy disconnection of the conductive network,
leading to a significant decrease in resistance during stretch-
ing. This sensor’s sensing process was influenced by the
quantum tunnelling effect. On the other hand, the GNs in the
GNs/CB@SEBS sensor are noticeably wrinkled and curled
because of the CB layer beneath them, resulting in a tight
binding between conductive nanomaterials (Fig. 9h).147 On
stretching, the contact area between GNs was reduced as the
GNs unfold, but it remains relatively large due to the pro-
perties of the 2D material. Consequently, the decrease in the
number of conductive paths in the stretched state was not sig-
nificant, which resulted in a linear decrease in resistance. The
primary mechanism causing piezo-resistance in the GNs/
CB@SEBS sensor was the reduction in the contact surface
between conductive nanomaterials during stretching. In the
GNs + CB@SEBS sensor, GNs and CBs have similar distri-
bution as in both the CB/GNs@SEBS and GNs/CB@SEBS
sensors (Fig. 9i). Therefore, the GNs + CB@SEBS sensor shows
sensing ability in between the sensing ability of CB/
GNs@SEBS and GNs/CB@SEBS sensor.147

3.2 Piezoelectric sensors

Nanocarbon-based piezoelectric sensors have advantageous
unique properties of nanocarbons to enable the conversion of
mechanical energy into electrical signals. These sensors offer
enhanced sensitivity and responsiveness, making them com-
patible for detecting minute structural damage. Additionally,
their robust mechanical properties ensure durability and
reliability of the sensors in diverse environmental con-
ditions.110 The general principle of piezoelectric sensor is
shown in Fig. 10a and b, which indicates that under mechani-
cal stress, the deformation of non-centrosymmetric crystal
structures causes the separation of electric dipole moments,
resulting in the generation of a piezoelectric voltage on both
sides.148,152,154 Generally, the physical measurable quantity
piezoelectric coefficient (d33) determines the efficiency of
energy conversion in the piezoelectric material. The introduc-
tion of nanocarbons in the composite structures provide more
conductive pathways, which enhances the piezoelectric coeffi-
cient.149 Li et al. reported the enhancement in piezoelectric
properties of PVDF-co-trifluoroethylene (TrFE) on the incorpor-
ation of multi-dimensional nanocarbons.150 The intrinsic gra-
phene having center of symmetry does not show piezoelectric
behaviour. However, the research reports that the modified or
engineered structure of graphene exhibits piezoelectric
responses.151 Furthermore, incorporation of these materials in
the piezoelectric composite improves the response of pressure
sensors. For example, rGO-wrapped PVDF nanofiber films were
deposited on a PDMS substrate to develop a pressure sensor,
as demonstrated in Fig. 10c. The number of conducting path-

ways in the sensor increases; therefore, more current is gener-
ated under loading. Upon unloading, the PDMS returns to its
initial state, resulting in a decrease in current (Fig. 10b). The
I–V characteristics of the PVDF@rGO composite under various
pressure situations shows stable ohmic behaviour, as illus-
trated in Fig. 10d. Under high pressure, the relative change in
current increases rapidly with a change in pressure (Fig. 10e).
However, the sensor shows excellent linear response under
low-pressure regime (inset of Fig. 10e). The current increased
on loading of 8 mg feather and further increased on loading
20 mg rice on the sensor, which indicated that the sensor
might be used to detect a minute change in pressure with fast
response (Fig. 10f).152 The conventional pressure sensors pose
difficulties to respond to static signals that rely on the transi-
ent flow of electrons under external pressure due to the piezo-
potential produced by dynamic stress. Graphene-based
sensors are able to measure static pressure with high sensi-
tivity and fast response. Fig. 10g represents the linear response
of change in current as a function of applied pressure for Pt
nanowire/graphene sensor. Furthermore, the sensor shows
reversible behaviour under stretching and release conditions,
and the low hysteresis observed can be ascribed to the elastic
deformation and viscoelastic effects inherent in the device.
The low hysteresis indicated the fast response of the device.
The loading and unloading cycle response for static pressure is
depicted in Fig. 10h, which indicating a decrease in current
response under applied force and retains its initial value when
force was removed.153

Graphene plays a significant role in designing wearable
stretchable piezoelectric sensors. Huang et al. designed a
sensor with high sensitivity and low detecting threshold by
coating PVDF/graphene composite on commercially-available
polyester fabric.155 The prepared sensor generates high voltage
as compared to the PVDF film and PVDF-coated polyester
fabric (Fig. 10i). The fabric provides intense voltage, whereas
the introduction of graphene enhances the piezoelectric per-
formance. Fig. 10j demonstrated the response of the sensor on
hitting the front and backside of the sensor, indicating the
reversibility of indirect dipole moment in PVDF. Additionally,
the sensor shows linear response under external applied force
in the range of 0.05–0.45 N (Fig. 10k) as well as excellent satia-
bility up to 125 cycles under successive electromagnetic punch
(Fig. 10l).155

3.3 Capacitive sensors

In the realm of SHM, the integration of nanocarbon-based
capacitive sensors also represents a groundbreaking approach.
Capacitive sensors exhibit a parallel plate arrangement, where
the dielectric surface is sandwiched between the coupled elec-
trodes (Fig. 11a).154,156 The electrical properties of nanocar-
bons are altered under mechanical stress, which results in
capacitance variations. These changes are then translated into
actionable data for structural health assessment. The capaci-
tive sensor utilizing a singular suspended graphene membrane
is relatively diminutive compared to commercially-available
sensors. However, double layer graphene (DLG) membrane
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supported on a PMMA layer-based capacitive sensor showed
superior sensing ability even after a high annealing tempera-
ture. To improve the performance of sensors, the thickness of
the transferred polymer layer was reduced by annealing, as
demonstrated in Fig. 11b. The linear response of the sensor
was observed for |ΔP| < 200 mbar. In Fig. 11(c), the dashed
magenta line represents maximum theoretical response of a
sensor at a perfect yield of intact hermetic drums of 100%,

whereas the solid magenta line is the theoretical fitted curve
with the observed data at a yield of 25%.158

CNT is also utilized as a capacitive sensor for SHM. A sche-
matic of CNT–PVDF composite nanofiber membrane-based
capacitive sensor is demonstrated in Fig. 11d. The interfacial
polarization in the composite nanofiber in the presence of
electric field plays an important role to improve the permittiv-
ity. The distance between electrodes decreased from d to d′

Fig. 10 (a) Schematic illustration of the piezoelectric mechanism. Reproduced with permission.154 Copyright 2017 Elsevier Ltd. (b) Graphical repre-
sentation of the conducting pathways under loading and unloading. (c) Schematic of the graphene-based pressure sensor. (d) I–V curves of the
device under different pressure loading conditions. (e) Current response (ΔI/I0) vs. applied pressure. The inset shows the current response curve
below 60 Pa. (f ) Transient response to the loading and removal of a feather (8 mg) and a rice (20 mg), the fronted corresponding to a pressure of
only 1.2 Pa. Reproduced with permission.152 Copyright 2016 Elsevier Ltd. (g) Current change of the PTNWs/G pressure sensor during the press and
release process and (h) current response under the pressure cycles. Reproduced with permission.153 Copyright 2017 American Chemical Society. (i)
Voltage output of PVDF film, PVDF@P, and PVDF/graphene@P. ( j) The voltage signals of hitting the front (black signals) and back (red signals) side of
PVDF/graphene@P. (k) The relationship between voltage output and different strength input (from 0.05 to 0.45 N), and (l) more than 125 cycles of
voltage output illustrating the durability of PVDF/graphene@P. Reproduced with permission.155 Copyright 2018 American Chemical Society.
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under external pressure (Fig. 11d); as a result potential differ-
ence increased and thus polarization also increased.158 The
proposed mechanism of the sensor is illustrated in Fig. 11e.160

The change in capacitance with respect to change in pressure
is depicted in Fig. 11f.157 The electric field becomes sharper
due to enhanced polarization, which further increases permit-
tivity. In addition, the dense distribution of CNT in the CNT–
PVDF composite may also increase the permittivity of the com-
posite. The change in capacitance with applied pressure for
varied concentrations of CNTs in PVDF is plotted in Fig. 11g.
The results showed that as the pressure increased, the separ-
ation between electrodes decreased; therefore, the capacitance

increased immediately. Furthermore, the sensitivity was found
to be maximum for the sensor prepared with 0.05 wt% CNT
addition of PVDF.158 Instead of the polymer, the composite of
CNT and silicon rubber was utilized as a dielectric layer to
develop a stretchable pressure sensor. The prepared sensor
showed excellent stable sensing and repeatability with minor
hysteresis effect.159 Another high-performance pressure sensor
was developed by mixing different compositions of CNT and
graphene nanoplatelets in thermoplastic polyurethane (TPU)
for tuning the dielectric properties. The variation of relative
change in capacitance with pressure for the prepared sensors
is depicted in Fig. 11h, indicating that the sensor prepared

Fig. 11 (a) Schematic illustration of the piezocapacitive mechanism. Reproduced with permission.154 (b) Schematic explanation of the thermal
annealing principle applied to reduce the PMMA thickness. (c) Comparison, on a log-scale, of the measured data (blue points) to the model with
100% (magenta dashed line) and 25% (solid magenta line) yield of the hermetic drums using the 2D Young’s modulus. (d) Sensing mechanism of
CNT–PVDF capacitive pressure sensor.158 (e) Mechanism illustration of the capacitance change in TPU composites responding to pressure.160 (f )
Capacitance–pressure curve for the DLG sensor. Reproduced with permission.157 (g) The relative change in capacitance of the sensor with different
weight ratio CNTs addition under pressure applied. Reproduced with permission.158 Copyright 2019 Elsevier B.V. (h) ΔC/C0 plotted with pressure for
TPU and its composites. Reproduced with permission.160 Copyright 2019 Published by Elsevier Ltd.
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with the 0.5GNP–1.5CNS composite showed the highest
change in relative capacitance. During compression, the
sensor’s thickness diminishes and the surface area undergoes
a slight increase, which leads to an increase in the polarization
and hence an increase in capacitance.160

3.4 Triboelectric sensors

Generally, electrical charges are induced on the surfaces of two
different materials when they rub with each other. The
amount of induced charge significantly depends on the tribo-
electric polarities difference between the contacting
materials.161 The triboelectric sensors transform mechanical

energy into electrical energy. The general working mechanism
of these sensors is demonstrated in Fig. 12a.154 Initially, two
materials with different triboelectric polarities have small
gaps. Under external pressure, the materials come in contact
with each other, and opposite charges are induced on their
surface due to the triboelectric effect.162 On releasing the
pressure, the surfaces carrying opposite charges autonomously
separate, generating compensating charges on each side of the
top. Due to the existence of an air layer between the materials,
the complete neutralization of charges on the two surfaces is
not achieved, which leads to the formation of a potential
difference. Based on this mechanism, a multiple layer of rGO

Fig. 12 (a) Schematic illustration of the triboelectric mechanism. Reproduced with permission.154 Copyright 2017 Elsevier Ltd. (b) Rate of resistance
change with pressure increases for the 3-layer, 5-layer, and 8-layer rGO-cloth/LIG pressure sensors. (c) Response test of the 5-layer rGO-cloth/LIG
pressure sensor to different pressures. (d) Response of the rGO-cloth/LIG pressure sensor under different pressures. (e) Response of the rGO-cloth/
LIG pressure sensor for wrist pulse.163 Copyright 2022 Published by Elsevier Ltd. (f and g) Triboelectric performances of the fabricated CF-CNT
TENG device. Reproduced with permission.164 Copyright 2023 Elsevier Ltd. (h) The VOC according to pressure. (i and j) VOC and ISC current depending
on touch velocity from 20 to 100 mm s−1. VOC remains constant within the standard deviation of 0.13 with touch velocity, and ISC increases with
touch velocity. Reproduced with permission.165 Copyright 2019 Elsevier Ltd.
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cloth-based triboelectric pressure sensor was designed by
laser-induced graphene. The seven layers of rGO cloth-based
sensor showed highest sensitivity in the small pressure range,
as shown in Fig. 12b. The sensitivity of the sensor increases
with increasing number of layers and gradually becomes satu-
rated. Fig. 12c further confirms that the relative resistance
change was stable for different pressures under repetitive
loading–unloading. In addition, Fig. 12d shows rapid and
stable response under varying pressures. The outcome of the
wrist pulse test is depicted in Fig. 12e, which demonstrates
that the pressure sensor exhibits a commendable response to
the wrist pulse. Furthermore, the test curve implies a pulse
rate of approximately 72 beats per minute, which is consistent
with the typical range for a healthy human body.163

The introduction of CNT in two different materials
enhances the triboelectric properties. The cigarette filters (CF)
are generally discarded as the waste is utilized to develop a tri-
boelectric nanogenerator (TENG) device. The electric perform-
ance of the device was examined after adding 0.1 wt% CNT, as
shown in Fig. 12f. The results indicate that CF-CNT-based
TENG device showed excellent triboelectric performance than
CF-based TENG. Fig. 12g demonstrated that the output voltage
of the CF-CNT-based TENG device increases with increasing
pressure.164 Graphene can also be utilized as an electrode
material to fabricate self-powered triboelectric pressure
sensors. A single electrode structure of a pressure sensor was
designed by using the deposition of atomically-thin graphene
electrode on the electrification layer of PDMS, where polyethyl-
ene terephthalate was used as a substrate. The change in
output voltage (VOC) as a function of touch pressure is plotted
in Fig. 12h. The variation in VOC with touch pressure occurs
not only due to a variation in the surface area but also the
deformation of PDMS. The sensors provide stable response
under varying tapping speed (Fig. 12i), and the current (ISC)
through the sensor increases with an increase in tapping
speed (Fig. 12j).165 Furthermore, graphene oxide/porous PDMS
can be utilized as a compound friction layer in the fabric-
based triboelectric nanogenerator.166 The above discussion
indicates that nanocarbon materials are permissible for the
fabrication of a triboelectric pressure sensor for SHM.

3.5 Raman analysis

Smart biocomposite materials with inbuilt SHM sensors are
able to control stress-transfer between the fiber and the
matrix. Understanding the interfacial failure and damage
detection at an earlier stage and real time is of paramount
importance for their real-world applications. Raman spec-
troscopy is one of the most employed techniques to analyze
local strains in composite materials due to a non-destructive
and non-invasive technique. However, this technique is
restricted only up to Raman-sensitive materials. This issue can
be overcome by the introduction of Raman-sensitive fibers as a
SHM sensor in the vicinity of Raman-insensitive reinforcing
fibers or matrix. The sensing of strain/pressure using Raman
spectroscopy is a wireless technique unlike electrical methods.
In a Raman strain sensor, the change in vibrational frequency

is measured when the material is subjected to mechanical
strain. Under strain, the molecular and crystal lattice structure
of the material can change, which can lead to a shift in
vibrational frequencies. The amount of strain or stress can be
determined by analyzing these frequency shifts. The nanocar-
bon-based strain sensor showed a linear shift in their G band
of Raman spectra under external strain.167–170

Tsirka et al. fabricated a multifunctional structure onto CF
by growing MWCNT using chemical vapour deposition (CVD)
at different temperatures and time for strain sensing appli-
cations. The prepared samples were named as
CF-CNT@temperature/time, where temperatures were in
degree centigrade and time in minutes. The Raman shift
versus applied strain calibration curve for CF, CF-CNT@750/30,
and CF-CNT@850/30 is shown in Fig. 13a. The Raman sensi-
tivity of each morphology was evaluated by linear fitting of the
experimental observed data. A 34.3% and 87.4% increment in
Raman sensitivity was observed for CF-CNT@750/30 and
CF-CNT@850/30 morphology, respectively, as compared to CF,
attributed to a higher graphitization at higher temperature.171

As compared to CNTs, 2D graphene is more preferred for
Raman-active sensing applications because of the presence of
high intensity of the Raman 2D band, which is quite sensitive
to strain or other variations.172,173 Taking this advantage, three
different types of graphene materials such as Elicarb graphene,
exfoliated graphene (EG), and CVD-grown graphene were uti-
lized to develop glass fiber/epoxy model-based Raman-strain
sensors. The schematic of prepared sensors is depicted in
Fig. 13b.174 The inset in Fig. 13c and d represent the surface
morphology (SEM image) of Elicarb graphene and EG-coated
glass fiber, respectively. To analyze the sensing performance of
Elicarb and exfoliated graphene-coated glass fiber, Raman 2D
band positions were recorded under different tensile strain
(Fig. 13c and d).174 A linear shift in the Raman 2D band
toward lower wavenumber indicates the transfer of stress from
the fiber to the coating layer. Additionally, EG-coated glass
fiber showed higher strain rate shift as compared to Elicarb
graphene-coated glass fiber. Enhanced interaction between the
flakes, fibers, and epoxy coating and higher aspect ratio were
attributed to enhanced stress transfer in EG-coated glass fiber.
This results from the functionalities on the graphene plane,
which have the potential to react with the epoxy resin and the
surfaces of the fibers. Moreover, a significant enhancement in
the shift rate was also observed under strain after the embed-
ment of EG-coated glass fibers into the epoxy resin matrix
(Fig. 13e). This setup simulated a model composite consisting
of a single fiber filament since the Elicarb graphene and EG
have limited aspect ratio and inconsistent properties, which
may hinder their sensing ability.174

A strain sensor composed of graphene coated on glass fiber
using CVD was also designed. The shift in Raman 2D band
under 0.2% strain was observed for the CVD graphene-coated
glass fiber after embedding into the epoxy matrix (Fig. 13f and
g). The surface morphology of CVD graphene-coated glass
fiber is shown in the inset of Fig. 13g. Furthermore, the cycle
study for five loading/unloading cycles under 0.4% strain
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(Fig. 13i) shows the elastic deformation of CVD graphene-
coated glass fiber without any damage.174

3.6 Field-effect transistor

A field-effect transistor (FET) is a single-junction three term-
inal (source, drain, and gate) electronic device, which is used
in the amplification and switching of electronic signals.
Recently, FET as a pressure sensor has become a research
hotspot in the field of SHM of smart biocomposite because of
its high signal-to-noise ratio and easy integration on a large
scale. The architecture of the FET sensor can be adjusted by
the channel material and the structure of the device depend-
ing on the sensing of the type of stimuli. Fig. 14a represents
the schematic of the general mechanism of the FET sensor,
current–voltage (I–V) characteristics, and various FET-based
sensors. The drain current (ID) is controlled by the electric
field at the gate terminal. Furthermore, the electrical pro-
perties of the sensor depend on the type of electrode material,
type of semiconductor material in the channel region, and
capacitance of dielectric material. Under external pressure, the
properties of components used in device are changed, which

results in a change in the I–V characteristic of the device.175

CNTs exhibited high charge carrier mobility and excellent
mechanical flexibility, which make them potential material for
a high performance FET strain sensor.176,177 Cheng et al. fabri-
cated an FET pressure sensor on a SiO2/Si substrate using
CNTs as a channel material and a 3D pressure sensitive top
gate electrode, as displayed in Fig. 14b. The surface mor-
phologies of the top-grid electrode CNTs are depicted in the
SEM images (Fig. 14c). The pressure sensing mechanism of
the prepared sensor is based on the capacitance, as illustrated
in Fig. 14d. In the absence of external pressure, there is almost
no contact between the top electrode and the sensor.
Consequently, the predominant factor affecting the capaci-
tance was the presence of an air gap. However, when pressure
was applied, the contact area between the dielectric layer and
the pyramid-shaped top electrode structure expanded, which
led to a notable elevation in the micro-structured elastomer
capacitance. Therefore, the changes in applied pressure on the
top electrode resulted in the corresponding changes in the
drain current.178 Fig. 14e represents the total simulated capaci-
tance between top electrode and trench when the sensor was

Fig. 13 (a) Raman shift vs. strain calibration curves. Reproduced with permission.171 Copyright 2018 Elsevier Ltd. (b) Schematic illustration of glass
fibers coated with graphene flakes (top) and CVD graphene (bottom). Raman 2D band position of (c) Elicarb and (d) EG graphene coated onto glass
fiber surfaces with respect to applied strain before being embedded in the epoxy resin matrix (insets are respective SEM images). (e) Raman 2D posi-
tion shift with strain for EG-coated glass fiber after embedment. (f ) Raman 2D peak position before and after deformation. (g) 2D band shift with
respect to strain (inset is the SEM image of the CVD graphene-coated glass fiber), and (i) five cyclic deformations to about 0.4% strain and the
response of 2D band position for the CVD graphene-coated glass fiber. Reproduced with permission. Reproduced with permission.174 Copyright
2019 American Chemical Society.
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in the initial state and under pressure, where C1 represents the
micro-structured elastomer capacitor and C2 is air-gap
capacitor.178

Apart from CNTs, graphene also has high mobility, high
mechanical strength, high carrier mobility, and low cost,
which makes it suitable for employing as a channel of
FET.179–182 Yogeswaran et al. developed a biodegradable piezo-
electric material-based extended gate FET pressure sensor. The
low operating voltage make this device energy efficient, and
the biodegradability of the material is useful for the reduction
of electronic waste.180 Furthermore, a dual gate-based gra-
phene-FET (GFET) pressure microsensor model was proposed
in which the sensing principle employed for the detection of
nanoscale displacements induced by pressure relies on the
utilization of a movable top gate concept (Fig. 14f). The oper-
ational principle of dual gate GFET is based on top capaci-
tance modulation. The total capacitance of the top is series
equivalent to top-oxide and nanogap capacitance. The top

capacitance modulation caused by the external pressure
applied to the movable gate’s top surface results in a modifi-
cation of the top electrostatic gating, subsequently leading to a
variation in the drain current of the GFET. Fig. 14g represents
ID versus VGS (gate to source voltage) curve as a function
pressure-induced ΔtGAP (gap thickness difference before and
after applied pressure) for the top gate FET model. The results
show that the drain current increases with applied pressure at
all values of VGS. Further, no obvious change in the position of
Dirac point (minimum drain current point) confirms the tran-
sition of the charge carrier through electrostatic gating.
Similarly, the transfer characteristics (ID versus VGS curve) at
different ΔtGAP for dual gate GFET model is shown in
Fig. 14h.183 In this case, a shift in Dirac point in the negative
direction is observed on increasing the pressure or ΔtGAP. This
characteristic was attributed because of the overlap of the
electrostatic potentials generated by both the top and back
gates within the graphene structure. Note that the pressure-

Fig. 14 (a) Mechanism of typical FET, I–V characteristics, and FET-based sensors. Reproduced with permission.175 Copyright 2020 The Authors.
Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Schematic diagram of CNTs–FET sensor based on 3D conformal force-sensitive
gate electrode. (c) SEM images of the pyramidal microstructure 3D conformal force-sensitive gate electrode (scale d = 10 μm) and the CNTs film
(scale d = 500 nm). (d) Schematic diagram of the initial state of the sensor and the loading pressure state and (e) circuit structure diagram of the
sensor. Reproduced with permission.178 Copyright 2023 Elsevier Ltd. (f ) Three-dimensional (3D) structure of the proposed dual-gate GFET-based
pressure microsensor. Transfer characteristics of the proposed pressure sensor as a function of pressure-induced gate displacement considering (g)
top gate GFET and (h) dual gate GFET. Reproduced with permission. Reproduced with permission.183 Copyright 2020 Elsevier GmbH.
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induced decrease in gap thickness made the top-gate electro-
static control more impactful on the channel while also modu-
lating the effect induced by the back-gate voltage on channel;
thus, the change in drain current becomes significant and a
shift in Dirac point is recorded accordingly. Therefore, by
monitoring the change in the position of Dirac point voltage
and/or change in ID, the applied pressure on the top movable
gate can be sensed successfully. Therefore, dual-gate GFET
model shows better sensitivity as compared the top-gated
GFET model.183

4. Nanocarbon-based electronic skin

Electronic skin (e-skin), also known as e-skin or electronic
dermis, is a thin and flexible electronic material that can have
sensing capabilities as human skin. E-skin technology holds
great promises in various applications including healthcare,
robotics, and human–machine interfaces because it can detect
and respond to various stimuli, such as pressure, temperature,
humidity, and even chemical changes. E-skin can be made
from biocompatible flexible material, which allows comfort
with irregular shape and movement with the body. In addition,
e-skin consists of sensors that can detect various physical and
chemical stimuli. The majority of these reported flexible
sensors are designed to detect the sole stimulus, which makes
it challenging to meet the human demand for simultaneously
sensing multiple stimuli. Therefore, over the recent years, an
effort has been made for the development of versatile flexible
sensors capable of detecting multiple external stimuli simul-
taneously. Furthermore, the ultimate goal for an ideal flexible
sensor is to function effectively under extreme deformation
conditions, severely worn, low power supply, or when
implanted inside the body. This requires durability, portabil-
ity, biocompatibility, and environmental friendliness of the
sensors. To tackle these challenges, different materials have
been employed in the design of multifunctional sensors such
as nanocarbons,184,185 ionic liquid,186,187 conductive
polymers,188,189 and metal nanomaterials.188,190 Among them,
nanocarbons are quite attractive because of their low-toxicity,
superior electrical conductivity, high thermal stability, and
flexibility.191 Carbon-based materials have been utilized in
multifunctional sensors with different sensing models such as
dual model, triple model, and multi model sensor.

The primary function of human skin is tactile perception,
which refers to ambient pressure and perception of its own
deformation. Therefore, dual model pressure–strain sensors
with excellent performance are required to develop an efficient
interaction with surroundings like human skin. Among
different nanocarbons, SWCNTs are assumed as ideal
materials for e-skin applications because of their superior pro-
perties such as high conductivity, mechanical strength, high
flexibility, and piezo-resistivity.192 Dual model pressure–strain
sensors have been developed by combining CNTs-composite in
a micro pillar-based hybrid structure. The fabricated sensors
showed excellent sensitivity in a broad sensing range with a

gauge factor of 707 for these two stimuli. Motivated by hairy
skin, Zhang and team prepared similar dual mode sensor
using two layers of CNTs/GO hybrid 3D conductive networks,
which was assembled on a thin, permeable polydimethyl-
siloxane (PDMS) layer through a porogen-assisted self-assem-
bly technique, as depicted in Fig. 15a. The prepared sensor
produces response to wrist pulse, human breathing, and
music rhythm in the noncontact mode by opposite resistance
change under normal and tangential forces, respectively.193 A
dual-functionality sandwich structure of a GO-based humidity
sensor and SWCNT-based pressure sensor utilizing screen-
printing and inkjet printing processes was fabricated. Notably,
SWCNTs served as the electrodes for both of these sensors, as
depicted in Fig. 15b. The designed sensor showed excellent
sensing ability toward different human activities such as
breathing, palm sweat, and pulse.194

Temperature holds a significant connection with human
life as it is a crucial parameter for assessing human well-being
and monitoring the environment in our surroundings. Beyond
the sensing of pressure and strain, temperature detection is
also an essential function of human skin. It offers diagnostic
information about an individual’s health and acts as a safe-
guard against extreme temperatures. Harnessing the benefits
of thermo-resistivity and piezo-resistivity of reduced graphene
oxide dual model pressure/strain-temperature sensors were
developed on a rGO-paper composite.195,196 The device exhibi-
ted gauge factors of 7.99 and 18.96 under tensile and compres-
sive strains, respectively. In addition, its resistance decreased
by 11.3% when the temperature changed from 27 to 65 °C.
Notably, the sensor had the capability to convert absorbed
photon energy into thermal energy, which leads to a defor-
mation in its shape. Furthermore, Li et al. fabricated multi-
walled CNTs/PDMS fibers using the one-step extrusion
method.229 The resistance changes of the prepared sensor
showed linear dependence on temperature in the range of
0–100 °C and strain from zero to 120%. Aside from the resis-
tive type, capacitive sensors have also garnered significant
attention in research because of their simple structure, swift
dynamic response, and minimal power consumption. As
demonstrated in Fig. 15c, microfluidic technology-based verti-
cal/lateral pressure–temperature capacitive sensor was devel-
oped by CNTs/PDMS composites (CPCs). In the device, CPCs
served as dielectric layer whereas ionic liquid acted as the elec-
trode of the microfluidic channel.197 As external pressure was
applied, it changed the spacing between the micro-capacitors
within CPCs, which led to fluctuations in both dielectric pro-
perties and conductivity. Moreover, as the temperature
changes, there is a possibility of freely moving ions accumulat-
ing on the surface of the CPCs, consequently increasing the
interface capacitance. When the device was affixed to both a
bottle and human skin, it effectively monitored these two
stimuli. Utilizing a solitary electrical signal change to simul-
taneously convey both pressure and temperature inherently
leads to signal crosstalk, making it difficult to precisely
discern the nature and magnitude of each stimulus in real
time. To attain the segregation of output signals, a dual model
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sensor has been proposed that responds to pressure and temp-
erature via capacitance and resistance changes, respectively. A
pressure sensor based on the capacitive sensing mechanism
reliant on the change in the hierarchical contact area of a
surface-wrinkled pyramidal microstructure showed linear and
high sensitivity. Meanwhile, for the temperature detection
component, a non-physically contacting thermistor made from
rGO was constructed. This thermistor exhibited nearly linear
temperature sensitivity and posed no interference with the
pressure readings. Humidity is another parameter that should
be maintained within a specific range in the living environ-
ment to meet human comfort and requirements.197

Humidity sensing is also important for electronics because
the high humidity leads to corrosion and even short circuits in
electronic components, which significantly affects the per-
formance of the devices.201 Therefore, the e-skin is desirable
to respond to humidity along with pressure and temperature.
For this purpose, Miao et al. design a bi-functional humidity
and pressure sensor based on CNT–polydimethylsiloxane
(CNT–PDMS). The duration of ultraviolet, ozone treatment,
and concentration of CNTs control the property of humidity
sensing, while CNT concentration and grinding period of
sugar granules were effective to control the pressure sensing.
The sensors were able to effectively detect the humidity

Fig. 15 (a) The CNTs/GO@PDMS-based sensor is analogous with the structure of hairy skin, and the corresponding resistance change in the equi-
valent circuits of the sensor under normal press and lateral shear force, Reproduced with permission. Reproduced with permission.193 Copyright
2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Diagram of the humidity sensing section (upper left) and pressure sensing section (bottom
left) of the dual-modal sensor, reproduced with permission. Reproduced with permission.194 Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (c) Schematic illustration of the EDL structures formed in the microfluidic capacitive sensors and the ion distribution in the microfluidic
capacitive sensors along the microchannel. Reproduced with permission. Reproduced with permission.197 Copyright The Royal Society of Chemistry
2017. (d) The triple-modal sensor and its circuit diagram. Reproduced with permission.198 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (e) Schematic of the structure of the sensor for gas and physiological signal monitoring. Reproduced with permission.199 Copyright 2018
American Chemical Society. (f ) Preparation process of the multi-modal sensor that can respond to pressure, strain, temperature, and humidity.
Reproduced with permission.200 Copyright 2019 American Chemical Society.
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changes of the surrounding environment and issued a
warning when a hand approaches it. On touching the surface,
the sensor could perceive the pressure and subsequently
issued a contact warning. In addition, the sensor could also be
affixed to the knee joint or a mask for tracking the human
body movement status and the exhaled water molecules,
respectively. This guidance can support individuals in pursu-
ing scientifically sound and healthy exercise routines.192

Utilizing the advantage of the humidity-sensitive ionic conduc-
tivity of a paper, a dual model pressure humidity sensor was
fabricated by combining polyimide (PI)/paper and direct laser
writing method, which converts the PI into a piezoresistive gra-
phitic nanoplatelets structure.202

The nanocarbons can be utilized for both serving as electro-
des and humidity sensing layers. A dual functional sensor with
bioinspired multilayer 3D internal structure was designed to
mimic the skin. Polyaniline-acidified MWCNTs composites (P–
M) served as the conductive material, while the basal and
piezoelectric layers were created by incorporating P–M into
various layers of collagen aggregates (CA). Among them, piezo-
electric layers function as external pressure sensors, whereas
the basal layer serves as both cross electrodes and humidity
sensing.203 Humans possess a highly sensitive sense of smell,
allowing them to perceive harmful gases in their surrounding
environment. Medical and various industries also demand the
detection of the environmentally harmful and human exhaled
gases. Additionally, in humans, the exhalation of volatile
organic compounds (VOCs) causes specific diseases.204 This
inspires the need for e-skin to incorporate olfactory functional-
ity. A pressure/strain-gas dual model sensor was developed
with carbon fiber based on triboelectric and gas-sensitive
coupling mechanism. The device could actively detect VOCs in
the atmosphere and human movements including finger
touch, joint bending, and skin stretching.205

The incorporation of pressure/strain-gas sensors discussed
above enables e-skin with the ability to perform olfactory as
well as tactile sensing. To enhance and diversify the capabili-
ties of e-skin, surface functional groups such as carboxyl,
hydroxyl, and epoxy groups of rGO and GO are sensitive to the
temperature and humidity in the environment. These func-
tional groups play a significant role in enabling multifunc-
tional sensing. Therefore, a triple model humidity–tempera-
ture–pressure sensors based all-graphene e-skin matrix was
developed using a simple lamination process. The design of
the sensor involved the growth of four graphene subelectrodes
and two graphene main electrodes using CVD, which were sub-
sequently transferred onto a PDMS substrate to create electro-
des and interconnections. GO and rGO were sprayed onto two
PDMS substrates to form humidity and temperature sensing
layers with an identical structure. The top PDMS substrate was
placed between two graphene electrodes, which was skilfully
used as the sensing layer for the capacitive strain sensor. The
circuit diagram of the prepared sensor is demonstrated in
Fig. 15d. Each sensor in the e-skin matrix is responsible for
the specific stimulation and remains unresponsive to the
other two stimuli.198 Another dual model sensor was devel-

oped to detect different gases in VOCs and physiological
signals by processing rGO in two distinct manners. The upper
layer of the sensor was utilized to detect various gases in the
mixture, while the lower layer consisting of a porous rGO film
to detect physiological signals was created using nanoparticles
as a template. To avoid the overlap of signals, a polyimide film
was introduced between two sensing layers, as displayed in
Fig. 15e.199

A triple functional strain/pressure–temperature–humidity
sensor was developed by the surface doping of a highly
durable and continuous coating of graphene nanoplatelets on
the surface of silicone rubber.206 In order to achieve multi-
mode e-skin, Liu et al. prepared a paper-based sensor to
monitor pressure, temperature, strain, and humidity mas
demonstrated in Fig. 15f.200 The CB and rGO dispersion were
sprayed on the paper substrate to fabricate a sensor. The
sprayed rGO forms a uniform layer, whereas CB particles were
absorbed within the cracks, and they overlap together to form
a hierarchical structure. The developed unique structure was
found to be impressively sensitive to multiple stimuli like
pressure, strain, temperature, humidity, as well as human
physiological signals. Notably, it could degrade in water
without causing electronic pollutants.200,207

5. Working mechanism

Nanocarbon-based strain sensors represent a promising plat-
form to monitor structural health, especially for smart biocom-
posites. These strain sensors detect and quantify mechanical
strain by changes in the electrical or capacitive properties of
carbon nanomaterials on mechanical deformation.54,103 The
choice of a specific carbon nanomaterial and sensor design
depends on the desired sensitivity, response time, and appli-
cation requirements. Based on their operating mechanisms,
strain sensors are categorized into resistive, capacitive, and
piezoelectric sensors. Out of them, piezoelectric strain sensors
are composed of piezoelectric materials, which have the ability
to convert mechanical pressure to electric potential.102

Although, these sensors show high sensitivity and rapid
response, their lack of flexibility and stretchability restrict their
utilization in low strain range (less than 5% of strain).
Therefore, these sensors are less explored; only few reports
have been found on the utilization of these sensors for moni-
toring physiological signals.158–160 The capacitive sensing
mechanism relies on the change in capacitance when stress is
applied. This change in capacitance occurs due to variations
in the active surface area caused by shear forces and adjust-
ments in the gap between electrodes resulting from perpen-
dicular forces.160 However, the sensitivity of the capacitive
pressure sensor depends on the active area, and it diminishes
rapidly as the device size is reduced.159 The mechanism of
piezoresistive pressure sensors based on a significant change
in contact resistance extends beyond the intrinsic resistance,
when pressure is applied. The intrinsic resistance undergoes
changes due to a shift in the band structure during the defor-
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mation of carbon-based nanomaterials. Most contact piezore-
sistive sensors display negative resistive outcomes, character-
ized by a decrease in resistance as the pressure increases.125

5.1 Nanocarbon-based strain sensors for structure
deformation monitoring

Nanocarbons strain sensors utilized the unique properties of
carbon-based nanomaterials, to detect mechanical strain
through the deformation of their physical structure. The main
principle behind nanocarbons strain sensors is the ability of
nanocarbons to change their electrical, mechanical, or optical
properties in response to mechanical deformation.208

Understanding the working mechanisms is essential for har-
nessing their potential in SHM. The strain sensors, composed
of whisker carbon nanotubes (WCNT), causes the deformation
of conductive networks formed by these nanotubes, which are

highly sensitive to external mechanical stimuli. This structural
deformation can lead to a change in the count of effective elec-
tron paths, which causes a change in the electric resistance of
CNT networks. Fig. 16a represents the schematic illustration of
the deformation process of WCNT as it undergoes stretching
and subsequent release.209 Fig. 16b and c display the SEM
images of WCNT film during both the stretching and releasing
phases.209 Fig. 16d shows the photograph of structural defor-
mation under displacement, which is corresponding to
Poisson’s negative ratio.209 For a better understanding of the
structural deformation behaviour, a hexagonal configuration
was deliberately adopted in the mould to imprint its shape
onto the moulded auxetic structure, as illustrated in Fig. 16e.
The enhancement in strain in the longitudinal direction
caused a rotation of these hexagons; further, this rotation
causes the structure to increase its width in the transverse

Fig. 16 (a) The schematic diagram of the deformation of the 3D networks of WCNT films during stretching and releasing. (b) The SEM image of
WCNT films during stretching and (c) during release. (d) Sequence pictures of the suggested auxetic sensor deformation experimentally.
Reproduced with permission.209 Copyright 2021 Elsevier Ltd. (e) Deformation mechanism of the isotropic auxetic sensor with fixed Poisson’s ratio.
Reproduced with permission.230 Copyright 2023 SAGE Publications (f ) Schematic structure of flexible piezoresistive sensors. (g) Photograph of an
as-assembled PDMS/CB sensor and (h) schematic illustration of sensing mechanisms of piezoresistive sensor with vertical electrode design.
Reproduced with permission. Reproduced with permission.210
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direction, and hence, the structure has a negative Poisson’s
ratio. Thus, the mechanism of deformation of the auxetic
structure is the rotation of the hexagons inside the unit cell.230

CB-based (PDMS/CB) flexible piezoresistive sensors were
assembled, as depicted in Fig. 16f, with an accompanying
optical photograph, as shown in Fig. 16g.210 These sensors
monitored SHM by monitoring changes in the CB electrical
conductive networks induced by material deformation under
external mechanical pressure. The sensors experienced a
reduction in both the bulk resistance of the sensing material
(PDMS/CB) itself and the contact resistance between the

porous PDMS/CB composite materials and the electrodes
under pressure loading. As a result, the output current
increases when the device is powered by a constant voltage.
The proposed mechanism of prepared sensor is illustrated in
Fig. 16h.210

Fig. 17 represents the schematic illustration of strain
sensing mechanism of the composites with various conductive
networks.211 The CB/elastic band (EB) composite conductive
network was formed by a large number of contact points
between CB particles. However, these contact points were not
closely connected and susceptible to fracture when subjected

Fig. 17 Schematic diagram of the strain sensing mechanisms of the composites with different conductive networks. (a) CB–EB; (b) CNTs–EB; (c)
(CB + CNTs)–EB and SEM surface morphologies of the PDMS/(CB + CNTs)/EB composite strain sensor at different stretching and releasing status.
(d) 0%; (e) 50%; (f ) 100%; (g) 200%; (h) 100%; (i) 50%. Reproduced with permission.211 Copyright 2022 Elsevier Inc.
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to strain. As a result, the CB conductive network showed high
sensitivity to stretching (Fig. 17a). On the other hand, in CNTs/
EB composites, due to a large aspect ratio of CNTs, there are
lower number of contact points between them, as demon-
strated in Fig. 17b. Moreover, the interweaving of CNTs makes
a more stable conductive network as compared to CB.
Therefore, the CB conductive network showed higher strain
sensitivity than CNTs conductive network. In addition, during
the release process, the CB network restored the initial posi-
tion while it was difficult to rebuild the damaged conducting
network for CNTs. Conversely, the larger aspect ratio and their
greater facilitation of conductive networks formation of CNTs
enhanced the conductivity of polymer network more than CB.
Achieving a similar conductivity requires an increase in the
loading of more CB nanoparticles in the polymer matrix,
which leads to an increase in cost and complexity.
Additionally, under high strain, CB-based networks can easily
become completely disconnected, which results in the sensor’s
inability to function properly. Three distinct contact modes
such as CNTs–CNTs, CB–CB, and CB–CNTs exist in the con-
ducting network of CB–CNTs. It becomes clear that both CB–
CB and CB–CNTs contacts exhibit superior recoverability
during the stretching and releasing cycles as compared to
CNTs–CNTs contacts. The incorporation of CB nanoparticles
forms a denser conductive network for CNTs, which helps to
repair broken connections by some CB particles potentially
migrating into the gaps between CNTs. As illustrated in
Fig. 17c, some permanent damages occur within the CNTs
network (red circles), but some of these damaged connections
are reformed with the assistance of CB nanoparticles (blue
circles).211 Consequently, the hybrid CB–CNTs conductive
network, formed through the synergistic effects of CB and
CNTs, integrates the strengths of both materials. This results
in the (CB + CNTs)/EB composite sensors that offer the
benefits of an extended strain range, higher sensitivity, and
remarkable recoverability. Fig. 17(d–i) shows the microstruc-
ture evolution of the (CB + CNTs)/EB composite under various
stretching and releasing states. The CB + CNTs mixture is
closely connected on the surface of EB before stretching. As
the applied strain increases, the size of cracks expands (as
indicated by the red dashed line in Fig. 17e–g), leading to the
disruption of the conductive pathway and a subsequent
increase in resistance. When the strain reaches a critical
threshold, the conductive network becomes entirely compro-
mised, resulting in the formation of an open circuit. Upon
releasing the applied strain, the process of network restoration
commences, and the size of the cracks gradually decreases
(Fig. 17h and i). When the tensile strain returns to zero, the
conductive network can fully recover to its initial state
(Fig. 17d), ensuring the sensor’s robust repeatability and
durability.211

5.2 Graphene strain sensors with over-connected graphene
sheets

Graphene strain sensors with over-connected graphene sheets
refer to a type of strain sensor in which graphene is used as

the sensing material. In this context, “over-connected” likely
means that the graphene sheets are structured in such a way
that it enhances the connectivity between them, which can
enhance the electrical conductivity in response to the strain.
The larger sheet of the graphene is composed of smaller inter-
connected flakes. From a perspective at the nanoscale, the dis-
tortion in a small graphene flake may change the resistivity of
the sheet, consequently modifying the resistance across the
entire conducting system when subjected to mechanical
strain.212 The mechanism of graphene nanowall-based strain
sensor for monitoring high intraocular pressure is illustrated
in Fig. 18a.213 As a nanofilm, graphene nanowalls attached
with the contact lance were stretched in the synchronization.
The graphene sheets in graphene nanowalls stretched separ-
ately with an increase in the intraocular pressure. As a result,
the overall resistance of the device increased since the contact
part between graphene nanowalls decreased. The SEM images
in Fig. 18b–d demonstrate the formation of cracks with
increasing stretching.213 COMSOL simulations were also per-
formed to investigate the working mechanism of strain
sensors designed by the wrapping of graphene on a 3D printed
substrate. The simulation was performed on a square cell in a
porous structure under both pulls (Fig. 18e) and starched
(Fig. 18f) conditions of cells. The side resistance (R1) decreased
on stretching the side because of the loss of conducting path.
On the other hand, it increases on compressing the side
because of the formation of more conducting path, as demon-
strated in Fig. 18g.214 Fig. 18h illustrates that the graphene
sheet accumulating at the corner would be pulled apart on
stretching the corners, which would reduce the corner resis-
tance (R2) while the sheet accumulating at the corner would be
compressed on squeezing the corners (Fig. 18i).214 The stretch-
ing direction compressed two corners, while the other two
corners were stretched. Since the compression angle was equal
to the stretching angle, this resulted in a negligible change in
R2. Consequently, the change in resistance mainly depends on
the change in resistance R1. Therefore, the simulation result
shows that when the sensor was stretched, the edges of the
pore stretch and expand in accordance with the graphene
layer’s operating principle, leading to an increase in resistance
(R). Conversely, when pressure is applied to the sensor, the
pore’s edges stretch and compress, causing a reduction in
R.214

The piezoresistive behaviour of graphene-based silk fabric
sensors was found to be direction-dependent. This may be
associated with the mechanical and structural properties of
the silk fabric substrate in different orientations. Fig. 18j
demonstrates that under the same strain level, higher stress is
transferred along the 0° direction to the rGO layer because of
the higher Young’s modulus in this direction, resulting in
more microcracks in the conducting layer.215 In the case of
sensors with elevated structure, the contact area changes when
subjected to stress, causing changes in resistance. A laser-
scribed graphene-created foam-like structure (Fig. 18k) with
crossbar-based pressure sensing core consisting of face-to-face
two laser-scribed graphene film (Fig. 18l) decreases its resis-
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tance on applying pressure, resulting in increasing the current
through the device, as demonstrated in Fig. 18m.216 Another
sensor based on a similar working mechanism was developed
using bioinspired hierarchical structure consisting of PDMS
covered with a monolayer of graphene, as shown in Fig. 18n.
The hierarchical structure makes this sensor dominant from
the traditional protuberance structure by ensuring the auton-

omy of each individual small protuberance (Fig. 18o).217 As the
pressure increases, a number of small protuberances in
contact linearly increases, which results in a proportional
increase in the contact area. This effectively eliminates the
nonlinearity issue as seen in traditional dome structures
and contributes to generate novel graphene-based strain
sensors.217

Fig. 18 (a) The resistance response mechanism of GNW/PDMS in GNW–CLS; the corresponding SEM images of (b) initial, (c) increased IOP, and (d)
ultra-high IOP are shown at the bottom; the inset shows the local details of cracks. Reproduced with permission. Copyright The Royal Society of
Chemistry 2020.213 (e) The simulation of a square cell in the porous structure under stretching and (f ) pressing, (g) working diagram of the graphene
nanosheets layer. (h) Corner of the cell under stretching and (i) pressing. Reproduced with permission. Reproduced with permission.214 Copyright
2021 Wiley-VCH GmbH. ( j) Mechanism of the graphene-silk fabric strain sensor. Reproduced with permission. Reproduced with permission.215

Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (k) Cross-bar device structure of the pressure sensor based on the foam-like laser-
scribed graphene sensor (inset shows the image of the pressure sensor). (l) Top view SEM image of the LSG. (m) Working mechanism of foam-like
laser-scribed graphene sensor. Reproduced with permission. Reproduced with permission.216 (n) Schematic illustration of sensor assembly and oper-
ating principle of the pressure sensor composed of the hierarchical graphene/PDMS array. (o) An illustration that shows the effects of the hierarchical
structure. Reproduced with permission.217 Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The incorporation of metal nanoparticles in the graphene
structure significantly enhances the performance of strain
sensors. An innovative piezoresistive sensor was developed
using rGO and Ag nanowires incorporated into cotton fiber
films in which the electrodes were connected to the rGO side.
Consequently, charge transfer exclusively occurs between face-
to-face orientated rGO sheets without sensing any stress,
resulting in a state of high resistance. On the other hand, the
introduction of stress brings the Ag nanowire-based cotton
fiber film into close contact with the rGO-based cotton fiber
film, created much faster pathways for charge transfer, thus

resulted in a low resistance state.218 Furthermore, the incor-
poration of Pt(acac)2 in the homogeneous laser-induced gra-
phene (LIG) generates lump-like structures in the LIG network.
Fig. 19(a) shows the homogeneous structure of LIG without Pt
(acac)2 additive incorporation.219 The SEM images in Fig. 19b–
d demonstrate the structure change of LIG network with
different Pt loadings. The structural changes of the homo-
geneous LIG network involved the gradual disconnection of
the conductive pathways among graphene flakes, from the
initial state at a low strain to the high-strain state, as depicted
in Fig. 19e.219 The addition of Pt(acac)2 enhanced the gauge

Fig. 19 (a) FESEM images of direct laser writing on PBI/Pt(acac)2 film: no Pt(acac)2, (b) 0.05 mmol, (c) 0.1 mmol, (d) 0.2 mmol; diagrams showing
the sensing mechanism of the device: (e) without Pt(acac)2, (f ) with Pt(acac)2. Reproduced with permission. Reproduced with permission.219

Copyright 2022 Elsevier Ltd. (g) Graphene film on substrate, (h) equivalent electrical circuit when a sensor is in an undeformed state, (i) movement
of graphene under small strain, ( j) equivalent electrical circuit when the sensor under small strain, (k) movement of graphene under large strain, and
(l) equivalent electrical circuit when the sensor is under large strain. Reproduced with permission.220 Copyright The Royal Society of Chemistry
2020.
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factor at a high strain; therefore, these lump-like structures
were found to exhibit more pronounced electrical disconnec-
tions and played an important role in the distraction of con-
ductive pathways at high strain (Fig. 19f).219

The calibration of conventional stretchable sensors is a
great challenge because of the occurrence of various sensitivity

curves in certain linear zones characterized by various gauge
factors. A stretchable and well-calibrated sensor was fabricated
by placing a patterned graphene film onto an elastomer sheet,
as indicated in Fig. 19g.220 The electronic circuit under con-
structed sensor is shown in Fig. 19h.220 Under strain less than
2%, small number of microcracks were generated at the inter-

Fig. 20 (a) Schematic representation of the tunnelling mechanism. Reproduced with permission.221 (b) Tunnelling and destruction mechanism of
graphene quantum dot-based strain sensors. Reproduced with permission.223 Copyright 2022 The Authors. Published by Elsevier Ltd. (c) Series–par-
allel LRC–RC circuit for graphene nanoplatelet-based sensor. Reproduced with permission.224 (d) Schematics of the mechanism of the sensors
under tensile and compression conditions. Reproduced with permission.225 Current density distribution of graphene rubber composites. (e)
Neglecting the tunnelling effect, (f ) considering the tunnelling effect, (g) conductive paths formed in the graphene rubber composites. Reproduced
with permission.226 Copyright 2020 Elsevier Ltd.
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face of graphene film and substrate; also, the relative sliding
between the graphene sheets (unembedded in the substrate)
takes place inside the film (Fig. 19(i)).220 The equivalent circuit
diagram is represented in Fig. 19j.220 Beyond a strain level of
32% (Fig. 19(k)), the sensing primarily depends only on the
propagating cracks as the connection between sliding gra-
phene sheets starts losing contact with each other. The
respective electronic circuit diagram is depicted in
Fig. 19(l).220

5.3 Graphene strain sensors based on the tunnelling effect
between neighbouring graphene sheets

Graphene strain sensors based on the tunnelling effect utilize
the unique electrical properties allow them to function as
highly sensitive and responsive sensors for measuring the
mechanical strain. The tunnelling effect in graphene-based
sensors refers to the tunnelling of electrons through the
barrier formed by the potential energy difference between
narrow spaced layers of graphene. The resistance of the sensor
depends on the separation between the layers of graphene.
The high gauge factor can be achieved using this mechanism
in strain sensors composed of graphene. According to the tun-
nelling mechanism, by considering the matrix resistance con-
stant and ignoring the resistance normal to the direction of
current flow, the overall resistance of the sensor depends on
the count of particles between the electrodes and the number
of conducting pathways, as demonstrated in Fig. 20a.221,222

The graphene quantum dot-based strain sensors also follow a
similar mechanism. Fig. 20b shows that on stretching the
sensor, the tunnelling distance between graphene quantum
dots increases (d > d0), while the count of conduction pathways
decreases (d > d0). Thus, the overall resistance of the device
increases.223

The mechanism for the AC electrical response of graphene
nanoplatelets reinforced PDMS-based strain sensors have also
been explored. The electrical network can be modelled as a
combination of a series–parallel circuit consisting of both RC
(resistor–capacitor) and LRC (inductor–resistor–capacitor)
elements (Fig. 20c).224 The RC network is corresponding to the
tunnelling effect taking place between neighbouring nano-
particles while the LRC element represents the intrinsic resis-
tance and contact resistance. This model was found to be con-
sistent with the experimentally obtained data.224 Similarly, gra-
phene nanoplatelets incorporated with Ecoflex-based strain
sensors also follow the linear–exponential behaviour of resis-
tance representing the tunnelling effect between the neigh-
bourhood graphene nanoplatelets. Moreover, as the concen-
tration of graphene nanoplatelets decreases, the gauge factor
increases. This is because of the variation of the tunnelling
distance between adjacent graphene nanoplatelets. In this
study the electrical resistance does not decrease initially since
it follows the out-of-plane mechanism, which leads to an
increase in the resistance because of the Poisson effect, as
indicated in Fig. 20d.225 In order to find the role of tunnelling
effect in graphene-based strain sensors more accurately, a
representative model of graphene rubber element was ana-

lyzed. In this model, the random and uniform distribution of
graphene was considered; the current density of the rubber
matrix was found to be minimal in the composite. Thus, the
composite was insulated in the absence of the tunnelling
effect (Fig. 20e), whereas on considering the tunnelling effect,
the current density of the composite was increased about 106

times than that of the previous case (Fig. 20f).226 Moreover,
the number of conducting paths were more prominent
through the tunnelling process when the distance function
s(x) was less than 3 nm in the distribution of graphene sheets
within the rubber matrix in the representative volume element
model (Fig. 20g). In conclusion, the tunnelling effect plays an
important role in the prediction of the conductivity of gra-
phene polymer composites.226

6. Conclusion and future prospective

In conclusion, nanocarbon-based sensors for SHM of smart
biocomposite involve leveraging cutting-edge nanotechnology
to improve the performance, consistency, and sustainability of
composite materials used in different structural applications.
Nanocarbons provide exceptional sensitivity to detect even
subtle changes as well as enable the monitoring of multiple
parameters such as strain, temperature, and humidity, provid-
ing a comprehensive understanding of the composite’s health
in the structural integrity of biocomposites. Additionally,
nanocarbons facilitate the real-time monitoring and allow the
immediate detection and responses to structural changes,
which ensure optimal performance and longevity of smart
biocomposite.

Overall, in the present scenario, much progress has been
made on nanocarbon-based sensing systems for various appli-
cations in smart biocomposites, such as damage detection,
strain sensing, monitoring of failure, determination of
mechanical strength, and pressure sensing. Nevertheless, in
the future, many challenges continue to be addressed, and
recent developments can be detailed. The fabrication pro-
cedure, functionalization, and heteroatoms doping have a pro-
nounced effect on their sensing properties. So far, the exact
tailoring of the well-defined structures and morphologies of
nanocarbons remains a challenging task. Furthermore, manu-
facturing processes for nanocarbon-based strain sensors can
be precise and complex, which can pose challenges in large-
scale production. Some nanocarbons may be sensitive to
environmental conditions, such as humidity and temperature,
which can affect their performance and reliability. Moreover,
the long-term performance and accuracy of sensors can also
be affected by the degradation of the properties of nanocar-
bons over time. The lack of standardized testing and cali-
bration procedures for these strain sensors can pose chal-
lenges in ensuring reliability and comparability across
different devices. Integrating nanocarbon-based sensors into
existing smart biocomposite structures may require specialized
expertise and pose integration challenges in certain
applications.
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Several critical issues before the widespread adaptation of
smart composites need to be addressed including the relation-
ship between physiochemical characteristic and techno-econ-
omic analysis as well as related environmental risk. A compre-
hensive understanding of the microstructural and chemical
and reactivity difference among various nanocarbons and their
derivatives, especially nanocarbons synthesized from tra-
ditional techniques and biomass-derived nanocarbons, is
limited. A clear relationship between the type of nanocarbons
and electrical properties, sensing properties, and piezo-resis-
tive properties remains elusive.
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