
Ma et al. / J. Intell. Mater. 2026 1(1):63–81 63

Journal of Intelligent Material
https://www.ffspub.com/index.php/jim/index
ISSN 3104-8994 (print)
E-mail: jim.office@ffspub.com

Review

Next-Generation Intelligent Wearable Systems Enabled by
2D Materials: From Atomic Mechanisms to Functional

Integration
Jiayu Ma1, Lu Jin2, He Tian3†, Zongmin Ma1†

1School of Semiconductors and Physics, North University of China, Taiyuan 030051, China
2School of Future Technology, University of Science and Technology Beijing, Beijing 100083, China

3School of Integrated Circuits, Tsinghua University, Beijing 100084, China
†E-mail: tianhe88@tsinghua.edu.cn (H.T.); mzmncit@163.com (Z.M.)

Received: December 12, 2025 / Revised: April 14, 2026 / Accepted: May 11, 2026 / Published online: May 20, 2026

Abstract: Wearable technology is rapidly moving towards intelligent, flexible, and multifunctional integration. Its core chal-
lenge lies in achieving a balance between high sensitivity, autonomous power supply, data processing, and comfortable wear
under conditions of limited volume, complex deformation, and dynamic interaction. Two-dimensional (2D) materials, with their
atomic-level thickness, exceptional flexibility, rich surface chemistry, and tunable electrical and optical properties, provide a
revolutionary material platform for building next-generation intelligent wearable systems. This paper first describes the char-
acteristics of 2D materials (such as graphene, transition metal dichalcogenides (TMDs), MXenes, and black phosphorus), then
introduces the research progress in wearable intelligent systems, including design strategies and technical paths for 2D materials
in intelligent sensing interfaces, drive structures and human-computer interaction, neuromorphic computing and flexible cir-
cuits, energy and thermal management systems, and system integration. Next, it analyzes the challenges that 2D materials will
face in the future, and finally provides a systematic summary of the current application of 2D materials in wearable technology,
and looks forward to future development directions.
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1 Introduction
Facing the grim reality that the burden of chronic diseases
in the world is increasing day by day, the traditional medi-
cal model is facing great challenges in dealing with long-term
and continuous health management needs [1]. Under this
background, wearable devices that use physical, chemical
and biological sensors to mine physiological information in
a non-invasive way are becoming a revolutionary alternative
way, providing a brand-new solution for clinical diagnosis
and life-cycle health management [2]. In the management of
cardiovascular diseases, wearable devices can continuously
monitor heart rate, rhythm and blood pressure fluctuation [3],
and make early warning of risks such as atrial fibrillation
and hypertensive crisis through AI algorithm [4, 5], so as
to gain valuable time for clinical intervention; In the field

of endocrine diseases, the continuous blood glucose mon-
itor (CGM) provides real-time feedback on blood glucose
trends for diabetic patients [6], helps patients adjust their
diet and medication, and significantly improves their level
of blood glucose control level [7]; In the aspect of nervous
system diseases, the wearable ultrasound-based neuroregula-
tory device (MiniUlTra) provides a new long-term treatment
strategy with non-invasive and high spatial resolution for
neurodegenerative diseases such as Parkinson’s disease [8],
and assists doctors in optimizing treatment plans. In addi-
tion, in the rehabilitation of chronic diseases and daily health
management, wearable devices can effectively improve pa-
tient self-management ability and treatment compliance by
tracking indicators such as sleep and combining personalized
health suggestions [9, 10].
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Although wearable biosensors show great potential in per-
sonalized medicine, in order to achieve their long-term and
non-inductive monitoring goal, strict technical requirements
are put forward for the equipment itself: that is, it must en-
sure high performance and achieve extreme miniaturization
and ultra-low power consumption [11]. However, the tradi-
tional silicon-based electronic device is approaching the limit
of its physical size: with the continuous shrinking of fea-
ture size, the short channel effect becomes more and more
obvious, which leads to the decline of the gate’s ability to
control the channel, the sharp increase of leakage current and
the difficulty in suppressing static power consumption [12].
This physical limitation makes it a serious challenge to realize
high-performance wearable biosensor by simply relying on
the miniaturization of silicon-based hard electronics technol-
ogy. At the same time, there is an essential mismatch between
traditional hard electronic materials and soft biological tis-
sues in terms of electrical conductivity, mechanical response,
permeability and environmental adaptability [13]. Although
organic or composite semiconductor films are stretchable or
conformable, their electrochemical stability is often limited
by the swelling characteristics of the materials, which leads
to a decrease in the coupling efficiency between ion implanta-
tion and electron transport, and it is inevitable that the device
performance will drift with time. The instability of this ma-
terial level makes it a serious challenge to realize long-term
and stable bioelectronic interface by relying solely on the bulk
doping of organic semiconductor films. At the same time,
the traditional organic semiconductor materials still have a
certain degree of performance mismatch with the dynamic
biological environment in terms of charge storage density,
mechanical modulus matching, electrical conductivity and
environmental tolerance [14, 15]. Therefore, exploring a new
material system that can not only break through the physical
size limitation, but also has excellent mechanical flexibility
and environmental adaptability has become an urgent need for
the development of flexible electronics in the post-Moore’s
Law era [16].

Since the successful stripping of single-layer graphene in
2004 [17, 18], this family has expanded rapidly. Researchers
have successfully stripped from natural layered crystals and
deeply studied transition metal disulfides (such as MoS2)
[12, 19], transition metal carbides and nitrides (MXenes) with
both metallic conductivity and high mechanical strength, and
Xenes (such as silicene and germanene) [20, 21]. These ma-
terials exhibit quantum properties and surface effects [22],
which are completely different from their bulk shapes at
atomic thickness, and together form a huge and multifunc-
tional material system. As a brand-new material paradigm,
it can accurately solve the fundamental problems faced by
traditional flexible sensors in mechanical compliance, electri-
cal performance limit, and high-density integration through
atomic structural characteristics [23]. Firstly, in view of the
mechanical mismatch between wearable devices and human
tissues, two-dimensional materials such as graphene have ex-
tremely low bending stiffness and can fit the micro-nano
morphology of skin surface [24]. For example, in the mon-
itoring of epidermal electrophysiological signals, ultra-thin
electrodes based on graphene can achieve conformal con-
tact with the skin and improve the monitoring accuracy [25].

Secondly, in order to solve the common problems of insuffi-
cient sensitivity and slow response speed of flexible devices,
two-dimensional materials provide an adjustable electronic
structure, and the bare surface atoms make the carrier trans-
port easily disturbed by the external environment [26], thus
realizing ultra-sensitive detection. In the application of wear-
able sweat biochemical sensing, MoS2 field effect transistors
can monitor the concentration changes of cytokines such as
TNF-α in sweat in real time with an extremely low detec-
tion limit (femtomolar level) by using their surface sensitivity
and combining with an automatic sweat collection and fil-
tration system [27]. Finally, in order to break through the
limitation of traditional planar circuits in high-density inte-
gration, the van der Waals heterojunction characteristics of
two-dimensional materials allow vertical stacking of differ-
ent functional layers. This vertical integration architecture
greatly reduces the device volume, which lays the foundation
for building a multi-functional integrated intelligent sensing
system [28]. Therefore, two-dimensional materials provide
an irreplaceable material science foundation for construct-
ing the next generation of high-performance and multi-modal
wearable biosensors.

Here, we summarized the latest development of two-
dimensional materials in wearable devices, mainly involving
graphene, transition metal disulfides (TMDs), MXenes and
Xenes. We first introduced the basic characteristics of these
materials, including physical and chemical properties and
biocompatibility, and then summarized the related prepara-
tion and processing methods for bioelectronics applications.
Then, according to the classification of sensing modes (phys-
ical/chemical), the working mechanism and performance of
transistor-based biosensor devices based on these materials
are discussed in detail. On this basis, in order to build a com-
plete intelligent bioelectronic system, we further expound the
development status and future challenges of memristor-based
artificial synapses at the information processing end and sys-
tem integration technology covering architecture paradigm,
energy supply mechanism and thermal management.

2 The Unique Properties of Two-
Dimensional (2D) Materials

With the vigorous development of wearable devices, elec-
tronic skin and flexible display, the traditional rigid silicon-
based materials encounter bottlenecks in deformation adapt-
ability [29], and the appearance of graphene and various
emerging two-dimensional materials just provide unprece-
dented materials for flexible electronics technology [30].
The application of several main two-dimensional materials
in wearable systems is shown in Table 1. People combine
these materials with atomic thickness with flexible substrate,
which breaks through the limits of traditional sensors in
many performances and realizes multi-modal accurate detec-
tion from weak physiological signals to ambient gases [31].
The following describes the characteristics of several main
two-dimensional materials that have an impact on flexible
electronics.
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Table 1: Properties and Applications of Common Two-Dimensional Materials in Wearable Electronics.

Material Sys-
tem

Electronic Proper-
ties

Core Characteristics Applications in Wearable Electronics

Graphene Semimetal (zero
bandgap)

Ultra-high carrier mobility
(∼15,000 cm2/(V·s)), Young’s
modulus 1.0 TPa, optical trans-
mittance 97.7%, excellent
flexibility

Flexible transparent electrodes (for
displays/touch screens), wearable strain/-
pressure sensors (motion capture),
bioimpedance tattoos (continuous blood
pressure monitoring), conductive inks for
e-textiles

MXenes
(e.g. Ti3C2Tx)

Metallic conductor High electrical conductivity
(up to 35,000 S/cm), surface
hydrophilicity (–OH, –O, –F
functional groups), pseudocapac-
itive properties, high mechanical
strength

Flexible micro-supercapacitors
(high-wettability energy storage), electro-
chemical sensors for sweat components,
wearable electromagnetic shielding coat-
ings, conductive textiles

TMDs
(e.g. MoS2,
WS2, MoSe2)

Semiconductor
(tunable direct
bandgap)

Single-layer direct bandgap
(MoS2 ∼1.8 eV), strong spin-
orbit coupling, valley polarization
effect, X-M-X sandwich structure

High-performance flexible photodetectors
(PPG heart rate monitoring, broadband
optoelectronic chips), low-power flexible
logic circuits, highly sensitive gas sensors

Black Phospho-
rus (BP)

Narrow-gap semi-
conductor

Tunable bandgap (0.3–2.0 eV,
covering mid-infrared to visible),
strong in-plane anisotropy, high
carrier mobility, biocompatibility
and biodegradability

High-sensitivity infrared body tempera-
ture sensors, MXene/BP composite flex-
ible pressure sensors (self-powered sys-
tems), transient (biodegradable) wearable
electronics

Xenes
(e.g. silicene,
germanene, an-
timonene)

Topological/ semi-
conductor

Buckled honeycomb lattice, sp2-
sp3 mixed hybridization, strong
spin-orbit coupling, tunable topo-
logical bandgap, silicon-process
compatibility

DNA electrochemical biosensors (sil-
icene), ultra-sensitive miRNA detection
via SPR sensors (antimonene), topological
quantum flexible devices (frontier explo-
ration)

h-BN Insulator (wide
bandgap)

Wide bandgap (∼6 eV), atom-
ically flat surface free of dan-
gling bonds, high chemical and
thermal stability, lattice mismatch
with graphene only 1.7%

Gate dielectric layers for flexible tran-
sistors, encapsulation/protective layers
for sensitive 2D materials (e.g. hB-
N/BP/hBN), printable dielectric inks,
thermal management substrates

2.1 Graphene

At the moment when wearable electronic devices are pursu-
ing all-weather monitoring and human-computer interaction,
traditional materials are facing severe challenges: although
organic semiconductor materials have certain flexibility, the
carrier mobility is low, which seriously restricts the response
speed of devices [15]; However, transparent electrodes such
as indium tin oxide have excellent conductivity, but it is dif-
ficult to bend and stretch repeatedly, and the reliability is low
[32].

As a two-dimensional honeycomb lattice structure com-
posed of single-layer carbon atoms, graphene is an ideal trans-
parent electrode material with a light transmittance of 97.7%
[18, 33]. The room-temperature carrier mobility can reach
15,000 cm2/(V·s), far exceeding the traditional semiconduc-
tor. Young’s modulus is up to 1.0 TPa, and the breaking
strength is over 130 GPa [18], so that it can still maintain
its structural integrity under extreme bending. The synergis-
tic effect of these properties enables flexible devices based on

graphene to achieve unprecedented mechanical stability while
maintaining high electrical properties [34].

The conductivity of graphene originates from its unique
electronic band structure. In sp2 hybridization, each carbon
atom uses three in-plane sp2 hybrid orbitals to form strong
σ bonds with its neighbors, constructing a rigid honeycomb
skeleton that accounts for graphene’s exceptional mechani-
cal strength. The remaining out-of-plane pz orbital on each
carbon atom contributes one electron to form delocalized π

bonding and π* antibonding bands. These two bands linearly
cross at the K (K’) points of the Brillouin zone with zero en-
ergy gap, giving rise to a massless Dirac fermion system. The
linear energy-momentum dispersion endows charge carri-
ers with pseudospin conservation, which strongly suppresses
backscattering, thus achieving ultra-high conductivity and
mobility and laying a physical foundation for high-frequency
and low-power flexible circuits [35].

Bioimpedance tattoos were prepared by using graphene
grown by chemical vapor deposition. By using Young’s mod-
ulus of 1.0 TPa and ultra-thin characteristics at atomic level,
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the electrode was endowed with flexibility and skin con-
formal ability, which enabled the device to maintain stable
contact with the skin when it experienced repeated bend-
ing and stretching caused by human daily activities, and
avoided signal noise caused by interface slippage. At the same
time, thanks to its high carrier mobility of 15,000 cm2/(V·s)
at room temperature, the system realizes the acquisition of
bio-impedance signals with extremely low noise. The experi-
mental data show that the device can always keep the diastolic
blood pressure measurement accuracy within 4.5 mmHg dur-
ing the continuous 300-minute dynamic monitoring process,
and solve the problems of signal attenuation and mechani-
cal failure of traditional materials in physiological monitoring
[36]. At the same time, the chemical stability and biocompat-
ibility of graphene ensure the safe operation of equipment in
complex environment [37].

Although graphene is excellent in electrical conductivity
and mechanical flexibility, its application in wearable elec-
tronics still faces two major bottlenecks. Firstly, although
the zero band gap characteristic endows it with extremely
high carrier mobility, the on-off ratio of graphene field ef-
fect transistor is extremely low, which limits its application
in biosensor logic circuits. Secondly, due to the lack of bio-
specific recognition, the inert surface of graphene lacks active
sites that specifically bind with biomolecules, and surface
functionalization is needed to detect specific physiological
markers, which increases the process complexity of device
preparation.

2.2 MXenes

At present, wearable electronic devices are rapidly evolving
toward multifunctional integration and miniaturization, plac-
ing increasingly stringent demands on internal micro-energy
storage units [11]. Conventional carbon-based electrodes suf-
fer from inherent hydrophobicity, which impedes complete
electrolyte infiltration and reduces the effective electrode/-
electrolyte contact area. This not only limits ion transport
efficiency but also induces interfacial debonding under me-
chanical deformation, compromising the reliability of flexible
electronics.

MXenes, a family of two-dimensional transition metal
carbides, nitrides, and carbonitrides with the general formula
Mn+1XnTx [12], provide a promising solution to these lim-
itations. Their surface terminations (–OH, –O, –F) endow
MXenes with strong hydrophilicity [38], enabling atomic-
level contact with aqueous electrolytes and maximizing the
utilization of electrochemically active sites. Meanwhile, MX-
enes exhibit metallic conductivity up to 35,000 S cm−1 and
outstanding mechanical strength, with macroscopic MXene
fibers reaching a tensile strength as high as 958 MPa [39].
This combination ensures efficient electron transport and
structural integrity under complex deformations, satisfying
the dual requirements of high wettability and high electrical
conductivity for flexible energy storage devices.

To understand the origin of this high conductivity, one
must consider the evolution of the electronic structure dur-
ing synthesis. In the MAX phase, the transition metal layers
and element A are tightly bound by strong chemical bonds,
restricting electron mobility. Upon selective etching of the

A layer, the electronic structure of the transition metal car-
bides is reorganized: the electronic states originally occupied
by element A disappear, leading to a marked increase in the
density of states of the metal d orbitals. In particular, the
p orbitals of surface terminations hybridize with the d or-
bitals of transition metals, effectively modulating the Fermi
level and preserving the metallic conductivity of MXenes
[40]. This electronic configuration enables nearly unimpeded
in-plane electron transport, allowing MXenes to retain both
hydrophilicity and metallic conductivity at the atomic scale.

This unique combination of properties is exemplified in
flexible MXene-based micro-supercapacitors fabricated via
liquid-crystal self-assembly. Benefiting from the intrinsic hy-
drophilicity of MXenes, mechanical shearing induces the ver-
tical alignment of discotic liquid crystals, and free-standing
films are constructed using supercritical drying. Even at thick-
nesses up to 200 µm, the devices exhibit extremely low ion
transport resistance and support rapid charge–discharge cy-
cling. Under repeated mechanical bending, the continuous
vertical conductive network and stable electrode/electrolyte
interface suppress mechanical fatigue and maintain excel-
lent electrochemical performance, demonstrating the key role
of MXenes in reconciling wettability and conductivity for
flexible electronics [41].

Despite these advantages, the practical application of
MXenes remains constrained by environmental stability and
synthesis complexity. Most MXenes are susceptible to ox-
idative degradation in oxygen-rich aqueous environments or
humid air, leading to surface reconstruction and electro-
chemical performance decay, which presents a considerable
challenge for long-term wearable devices. In addition, current
synthesis routes typically rely on aggressive fluoride-based
etchants (e.g., HF or Lewis acids), raising environmental and
safety concerns. Residual etchants that are difficult to re-
move completely may also pose cytotoxicity risks, limiting
the direct use of MXenes in bioelectronic devices that require
intimate tissue contact.

2.3 TMDs

Single-layer TMDs are two-dimensional materials with the
general formula of MX2 (M is a transition metal such as
Mo and W, and X is a chalcogenide element such as S and
Se). Its single-layer structure presents a unique “sandwich”
configuration (X-M-X) [19, 20], which not only endows the
material with atomic thickness and excellent mechanical flex-
ibility [42], but also leads to a fundamental change in the
electronic structure: when the material is thinned to a sin-
gle layer, the band gap transforms from indirect to direct
[43]. This characteristic makes TMDs possess both excellent
switching characteristics of semiconductors and strong light-
matter interaction, and the band gap covers from visible light
to near-infrared band [44], which fills the gap in photoelectric
conversion between graphene and MXenes.

The physical mechanism of the direct band gap forma-
tion requires attention to the electronic band reconstruction at
atomic-layer thickness. In multilayer TMDs, there is strong
interlayer coupling between the electronic states derived from
the d orbitals of the metal atoms and the p orbitals of the
chalcogenide elements. This coupling pushes the conduction
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band minimum near the Γ point downward and raises the
valence band maximum, making the global band extrema
located at different k-points and thus forming an indirect
band gap. However, when the material is exfoliated to a sin-
gle layer, the interlayer coupling vanishes. Take MoS2 as an
example: in the monolayer structure, the states near the Γ

point that were strongly affected by interlayer interaction shift
away from the band edges, while the d orbitals of molyb-
denum atoms and the p orbitals of sulfur atoms form both
the conduction band minimum and valence band maximum
at the K (K’) points of the Brillouin zone [45]. Since both
band extrema are now located at the same k-point, electronic
transitions can be achieved directly through photon excita-
tion without the assistance of phonon momentum exchange.
Meanwhile, the broken spatial inversion symmetry in mono-
layer TMDs (point group D3h) lifts the spin degeneracy at
K and K’ valleys through spin-orbit coupling, giving rise
to spin-valley locking—a property that opens new possibili-
ties for valleytronic devices. This indirect-to-direct band gap
transition driven by the elimination of interlayer coupling
through quantum confinement provides an efficient radiative
recombination channel for two-dimensional optoelectronics.

This characteristic shows great application potential in
high-performance photodetectors. By nitrogen plasma dop-
ing, a lateral homojunction is constructed in MoS2, which not
only preserves the high-mobility transport channel at the bot-
tom, but also realizes efficient separation of photo-generated
carriers. Under 638 nm illumination and −27 V gate volt-
age, the optical switch ratio of the device reaches as high as
107, and the photoresponsivity reaches 6.94× 104 A W−1. It
is worth noting that the impurity energy band introduced by
nitrogen doping extends the response range of the device to
short-wave infrared, and still shows 34 A W−1 responsivity in
this band, which provides a new strategy for realizing silicon-
based compatible wide-spectrum optoelectronic integrated
chips [46].

Although single-layer TMDs have excellent photoelectric
properties, they face the dual challenges of large-scale prepa-
ration and thermal management in flexible device integration.
On the one hand, it is extremely difficult to grow high-quality
monolayer films over a large area. At present, when prepar-
ing large-area uniform single-layer TMDs by CVD method,
it is often accompanied by grain boundary defects and un-
even layers, which leads to large dispersion of device array
performance. On the other hand, the extremely low thermal
conductivity of TMDs (compared with graphene) makes them
face serious heat dissipation problems when operating at high
power density. In the wearable scene that closely fits human
skin, if the power consumption of the device is slightly higher,
the accumulated heat will not only reduce the life of the
device, but also cause thermal damage to the wearer’s skin.

2.4 Black Phosphorus

Although TMDs have achieved a direct band gap transition
from visible to near-infrared in a single layer, their band
gap coverage is still concentrated in the visible-near-infrared
range, and it is difficult to extend the response to the mid-
infrared region (wavelength 3–8 µm). In wearable health

monitoring, real-time perception of human radiation temper-
ature (thermal radiation peak at about 9.5 µm) is important
for early warning of inflammation, fever and circadian rhythm
analysis. However, TMDs can not satisfy the demand. In addi-
tion, the growing global electronic waste crisis has prompted
the development of transient electronics that can degrade
on their own and disappear after the end of their service
life [47]. Black phosphorus (BP), a two-dimensional layered
semiconductor with a puckered orthorhombic lattice struc-
ture (D2h point group) [48], fills this gap precisely. Its band
gap varies continuously from approximately 0.3 eV in bulk to
approximately 2.0 eV in monolayer [49], covering the electro-
magnetic spectrum from mid-infrared to visible light, which
is a complementary band gap window that neither graphene
nor TMDs can provide. At the same time, BP has natural bio-
compatibility and can be degraded into non-toxic phosphate
in vivo [50], providing a material basis for transient wearable
electronics.

The physical origin of the continuously tunable band gap
of BP is rooted in the layer-dependent quantum confinement
effect. In the multilayer structure, the coupling between layers
leads to the delocalization of the wave function in the direc-
tion perpendicular to the plane, the conduction band bottom
and the valence band top converge at the Γ point in the Bril-
louin zone, and the band gap is narrowed to approximately
0.3 eV. When the number of layers is gradually reduced to a
single layer, the interlayer coupling disappears, the quantum
confinement in the perpendicular direction is significantly en-
hanced, the spatial distribution of the wave function is strictly
limited to a single atomic layer, and the energy level splitting
increases, resulting in the band gap widening to approxi-
mately 2.0 eV [49]. Unlike the band structure reconstruction
caused by the elimination of interlayer coupling in TMDs, BP
always maintains its direct band gap nature at the Γ point re-
gardless of the number of layers, which provides an efficient
radiation recombination channel over the entire thickness
range. It is worth noting that the puckered lattice structure
of BP leads to huge differences in the effective mass of car-
riers along the armchair and zigzag directions. The effective
mass of carriers along the zigzag direction is approximately
10 times that of the armchair direction [51], which results in
the room-temperature carrier mobility along the armchair di-
rection being as high as 300–1000 cm2/(V·s), while the zigzag
direction is only 50–120 cm2/(V·s) [52]. This strong in-plane
anisotropy not only provides a new dimension for the design
of direction-selective electronic and optical devices, but also
makes it a unique platform for exploring anisotropic physics.

This combination of tunable narrow band gap and me-
chanical flexibility has been verified in self-powered wearable
sensing systems. By using layer-by-layer self-assembly tech-
nology, a periodic interleaving MXene/BP lamellar thin film
was constructed to simultaneously realize two functions: flex-
ible pressure sensing and energy storage. In the pressure
sensing module, the BP component introduces a high-density
carrier transport channel, and cooperates with the metal con-
ductivity of MXene to form a synergistic conductive network,
which makes the pressure sensitivity of the device reach
77.61 kPa−1 with an optimized elastic modulus of 0.45 MPa.
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In the energy storage module, the interleaving lamellar struc-
ture provides abundant ion transport paths for the direct-laser-
writing micro-supercapacitor, which can efficiently store the
energy collected by the integrated solar cell and compensate
the intermittency of light illumination. The integrated sys-
tem shows a fast response time of 10.9 ms and is capable of
real-time detection of the beating of the human heart under
physiological conditions [53]. This work demonstrates that
BP can not only serve as an active sensing unit, but also be
deeply coupled with other two-dimensional materials to build
a self-sustaining wearable platform.

Although black phosphorus has remarkable advantages
in band gap tunability and anisotropic transport, its practical
application still faces two core challenges. Firstly, environ-
mental instability is the most prominent bottleneck. BP is
extremely prone to oxidative degradation in ambient atmo-
sphere containing oxygen and moisture [54], which leads
to the reconstruction of the surface lattice and the sharp
attenuation of electrical properties. The few-layer BP trans-
ferred out of the growth environment can undergo significant
degradation within hours to days without encapsulation. This
characteristic forces the device preparation and integration
process to rely on inert atmosphere protection or additional
encapsulation layers (such as h-BN), which increases the
process complexity and cost. Secondly, the large-area con-
trollable preparation of high-quality few-layer BP thin films
remains a technical challenge. The current mainstream meth-
ods, whether mechanical exfoliation or liquid phase exfolia-
tion, are difficult to achieve uniform films with controllable
layers in a large area, which limits the batch consistency and
yield of device arrays.

2.5 Xenes

During the evolution of flexible electronics technology to-
ward quantum devices beyond Moore’s Law, a core chal-
lenge is how to induce topological electronic states in two-
dimensional materials lacking natural band gaps. Xenes pro-
vide a unique solution to this problem. Among them, group IV
Xenes such as silicene and germanene are highly consistent
with the core elements of the bulk semiconductor industry,
and are expected to inherit the mature silicon-based process
foundation. At the same time, the unique buckled honeycomb
lattice induces mixed sp2–sp3 hybridization and strong spin-
orbit coupling (SOC) effects [55], which makes it possible
to open topologically nontrivial band gaps in zero-band-gap
materials, thus laying a material foundation for building new
electronic devices with high-speed transmission and quantum
control capabilities on flexible substrates.

Xenes materials show unique advantages in the fields
of flexible bioelectronics and next-generation wearable de-
vices. Thanks to their ultra-thin two-dimensional structure
and excellent photoelectric characteristics, Xenes have been
explored for developing high-performance flexible sensors.
The DNA electrochemical biosensor based on silicene can
specifically recognize the complementary strand of single-
stranded DNA. As an integrated circuit biosensor, it can be
used to manufacture lab-on-chip devices for DNA sequenc-
ing [56]; The surface plasmon resonance sensor based on
antimonene has a detection limit of about 10 aM, which is

used to detect microRNA, an important biomarker for cancer
diagnosis. Compared with the traditional quantitative technol-
ogy of miRNA, the clinical-related SPR real-time detection
(POC) platform based on antimony material has significantly
improved the detection efficiency [57].

Although Xenes have subversive potential in theory, their
practical application is still in the primary stage, mainly
limited by harsh preparation conditions and environmental in-
stability. Unlike graphene or TMDs, most Xenes are prone
to chemical adsorption or oxidation in ambient environment
[58]. For example, silicene can only exist stably in air for sev-
eral minutes, so its transfer from the growth substrate to a
flexible substrate requires an ultra-high vacuum environment.

2.6 h-BN

The previous sections describe two-dimensional materials
that serve as active functional elements in wearable devices,
from the conductive electrodes of graphene, the energy stor-
age units of MXenes, the photoelectric conversion channels
of TMDs, the infrared sensing layers of black phosphorus, to
the topological quantum channels of Xenes. However, a com-
plete flexible electronic system also requires an indispensable
class of passive support materials: high-quality dielectric lay-
ers that provide electrostatic gate control and encapsulation
layers that isolate the active materials from the external envi-
ronment. When traditional dielectric materials such as SiO2
and Al2O3 are deposited on two-dimensional semiconduc-
tors, a large number of dangling bonds and charge traps will
be generated at the interface due to the lattice mismatch
and the lack of chemical bonds at the van der Waals sur-
face [59]. These defect states will cause serious hysteresis in
the transfer characteristic curve of the transistor, reduce the
carrier mobility, and severely limit the reliability of flexible
circuits. At the same time, as mentioned above, environmen-
tally sensitive materials such as black phosphorus and Xenes
are extremely susceptible to oxidative degradation in ambient
atmosphere, and urgently need an atomic-level dense en-
capsulation barrier. Hexagonal boron nitride (h-BN), known
as “white graphene”, provides an ideal solution for both
problems.

h-BN has a layered honeycomb lattice structure very sim-
ilar to graphene, with boron and nitrogen atoms alternating
at the sublattice positions. However, unlike the electron delo-
calization in graphene, the strong electronegativity difference
between B and N atoms leads to the extreme localization
of π electrons on the nitrogen sublattice sites [60]. This lo-
calization mechanism fundamentally changes the electronic
structure: the degeneracy of π and π* orbitals at the Dirac
point is broken, opening a wide band gap of approximately
5.9–6.1 eV [61], which makes h-BN an excellent insulator.
More critically, the surface of h-BN is atomically flat, al-
most free of dangling bonds and charge trap states. When it
is used as a substrate or dielectric layer for two-dimensional
semiconductors, it can form a clean van der Waals interface,
which greatly suppresses carrier scattering and hysteresis. In
addition, h-BN has a lattice mismatch of only 1.7% with
graphene [62], making it the natural substrate material for
constructing high-quality van der Waals heterostructures. Its
thermal conductivity can reach up to 8.1 W/(m·K) in the
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cross-plane direction for submicrometer-thick flakes [63],
combined with excellent chemical stability, which provides a
thermal management solution for flexible electronic devices.

The synergy of these properties has been demonstrated
in fully two-dimensional flexible transparent transistors. By
using MoS2 as the channel, h-BN as the gate dielectric,
and graphene as the gate electrode, a van der Waals het-
erostructure field-effect transistor was constructed entirely
from two-dimensional materials [64]. The device shows a
field-effect mobility of up to 45 cm2/(V·s), with greatly re-
duced hysteresis, and an operating gate voltage below 10 V.
When integrated onto a flexible polymer substrate, the de-
vice maintains unchanged electrical performance up to 1.5%
strain. The key contribution of h-BN is that its atomically
flat and dangling-bond-free surface provides a clean dielectric
interface that eliminates the charge traps inherent to con-
ventional oxide dielectrics. Furthermore, h-BN encapsulation
has been proven to be an effective strategy for protect-
ing environmentally sensitive materials. In the hBN/BP/hBN
sandwich structure, h-BN completely isolates black phospho-
rus from oxygen and water molecules at the atomic level,
enabling BP photodetectors to achieve stable mid-infrared
response at room temperature while effectively preventing
oxidative degradation [65]. This encapsulation strategy has
been widely adopted in the integration of various air-sensitive
two-dimensional materials.

Although h-BN shows irreplaceable advantages in di-
electric and encapsulation functions, it still faces application
challenges. Firstly, as a layered material, h-BN is usually
obtained by mechanical exfoliation or synthesized at high
temperature, and it is difficult to achieve reliable large-area
deposition as a top-gate dielectric [59]. The critical film thick-
ness effect is particularly noteworthy: when the h-BN film
exceeds a critical thickness of approximately 10 nm, its break-
down electric field strength and leakage current mechanism
change significantly, indicating that the electrical properties
are closely related to the growth mode and film quality [66].
Secondly, the relatively low dielectric constant of h-BN (εr ≈
3–4) means that larger gate voltages are required to achieve
the same charge induction capability compared to high-κ
dielectrics such as HfO2, which limits its application in ultra-
low-power flexible circuits. Nevertheless, as the only widely
recognized two-dimensional insulator, h-BN plays an irre-
placeable role as the “behind-the-scenes enabler” of the en-
tire two-dimensional materials ecosystem—providing high-
quality interfaces and environmental protection for all the
active materials discussed above, and ensuring the long-term
reliable operation of wearable devices in complex human
body environments.

3 Intelligent Sensing Interface
Two-Dimensional (2D) materials, leveraging their atomic-
scale thickness, tunable band structures, exceptional flexi-
bility, and engineered interfacial properties, offer unprece-
dented pathways for multimodal intelligent functionalities
in wearable systems. These characteristics not only enable
breakthroughs in sensitivity perception, soft actuation, sig-
nal processing, and energy management but—more criti-
cally—facilitate on-device signal amplification, filtering, and

pattern recognition through the deep integration of intrin-
sic material properties and structural design. This estab-
lishes a new paradigm of “material-as-computation” plat-
forms that are low-power, highly integrated, and progressively
permeating all modules of the “sensing–processing–energy–
communication” closed-loop system through heterogeneous
integration.

3.1 Biochemical Sensing: Paradigm Shift in
Sweat Biomarker Detection

Human sweat serves as an ideal non-invasive window for
health monitoring, containing critical metabolic biomarkers
such as glucose, lactate, and electrolytes. With the esca-
lating global prevalence of diabetes, the development of
non-invasive, real-time, and reliable continuous glucose mon-
itoring (CGM) systems has become an urgent imperative
[67]. Although wearable electrochemical biosensors repre-
sent the mainstream technological approach for sweat glucose
detection, their advancement has long been constrained by
three fundamental challenges. In enzymatic detection sys-
tems, the catalytic reaction of glucose oxidase (GOx) is highly
dependent on dissolved oxygen. Conventional patch-type sen-
sors pressed against the skin induce oxygen deficiency in
sweat (typically <50 µM), compressing the linear detec-
tion range (<5 mM) and degrading sensitivity (typical value
<5 µA ·mM−1 · cm−2). Simultaneously, the enzyme protein
is susceptible to temperature, humidity, and pH fluctua-
tions, resulting in poor long-term stability (half-life <7 days)
[68]. In non-enzymatic systems, electrocatalytic electrodes
face multiple bottlenecks: severe interference from coexisting
reductants such as ascorbic acid and uric acid (selectiv-
ity coefficient <3); insufficient intrinsic activity of single-
metal catalytic sites (e.g., Ni, Cu) leading to low sensitivity
(<10 µA ·mM−1 · cm−2); agglomeration and detachment of
nanocatalysts (e.g., Pt) during dynamic use (cyclic stabil-
ity <1,000 cycles); and critically, the inability of traditional
rigid electrodes (carbon rods, metal wires) to accommo-
date skin deformation, causing dynamic detection failure and
biocompatibility issues.
3.1.1 Construction of Solid-Liquid-Gas Triphase Inter-

faces and Performance Enhancement in Enzymatic
Sensors

In enzymatic glucose detection, the catalytic reaction of glu-
cose oxidase heavily relies on dissolved oxygen. In traditional
wearable patches for detecting biomarkers in sweat, the sen-
sor is closely attached to the skin, leading to insufficient
oxygen in sweat. This affects the sensitivity of enzymatic
sensors, thereby limiting their linear detection range and
sensitivity. Additionally, enzyme materials are prone to degra-
dation, which impacts the reusability of the sensor. Moreover,
traditional fabrication techniques such as screen printing and
electrodeposition result in short sensor lifespan and poor sta-
bility. To address this challenge, researchers developed an
innovative sensor structure in 2019 using a Ti3C2Tx and
Prussian Blue composite material, successfully constructing
an efficient “solid-liquid-gas” three-phase interface [69]. The
principle is shown in Figure 1, this design utilizes the layered
stacking structure of MXene nanosheets as a highly conduc-
tive framework, effectively preventing the agglomeration of



70 Ma et al. / J. Intell. Mater. 2026 1(1):63–81

Prussian Blue nanoparticles—an excellent artificial peroxi-
dase—while its porous structure promotes oxygen diffusion
and exchange. The composite sensor demonstrated remark-
able performance in sweat glucose detection, with a sensitiv-
ity as high as 35.3 µA ·mM−1 · cm−2, enabling it to capture
glucose fluctuations even at extremely low concentrations. At
the same time, the synergistic effect at the solid-liquid-gas
interface resolved the “oxygen deficit” issue, ensuring a lin-
ear response even at high glucose concentrations. For lactate
detection, the system also exhibited excellent performance,
achieving a sensitivity of 11.4 µA ·mM−1 · cm−2, thereby
improving detection performance and stability.

In such enzymatic sensors, the high surface area of two-
dimensional materials provides a larger carrier for glucose
oxidase, enhancing the efficiency of direct electron transfer.
This contributes to improved sensitivity, greater selectivity,
and further miniaturization of wearable biochemical sensors.

Figure 1: Schematic illustration of the Ti3C2Tx/Prussian
Blue composite-based solid-liquid-gas triphase enzymatic
sensor for sweat glucose and lactate detection.

3.1.2 Liquid Metal-Enhanced Non-Enzymatic Sensing:
An Emerging Paradigm

The integration of two-dimensional (2D) materials with
metallic counterparts holds significant promise for non-
enzymatic wearable flexible sensors. Such sensors circumvent
the inherent limitations of conventional enzymatic systems,
such as enzyme instability and poor longevity, thereby offer-
ing a robust solution for sustained and reliable biomolecular
monitoring. A 2025 study published in iScience exempli-
fies this potential, where the synergistic combination of 2D
material architecture and metallic properties enabled the de-
velopment of a highly sensitive, flexible, and sweat-inducing
non-enzymatic electrochemical wearable sensor for real-time
dynamic monitoring of glucose in sweat [70]. The principle
is shown in Figure 2, this work innovatively employed a com-
posite of liquid metal gallium (Ga) and the 2D transition metal
carbide/nitride (MXene), integrated with chitosan (CS) hy-
drogel to form a Ga@MXene/CS three-dimensional porous
conductive hydrogel network. Specifically, the high fluidity
and intrinsic conductivity of liquid Ga effectively address
the mechanical fragility of traditional flexible conductive
materials under repeated deformation, while MXene, as a rep-
resentative 2D material, contributes its layered structure with
high surface area and excellent electrocatalytic activity. Their
synergy not only overcomes the mechanical limitations of
conventional sensors (e.g., poor bendability or stretchability)

but also establishes a stable three-dimensional porous archi-
tecture through Ga intercalation within MXene interlayers.
This design substantially enlarges the electrode-electrolyte
reaction interface, mitigating the sensitivity constraints im-
posed by the flat surfaces of conventional electrodes. Con-
currently, the formation of Ga–O–Ti chemical bonds between
Ga and MXene reinforces structural stability in the complex
sweat environment, suppressing aggregation and detachment
while enhancing dispersion uniformity and interfacial adhe-
sion strength. The incorporation of chitosan further optimizes
system performance: its hydrophilic network ensures pro-
longed water retention, and its natural bioadhesive properties
guarantee secure skin contact, minimizing signal drift dur-
ing motion. Critically, leveraging its superior conductivity
and biocompatibility, the device can also function as an elec-
trode for iontophoresis therapy, actively inducing localized
sweating via low-intensity current to achieve “on-demand de-
tection”, thereby eliminating reliance on exercise-dependent
perspiration. This advancement not only underscores the piv-
otal role of 2D material-metal composites in enhancing sensor
performance but also lays a crucial foundation for devel-
oping non-invasive, intelligent wearable health monitoring
platforms. Related design principles are gaining broad trac-
tion in recent flexible electronics research; for example, the
application of graphene/liquid metal composites in lactate
sensing further validates the generality of such architectures.

Figure 2: Schematic Illustration of Self-Heating, Non-
Enzymatic Sweat Glucose Sensing Mechanism Based on 3D
Porous MXene/Ga Composite.

Furthermore, significant progress has also been made
in non-enzymatic sensors based on Pt/MXene (platinum
nanoparticle-decorated MXene). Research demonstrates that
by immobilizing the Pt/MXene catalyst within a conductive
hydrogel, the impact of mechanical deformation on the cat-
alytic interface can be effectively mitigated. This enables
continuous monitoring of glucose in sweat over a broad lin-
ear range of 0–8 mM, while maintaining a high sensitivity of
48 µA ·mM−1 · cm−2 [71].

These sensors not only incorporate two-dimensional
materials for material innovation, but also enhance non-
enzymatic flexible sensors by integrating three distinct types
of materials through well-engineered architectures. This ap-
proach provides a scalable and general design strategy for
applying 2D materials in flexible electronic sensing devices.
Currently, the most mature and reliable pathway for wearable
glucose detection, both domestically and internationally, is
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a composite strategy that combines minimally invasive sam-
pling, electrochemical detection, non-enzymatic design, and
two-dimensional materials. This integrated approach enables
both signal stability and high sensitivity [72].

3.2 Physical and Mechanical Sensing

Beyond sweat-based biochemical sensing in wearable tech-
nology, physical signal monitoring represented by electronic
skin (E-skin) constitutes another major sector of the field. The
core functions of E-skin include capturing physical signals
such as pulse, blood pressure, and limb movement. A key
challenge in this area lies in achieving high sensitivity while
maintaining wide-range stretchability and good breathability.
Early E-skin systems provided only basic tactile sensing, typ-
ically employing silicon-based pressure sensors, metal elec-
trodes, conventional wires, and rigid circuit boards, resulting
in bulky hardware with limited functionality. The subse-
quent introduction of flexible substrates such as polyimide
improved device bendability, yet failed to offer sufficient
stretchability, thus restricting their use in dynamic motion
monitoring. The emergence of two-dimensional (2D) materi-
als has brought revolutionary progress to E-skin development.
By combining the intrinsic properties of 2D materials with
ingeniously designed microstructures, it is now possible to
simultaneously achieve both high sensitivity and high stretch-
ability—attributes that were previously difficult to realize in
conventional E-skin systems [73].

Two-dimensional materials generally exhibit excellent
mechanical strength and high toughness. The van der Waals
interactions between adjacent layers allow for interlayer
shear and sliding, providing the material with favorable de-
formation adaptability [74]. Compared to traditional three-
dimensional materials, 2D materials can withstand greater
mechanical strain before failure [75]. Furthermore, they pos-
sess superior electrical properties such as tunable bandgaps
and high carrier mobility. Coupled with their compatibility
with large-area processing techniques, these characteristics
make 2D materials highly promising for developing powerful
yet cost-effective wearable devices [76].

The electromechanical coupling characteristics of sensors
based on two-dimensional materials exhibit distinct behav-
iors at microscopic and macroscopic scales. At the micro
scale, minor stress and strain can directly alter the electri-
cal and optical properties of atomic layers by modifying the
atomic lattice and electronic band structure. On the macro
scale, the electromechanical coupling behavior of sensors
is influenced not only by the crystallographic properties of
the material, but also by multidimensional factors such as
substrate interactions, shape, and dimensions [77].

Yang et al. fabricated a piezoresistive sensor for acous-
tic signal detection using functionalized graphene multilay-
ers [78]. Liu et al. developed a nonlinear wearable sensor
based on the piezoresistive effect, composed of hydropho-
bic polyimide nanofibers and MXene composite aerogel, for
detecting human motion and physical signals [79]. Zheng et
al. integrated MXene with cotton fabric to create a flexible,
intelligent electronic skin capable of sensing physiologi-
cal signals through pressure [80]. Chao et al. engineered a
higher-performance electronic skin using MXene and protein

nanocomposites via the piezoresistive effect, which demon-
strated durability over 10,000 usage cycles [81]. In the
emerging field of bio-inspired robotics, Choi et al. fabricated
a linear, piezoelectric pressure sensor based on large-area
sputtered asymmetric two-dimensional MoS2 [82].

In addition to the intrinsic properties of materials, struc-
tural design can also enhance sensitivity. For example, the
application of Kirigami-structured graphene in electronic skin
demonstrates this principle. Although graphene exhibits an
extremely high Young’s modulus, its intrinsic ductility is
very poor (<3%), which limits its application in monitor-
ing large deformations at joints. Inspired by the traditional
art of Kirigami, researchers have successfully overcome the
trade-off between sensitivity and stretchability by designing
specific micro/nano-cutting patterns on graphene oxide (GO)
or laser-induced graphene (LIG) films. The Kirigami struc-
ture converts macroscopic stretching of the material into local
bending and twisting of the microstructures, thereby avoid-
ing brittle fracture of the conductive pathways. A 2024 review
noted that the introduction of Kirigami structures can increase
the maximum stretchable strain of graphene-based sensors to
over 79% while maintaining the integrity of the conductive
network [83]. The “FlexiPulse” sensor based on a vertical
Kirigami structure, developed by Meng et al., demonstrates
extremely high pressure sensitivity, enabling precise capture
of subtle features in radial artery pulse waves (such as the
dicrotic notch). The device can not only monitor heart rate
in real-time but also derive deeper cardiovascular parameters,
such as the arterial stiffness index, through waveform analysis
[84].

Overall, two-dimensional materials are progressively
permeating every module of the closed-loop “sensing–
processing–energy–communication” system. Through het-
erogeneous integration and structural design, they are en-
abling the development of wearable platforms that exhibit
intelligence at the material level.

4 Core Functional Device
4.1 Sensing Device: Transistor-based Biosen-

sor

Transistor-based biosensor is a kind of flexible electronics
detection device based on field effect transistor (FET) archi-
tecture. The core mechanism is that the biochemical reaction
signal is directly converted into an amplified electrical signal
by using the interaction between the semiconductor chan-
nel layer and the biological analyte (such as charge transfer
or doping effect) [85]. Such devices have great potential in
many fields, such as medical diagnosis [86], environmental
monitoring and food safety [87, 88], and have become an im-
portant research direction in the field of wearable electronics.
However, although this technology shows great application
potential, traditional flexible transistors still face severe per-
formance bottlenecks. The first challenge stems from the
inherent contradiction between mechanical flexibility and
electrical properties. In order to achieve the characteristics
of bending or stretching, devices usually need to be built on
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low-modulus polymer substrates or flexible organic semicon-
ductor materials, but this often leads to a significant decrease
in carrier mobility [15].

Two-dimensional materials have attracted much attention
in the research of transistor-based biosensors because of their
atomic thickness, large surface area and high active site den-
sity. Graphene has a unique hexagonal lattice structure. In
the field effect transistor sensor architecture, its conductivity
shows extremely high sensitivity to the change of interface
charge caused by the adsorption of external biomolecules,
and it can realize ultra-sensitive detection of biomarkers such
as SARS-CoV-2 (LOD as low as fg/mL) [89]. Wang et al.
successfully realized the ultra-sensitive detection of throm-
bin by using the photoelectrochemical transistor constructed
by graphene channel and introducing metal-organic frame-
work as photosensitive gate. In this study, graphene channel
can respond to the weak ion doping effect caused by photo-
voltaic voltage because of its excellent carrier mobility and
extreme sensitivity to interface potential, thus producing a
significant bipolar current switching response. The graphene-
based sensor achieves a detection limit as low as 0.1 fM
[90]. This data proves that, unlike traditional flexible tran-
sistors which are limited by bulk material characteristics
and low interfacial coupling efficiency, graphene materials
can achieve signal transduction through a full-surface con-
duction mechanism with high efficiency. However, limited
by the current wet transfer preparation process, it faces the
challenges of interface pollution and structural defects in
large-scale preparation, which leads to the device being infe-
rior to the traditional bulk semiconductor materials in stability
and repeatability [91].

Transition metal chalcogenides not only have the advan-
tage of surface dominant conductivity, but also have semi-
conductor characteristics and suitable band gap. This energy
band structure determined by atomic arrangement enables
TMDs to achieve a high current on-off ratio while maintain-
ing high surface activity [92], thus providing an optimized
path at the structural level to solve the performance stability
problem of flexible transistors in dynamic monitoring. This
characteristic has been verified in the flexible photoelectric
biosensor developed by Chen et al. The research shows that
the photo-generated carriers can be effectively excited by ir-
radiating the single-layer MoS2 channel with red light, thus
significantly enhancing the output current and signal-to-noise
ratio of the device. This photoelectric cooperative strategy
not only makes use of the light response characteristics of
MoS2, but also overcomes the severe challenge faced by tra-
ditional field effect transistor biosensor in high ion intensity
environment—the sharp decline of sensitivity caused by the
shielding effect of electric double layer. Experimental data
show that the sensor still maintains high specificity and low
detection limit (7.57 ng/mL) for human immunoglobulin G
in complex matrix. However, although the device has the po-
tential of anti-interference in the energy band structure at
the atomic level, in the actual detection process, in order to
alleviate the shielding of interface charges in high-salt envi-
ronment and restore the detection sensitivity, it still has to
rely on phosphate buffer for repeated cleaning to reduce the

interface ion strength, which shows that the current biosen-
sor based on TMDs cannot realize label-free and continuous
in-situ detection [93].

Two-dimensional materials, with their completely ex-
posed surface atoms and rich active sites, show advantages
that traditional bulk materials cannot match in surface chem-
ical regulation. Taking advantage of this feature, researchers
are no longer limited to MOSFET structures isolated by in-
sulating dielectric layers, but develop an innovative structure
without dielectric layers: stable two-dimensional semicon-
ductors such as molybdenum disulfide are directly used as
conductive channels, and the sensing process is driven by
the direct interaction between surface active sites and ana-
lytes. Based on this mechanism, the researchers successfully
constructed a competitive hybridization detection strategy
by taking advantage of the specific affinity of molybde-
num disulfide for single-stranded DNA over double-stranded
DNA, thus realizing highly sensitive identification of the tar-
get gene sequence on the electrochemical sensing platform.
Lee et al. constructed a label-free immunosensor based on
multi-layer MoS2 field-effect transistors, and realized highly
sensitive detection of PSA by directly physically adsorbing
anti-PSA antibodies, with a detection limit of 1 pg/mL, which
is three orders of magnitude higher than the clinical diagnosis
threshold [94].

4.2 Computing Device: Memristor-based Arti-
ficial Synapse

The latest research progress of transistor-based biosensor
is systematically summarized in the previous part. As the
core sensing unit of bioelectronic system, it has successfully
achieved accurate capture and conversion of physical and
chemical signals in vivo. However, the massive raw signals
output by sensing devices still need to be processed efficiently
before they can be transformed into characteristic informa-
tion with decision-making value. This demand has promoted
the rapid development of information processing systems,
among which memristor-based artificial synapses, which can
simulate the plasticity of biological synapses, have become
the core research direction of information processing sys-
tems in the field of bioelectronics because of their brain-like
computing advantages of low power consumption and high
parallelism. The following will focus on the development sta-
tus and technical breakthrough of this kind of information
processing system.

The unique physical and chemical properties of two-
dimensional materials represented by MoS2 provide a key
path for the performance optimization of memristor-based
artificial synapses. From the perspective of atomic struc-
ture, MoS2 has a strict sandwich layered structure (S-Mo-S),
in which the layers are closely bonded by strong covalent
bonds, while the layers are stacked by weak van der Waals
force. This feature enables the material to be stripped to the
atomic thickness [92], thus strictly limiting the ion migra-
tion and resistance change process in the two-dimensional
plane. Compared with bulk materials, the surface of MoS2 has
no dangling bonds, which effectively inhibits the disorderly
growth of conductive filaments, makes the evolution of con-
ductance state more controllable, significantly improves the
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uniformity and stability of synaptic devices, and creates phys-
ical conditions for the realization of highly reliable artificial
synaptic arrays [95]. Fa et al. constructed artificial synap-
tic devices with excellent performance by using wafer-level
MoS2 grown by metal organic chemical vapor deposition. The
van der Waals gap of MoS2 plays a key role in atomic con-
finement, which strictly limits the migration of silver ions and
filament growth in the two-dimensional plane. This mecha-
nism fundamentally changes the evolution mode of filaments:
experimental observations confirm that filaments show con-
trollable lateral growth between MoS2 layers, rather than
random penetrating growth in the traditional bulk phase. The
advantage of this mechanism translates into significant per-
formance improvement. MoS2-based devices show excellent
uniformity and robustness. 100 devices were randomly tested
on the wafer scale, and 98 of them showed stable intermedi-
ate resistance switching behavior, achieving a device yield of
up to 98%. In addition, the device also has the characteristics
of low power consumption, long retention and the ability to
simulate the plasticity of biological synapses on the microsec-
ond scale, which proves that MoS2 successfully transforms
the resistance mechanism of memristors from random noise
to controllable physical process through its unique layered
confinement effect [96].

Although traditional two-dimensional semiconductor ma-
terials, such as MoS2, perform well in electronic devices,
single-material memristors are often limited by the inherent
carrier transport mechanism, and it is difficult to achieve ef-
ficient leakage current suppression in the dark state and polar
photocurrent response under illumination at the same time,
resulting in low coupling degree of devices in light sensing
and computing functions [97]. To solve this problem, MX-
ene plays an obvious role as a functional modulation layer.
With its unique layered structure and rich surface functional
groups, MXene plays an interface role in MXene/CuInS2 het-
erojunction, and reconstructs the transport path of carriers
through the interface dipole effect: in the dark state, MX-
ene raises the valence band top of CuInS2 and increases
the hole injection barrier, thus effectively suppressing the
leakage current; under illumination, MXene promotes the
spatial separation of electron-hole pairs, realizes the cooper-
ative transmission of electrons and holes, and even induces
the reversal of photocurrent response. The innovation of this
mechanism directly solves the pain points of traditional single
material memristor, such as non-polarity reversal of photocur-
rent and large dark current noise. The photoelectric synapse
device based on MXene not only achieves a switching ratio
as high as 102, but also simulates the plasticity of biological
synapses [98]. This proves that MXene can not only reduce
the impedance of the device through high conductivity, but
also optimize the signal-to-noise ratio and multi-functional
processing ability of the artificial synaptic device through fine
energy band regulation.

5 System Integration
5.1 Heterogeneous Integration

In traditional wearable devices with separate sensing, mem-
ory and computing, system integration usually depends on

the interconnection of modular stack and printed circuit board
(PCB). Physical signal acquisition, digital processing and al-
gorithm operation are undertaken by independent hardware
units, and the data path follows the serial topology structure
of “sensor-ADC-signal processor-memory”. The physiologi-
cal signals in analog domain are pre-amplified and filtered by
the sensor interface, and then input to the analog-to-digital
converter for sampling and quantization, and the continuous
signals are converted into discrete digital sequences. The dig-
ital signal is transmitted to a central processing unit (CPU)
or a digital signal processor (DSP) through a universal serial
bus, instruction decoding and arithmetic logic operation are
performed under the framework of von Neumann, and the in-
termediate result or final eigenvalue is written into a memory
for subsequent call through a system bus. This physically sep-
arated sensing, storage and computing unit leads to frequent
Data Shuttling between modules. This process not only intro-
duces significant RC delay, but also causes a lot of redundant
power consumption, which is difficult to meet the demand of
real-time processing of high-throughput physiological signals
[99].

In order to break through the performance bottleneck of
the separation architecture of sensing, memory and comput-
ing, heterogeneous integration has become the key path to
connect new sensitive materials with the underlying silicon-
based circuits. Its core lies in the deep integration of func-
tional materials with excellent sensing-computing synergistic
characteristics and CMOS circuits responsible for signal read-
ing and processing through physical stacking or monolithic
integration [100]. Monolithic 3D Integration uses van der
Waals force to connect layers, which effectively reduces the
parasitic capacitance between layers and the process thermal
budget. By integrating the perceptual cortex with the comput-
ing substrate, some synaptic calculations can be performed
in situ at the perceptual end, thus significantly reducing the
power consumption and delay of data handling [101].

The concrete realization of this strategy is embodied
in a monolithic three-dimensional heterogeneous integration
paradigm: First, using a back-end-of-line compatible thermal
budget as low as 180 ◦C, a MoS2 channel is transferred onto
prefabricated local back-gate islands, and Al2O3/HfO2/Al2O3
is grown by atomic layer deposition as the floating gate
dielectric, thereby constructing a bottom-layer MoS2 mem-
ristive transistor network. Subsequently, through a 50 nm
interconnect dielectric layer and vias, this network is ver-
tically stacked with a top-layer In2Se3 photodetector [102].
This architecture not only takes advantage of the lossless
transfer and heterogeneous integration of two-dimensional
materials on atomically flat surfaces, effectively avoiding the
high-temperature incompatibility of conventional CMOS pro-
cesses, but also replaces the traditional resistive load with the
non-volatile analog programmable characteristics of MoS2
memristive transistors, thereby realizing dynamic on-chip
calibration of the response non-uniformity of the In2Se3 pho-
todetector array and effectively suppressing crosstalk current.

This heterogeneous integration paradigm brings signifi-
cant advantages to wearable devices: on the one hand, the ar-
chitecture eliminates long distance data transmission, greatly
reduces system power consumption, and effectively prolongs
the battery life of wearable devices [103]; on the other hand,
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it simplifies system components through vertical spatial mul-
tiplexing, greatly promoting device miniaturization and light
weighting [104].

5.2 Self-Powered Power Supply

To reduce the dependency on batteries in wearable intelligent
systems, energy harvesting technologies based on piezo-
electric and triboelectric effects are of critical importance.
Breakthroughs in two-dimensional (2D) materials within this
field have primarily focused on enhancing power output
through defect engineering and structural design. Although
bulk MoS2 lacks piezoelectricity due to its centrosymmetric
structure, this limitation is broken in monolayer MoS2. How-
ever, monolayer MoS2 grown via chemical vapor deposition
(CVD) typically contains a high density of sulfur vacancy de-
fects. These defects can trap charge carriers and screen the
piezoelectric potential, leading to diminished output perfor-
mance. In a 2018 study by Han et al. [105], a sulfur-treatment
process was introduced to effectively fill sulfur vacancies
within the lattice. The repaired monolayer MoS2 exhibited
an enhanced piezoelectric coefficient (d11 increased from
3.06 pm/V to 3.73 pm/V), with output voltage and current
reaching more than twice and three times, respectively, those
of the untreated sample.

5.3 Thermal Management System

As wearable electronics advance toward higher integration,
multifunctionality, and miniaturization, the sharp increase
in localized power density has led to the severe issue of
“hotspots”. For skin-conformal wearable devices, thermal
management faces a dual challenge: on one hand, excessive
temperature can degrade sensor sensitivity and shorten bat-
tery life (device reliability); on the other hand, human skin is
highly sensitive to temperature, and a localized temperature
rise exceeding 40 ◦C may cause thermal discomfort or even
low-temperature burns (user thermal comfort).

While conventional metal- or carbon-based nanomateri-
als (such as graphene and carbon nanotubes) exhibit excellent
thermal conductivity, their high electrical conductivity poses
a significant risk of short circuits in compact flexible cir-
cuits and often compromises signal transmission stability. In
contrast, hexagonal boron nitride (h-BN), a two-dimensional
material with a wide bandgap (∼5.9 eV), is recognized as
an ideal candidate for addressing thermal management bottle-
necks in flexible electronics due to its unique “high thermal
conductivity yet electrical insulation” properties, earning it
the nickname “white graphene”.

The high thermal conductivity of h-BN originates from
the small mass difference between boron (B) and nitrogen
(N) atoms in its lattice, combined with strong covalent bond-
ing, which significantly reduces phonon scattering [106].
The theoretical in-plane thermal conductivity of monolayer
h-BN can reach up to 2,000 W·m−1·K−1. However, in prac-
tical polymer composite applications, h-BN exhibits notable
anisotropy [107]. To maximize heat dissipation efficiency, re-
search emphasis has shifted from simple random filling to the
ordered regulation of microstructure. For example, by utiliz-
ing external fields (electric or magnetic) or rheological shear

forces (such as in blade coating or spinning processes), h-
BN nanosheets can be aligned along the direction of heat
flow to construct efficient “phonon highways” [108]. Through
methods like ice-templating or nickel-foam templating, con-
tinuous 3D h-BN frameworks can be fabricated, establishing
three-dimensional thermal conduction networks that mitigate
interfacial thermal resistance. This approach enables an order-
of-magnitude enhancement in the thermal conductivity of
polymer matrices even at low filler loadings [109].

Within the architectural hierarchy of wearable systems, h-
BN primarily facilitates thermal management in two forms:
Firstly, h-BN/polymer composites serve as thermal interface
materials (TIMs) between the skin and the sensor or between
the chip and the packaging layer, filling microscopic gaps and
reducing contact thermal resistance. Compared to traditional
oxide fillers like Al2O3, the two-dimensional layered struc-
ture of h-BN enables higher thermal conduction pathways at
lower filler loadings, while simultaneously maintaining the
flexibility and stretchability of the composite material. Sec-
ondly, h-BN-based in-plane heat spreading films can rapidly
distribute heat from point sources evenly across the plane,
thereby eliminating hot spots. Research demonstrates that
modified nanocellulose or polyimide substrates incorporating
h-BN can reduce the surface temperature of devices by 5–7 ◦C
under continuous operation, significantly enhancing wearing
safety.

Looking ahead to the 2025–2030 timeframe, the role of
hexagonal boron nitride in wearable technology is under-
going a paradigm shift from a passive auxiliary component
to a core enabler within the device architecture. To address
the increasingly complex design space of hybrid compos-
ites, artificial intelligence and machine learning algorithms
are progressively supplanting traditional trial-and-error meth-
ods, accelerating the discovery of optimal formulations by
precisely predicting filler properties. Driven by this method-
ological innovation, future h-BN systems are expected to
achieve two key breakthroughs: (1) the integration of active
thermal management, utilizing h-BN’s excellent thermal con-
ductivity and electrical insulation as a substrate for flexible
thermoelectric coolers; and (2) deep functional modality fu-
sion, where h-BN will evolve into multifunctional electronic
skin that integrates structural support, efficient heat dissi-
pation, dielectric sensing, and antibacterial protection into
a single, seamlessly integrated platform for next-generation
long-term health monitoring devices.

6 Future Challenges
While two-dimensional materials have demonstrated supe-
rior electrical, thermal, and mechanical properties in sin-
gle devices at the laboratory scale, translating them into
clinically usable wearable systems still faces a significant
leap. Current research and development focus is shifting
from single-function “champion devices” to multifunctional,
highly reliable “system-level integration”. This requires not
only breakthroughs at the material level but also solutions to
the compatibility issues at heterogeneous material interfaces
and the mechanical mismatch between hard and soft systems.
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6.1 Key Challenges and Technological Bottle-
necks

Scalability and Yield: Currently, high-quality two-
dimensional materials still mainly rely on mechanical
exfoliation or small-area CVD growth, and the transfer pro-
cess often introduces polymer residues, wrinkles, and cracks.
Achieving wafer-scale, low-defect-density direct growth and
developing non-destructive roll-to-roll transfer technology
are the primary obstacles to moving from the laboratory to
industrialization.

Contact Resistance and Interface Engineering: Signif-
icant contact resistance and Fermi level pinning exist between
extremely thin two-dimensional semiconductors and three-
dimensional metal electrodes, severely limiting the drive
current and frequency response of devices. Developing edge
contact or van der Waals contact (vdW contact) techniques
to reduce the Schottky barrier is essential for improving the
signal-to-noise ratio of high-performance wearable sensors.

Environmental Stability and Encapsulation: Many
two-dimensional materials (such as black phosphorus and
some TMDs) are highly susceptible to oxidation in air, and
even graphene is easily affected by environmental humidity,
leading to performance drift. For wearable devices used in
close contact with the skin for extended periods, developing
encapsulation layers that are both water- and oxygen-barrier,
and extremely thin without affecting mechanical flexibility
(such as ultrathin h-BN or ALD oxides) is crucial for ensur-
ing device lifespan. Furthermore, the corrosion of devices by
biofluids (sweat, tissue fluid) is a real problem that must be
addressed.

7 Conclusion
As wearable technology evolves from early-stage simple sig-
nal acquisition devices to highly integrated, adaptive, and
intelligent systems, two-dimensional (2D) materials have
emerged as a core material system driving this transfor-
mation, owing to their unique atomic-scale structure, high
flexibility, tunable electronic and optical properties, multi-
physics response characteristics, and excellent compatibility
with interface engineering. From the high conductivity of
graphene and the semiconducting properties of transition
metal dichalcogenides (TMDs), to the metallic character and
processability of MXenes, the insulating and thermal manage-
ment capabilities of hexagonal boron nitride (h-BN), and the
optoelectronic, chemical, and ionic functionalities exhibited
by black phosphorus and other emerging 2D materials, this
family provides a vast material foundation for constructing
key modules such as multimodal sensing, intelligent actua-
tion, flexible computing, self-powered energy sources, and
communication interconnects.

At the functional level of intelligent systems, the intrin-
sic high sensitivity of 2D materials enables wearable sensors
to achieve greater accuracy and faster response in physiologi-
cal monitoring, motion analysis, and environmental detection.
Leveraging their responsiveness to thermal, electrical, op-
tical, and chemical stimuli, they facilitate softer and more
natural human-machine interaction in soft actuators and hap-
tic feedback systems. Through neuromorphic computing and

heterostructure engineering, signal processing is gradually
shifting towards the material and structural levels, offering
a new device paradigm for low-power, real-time edge intel-
ligence. In energy systems, 2D materials provide efficient
energy management solutions for wearable platforms based
on triboelectric, piezoelectric, photovoltaic, thermoelectric,
and flexible energy storage devices. Augmented by textile
structures, 3D porous architectures, and stretchable structural
engineering, the advantages of 2D materials are gradually
translated from the material level to system-level structural in-
telligence, realizing a new model of smart wearable systems
where “structure is function”.

Nevertheless, the practical application of 2D materials in
wearable systems still faces multiple challenges. These in-
clude issues related to large-scale material preparation and
consistency, insufficient long-term stability in complex en-
vironments, mechanical reliability under large deformation
and multi-cycle conditions, engineering difficulties in het-
erogeneous system integration, safety concerns regarding
prolonged skin exposure, and the early exploratory stage
of material-level artificial intelligence and data processing.
However, with continuous improvements in fabrication pro-
cesses, optimization of interface and encapsulation technolo-
gies, innovation in multi-scale structural design strategies,
and the growing convergence of materials science and artifi-
cial intelligence, the application boundaries of 2D materials
in wearable systems will continue to expand.

Overall, 2D materials are leading the transition of wear-
able technology from “functional wearables” to “intelligent
wearables”, from a “device-centric” to a “human-centric”
approach, and from “single-device optimization” to “system-
level co-design”. Future wearable devices will not merely
be electronic systems attached to the human body but will
evolve into intelligent interfaces deeply integrated with hu-
man functions—such as “smart skin”, “functional textiles”,
and even adaptive human interaction networks. In this pro-
cess, the high flexibility, multimodality, and multi-scale syn-
ergy provided by 2D materials will serve as the key driving
force propelling intelligent wearable systems toward their
next-generation forms.
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