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Abstract

In recent years, the rapid commercialization and widespread adoption of portable and
wearable electronic devices have imposed increasingly stringent performance requirements
on flexible sensors, including enhanced sensitivity, stability, response speed, comfort, and
integration. This trend has driven extensive research and technological advancement in
sensor material systems, among which carbon-based materials have emerged as core candi-
dates for high-performance flexible sensors due to their exceptional electrical conductivity,
mechanical flexibility, chemical stability, and highly tunable structural features. Mean-
while, new sensing mechanisms and innovative device architectures continue to emerge,
demonstrating significant value in real-time health monitoring, early disease detection, and
motion-state analysis, thereby expanding the functional boundaries of flexible sensors in the
health-care sector. This review focuses on the application progress and future opportunities
of carbon-based materials in flexible sensors, systematically summarizing the critical roles
and performance-optimization strategies of carbon nanotubes, graphene, carbon fibers,
carbon black, and their derivative composites in various sensing systems, including strain
and pressure sensing, physiological electrical signal detection, temperature monitoring,
and chemical or environmental sensing. In response to the growing demands of modern
health-monitoring technologies, this review also examines the practical applications and
challenges of flexible sensors—particularly those based on emerging mechanisms and
novel structural designs—in areas such as heart-rate tracking, blood-pressure estimation,
respiratory monitoring, sweat-component analysis, and epidermal electrophysiological
signal acquisition. By synthesizing the current research landscape, technological path-
ways, and emerging opportunities of carbon-based materials in flexible sensors, and by
evaluating the design principles and practical performance of diverse health-monitoring
devices, this review aims to provide meaningful reference insights for researchers and
support the continued innovation and practical deployment of next-generation flexible
sensing technologies.
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1. Introduction

Today, wearable devices are evolving toward lower power consumption, higher
integration, and enhanced intelligence. Among them, the most widely used are those
designed for human health monitoring [1,2]. In which flexible sensors are responsible for
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receiving external signals and transmitting them to the processor, thereby constituting the
most essential hardware foundation of the entire device architecture [3-6].

This article focuses on the application of carbon-based materials in flexible sensors,
which is crucial for achieving miniaturization, intelligence, and integration within such
devices. In addition, the operating mechanisms of various types of sensors warrant close
attention, as they fundamentally determine the sensors’ power consumption and overall
performance. The deployment of flexible sensors in health-related contexts is also of
significant interest. In recent years, numerous wearable devices incorporating flexible
sensors have demonstrated notable advancements in health monitoring. Moreover, the
transmission of signals between sensors and other devices constitutes an indispensable
aspect of sensor operation. In indoor environments, such signal propagation is intimately
influenced by the electromagnetic properties of building materials.

This paper will elaborate on the following aspects:

First, we focus on carbon-based materials used in flexible sensors. Carbon-based
materials—represented by graphite and carbon nanotubes—possess suitable flexibility
and favorable electrical properties, making them highly appropriate as core components
of flexible sensors [7-13]. This section outlines the key performance metrics of carbon-
based materials to demonstrate their advantages as fundamental materials for flexible
sensing applications.

Second, we turn our attention to the major sensing mechanisms currently in use, in-
cluding capacitive sensors [14,15], piezoresistive sensors [16-20], triboelectric sensors [1,21],
piezocapacitive sensors [22], piezoelectric sensors, and energy-efficient self-powered sen-
sors [23-28]. These categories broadly represent the mainstream mechanisms of contempo-
rary sensors and indicate potential directions for future development.

Meanwhile, flexible sensors have been widely applied across numerous fields, with
human health monitoring being the most representative [1,29,30]. This review focuses
on the applications of flexible sensors in the health domain, including the monitoring
of sleep [2,31], body temperature [32], skin surface pressure [33], breath, limb move-
ments [34,35], DNA [36], and even the detection of viruses and infectious diseases [37].
Meanwhile, a type of skin-conformal flexible sensor known as electronic skin (E-skin) has
been applied in most of the aforementioned fields.

This paper will provide a summary and outlook on the aforementioned aspects. The
framework structure can be seen in Figure 1.
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2. Application and Development of Carbon-Based Materials in
Flexible Sensors

2.1. The Development and Applications of Carbon Nanotube Structures

Carbon nanotubes significantly enhance flexible strain sensor performance due to their
unique structural attributes. Their high aspect ratio enables superior electrical conductivity
and mechanical flexibility, while their nanoscale dimensions facilitate sensitive strain
detection [38]. These properties make carbon nanotubes ideal for developing advanced
strain sensors in flexible electronics [39—43].

Although carbon-based materials such as carbon nanotubes have attracted consider-
able attention due to their exceptional electrical conductivity and mechanical flexibility,
their single-component forms often struggle to simultaneously achieve high sensitivity and
a broad detection range [44,45]. To address this limitation, some researchers have focused
on constructing composite microstructures combining carbon nanotubes with materials
such as MXenes. By establishing an “island-bridge” sliding conductive network, these
composites can substantially enhance the overall performance of the sensors [46]. An
MXene/MWCNT composite structure can be constructed via a self-assembly approach,
wherein MXene functions as the “islands” enveloped and interconnected by dense MWCNT
“bridges,” forming a distinctive sliding conductive network. This architecture endows
the sensor with exceptional performance: under small strains, micro-sliding within the
network induces stable resistance changes, while under large strains (20-40%), separation
of the bridges leads to a sharp increase in resistance. Consequently, the sensor achieves
ultrahigh sensitivity over a wide strain range of up to 40% (with a gauge factor, GF, reaching
646), along with rapid response (280 ms) and excellent stability over 1800 cycles [46]. The
MXene (“island”) and multi-walled carbon nanotube (MWCNT, “bridge”) self-assembled
sliding network developed in this study operates based on a synergistic mechanism that is
key to overcoming performance limitations. Under small strains, the network undergoes
reversible sliding, enabling stable responses. In contrast, under large strains (20-40%), the
separation of MWCNT bridges and the sharp reduction in contact between the MXene
“islands” collectively trigger a sudden change in conductivity. This results in a strain
gauge factor (GF) of up to 646 over an exceptionally wide detection range (0.05-40%). This
design cleverly balances sensitivity and measurement range, providing a reliable sensing
solution for precise capture of full-scale human signals, from micro-pulse (0.05%) to large
joint bending (40%) [46]. Carbon nanotubes (CNTs), functioning as one-dimensional fillers
with diameters of approximately 10-20 nm, form hybrid filler systems when combined
with two-dimensional MXene. This architecture also exerts a pronounced influence on the
macroscopic electromagnetic properties of the material: The CNTs serve as interconnects
between MXene nanosheets, enabling the construction of a three-dimensional conductive
network that significantly enhances the mechanical properties of the composite (e.g., a
tensile strength of 20.0 MPa for C/M-4) as well as its electromagnetic shielding effectiveness
(reaching up to 10.6 dB) [47]. The results can be seen in Figure 2.

Overall, carbon nanotubes [48,49], through self-assembly, form flexible conductive
networks that combine high sensitivity with a wide strain range, providing an ideal sensing
platform for intelligent health monitoring. Due to their high aspect ratio and fibrous
structure, one-dimensional carbon nanotubes easily form flexible conductive networks,
exhibiting excellent electrical conductivity (107 S/m) and mechanical strength. This allows
flexible sensors to maintain even higher responsiveness (GF > 1000) while operating stably
over a wide temperature range from —196 °C to 300 °C and in corrosive environments [48].
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Figure 2. (a,b) show the response and sensitivity under gradually increasing micro-strain of 0-5%.
(c) shows the DSC curves of composites with increasing MXene content Reproduced from [47], MDPI,

2025. (d) shows the stress—strain curves of composites with increasing MXene content Reproduced
from [47], MDPI, 2025.

Meanwhile, carbon nanotubes (CNTs), as one-dimensional nanomaterials [49], are
generally classified into single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs). Their synthesis and functionalization are often coupled
with cyclodextrins (CDs). For instance, pyrene-modified cyclodextrins (pyrene-CDs)
can be assembled onto SWCNTs through noncovalent interactions, while aminated cy-
clodextrins can be covalently grafted onto SWCNT surfaces pre-functionalized with
3,4,9,10-perylenetetracarboxylic acid (PTCA). These composite systems are frequently em-
ployed for electrode modification, where the incorporation of CNTs markedly enhances
electron-transfer performance—for example, functionalizing carbon electrodes with SWC-
NTs prior to gold nanoparticle deposition to improve conductivity. In the context of flexible
sensors, CNTs serve as excellent conductive substrates or nanocomposite components
due to their high electrical conductivity and large specific surface area. When combined
with cyclodextrins, CNT-based composites exhibit improved electron-transport efficiency
and greater adsorption capacity toward target molecules [49]. This synergistic enhance-
ment provides a highly sensitive sensing platform for detecting phenolic compounds,
pharmaceuticals, and other organic analytes.
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Carbon black (CB) features a hierarchical structure composed of spherical primary
particles that form complex, branched aggregates. These aggregates provide a high surface-
area-to-volume ratio and exceptional electrical conductivity, which are essential sensing
parameters. The primary advantages of CB as a sensor material include its ability to facili-
tate rapid electron transfer and increase the electroactive surface area, thereby significantly
enhancing sensitivity and lowering detection limits for analytes like Sunset Yellow. Fur-
thermore, CB is more cost-effective and chemically stable than other carbon nanomaterials
like graphene, making it a highly practical choice for developing robust and affordable
electrochemical sensors.

2.2. Performance and Applications of Graphene-Based Carbon Materials in Flexible Sensors

Graphene’s unique structure and exceptional properties make it a promising material
for advancing flexible sensors in applications like electronic skin and health monitoring [50].

Some researchers have developed noble-metal nanoparticle/graphene composite struc-
tures by anchoring Pd, Pt, and other nanoparticles—precisely controlled at the nanometer
scale—onto graphene surfaces via solution-based methods [7]. Experimental results show
that Pd nanocube/graphene sensors achieve a hydrogen detection range of 10-10,000 ppm
with a response time of approximately 30 s, while Pt/Pd core-shell/graphene structures
exhibit a response of 36% to 1% hydrogen at room temperature. This architecture leverages
the catalytic activity of noble metals (e.g., Pd facilitating hydrogen molecule dissociation) to-
gether with the high electrical conductivity of graphene (carrier mobility > 10,000 cm?/V-s)
and its ultrahigh specific surface area (theoretical value of 2630 m? /g), generating a synergis-
tic effect that enables high-sensitivity detection without compromising material flexibility.
Consequently, the composite structure allows flexible gas sensors to achieve high sensitivity
at room temperature (detection limit down to 0.025% Hy), rapid response (~30 s), and excel-
lent stability (>1000 cycles), thereby providing a material foundation for the development
of low-power, wearable hydrogen-monitoring devices [7].

Graphene oxide (GO) has also been widely utilized in flexible sensing applications. As
a representative two-dimensional material with a single-layer thickness of approximately
1 nm, GO possesses abundant oxygen-containing functional groups—such as hydroxyl and
epoxy groups—that serve as effective adsorption sites for water molecules [51]. GO synthe-
sized via a modified Hummers method and subsequently subjected to partial deoxygena-
tion in a KOH alkaline solution can achieve moderately enhanced electrical conductivity
while maintaining a high density of oxygen functionalities. In terms of sensing performance,
this material exhibits high sensitivity and rapid response-recovery behavior within a rela-
tive humidity range of 15-70%, with a recovery time of approximately 40 s. Its resistance
decreases markedly as humidity increases. Moreover, the intrinsic flexibility, low density,
and biocompatibility of GO allow it to be easily integrated with flexible substrates (e.g.,
polyester) through simple deposition techniques such as drop-casting, thereby providing a
crucial material foundation for the development of wearable humidity sensors [51]. Beyond
graphene oxide, additional material possibilities have been explored. Using commercial silk
as a substrate, a simple dipping process followed by thermal reduction at 400 °C yields a
reduced-graphene-oxide-coated silk (rGOS) material. This composite preserves the woven
structure of natural silk (with a single-layer thickness of approximately 349.6 um) while
gaining excellent electrical conductivity through the uniform rGO coating. A seven-layer
pressure sensor fabricated from this material achieves a high sensitivity of 2.58 x 10% kPa~!
in the low-pressure regime (0.2-72.3 kPa). Additionally, strain sensors constructed from
rGOS yarn exhibit a gauge factor of 0.307, demonstrating notable flexibility and strong
capability for detecting human motion [52].
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3. Mechanisms and Performance of Carbon-Based Flexible Sensors
3.1. Mechanisms and Performance of Common Flexible Sensors

This section provides an overview of commonly employed sensing mechanisms,
focusing primarily on capacitive and piezoelectric sensors, along with their corresponding
performance metrics.

The carbon-based material foundations of capacitive flexible sensors primarily consist
of composites formed by conductive fillers—such as carbon nanotubes and graphene—and
polymer matrices including PDMS or silicone rubber [53,54]. Their high electrical con-
ductivity and tunable dielectric properties provide essential material support for sensor
performance optimization. The operating principle follows the parallel-plate capacitor
model: under applied pressure, the compression of the dielectric layer and the corre-
sponding changes in the internal conductive network of the composite jointly increase
the effective dielectric constant, thereby converting mechanical stimuli into variations
in capacitance [14,15]. In terms of performance metrics, carefully engineered dielectric-
layer architectures can significantly enhance overall sensing performance. Studies have
shown that employing a composite dielectric configuration combining double-sided hemi-
spherical microstructures with an internal porous structure enables sensitivities as high as
3.15kPa~! across a wide pressure range of 0-200 kPa, with a minimum detectable pressure
of 27 Pa. The sensor also exhibits response and recovery times of 120 ms and maintains
stable output during continuous testing at 1.5 kPa for 2500 s. Other work has focused on
tailoring the morphology of CNT fillers, demonstrating that CNTs with aspect ratios of
1250-3750 at a loading of 3.75 wt.% can raise the relative permittivity of the composite
dielectric from 13.3 (unloaded) to 198.92 under 35 kPa, representing a 14.95-fold increase.
This enhancement enables a high sensitivity of 2.90 kPa~! in the low-pressure range of
0-450 Pa. The underlying mechanism of this performance improvement lies in the synergy
between structural and material effects: microstructured surfaces enlarge the initial defor-
mation space, while porous networks allow continued deformation under higher pressures.
Simultaneously, CNT redistribution under compression and strengthened interfacial po-
larization amplify the pressure responsiveness of the dielectric constant. Together, these
mechanisms produce a dual enhancement arising from both structural deformation and
intrinsic material characteristics. As a result, such capacitive sensors exhibit unique advan-
tages in flexible electronics and health-monitoring applications requiring high-precision
pressure detection [14,15].

Piezoelectric sensors, on the other hand, employ the piezoelectric effect of materials
such as poly-L-lactic acid (PLLA) or poly(vinylidene fluoride) (PVDF) to convert mechanical
deformation directly into electrical signals. Their fundamental mechanism is based on the
generation of charge separation in non-centrosymmetric crystals or polar polymer chains
when subjected to external stress. Such sensors offer high sensitivity (e.g., PLLA-based
braided fibers achieving >95% accuracy in detecting bruxism), rapid response (PVDEF-
based sensors with response times as short as 31 ms), and self-powered operation. These
advantages make piezoelectric sensors highly promising in wearable health monitoring
and biomedical applications [23,24].

In addition, piezoresistive sensors also present notable application advantages [16-18].
Piezoresistive sensors operate by detecting external pressure through changes in electrical
resistance. Their core mechanism involves uniformly dispersing carbon-based conductive
fillers—such as multi-walled carbon nanotubes (MWCNTs)—within a flexible polymer
matrix (e.g., PDMS) to form a conductive network. When external pressure is applied, the
inter-filler distance decreases, leading to a pronounced reduction in resistance due to the
quantum tunneling effect [17].
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3.2. New Designs and Mechanisms of Flexible Sensors

As academic and commercial sectors impose increasingly stringent requirements
on the power consumption of wearable devices, self-powered sensors have emerged as
an important technological direction. The following section introduces the mechanisms,
performance metrics, and advantages of these categories.

The performance enhancement of self-powered sensors is closely tied to the critical
role of carbon-based materials (e.g., carbon nanotubes), whose high electrical conductivity
and tunable surface properties provide the foundation for efficient energy conversion and
signal amplification. These sensors harvest and convert ambient energy through various
mechanisms, including electrochemical, triboelectric, piezoelectric, and thermoelectric
processes [25,27]. In electrochemical systems, humidity can trigger redox reactions that
generate electrical power. For example, a humidity sensor based on hydroxylated MWCNT-
modified CeO, can output 0.711 V and 0.376 uW at 91.5% relative humidity, with response
and recovery times of 18.6 s and 6.9 s, respectively [28]. Triboelectric mechanisms rely on
charge generation during contact-separation events; CNT-PDMS composite foams, for
instance, produce a linear decrease in output current from 2.9 uA to 1.6 pA as humidity
increases from 30% to 80%. Piezoelectric systems generate electric potential under mechan-
ical deformation, as demonstrated by CNT/BaTiO3 /PVDF-TrFE composite sensors that
deliver voltages up to 5.2 V under stress and have been successfully applied to fluoride
ion detection with a limit of 2.9 uM. Thermoelectric mechanisms utilize the Seebeck effect,
and CNT-epoxy composites can produce measurable voltages even when the temperature
gradient is less than 1 °C [27]. These self-powered sensors offer significant advantages in
environmental and biomedical monitoring: they enable long-term, continuous operation
without external power sources, supporting applications such as respiratory monitoring,
ocean wave detection, and human motion sensing. Some devices can even drive low-power
electronics; for example, connecting three sensors in series allows charging a capacitor
to 2.2 'V, sufficient to light an LED. Therefore, self-powered sensors not only enhance the
energy autonomy and integration of sensing systems but also provide robust technolog-
ical support for practical applications in the Internet of Things, smart wearables, and
implantable medical devices [27,55]. The sensing mechanisms described above can be seen
in Figure 3. Table 1 shows some principles and key points of 3 basic different mechanisms.
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Figure 3. (a) shows the mechanism of the humidity sensor based on hydroxylated multi—walled
carbon nanotube-modified CeO;. Reproduced from [28], MDPI, 2025. (b—d), respectively, illustrate
the working mechanisms of triboelectric, piezoelectric, and thermoelectric sensors. Reproduced
from [27], MDP]I, 2025.
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Table 1. Some principles and key points of 3 basic different mechanisms.

Sensing Mechanism

Core Principle and Materials Key Performance Highlights

Capacitive and Piezoresistive

High sensitivity (3.15 kPa~!), low
detection limit (27 Pa), and
high stability.

Displacement or tunneling effect in
CNT/Graphene-polymer composites

Piezoelectric and Triboelectric

Mechanical-to-electrical conversion  Self-powered, ultra-fast response
via PVDEFE, PLLA, or CNT foams (31 ms), and high accuracy (>95%).

Redox reactions or Seebeck effect High energy autonomy (0.711 V

Electrochemical and Thermoelectric output) and sub-degree (<1 °C)

using modified MWCNTs/hybrids thermal resolution.

4. Applications and Developments of Carbon-Based Material Sensors in
the Health Sector

4.1. Sensor Applications in the Monitoring of Fundamental Physiological Parameters

Fundamental physiological parameters include body temperature, skin pressure,
blood pressure, and various indicators associated with sleep and respiration. This section
presents the applications and advancements of carbon-based flexible sensors in monitoring
these physiological parameters.

The discussion begins with sensor applications in human sleep monitoring. Flexible
sensors used for sleep monitoring operate by converting subtle physiological activities
during sleep into quantifiable electrical signals, and carbon-based materials, with their
excellent electrical conductivity, mechanical flexibility, and skin conformity, play a par-
ticularly important role in this scenario [24,31]. Their working mechanisms mainly rely
on the efficient transduction of minute mechanical stimuli: triboelectric (TENG) devices
generate charge transfer through the periodic contact-separation of two materials, enabling
simultaneous detection of body movements, breathing rhythms and turning events during
sleep; piezoelectric (PENG) sensors output electrical signals through polarization changes
under periodic micro-pressure, allowing the recording of eye movements, facial micro-
motions and even slight pharyngeal vibrations. In terms of performance, the key lies in the
precise differentiation of physiological signals and the suppression of noise. For example,
TENG-based wearable systems can clearly distinguish the inhalation (~2 s) and exhalation
(=5 s) phases of respiration, and they can resolve arterial and venous peaks in heartbeat
waveforms separated by only about 0.12 s, a level of temporal precision essential for apnea
detection and heart-rate-variability analysis [2]. Meanwhile, maintaining long-term wear-
ing comfort, signal stability, and resistance to motion artifacts—such as turning, pillow
pressure changes, or environmental vibrations—remains a major challenge. Carbon-based
materials (e.g., CNTs, graphene, MXene) provide an ideal material platform for constructing
thin, lightweight sensor units that adapt to skin deformation while offering high signal-
to-noise conductive pathways, granting them broad potential in future high-precision
sleep-monitoring systems, including smart mattresses, smart bedding, and facial micro-
motion detection [2]. Complementing sleep monitoring is the assessment of respiratory
activity. Carbon-based flexible sensors play an important role in respiratory monitoring
by detecting specific exhaled gases (such as NH3) or humidity variations [56,57]. Their
operating mechanisms vary across material systems: for instance, PANI-MWCNTs/PDMS
sensors rely on the dedoping reaction between NH3 and polyaniline, coupled with 7—7 con-
jugation interactions with carbon nanotubes, achieving a response of 11.8 toward 40 ppm
NH3 and a detection limit as low as 10 ppb. Meanwhile, SA /MXene sensors exploit the
high surface area of MXene and the hydrophilic functional groups of sodium alginate to
adsorb water molecules, leading to pronounced ionic conductivity changes; they exhibit an
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impedance variation of two orders of magnitude across 10-90% RH, response and recovery
times of 4 s and 11 s, respectively, and maintain stable performance for 24 h even at 98% RH.
Despite these advances, significant challenges remain, including performance degradation
under high humidity, complex interfering species present in real exhaled breath, and the
need for long-term wearability, stability, and user comfort [56,57]. The mechanisms of
these sensors can be seen in Figure 4. Table 2 shows some physiological parameters and
their performance.
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Figure 4. (a) shows the gas sensing mechanism of PANI-MWCNTs/PDMS sensor. Reproduced
from [57], MDPI, 2023. (b) shows the structure of TENG belt. Reproduced from [2], MDPI, 2024.
(c) the diagram of the proposed mechanism of SA/MXene—based sensor. Reproduced from [56],
MDPI, 2024.

Table 2. Some physiological parameters and their performance.

Physiological Parameter

Key Materials and Mechanisms Application and Performance Highlights

Detects eye/facial micro-motions and

Sleep Monitoring TENG/PENG (CNTs, Graphene, MXene)  pharyngeal vibrations with
high conformity.
. L PANI-MWCNTs (Gas); SA/MXene Resolves NHj (10 ppb LOD) and humidity
Respiratory Activity (Humidity) (10-90% RH) with rapid 4 s response.
Hich-precision Resolves heartbeat peaks (0.12 s interval)
Vital Signs and Motion 5TP for heart-rate-variability and

TENG/Carbon-composites .
apnea analysis.

In the domain of body-temperature and skin-surface pressure monitoring, flexible
sensors have achieved remarkable progress in recent years [58,59]. Temperature-sensing
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devices typically rely on thermoresistive or thermoelectric mechanisms, employing carbon-
based materials such as CNT/graphene composites with a temperature coefficient of
resistance of —0.17% per °C, or graphene-nanowall/PDMS systems with coefficients reach-
ing 0.214 per °C, enabling highly accurate detection across a broad temperature range from
12.5 °C to 93.7 °C. Pressure sensing is mainly realized through piezoresistive, capacitive,
or piezoelectric transduction. For instance, a TPU/EMIM/boron-nitride ion-gel-based
piezoresistive sensor exhibits an ultrahigh sensitivity of 804.27 kPa~!, a rapid response
time of 17 ms, and a detection limit extending up to 50 kPa [32,60]; meanwhile, graphene
field-effect transistor arrays incorporating an air-gap dielectric layer can operate across an
exceptionally wide range from 250 Pa to 3 MPa [32]. Carbon-based materials, due to their
superior electrical conductivity, tunable microstructure, and biocompatibility, serve as key
components in both electrodes and active sensing layers. Nevertheless, challenges remain
in balancing sensitivity and detection range, suppressing interference from coupled multi-
physical stimuli, and ensuring long-term wearability, stability, and comfort. These aspects
define critical development directions for next-generation electronic skin and wearable
biomedical devices [32,61].

4.2. Detection of Non-Traditional Physiological Parameters

Post-COVID-19, carbon-based flexible sensors have attracted escalating attention for
DNA and viral pathogen detection.

These platforms exhibit pronounced advantages in nucleic-acid assays, as corrobo-
rated by the following quantitative metrics [36,62]. Sensitivity is exemplified by a carbon-
black/poly(azure A) architecture that furnishes a limit of detection (LOD) of 0.03 pM for
doxorubicin, with a linear dynamic range spanning 0.1 pM-100 nM (eight orders of mag-
nitude). Inter-sensor reproducibility is evidenced by a relative standard deviation (RSD)
of 4.5% at 1.0 nM analyte. Economical fabrication is enabled by single-use screen-printed
carbon electrodes that streamline manufacturing and minimize per-test expenditure. Opera-
tional robustness is demonstrated by >30-day stability at 4 °C and reliable quantification in
minimally pretreated biofluids (e.g., 5-fold-diluted urine or serum), underscoring superior
anti-interference capacity [62]. These performance indices collectively substantiate the
translational potential of carbon-based flexible sensors for rapid clinical diagnostics and
therapeutic-drug monitoring [50].

Flexible biosensors transduce viral signatures via the selective recognition of pathogen-
specific moieties—nucleic acids or proteins—into quantifiable electronic readouts [37]. Rep-
resentative performance benchmarks include an electrochemical DNA sensor exploiting
nucleic-acid hybridization that attains a limit of detection (LOD) of 200 copies mL~! for
SARS-CoV-2 RNA with a diagnostic sensitivity of 85.5% and a molecularly imprinted poly-
mer (MIP)-based platform that furnishes an LOD of 15 fM for the SARS-CoV-2 nucleocapsid
(N) protein. These architectures concurrently offer high sensitivity, rapid kinetics (<30 s
for reactive oxygen species, ROS), and mechanical conformability, rendering them ideally
suited for point-of-care deployment. Notwithstanding, their analytical robustness is under-
mined by matrix effects in complex clinical specimens, limited long-term operational stabil-
ity, and unresolved challenges in scalable manufacturing and assay standardization [37].

5. Conclusions and Challenges

Carbon-based materials, including carbon nanotubes, graphene, and their diverse
composite systems, have established themselves as the essential hardware foundation for
high-performance flexible sensors due to their exceptional electrical conductivity, mechani-
cal flexibility, and structural tunability. Recent advancements in microstructural engineering
and the emergence of innovative sensing mechanisms, such as triboelectric and piezoelec-
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tric transduction, have significantly enhanced sensitivity, response speeds, and operational
stability. These breakthroughs have enabled the transition of flexible sensors from simple
laboratory prototypes to sophisticated platforms capable of real-time health monitoring,
sleep analysis, and the detection of viral pathogens with high diagnostic sensitivity.

However, a significant “miss” in nowadays research remains the lack of long-term
operational robustness and signal reliability under the complex, multi-stimuli environments
of daily life. While laboratory results show high sensitivity, many current devices struggle
to maintain signal stability when exposed to sweat, humidity, and the mechanical fatigue
of thousands of cycles. Furthermore, research has yet to fully solve the problem of signal
cross-talk in multi-parameter sensing; current sensors often fail to differentiate between
simultaneous mechanical and thermal inputs without relying on heavy external data
processing. Additionally, the gap between high-performance single-unit sensors and the
scalable, low-cost manufacturing of high-density integrated arrays remains a major barrier
to the practical commercialization of electronic skin and wearable medical devices.

Looking ahead, future research should aim for the development of fully integrated,
intelligent sensing systems that move beyond simple signal acquisition. The outlook for
the field lies in the convergence of carbon-based sensing units with “sense-and-process”
architectures, where Al-driven calibration and on-site signal processing can suppress in-
terference and improve diagnostic accuracy in complex biofluids. Research must also
prioritize energy autonomy by optimizing self-powered mechanisms, such as harvesting
ambient energy via thermoelectric or triboelectric processes, to support continuous moni-
toring in the Internet of Things and implantable electronics. Ultimately, the next generation
of flexible sensors must focus on sustainable material platforms and universal testing
standards to ensure both environmental compatibility and reliable clinical translation in
the global healthcare sector.

Author Contributions: Methodology, J.L. and H.L.; Writing—Original Draft, J.L. and H.L,;
Writing—Review and Editing, J.L.; Supervision, J.L. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This research was funded by the Education Department of Liaoning Province, China, grant
number [JYTMS20230622].

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Acknowledgments: We would like to extend our special thanks to the Northeastern University
Library for providing the electronic resources. These resources have played a crucial role in the
formation of ideas and the collection of materials for this paper.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Gao, M.; Yang, Z.; Choi, ].; Wang, C.; Dai, G.; Yang, ]. Triboelectric Nanogenerators for Preventive Health Monitoring. Nanomaterials

2024, 14, 336. [CrossRef]

2. Jiang, Z,; Lee, Y.S.; Wang, Y.; John, H.; Fang, L.; Tang, Y. Advancements in Flexible Sensors for Monitoring Body Movements
during Sleep: A Review. Sensors 2024, 24, 5091. [CrossRef]

3.  Costa,].C.; Spina, F; Lugoda, P.; Garcia-Garcia, L.; Roggen, D.; Miinzenrieder, N. Flexible Sensors—From Materials to Applications.
Technologies 2019, 7, 35. [CrossRef]

4. Liu, E; Cai, Z,; Ye, Y.; Zhou, M,; Liao, H.; Yi, Y. An Overview of Flexible Sensors: Development, Application, and Challenges.
Sensors 2023, 23, 817. [CrossRef]

5. Xu, F; Li, X,; Shi, Y,; Li, L.; Wang, W.; He, L.; Liu, R. Recent Developments for Flexible Pressure Sensors: A Review. Micromachines

2018, 9, 580. [CrossRef]

https://doi.org/10.3390/c12010012


https://doi.org/10.3390/nano14040336
https://doi.org/10.3390/s24165091
https://doi.org/10.3390/technologies7020035
https://doi.org/10.3390/s23020817
https://doi.org/10.3390/mi9110580
https://doi.org/10.3390/c12010012

C2026,12,12 12 of 14

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yang, X.; Cheng, H. Recent Developments of Flexible and Stretchable Electrochemical Biosensors. Micromachines 2020, 11, 243.
[CrossRef] [PubMed]

Basu, S.; Hazra, S. Graphene-Noble Metal Nano-Composites and Applications for Hydrogen Sensors. C 2017, 3, 29. [CrossRef]
Liu, J.; Bao, S.; Wang, X. Applications of Graphene-Based Materials in Sensors: A Review. Micromachines 2022, 13, 184. [CrossRef]
Okhay, O.; Goncalves, G. Carbon and Related Composites for Sensors and Energy Storage: Synthesis, Properties, and Application.
C 2024, 10, 101. [CrossRef]

Tang, J.; Li, R.; Mahmood, S.; Li, ].; Yao, S. Carbon Nanotube-Based Chemical Sensors: Sensing Mechanism, Functionalization and
Applications. Chemosensors 2025, 13, 367. [CrossRef]

Tulliani, ].-M.; Inserra, B.; Ziegler, D. Carbon-Based Materials for Humidity Sensing: A Short Review. Micromachines 2019, 10, 232. [CrossRef]
Scholle, P; Riither, S.; Sinapius, M. Comparison of Electrical Contacting Techniques to Carbon Fiber Reinforced Plastics for
Self-Strain-Sensing Applications. C 2021, 7, 81. [CrossRef]

Zou, ].; Qiao, Y.; Zhao, J.; Duan, Z.; Yu, J.; Jing, Y.; He, ].; Zhang, L.; Chou, X.; Mu, J. Hybrid Pressure Sensor Based on Carbon
Nano-Onions and Hierarchical Microstructures with Synergistic Enhancement Mechanism for Multi-Parameter Sleep Monitoring.
Nanomaterials 2023, 13, 2692. [CrossRef]

Guo, Z.; Mo, L.; Ding, Y.; Zhang, Q.; Meng, X.; Wu, Z.; Chen, Y.; Cao, M.; Wang, W.; Li, L. Printed and Flexible Capacitive Pressure
Sensor with Carbon Nanotubes based Composite Dielectric Layer. Micromachines 2019, 10, 715. [CrossRef] [PubMed]

Yu, Q.; Zhang, ]. Flexible Capacitive Pressure Sensor Based on a Double-Sided Microstructure Porous Dielectric Layer. Microma-
chines 2022, 14, 111. [CrossRef] [PubMed]

Kang, Z.; Li, X.; Zhao, X.; Wang, X.; Shen, J.; Wei, H.; Zhu, X. Piezo-Resistive Flexible Pressure Sensor by Blade-Coating
Graphene-Silver Nanosheet-Polymer Nanocomposite. Nanomaterials 2022, 13, 4. [CrossRef]

Lee, D.-H.; Chuang, C.-H.; Shaikh, M.O,; Dai, Y.-S.; Wang, S.-Y.; Wen, Z.-H.; Yen, C.-K,; Liao, C.-F,; Pan, C.-T. Flexible Piezoresistive
Tactile Sensor Based on Polymeric Nanocomposites with Grid-Type Microstructure. Micromachines 2021, 12, 452. [CrossRef]
Liu, M.; Liu, X.; Yang, F. Flexible Piezoresistive Sensors from Polydimethylsiloxane Films with Ridge-like Surface Structures.
Micromachines 2023, 14, 1940. [CrossRef]

Su, Y;; Ma, K;; Yuan, F; Tang, J.; Liu, M.; Zhang, X. High-Performance Flexible Piezoresistive Sensor Based on TizC,Tx MXene
with a Honeycomb-like Structure for Human Activity Monitoring. Micromachines 2022, 13, 821. [CrossRef]

Su, Y,; Ma, K;; Mao, X,; Liu, M.; Zhang, X. Highly Compressible and Sensitive Flexible Piezoresistive Pressure Sensor Based on
MWCNTs/Ti3Cp Tx MXene @ Melamine Foam for Human Gesture Monitoring and Recognition. Nanomaterials 2022, 12, 2225. [CrossRef]
Li, R;; Wei, X.; Xu, J.; Chen, J.; Li, B.; Wu, Z.; Wang, Z. Smart Wearable Sensors Based on Triboelectric Nanogenerator for Personal
Healthcare Monitoring. Micromachines 2021, 12, 352. [CrossRef]

Ying, S.; Li, ].; Huang, J.; Zhang, J.-H.; Zhang, J.; Jiang, Y.; Sun, X.; Pan, L.; Shi, Y. A Flexible Piezocapacitive Pressure Sensor with
Microsphere-Array Electrodes. Nanomaterials 2023, 13, 1702. [CrossRef]

Du, Y.; Du, W,; Lin, D.; Ai, M.; Li, S.; Zhang, L. Recent Progress on Hydrogel-Based Piezoelectric Devices for Biomedical
Applications. Micromachines 2023, 14, 167. [CrossRef]

Tajitsu, Y.; Shimda, S.; Nonomura, T.; Yanagimoto, H.; Nakamura, S.; Ueshima, R.; Kawanobe, M.; Nakiri, T.; Takarada, J.;
Takeuchi, O.; et al. Application of Braided Piezoelectric Poly-l-Lactic Acid Cord Sensor to Sleep Bruxism Detection System with
Less Physical or Mental Stress. Micromachines 2023, 15, 86. [CrossRef] [PubMed]

Cho, E.; Mohammadifar, M.; Choi, S. A Single-Use, Self-Powered, Paper-Based Sensor Patch for Detection of Exercise-Induced
Hypoglycemia. Micromachines 2017, 8, 265. [CrossRef]

Hu, X.; Ma, Z.; Zhao, F; Guo, S. Recent Advances in Self-Powered Wearable Flexible Sensors for Human Gaits Analysis.
Nanomaterials 2024, 14, 1173. [CrossRef]

Kim, M.; Noh, Y.; Kim, H.; Jang, Y. Carbon Nanotube-Based Self-Powered Sensors for Autonomous Environmental and Biomedical
Monitoring. Chemosensors 2025, 13, 388. [CrossRef]

Yuan, Z.; Tan, C.; Duan, Z,; Jiang, Y.; Tai, H. Self-Powered Electrochemical Humidity Sensor Based on Hydroxylated Multi-Walled
Carbon Nanotubes-Modified CeO, Nanoparticles. Technologies 2025, 13, 467. [CrossRef]

Nan, X.; Wang, X.; Kang, T.; Zhang, J.; Dong, L.; Dong, J.; Xia, P.; Wei, D. Review of Flexible Wearable Sensor Devices for
Biomedical Application. Micromachines 2022, 13, 1395. [CrossRef]

Pantelopoulos, A.; Bourbakis, N.G. A Survey on Wearable Sensor-Based Systems for Health Monitoring and Prognosis. IEEE
Trans. Syst. Man Cybern. Part C Appl. Rev. 2010, 40, 1-12. [CrossRef]

De Fazio, R.; Mattei, V.; Al-Naami, B.; De Vittorio, M.; Visconti, P. Methodologies and Wearable Devices to Monitor Biophysical
Parameters Related to Sleep Dysfunctions: An Overview. Micromachines 2022, 13, 1335. [CrossRef] [PubMed]

Butt, M.A.; Kazanskiy, N.L.; Khonina, S.N. Revolution in Flexible Wearable Electronics for Temperature and Pressure Monitoring—
A Review. Electronics 2022, 11, 716. [CrossRef]

Liu, X.; Wei, Y;; Qiu, Y. Advanced Flexible Skin-Like Pressure and Strain Sensors for Human Health Monitoring. Micromachines
2021, 12, 695. [CrossRef]

https://doi.org/10.3390/c12010012


https://doi.org/10.3390/mi11030243
https://www.ncbi.nlm.nih.gov/pubmed/32111023
https://doi.org/10.3390/c3040029
https://doi.org/10.3390/mi13020184
https://doi.org/10.3390/c10040101
https://doi.org/10.3390/chemosensors13100367
https://doi.org/10.3390/mi10040232
https://doi.org/10.3390/c7040081
https://doi.org/10.3390/nano13192692
https://doi.org/10.3390/mi10110715
https://www.ncbi.nlm.nih.gov/pubmed/31652696
https://doi.org/10.3390/mi14010111
https://www.ncbi.nlm.nih.gov/pubmed/36677172
https://doi.org/10.3390/nano13010004
https://doi.org/10.3390/mi12040452
https://doi.org/10.3390/mi14101940
https://doi.org/10.3390/mi13060821
https://doi.org/10.3390/nano12132225
https://doi.org/10.3390/mi12040352
https://doi.org/10.3390/nano13111702
https://doi.org/10.3390/mi14010167
https://doi.org/10.3390/mi15010086
https://www.ncbi.nlm.nih.gov/pubmed/38258205
https://doi.org/10.3390/mi8090265
https://doi.org/10.3390/nano14141173
https://doi.org/10.3390/chemosensors13110388
https://doi.org/10.3390/technologies13100467
https://doi.org/10.3390/mi13091395
https://doi.org/10.1109/TSMCC.2009.2032660
https://doi.org/10.3390/mi13081335
https://www.ncbi.nlm.nih.gov/pubmed/36014257
https://doi.org/10.3390/electronics11050716
https://doi.org/10.3390/mi12060695
https://doi.org/10.3390/c12010012

C2026,12,12 13 of 14

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

He, Z.; Wang, K.; Zhao, Z.; Zhang, T.; Li, Y.; Wang, L. A Wearable Flexible Acceleration Sensor for Monitoring Human Motion.
Biosensors 2022, 12, 620. [CrossRef]

Byun, S.-W.; Lee, S.-P. Implementation of Hand Gesture Recognition Device Applicable to Smart Watch Based on Flexible
Epidermal Tactile Sensor Array. Micromachines 2019, 10, 692. [CrossRef]

Malanina, A.; Derbisheva, R.; Krasnova, T.; Shamagsumova, R.; Evtugyn, V.; Ivanov, A.; Porfireva, A. Novel Nanocomposites
of Carbon Nanomaterials and Poly(Neutral Red) Electropolymerized from Reline for DNA Damage Detection and Beverage
Antioxidant Influence Assessment. Biosensors 2025, 15, 735. [CrossRef]

Drobysh, M.; Ramanaviciene, A.; Viter, R.; Ramanavicius, A. Affinity Sensors for the Diagnosis of COVID-19. Micromachines 2021,
12, 390. [CrossRef]

Oya, T.; Saito, T.; Morita, Y.; Arai, K. Simple Moisture Sensing Element Using Carbon Nanotube Composite Paper. Chemosensors
2025, 13, 373. [CrossRef]

Mubasshira; Rahman, M.M.; Uddin, M.N.; Rhaman, M.; Roy, S.; Sarker, M.S. Next-Generation Smart Carbon-Polymer Nanocom-
posites: Advances in Sensing and Actuation Technologies. Processes 2025, 13, 2991. [CrossRef]

Patial, P.; Deshwal, M.; Bansal, S.; Sharma, A.; Kaur, K.; Prakash, K. Nanomaterial-Powered Biosensors: A Cutting-Edge Review
of Their Versatile Applications. Micromachines 2025, 16, 1042. [CrossRef]

Han, H.; Chen, H.; Wang, R.; Lou, Z. Bamboo-Based Carbon/Co/CoO Heterojunction Structures Based on a Multi-Layer Periodic
Matrix Array Can Be Used for Efficient Electromagnetic Attenuation. Materials 2024, 17, 5239. [CrossRef]

Machin, A.; Marquez, F. Next-Generation Chemical Sensors: The Convergence of Nanomaterials, Advanced Characterization,
and Real-World Applications. Chemosensors 2025, 13, 345. [CrossRef]

Zhou, X.; Cao, W. Flexible and Stretchable Carbon-Based Sensors and Actuators for Soft Robots. Nanomaterials 2023, 13, 316. [CrossRef]
Slinker, K.; Kondash, C.; Dickinson, B.; Baur, J. High-Bandwidth and Sensitive Air Flow Sensing Based on Resonance Properties
of CNT-on-Fiber Hairs. C 2017, 3, 6. [CrossRef]

Anike, ].; Bajar, A.; Abot, J. Time-Dependent Effects on the Coupled Mechanical-Electrical Response of Carbon Nanotube Yarns
under Tensile Loading. C 2016, 2, 3. [CrossRef]

Wang, E; Yu, H; Ma, X;; Lv, X;; Liu, Y.; Wang, H.; Wang, Z,; Chen, D. A Highly Sensitive Strain Sensor with Self-Assembled
MXene/Multi-Walled Carbon Nanotube Sliding Networks for Gesture Recognition. Micromachines 2024, 15, 1301. [CrossRef] [PubMed]
Li, Z,; Yang, S.; Wang, S.; Liu, J.; Guo, N.; He, Z.; Song, Z.; Li, Y. Synergistic Effects of MXene and Carbon Nanotubes in
Multi-Stimuli-Responsive Chitosan Materials: Combining Shape Memory and Electromagnetic Shielding Functions. Coatings
2025, 15, 1332. [CrossRef]

Wang, X.; Lim, E.G.; Hoettges, K.; Song, P. A Review of Carbon Nanotubes, Graphene and Nanodiamond Based Strain Sensor in
Harsh Environments. C 2023, 9, 108. [CrossRef]

Casulli, M.A.; Taurino, I.; Carrara, S.; Hayashita, T. Integration Methods of Cyclodextrins on Gold and Carbon Electrodes for
Electrochemical Sensors. C 2019, 5, 78. [CrossRef]

Shi, G.; Liu, T.; Kopecki, Z.; Cowin, A.; Lee, L; Pai, J.-H.; Lowe, S.E.; Zhong, Y.L. A Multifunctional Wearable Device with a
Graphene/Silver Nanowire Nanocomposite for Highly Sensitive Strain Sensing and Drug Delivery. C 2019, 5, 17. [CrossRef]
Laera, A.M.; Cassano, G.; Burresi, E.; Protopapa, M.L.; Penza, M. A Graphene Oxide Flexible Sensor for Humidity Detection. Eng.
Proc. 2023, 48, 44.

Jang, H.-S.; Lee, K.H.; Kim, B.H. Flexible Mechanical Sensors Fabricated with Graphene Oxide-Coated Commercial Silk.
Nanomaterials 2024, 14, 1000. [CrossRef] [PubMed]

Karimov, K.S.; Chani, M.T.S.; Kamal, T.; Zameer Abbas, S.; Azum, N.; Asiri, A.M. Fabrication and Investigation of Deformable
Rubber—Carbon Nanotube-Glue Gel-Based Impedimetric and Capacitive Tactile Sensors for Pressure and Displacement Measure-
ments. Gels 2024, 10, 76. [CrossRef] [PubMed]

Wang, X.; Zhang, Y.; Zhang, T.; Fu, G.; Zhu, Y,; Liu, Y. Modeling and Relative Permittivity Modulation of Cu/PDMS Capacitive
Flexible Sensor for Pressure Sensing. Sensors 2025, 25, 637. [CrossRef] [PubMed]

Xu, J.; Xia, Z.; Xia, Y.; Zhang, R.; Ge, ]. Piezoelectric Energy Harvester with Zigzag Root Section for Self-Powered Transformer
Monitoring. Micromachines 2025, 16, 1314. [CrossRef]

Chen, H.; Huang, X; Yang, Y.; Li, Y. Sodium Alginate/MXene-Based Flexible Humidity Sensors with High-Humidity Durability and
Application Potentials in Breath Monitoring and Non-Contact Human-Machine Interfaces. Nanomaterials 2024, 14, 1694. [CrossRef]
Zhu, C.; Zhou, T.; Xia, H.; Zhang, T. Flexible Room-Temperature Ammonia Gas Sensors Based on PANI-MWCNTs/PDMS Film
for Breathing Analysis and Food Safety. Nanomaterials 2023, 13, 1158. [CrossRef]

Zhang, Z.; Zhang, H.; Zhang, Q.; Zhao, X.; Li, B.; Zang, J.; Zhao, X.; Zhang, T. A Pressure and Temperature Dual-Parameter
Sensor Based on a Composite Material for Electronic Wearable Devices. Micromachines 2023, 14, 690. [CrossRef]

Zheng, W.; Xu, H.; Wang, M.; Duan, Q.; Yuan, Y.; Wang, W.; Gao, L. On-Skin Flexible Pressure Sensor with High Sensitivity for
Portable Pulse Monitoring. Micromachines 2022, 13, 1390. [CrossRef]

https://doi.org/10.3390/c12010012


https://doi.org/10.3390/bios12080620
https://doi.org/10.3390/mi10100692
https://doi.org/10.3390/bios15110735
https://doi.org/10.3390/mi12040390
https://doi.org/10.3390/chemosensors13100373
https://doi.org/10.3390/pr13092991
https://doi.org/10.3390/mi16091042
https://doi.org/10.3390/ma17215239
https://doi.org/10.3390/chemosensors13090345
https://doi.org/10.3390/nano13020316
https://doi.org/10.3390/c3010006
https://doi.org/10.3390/c2010003
https://doi.org/10.3390/mi15111301
https://www.ncbi.nlm.nih.gov/pubmed/39597113
https://doi.org/10.3390/coatings15111332
https://doi.org/10.3390/c9040108
https://doi.org/10.3390/c5040078
https://doi.org/10.3390/c5020017
https://doi.org/10.3390/nano14121000
https://www.ncbi.nlm.nih.gov/pubmed/38921876
https://doi.org/10.3390/gels10010076
https://www.ncbi.nlm.nih.gov/pubmed/38275850
https://doi.org/10.3390/s25030637
https://www.ncbi.nlm.nih.gov/pubmed/39943277
https://doi.org/10.3390/mi16121314
https://doi.org/10.3390/nano14211694
https://doi.org/10.3390/nano13071158
https://doi.org/10.3390/mi14030690
https://doi.org/10.3390/mi13091390
https://doi.org/10.3390/c12010012

C2026,12,12 14 of 14

60. Kumaresan, Y.; Ozioko, O.; Dahiya, R. Multifunctional Electronic Skin with a Stack of Temperature and Pressure Sensor Arrays.
IEEE Sens. |. 2021, 21, 26243-26251. [CrossRef]

61. Stier, A.; Halekote, E.; Mark, A.; Qiao, S.; Yang, S.; Diller, K.; Lu, N. Stretchable Tattoo-Like Heater with On-Site Temperature
Feedback Control. Micromachines 2018, 9, 170. [CrossRef] [PubMed]

62. DPorfireva, A.; Begisheva, E.; Rogov, A.; Evtugyn, G. One-Step Electropolymerization of Azure A and Carbon Nanomaterials for
DNA-Sensor Assembling and Doxorubicin Biosensing. C 2022, 8, 75. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/c12010012


https://doi.org/10.1109/JSEN.2021.3055458
https://doi.org/10.3390/mi9040170
https://www.ncbi.nlm.nih.gov/pubmed/30424103
https://doi.org/10.3390/c8040075
https://doi.org/10.3390/c12010012

	Introduction 
	Application and Development of Carbon-Based Materials in Flexible Sensors 
	The Development and Applications of Carbon Nanotube Structures 
	Performance and Applications of Graphene-Based Carbon Materials in Flexible Sensors 

	Mechanisms and Performance of Carbon-Based Flexible Sensors 
	Mechanisms and Performance of Common Flexible Sensors 
	New Designs and Mechanisms of Flexible Sensors 

	Applications and Developments of Carbon-Based Material Sensors in the Health Sector 
	Sensor Applications in the Monitoring of Fundamental Physiological Parameters 
	Detection of Non-Traditional Physiological Parameters 

	Conclusions and Challenges 
	References

