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The emergence of two-dimensional (2D) materials has dramatically transformed the landscape
of modern electronics, particularly in the realm of wearable, flexible, and next-generation devices. This
feature article summarises our achievements and the potential of 2D materials in developing wearable
device prototypes, highlighting key material properties, device architectures, and fabrication strategies
for innovative applications in healthcare monitoring, multimodal sensing, neuromorphic sensing,
human—-machine interfaces, and environmental sensing. Emphasis is placed on understanding the
interplay between material characteristics and sensor performance, including sensitivity, stability, and
biocompatibility. Additionally, challenges such as scalability, integration with flexible substrates, and

Received 25th May 2025,
Accepted 17th June 2025

long-term reliability are discussed, alongside potential solutions and future directions. This article
presents an in-depth review of the recent progress in the emerging 2D materials with potential to
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1. Introduction

The continuous evolution of wearable and flexible sensors has
significantly transformed the field of modern electronics, paving
the way for new applications in areas such as healthcare mon-
itoring, robotics, human-machine interfaces, and environmen-
tal sensing. A major contributing factor to this innovation is the
advancements in 2D materials, including graphene,’ black
phosphorus,> TMDs,? and MXenes,* which are widely explored
material platforms for technological study and advancement of
atomic-level applications. These 2D materials are notable for
their remarkable properties, such as a high surface-to-volume
ratio, mechanical flexibility, outstanding electrical and thermal
conductivity, and atomic-scale thickness. These remarkable
attributes make 2D materials ideal for application in cutting-
edge sensor technologies. Among the family of 2D materials,
TMDs are some of the most widely studied materials, particu-
larly for sensing, biosensing, optoelectronic and energy storage
applications. These layered materials feature metal atoms sand-
wiched between the layers of chalcogen atoms. The general
formula for TMDs is MX,, where M denotes a transition metal
(such as Mo, W, Ti, or Nb), and X signifies a chalcogen (such as
S, Se, or Te). The metal atoms (M) are covalently bonded to the
neighbouring chalcogens (X).” These layers are held together in a
stack via weak van der Waals forces of attraction. TMDs exist in
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facilitate future breakthroughs in flexible and wearable sensing technologies.

three polytypes that are distinguished by their crystal structures:
2H, 3R, and 1T.° The letters H, R, and T refer to hexagonal,
rhombohedral, and trigonal crystal structures, respectively.
Among them, the 2H structure is the most thermodynamically
stable and exhibits semiconducting properties, while the 1T
structure is metastable and displays metallic properties.

A noteworthy family of emerging 2D materials is MXenes,
which have the general formula M,,,;X,, T, and are composed of
transition metal carbides, nitrides, or carbonitrides. These
materials are recognized for their distinct layered metallic
structure and intriguing properties such as high electrical
conductivity, similar to metals’; enhanced ionic conductivity;
and hydrophilic characteristics originating from the presence
of functional groups (-OH, -0, and -F) on their surfaces.”””
Additionally, MXenes are mechanically flexible; through adjus-
table etching techniques, it is possible to control the morphology
of MXenes to create nanoparticles or single and multi-layered
nanosheets, which feature large specific surface areas, boosting
their sensing capabilities. Moreover, MXenes can be easily
integrated with other materials to form composites. By tailoring
their structure, MXenes and their composites can achieve
improved mechanical flexibility and stretchability, making them
suitable for various applications in wearable technologies, such
as flexible physical and chemical sensors.'’ The fabrication
technologies for integrating 2D materials into wearable sensors
are diverse ranging from mechanical exfoliation and chemical
vapour deposition (CVD) to solution-based methods such as spin
coating and inkjet printing."' These techniques allow the pro-
duction of high-quality 2D material films on flexible substrates,

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Timeline of different materials in the development of flexible
sensors.

such as polymers, textiles, and even paper. Advanced litho-
graphic processes have further facilitated the creation of minia-
turized and high-performance sensor arrays, enhancing the
scalability and practicality of these devices for mass-market
adoption.*?

In this feature article, we present the developments of flexible
and wearable sensors for physical and chemical sensing utilizing
2D materials. Discussions highlighting key material properties,
device architectures, and fabrication strategies are presented.
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Emphasis is placed on understanding the interplay between
material characteristics and sensor performance, including sen-
sitivity, stability, and biocompatibility. Different sensing
mechanisms are explained utilizing percolation networks and
band structures. Applications including human-machine inter-
actions, consumer electronic applications, and gaming are dis-
cussed, with an emphasis on our contribution to this field.
Further, state-of-the-art applications, including electronic skin,
and multimodality in sensor computing, are discussed, and the
importance of 2D materials in this context is explained. Finally,
the challenges in the field of 2D material-based flexible and
wearable sensors are presented, together with our perspectives in
this field for the next decade, including a discussion on the
open-ended questions in this field (Fig. 1 and 2).

2. Properties of 2D materials for
flexible and wearable sensors
2.1 Mechanical properties of 2D materials

Two-dimensional materials possess mechanical properties,
demonstrating extremely high in-plane stiffness and strength,
while also being remarkably flexible due to their atomic
thickness.>® This unique combination allows them to bend
significantly without losing their structural integrity. The inter-
actions between these materials and other layers or substrates
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are predominantly influenced by weak van der Waals forces,
which play a role in their shear, friction, and fracture behaviour.
Applications that are flexible, such as wearable sensors, flexible
displays, and healthcare monitoring devices, rely on ultrathin
electronic materials that deliver exceptional stretchability and
mechanical flexibility for their intended purposes.** The most
remarkable characteristics of layered 2D materials are their
mechanical flexibility and toughness, making them particularly
attractive for flexible applications. However, because of the
higher degree of stiffness and brittle characteristics of conven-
tional semiconductors in their bulk form, they cannot satisfy the
requirements for flexible electronics when operated under
higher strain in devices fabricated using them.*' In contrast,
owing to the outstanding features of 2D layered materials,
including impressive mechanical flexibility and toughness, they
are especially appealing for flexible applications.* The Young’s
modulus and strain thresholds of different materials, including
conductors such as graphene and semiconductors such as
TMDs, MXenes, and BP, are utilised to produce flexible devices,
as illustrated in Fig. 3. Graphene, a leading 2D material, consists
of a single layer of carbon atoms arranged in a honeycomb
structure. It demonstrates remarkable flexibility together with a
high Young’s modulus (~1 TPa), low stiffness, and significant
strain limit (~25%), making it particularly well-suited for the
fabrication of flexible biosensors that can be worn on human
skin and implantable bioelectronic devices.*

In TMDs, the transition metal (Mo, W, V, Ti, etc.) layers are
hexagonally close-packed and sandwiched between two layers
of chalcogen atoms (S or Se).** Most of the members of the
TMD family with sandwich structures exhibit a Young’s mod-
ulus in the range of 120-400 GPa with a breaking strain limit of
6-11%.>> Compared to MoS,, other TMDs such as MoSe,, WS,,
and WSe, exhibit similar mechanical properties due to their
obvious structural similarities (E in the range of 154.5-
291.2 GPa).*® Liu et al. synthesized monolayer MoS, and WS,
through CVD and found a similar elastic modulus of approxi-
mately 170 N m~2 in both materials.?” This finding was almost
identical to that of exfoliated MoS, and 50% of the graphene
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module. BP is another auspicious 2D material with excellent
mechanical features and promising electrical and optical
properties. Monolayer BP (phosphorene) is organized as a
puckered honeycomb structure in which phosphorus atoms
are covalently bonded with three adjoining phosphorus atoms
via sp® hybridization.>® Due to this puckered structure, phos-
phorene exhibits Young’s modulus in the range of 44 to 166
GPa (armchair to zigzag direction) and a fracture strain of 30%
for monolayer and 32% for multilayer. Borophene is another
member of the new generation of 2D layered materials, which
exhibits a Young’s modulus of 166 GPa and 389 GPa and
fracture strain of 15% and 8% along the B- and a-directions,
respectively.** MXenes are another class of 2D transition metal
nitrides and carbides represented by M,,.,AX,,, where M repre-
sents an early transition metal; A is an A-group element such as
Al and Si, X is carbon or nitrogen, and 7 is an integer of 1-3.
Monolayer Ti;C,T, MXene exhibits an effective elastic strain of
3.2% with a Young’s modulus of 484 GPa.*°

2.2 Electrical properties of 2D materials

The remarkable electrical properties of 2D materials drive their
application in flexible and wearable electronics. The mobility of
charge carriers is a specific intrinsic characteristic of materials,
influenced by their chemical bonding, atomic size, atomic
number, lattice strain, and crystal structure. A summary of
the charge carrier mobilities of different 2D materials is pre-
sented in Fig. 3 (right). Single-element atomic sheets are low-
bandgap materials among the diverse range of 2D materials
with higher electronic mobility values. For instance, silicene
exhibits the mobility of 2100 cm* V™' s™!, whereas graphene
has been reported to possibly have the highest experimental
value of 180 000 cm® V™' s~ *.*! Borophene is another elemental
atomic sheet that possesses an anisotropic planar structure
with corrugation and buckling along the o- and B-directions,
which has been reported to exhibit a comparable charge carrier
mobility to that of graphene (~10°> cm® V' s 1).** MXenes, a
recently developed class of layered 2D transition metal carbides,
display semiconducting properties with a tunable bandgap in the
range of 0.24-1.8 eV. The electronic band structures of MXenes
can be tuned by functionalizing their surface with different
functional groups. For example, pure and F-functionalized Ti,C
are metallic, whereas Ti,C exhibits semiconducting nature when
functionalized with oxygen atoms. Similar to borophene, MXenes
display anisotropic behaviour in their electrical and mechanical
properties. For example, monolayers of Ti,CO, MXene exhibit
different hole mobilities of 7400 and 2250 cm® V' s~ along the
x- and y-directions, respectively.*®

MXenes are known for their excellent electronic conductiv-
ity, which can be improved by intercalating cations or organic
molecules. Zhang et al. showed that some hydroxyl-terminated
MXenes have nearly free electron states, featuring a bandgap of
up to 0.194 eV. These states are situated outside the surface
atoms and run parallel to the surface. It is recognized that bare
MXene compounds, such as Ti,.1X,, display metallic character-
istics. As the value of n increases, the formation of additional Ti-
X bonds diminishes the strength of these metallic properties.**

This journal is © The Royal Society of Chemistry 2025
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Due to the presence of an additional electron in the nitrogen
atom compared to the carbon atom, titanium nitrides exhibit
greater metallic properties than titanium carbides in X atoms.
Additionally, depending on the types and orientations of the
surface groups, MXene sheets can function as either narrow-
band-gap semiconductors or metals. Conversely, TMDs possess
a semiconducting nature with mobility up to a few hundred
em® V' s7" at room temperature in their monolayer form. The
extensive collection of transition metal dichalcogenides (TMDs)
includes various materials with different bandgap values, offer-
ing a range of 2D materials for targeted applications. Moreover,
the bandgap of TMDs can be significantly adjusted by reducing
their thickness from bulk to a single layer. The band structure of
layered TMDs is considerably influenced by the interplay of
quantum confinement and interactions between layers. As the
number of layers decreases, the effects of quantum confinement
become more pronounced, while the strength of the interlayer
interactions diminishes.*

These two effects not only affect the band gap value but
also influence the direct and indirect nature of the band gap. In
transition metal dichalcogenides (TMDs) such as MoS,,
decreasing the number of layers leads to a gradual increase
in the energy associated with the indirect excitonic transition,
while the direct bandgap at the k point within the Brillouin
zone remains relatively stable. Significantly, when MoS, is
reduced to a single layer, the energy of its indirect bandgap
exceeds that of the direct transition, causing it to become a
direct bandgap 2D semiconductor with an energy bandgap of
around 1.9 eV."® Likewise, other transition metal dichalcogen-
ide (TMD) monolayers, including WS, (approximately 2.1 eV),
WSe, (around 1.6 eV), MoSe, (about 1.5 eV), MoTe, (nearly
1.1 eV), and PtSe, (approximately 1.8 eV), possess a direct band
gap. In comparison, their bulk forms possess an indirect
bandgap characteristic with lower values. Among the TMDs,
the simple synthesis and extraordinary physical, physicochem-
ical, and electronic properties of MoS, make it the most
promising material for flexible electronic applications.’”” BP
stands out as a notable layered semiconductor, offering a
tunable direct bandgap from 2.0 in monolayer form to 0.3 eV
in the bulk, together with a high carrier mobility of around
~1000 cm?® V' 713848

2.3 Comparative analysis of 2D materials under practical
constraints

Graphene is a 2D material recognised for its exceptional flexibility,
transparency, and electrical conductivity, making it suitable for
various advanced applications. Furthermore, its extensive surface
area facilitates significant interactions with other materials,
enhancing its overall utility. Nonetheless, graphene has certain
drawbacks, notably the absence of a bandgap, which complicates
its function in electronic devices due to the lack of selective
sensing. The connection between its electrical performance and
the intricacies of functionalization is complex, where improving
its characteristics often necessitates advanced chemical modifica-
tions. However, despite these obstacles, graphene shows remark-
able chemical stability and durability under stress, which are

This journal is © The Royal Society of Chemistry 2025
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essential for applications requiring resilience. One effective
method for the large-scale production of graphene is chemical
vapor deposition (CVD), although the quality of the resulting
graphene can vary greatly due to the use of different techniques
and conditions, presenting challenges in its uniform manufac-
turing. Graphene shows potential for application in various
areas, including strain sensors, touch screens, transparent elec-
trodes, and gas or vapor sensors.'®"? Additionally, to enhance its
capabilities, strategies such as doping and combining graphene
with transition metal dichalcogenides (TMDs) or MXenes can be
applied. These approaches aim to improve its performance in
electronics and sensor technologies, expanding its applicability
and efficacy.

TMDs (transition metal dichalcogenides), such as MoS, and
WS,, are a distinct class of materials with fascinating properties
suitable for a range of electronic and optoelectronic applica-
tions. A key feature of TMDs is their semiconducting bandgap,
enabling their effective use in devices that necessitate con-
trolled electrical conductivity. Alongside their electronic prop-
erties, TMDs display excellent mechanical characteristics,
including flexibility and strength, as well as desirable optical
features such as strong light absorption and photolumines-
cence. However, TMDs also have certain limitations, for exam-
ple, their carrier mobility is lower than that of graphene, which
may hinder their performance in high-speed electronic applica-
tions. Additionally, in single-layer form, these materials can be
brittle and vulnerable to mechanical stress and fracture. TMDs
feature tunable bandgaps, which can be adjusted based on their
number of layers or exposure to external stimuli, facilitating a
balance between conductivity and the desired electronic charac-
teristics for particular applications. Nonetheless, this tunability
underscores the necessity for protective coatings to mitigate
mechanical stress, given that the durability of TMDs can be
moderate in practical scenarios. TMDs can be fabricated through
methods such as mechanical exfoliation and chemical vapor
deposition (CVD); however, achieving large-area uniformity con-
tinues to be a challenge, limiting their scalability for commercial
use. They have been applied in various devices, such as field-effect
transistor (FET)-based sensors, photodetectors, and pressure and
biosensors, where their unique electronic and optical traits can be
effectively utilized.>”* > Moreover, TMDs are frequently com-
bined with other materials such as graphene and MXenes to form
heterostructures, which enhance their functionality and perfor-
mance in advanced applications, establishing TMDs as a crucial
element in developing next-generation electronic and optoelec-
tronic devices.

MXenes, including Ti;C,T,, are a captivating category of two-
dimensional materials recognized for their outstanding proper-
ties. They exhibit very high electrical conductivity, making them
suitable for various electronic applications. Furthermore,
MXenes are hydrophilic and feature tunable surface termina-
tions, which allow custom modifications to improve their
interactions in diverse environments. However, these materials
are prone to oxidation and moisture degradation, which can
affect their long-term stability. Furthermore, although they
possess high sensitivity in several applications, this sensitivity
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can compromise their durability, necessitating their encapsula-
tion to shield them from humid conditions. Generally, the
production of MXenes involves processes such as HF etching
and delamination, which are moderately scalable and appropri-
ate for industrial use. Given their distinct characteristics, the
application of MXenes has been investigated in pressure, strain,
and electrochemical biosensors, as well as in electromagnetic
interference (EMI) shielding and wearable technology.”*
Researchers are also exploring composite materials combining
MXenes with polymers or graphene to create hybrid materials
that harness the advantages of each component, improving their
stability and flexibility.

Hexagonal boron nitride (h-BN) is another innovative mate-
rial well-known for its exceptional properties. It is chemically
inert, making it highly stable in various settings and suitable
for applications that involve extreme temperatures or harsh
chemical Notably, h-BN has outstanding
thermal conductivity and dielectric properties, effectively dis-
sipating heat, while serving as an excellent electrical insulator.
However, it lacks active sensing capabilities on its own; instead,
it provides support in electronic systems, particularly in hybrid
configurations. When paired with other two-dimensional mate-
rials such as graphene and molybdenum disulfide (MoS,), h-BN
significantly boosts the performance of flexible electronics. Its
high mechanical strength offers reliable support, enabling the
creation of devices that are both durable and flexible. This dual
functionality as an insulating substrate and structural support
is crucial for developing next-generation electronic devices that
need to be bendable or stretchable. However, despite its
benefits, producing h-BN through chemical vapor deposition
(CVD) can be expensive. Nevertheless, its excellent chemical
and thermal stability make it a valuable investment for high-
performance applications.”®”” Overall, h-BN is a key compo-
nent in advanced electronic designs, particularly in flexible
electronics, where it is employed for encapsulation, as a gate
dielectric, and in synergy with active two-dimensional materials
for hybrid applications.

Black phosphorus (BP) is a noteworthy material featuring a
tunable direct bandgap and high electronic mobility, making it
appealing for a variety of optoelectronic applications. However,
a significant challenge associated with BP is its extreme
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sensitivity to environmental factors. It is very susceptible to
air, leading to quick degradation when exposed to oxygen and
moisture, which restricts its usability in open environments.
This environmental instability is a considerable drawback of
BP, despite its strong performance in photodetectors, gas sensors,
and pressure sensors.’®>® Thus, to address these degradation
concerns, encapsulation methods using materials such as alumi-
num oxide (Al,O;) and hexagonal boron nitride (h-BN) are com-
monly used to protect BP from detrimental external conditions.
However, the synthesis of black phosphorus remains challenging,
given that current methods primarily rely on exfoliation techni-
ques, which are not easily scalable for mass production. Conse-
quently, the research on BP and its development are still in their
infancy, with ongoing efforts focused on improving its stability
and broadening its potential applications. With the continuing
advancements, there is optimism that these challenges will be
overcome, allowing black phosphorus to realize its full potential
in electronic and optoelectronic devices (Table 1).*°

3. Fabrication strategies for 2D
material-based flexible and wearable
sensors

The development of flexible and wearable sensors using 2D
materials has revolutionized the field of electronics, enabling
applications in healthcare, robotics, and environmental moni-
toring. A variety of fabrication techniques has been employed to
deposit and pattern 2D materials onto flexible substrates, each
offering advantages in terms of scalability, precision, and cost-
effectiveness.®® As shown in Fig. 4, we explore some of the most
prominent fabrication strategies, including spray coating,*®
screen printing,”® roll-to-roll (R2R) techniques,”® pen-based
writing,”" lithography,” direct ink writing (DIW),> and inkjet
printing.”® Spray coating is a widely utilised industrial method
for depositing ink onto substrates, offering high efficiency,
precise control of the deposition process, and uniform film
coverage. Spray coating enables the creation of desired patterns
in the deposited film by utilising an appropriate shadow mask,
while ultrasonication-assisted spraying helps reduce the agglom-
eration of 2D sheets.”* To achieve effective spray coating, inks

Table 1 Comparison of mechanical and electrical properties of 2D materials

Mechanical properties

Electrical properties

2D materials Strain (%) Young’s modulus (GPa) Band gap (eV) Mobility (em* V™' s71) Ref.
Graphene 25 1000 0 180000 44
Borophene 15 389 Nm™! 0.4 ~10° 39
Black phosphorus 30 44-166 0.3-2 1000 58
MXene 3.2 484 0.24-1.8 7400, 2250 x, y-direction 61
TMDs 6-11 120-400 1-2 —

MosS, 10 200 1.9 1000 62
MoSe, 10 330 1.5 50-160 63
WSe, 7 167 1.6 140 64
WS, — 272 2.1 6.58 65
PtSe, — 116 1.74 200 66
MoTe, — 76 Nm ' 1.1 0.3-20 67
1162 | Chem. Commun., 2025, 61, 11158-11186 This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Process for the fabrication of 2D materials for flexible and wearable electronics applications: roll to roll,

writing,”® screen printing,®® lithography,’? and spray coating.*®

need to possess a low concentration, a high viscous modulus,
and an elastic modulus that enables liquid-like behavior. This
combination ensures smooth flow and helps maintain the
integrity of the system post-deposition.”” Spray coating is a
versatile and economical technique for depositing 2D inks,
making it highly promising for commercial applications. Kelly
et al. utilized spray coating to fabricate 2D films on flexible
polyethene terephthalate (PET) substrates, creating devices such
as supercapacitors®® and thin film transistors.”®

Screen printing is a widely used technique for creating
patterns and enabling mass production. In this process, ink
is passed through a design pattern onto a substrate across a
wide range of shear rates. Consequently, the inks used in
screen printing must exhibit shear-thinning and high viscosity
behaviour to ensure smooth flow of the design pattern, even
spreading under pressure, and retention of the integrity
of the pattern. In this case, given that most 2D inks naturally
have low viscosities, binders are often required.”” However,
with advanced flatbed automated systems and roll-to-roll (R2R)
printing modifications, screen printing can achieve rapid pro-
duction of 70-100 m min~" (speed). Preparing inks with
optimal viscosity without relying on binders is crucial to avoid
post-treatment and preserve the functional properties of 2D
materials. Surendran et al. developed a screen-printable multi-
walled carbon nanotube ink, utilising 9 wt% material loading,
7.5 wt% SDS-ethanol as a dispersant, and 50 wt% polyvinyl
pyrrolidone concentration.”® Schiiler et al. highlighted the use
of screen printing as a cost-effective fabrication technique for

This journal is © The Royal Society of Chemistry 2025

Inkjet printing
17° direct writing,> hand writing,”*

inkjet

producing microstructured chips for use in electrical DNA
detection, which relies on nanoparticle labelling, followed by
site-specific silver deposition.”

Roll-to-roll (R2R) techniques, such as gravure and flexo-
graphic printing, enable the rapid and large-scale deposition
of inks. In gravure printing, designs are pre-engraved onto a
roller, creating cells that help transfer ink and patterns onto the
substrate. The inks used in this process need to include low-
boiling-point solvents and maintain moderate viscosity levels.
During printing, the inks encounter three types of stretching
forces, i.e., adhesive forces acting on the cell surface and the
substrate and cohesive forces within the ink itself. Successful
printing is achieved when the adhesive force on the substrate
surpasses that on the cell surface, and also greater than the
cohesive force within the ink. Conversely, flexographic printing
utilises a relief process, where the desired design is raised on a
cylinder, which is then inked and pressed onto the substrate.
Seong et al. created and integrated a thickness measurement
system for printed conductive structures by employing capaci-
tive and eddy current sensors into a roll-to-roll (R2R) printing
line.?® Another example is the use of in-line X-ray scattering
to monitor the drying process of organic photovoltaic (OPV)
polymers that have been coated onto PET films using a roll-to-
roll slot die coating method.®! Lee et al. discovered a possible
mechanism by which variations in stress during the handling
of materials in a roll-to-roll (R2R) process can alter the surface
properties of the substrate. This modification can subsequently
result in inconsistent quality of the printed functional
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structures, even if all the other processing parameters are kept
the same.*

The fabrication of electronics on paper using conventional
pens has gained significant attention as a promising technique
due to its simplicity, cost-effectiveness, rapid fabrication process,
and portability, making it an attractive approach for developing
paper-based electronic devices. Brush pens, fountain pens, and
ballpoint pens have demonstrated compatibility with various
conductive inks, enabling the fabrication of both carbon-based
and metal-based electronics. These inks include highly conduc-
tive carbon nanotube inks,** gallium-based liquid metal inks,**
silver inks,®* copper inks,*® and enzymatic inks.?” Handwriting
has demonstrated considerable versatility as a method for
creating carbon-based electronics on paper without the use of
solvents.®® Nevertheless, this technique has drawbacks, such as
the necessity for enhancements in writing speed and the effi-
ciency of multiple writing cycles. Additionally, scaling up to the
mass production of paper-based electronics using this method
presents a substantial challenge.®

The integrated circuit (IC) industry predominantly relies on
advanced lithography techniques, such as photolithography
and electron beam lithography (EBL), for precise device
patterning. These well-established methodologies have also
been adapted for patterning 2D materials, offering promising
pathways for the scalable fabrication of integrated devices. In
the context of flexible electronics, these techniques can be
broadly categorised into two approaches, lithography followed
by etching and lithography followed by lift-off. However, tradi-
tional lithography processes often involve the use of rigid
substrates and high-temperature steps, which are incompatible
with flexible materials. Thus, to address this, researchers have
developed modified lithography techniques tailored for flexible
substrates.”® For instance, Bao and co-workers®® demonstrated
the fabrication of MoS,/WS, vertical heterostructure arrays using
a two-step CVD process integrated with photolithography.
Although their original process used a rigid SiO,/Si substrate,
this methodology can be adapted for flexible fabrication by
replacing the rigid substrate with a flexible polymer, such as
polyimide (PI) or polyethylene terephthalate (PET), and employ-
ing low-temperature processing steps. The adapted process
involves spin-coating a photoresist onto a flexible substrate,
using UV lithography to create square holes in the photoresist,
depositing WO; sheet arrays into the holes via low-temperature
thermal evaporation or solution-based methods, converting WO,
to WS, at reduced temperatures (e.g., below 400 °C) using
plasma-enhanced CVD or solution-phase sulfurization, deposit-
ing MoO; sheets on WS, using electron beam evaporation or
inkjet printing, followed by low-temperature sulfurization to
form MoS,/WS, vertical heterostructures, and finally using
aligned photolithography or inkjet printing to deposit flexible
source and drain electrodes made of materials such as graphene,
MXenes, and conductive polymers. This adapted approach
enables the fabrication of flexible MoS,/WS, heterostructure
devices, while maintaining the precision of traditional lithogra-
phy techniques. By leveraging low-temperature processes and
flexible-compatible materials, these methods can be extended to
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create high-performance, scalable, and flexible electronic devices
for applications in wearable electronics, flexible displays, and
soft robotics.”>%*

Direct ink writing (DIW) is a layer-by-layer extrusion-based
printing technique that utilizes pressure-driven deposition of a
viscoelastic ink through a fine nozzle. Generally, the DIW process
involves three key steps, as follows: (1) designing 3D structures
using computer-aided design (CAD) software, (2) generating a
nozzle movement path file using slicing software, and (3) deposit-
ing the ink to create the desired structure.’* Chen et al.>® reported
recent development of conductive ink with inkjet printing tech-
nology based on material selection and printing procedures. Cai
et al. developed an intelligent electromagnetic interference shield-
ing material with responsiveness to both temperature and strain.
Its functionality is based on the dynamic rearrangement of
conductive networks, enabling precise dual-mode control of the
electromagnetic interference shielding efficiency.”*

Inkjet printing is a completely digital, mask-free, and non-
contact method that operates by ejecting liquid ink droplets
from the nozzles of a print head onto a substrate to form the
desired pattern. This technology is classified into two types,
continuous inkjet, which involves a constant flow of ink, and
drop-on-demand, where individual droplets of ink are ejected
only when needed. The traditional printing and reproduction
industry is steadily transitioning toward digitalization, integration,
and networking. In recent years, inkjet printing has gained
significant attention among various printing methods as emer-
ging technology, offering exceptional digital capabilities and
high deposition resolution, with its growth accelerating rapidly
over the last half-century. Chen et al.® reviewed the advance-
ments in material selection and printability for conductive
tracks, while Schubert et al.°® detailed the sintering techniques
and their role in the high-throughput manufacturing of flexible
electronics. The wide range of applications of inkjet printing
has led to extensive academic research, resulting in numerous
review articles. Perelaer et al.®” explored metal and metal oxide-
based inks for contacts and interconnects, including sintering
methods. Kamyshny et al. focused on metal nanoparticles and
metal-organic inks for conductive patterns in printed
electronics.”®

In summary, the fabrication of 2D material-based flexible
and wearable sensors relies on a diverse range of techniques,
each offering unique advantages in terms of scalability, preci-
sion, and cost-effectiveness. From spray coating and screen
printing to roll-to-roll techniques and inkjet printing, these
methods enable the development of next-generation sensors for
applications in healthcare, robotics, and environmental mon-
itoring. As fabrication technologies continue to evolve, the
integration of 2D materials into flexible electronics will pave
the way for innovative and impactful solutions.

3.1 Physical sensors (strain and pressure)

The sensing mechanism for 2D material-based flexible sensors
heavily relies on the percolation network theory in the case of
physical sensing (pressure and strain). This simply means that
the 2D flakes overlap and move away from each other, causing

This journal is © The Royal Society of Chemistry 2025
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the tunnelling distance to vary, which modulates the tunnelling
resistance, and hence the conductivity/resistance.’®*
However, an issue that needs to be addressed is the role of
the 2D materials. All 2D materials have excellent mechanical
properties, as discussed in the previous section, and the
percolation network theory is highly reported for almost all
TMDs. In this case, if the percolation network theory is applic-
able to all TMDs, the question arises, what is the role of 2D
materials?

The characteristics of 2D materials are extremely responsive
to pressure and strain, which can significantly influence their
electronic, mechanical, magnetic, optical, and transport prop-
erties. Strain alters the lattice structure of these materials,
leading to changes in their electronic band structure by moving
their conduction band minimum or valence band maximum
within the Brillouin zone. These adjustments can affect the
resistivity, modify the bandgap, and even transform the band-
gap from direct to indirect, or the other way around.'®'°?
Additionally, strain can suppress inter-valley phonon scattering,
thereby enhancing the charge carrier mobility. Thus, the appli-
cation of external strain or pressure modulates the intrinsic
properties of 2D materials, which is often not studied in detail.
In one of the reports from our group, we studied the role of
materials by performing density functional theory simulations
coupled with the experimental measurements for TMD-based
physical sensors. We found that the materials with low bandgap
and high density of states are more suitable for physical sensing
applications. In the TMD family, selenides provide a better
performance compared to sulfides for physical sensing.'®® Thus,
modulation of the electronic and mechanical properties of 2D
materials decides the material selection. Further, it also depends
on the type of 2D materials, ie. bulk or monolayer. If the
material of choice of monolayer TMDs, then the only way to
explain the transduction mechanism is by studying the modula-
tion of the electronic and mechanical properties upon external
strain or pressure. If the material system is bulk TMDs grown by
solution-processing methods, then the transduction mechanism
is always dominated by the percolation network theory coupled
with incremental changes in sensor response due to the mod-
ulation of material properties.

The other heavily studied material systems are mixed
dimensional materials (0D-2D, 1D-2D and 2D-3D). The

Table 2 Comparison of 2D materials and their sensing applications
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transduction mechanism for this type of material system in
the case of physical sensing depends on the band structure
and the barrier formed at the junction of two materials. Besides
the percolation network theory, which dominates in the bulk
of the heterostructure, and also modulation of the electronic
and mechanical properties, the modulation of the barrier
height at the junction due to external strain and pressure
is an extra parameter that needs to be considered to under-
stand the complete transduction mechanism. Our group
has extensively studied various nanohybrid-based flexible
sensors, providing a deep understanding of their transduction
mechanisms. Notable works include TeNW/Ti;C,T, and SnS/
Ti;C,T,-based wearable sensors for safety and posture monitor-
ing and MXene/TMD hybrids for strain detection. These
studies highlight the potential of MXene-integrated hetero-
structures for advanced healthcare and electronic skin
applications."®*%°

Alternatively, two-dimensional (2D) perovskites are emer-
ging as promising materials for physical sensing because of
their unique structural and electronic properties. They exhibit
enhanced stability and tunable optical and electrical character-
istics compared to their three-dimensional (3D) counterparts.
Sensors based on methods such as photoluminescence, photo-
electrochemistry, chemiresistance, and electrochemilumines-
cence have been developed for sensing various parameters,
including temperature,’®” gas,'®® and humidity."®® Min
et al.''® created a battery-free wearable biosensor using a
flexible perovskite solar cell (FPSC) for continuous sweat ana-
lysis, demonstrating a power conversion efficiency of 14.00%
under standard conditions and 29.64% under indoor LED
illumination. Chen et al''' developed a printed bi-modal
sensor combining perovskite (MAPbBr;) and graphene@PDMS,
achieving high optical responsivity and mechanical sensitivity.
This dual-mode sensor allowed both optical and force sensing,
enhancing human-machine interaction for precision tasks.
Basudev et al.''? successfully hybridized perovskite quantum
dots (PQDs) with graphene to create a graphene PQD (G-PQD)
superstructure, which boasts excellent charge generation and
transport (Table 2). Consequently, ultrathin phototransistors
with high responsivity and detectivity were fabricated, offering
potential for neuromorphic computing and advanced machine
learning applications in facial recognition (Fig. 5).

2D material Typical sensing applications

Advantages

Graphene Pressure, strain, gas, biosensors, chemical, tempera- Ultra-high sensitivity, single-molecule detection, robust
ture,
electrochemical, electronic skin (e-skin)

TMDs Gas, strain, photodetectors, chemical sensor, High selectivity, good sensitivity, compatible with FET
biosensors platforms

Black phosphorus Pressure, strain, chemical sensor, biosensors Tunable bandgap, high on/off ratio, visible to IR response

MXenes Pressure, strain, biosensing, electrochemical, gas, High conductivity, surface tunability, and excellent for
VOCs, e-skin composites

h-BN Substrate for sensors, dielectric layers Excellent dielectric, enhances the stability of other 2D

materials

Xenes (e.g. silicone,

germanene) molecule sensors

This journal is © The Royal Society of Chemistry 2025

FETs, gas sensing, and future flexible electronics,

Potential for novel device concepts, high theoretical mobility
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Fig. 5 Percolation network for the pressure and strain sensing mechanism.**®

4. Flexible photodetectors

Flexible photodetectors (PDs) based on 2D materials have appli-
cations such as wearable electronics, health monitoring, and
environmental sensing. The sensing mechanism for photodetec-
tors relies on understanding the charge transfer mechanism,
which is well explained by extracting the band diagram of the
system. Over the past decades, low-dimensional nanomaterials
such as 0D, 1D and 2D structures have been widely used in
photodetectors due to their outstanding electronic and optical
properties. However, achieving high responsivity using low-
dimensional materials is a huge challenge. Thus, to address
this, researchers developed mixed-dimensional van der Waals
heterostructures, which offer broad spectral absorption, low
dark current, ultrahigh photoresponse and fast response time.
Our group published a review article on photodetectors, explain-
ing their sensing mechanisms, types of photodetectors, perfor-
mance and band alignment type in detail.'** The electronic
properties of 2D materials, such as tunable band gaps, high
carrier mobility, and strong light-matter interactions, make
them ideal candidates for flexible photodetection. For instance,
Long et al.'"® reported that 2D material based photodetectors
have attracted significant attention due to their exceptional
mechanical, optical and electronics properties, making them
promising candidates for the fabrication of next-generation
optoelectronics devices. Recent progress includes the develop-
ment of photodetectors using materials such as graphene, TMDs
(MoS,, WS,, WSe,, etc.), black phosphorus, and h-BN, each
offering unique advantages such as broadband detection, high
carrier mobility and tunable bandgaps.

One of the key advantages of 2D materials in photodetection is
their atomic thickness, which allows the fabrication of ultra-thin,
lightweight, and flexible devices. For example, graphene-based
photodetectors have demonstrated a broadband photo response
due to the zero bandgap and high carrier mobility of graphene.*®
However, the weak light absorption of graphene limits its photo-
responsivity. Thus, hybrid structures combining graphene with
high-absorption materials such as TMDs, quantum dots (QDs),
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and perovskites have been developed to overcome this. For
instance, hybrid photodetectors combining 2D perovskites with
organic or inorganic materials have achieved remarkable figures
of merit, including high responsivity (>2200 A W ') and detec-
tivity (up to 10'® Jones), fast response times, and robust environ-
mental stability. Tailored 2D perovskite structures, including
Dion-Jacobson and Ruddlesden-Popper phases, offer tunable
optoelectronic properties and superior mechanical flexibility,
further expanding their potential applications."’® These hetero-
structures control the high electrical conductivity of graphene and
the intense light absorption of the other materials, resulting in an
enhanced photodetection performance.*”**® For instance, Liu
et al. developed a flexible phototransistor using a graphene-
carbon nanotube hybrid film, achieving a photoresponsivity of
~51 A W' at 532 nm."" Similarly, our lab demonstrated the
potential of MXene/TMD heterostructures in flexible photodetec-
tion. Our fabricated MoSe,/Ti;C,T, nanohybrid-based flexible
photodetectors exhibited a high photoresponsivity of ~14.70 A
W' and robust performance over 2500 cycles, showcasing the
role of Schottky barrier height modulation at the MoSe,/Ti;C,T,
interface under applied strain.

Perovskite materials are emerging as strong contenders for
the next generation of wearable optoelectronic devices. How-
ever, the inherent brittleness of their crystals and the difficul-
ties associated with their controlled -crystallization pose
significant challenges in creating large-scale, compact, and
durable perovskite films. Gu et al. developed large-scale per-
ovskite films through inkjet printing, achieving high-quality
results for flexible photodetectors with impressive mechanical
properties and a responsivity of 1036 mA W', retaining over
96.8% of their photocurrent after 15000 bending cycles."*° Tao
et al. created a flexible, self-powered photodetector using
nickel/perovskite nanowires on polyimide film, achieving high
sensitivity in the range of 405 to 808 nm, with an external
quantum efficiency of 33.7% at 405 nm and responsivity of
0.227 A cm™* under low light."** Hu et al. noted that traditional
ferroelectric materials have limitations, while a new hybrid
perovskite,  (isopentylammonium),(ethylammonium),Pb,I;,,

This journal is © The Royal Society of Chemistry 2025
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synthesized economically, showed strong, switchable polariza-
tion and a tunable bandgap of 1.86 to 2.21 eV, indicating its
promising potential for nanoscale applications. These advance-
ments showcase 2D hybrid perovskite ferroelectrics as effective,
cost-efficient semiconductors for use in future devices
(Fig. 6).">?

Among the 2D materials, the choice for flexible photodetec-
tor applications as both active and transport layers includes
graphene, transition metal dichalcogenides (TMDCs) such as
MoS, and WSe,, black phosphorus, and 2D halide perovskites.
These materials are favored due to their unique combination of
mechanical flexibility, strong light-matter interaction, and
tunable electronic properties, enabling photodetection across
a broad spectral range from the ultraviolet to infrared regions.

4.1 Ways to improve the performance of sensors

Fabricating devices based on 2D materials on flexible sub-
strates often leads to the degradation of their essential elec-
trical, mechanical, and optoelectronic properties, such as on-
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state current, charge carrier mobilities, and photo response.
Hence, for practical usage, it is necessary to enhance the perfor-
mance of flexible sensors and devices. To enhance the perfor-
mance of flexible sensors based on 2D materials, various
techniques can be employed, including strain engineering, piezo-
tronics, heterostructures (such as mixed-dimensional van der
Waals heterostructures), doping, and functionalization.'*®*’
4.1.1 Strain engineering. Strain engineering has been
employed to improve the performance of flexible photodetec-
tors. Various methods have been developed to induce strain in
2D materials. These methods include exploiting the thermal
expansion mismatch between the substrate and 2D materials,
heteroepitaxial growth, bending, stretching, bulging, indenting,
and transferring materials onto textured surfaces. However,
although growth- and deposition-based methods ensure scal-
ability and controllability, they cannot dynamically modify the
strain. Conversely, bending, stretching, and bulging approaches
allow dynamic control and reproducibility over large areas. For
instance, bending introduces uniaxial strain in devices, with the
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Fig. 6 2D material-based flexible photodetectors, (a) MoS, photodetector, reproduced from ref. 123 Copyright from The Royal Society of Chemistry. (b)
MoS,-based flexible IDE electrode for photodetectors, reproduced from ref. 124 Copyright from Elsevier. (c) High-temperature-resistant WSe,
photodetector, reproduced from ref. Copyright from Nature Communication. (d) MoSe, nanosheet photodetector in the dark and under different light
intensities, reproduced from ref. 125 Copyright from Springer Nature. (e) Large-scale perovskite flexible photodetector, reproduced from ref. 120
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strain magnitude controlled by the curvature radius of the
substrate. Stretching enables biaxial strain application through
mechanical stress, thermal expansion, or piezoelectric crystals.
Bulging, achieved by pressurising a gas-filled cavity beneath a
flexible substrate, induces higher biaxial strain with high con-
trollability. Ensuring strong adhesion between the device layers
prevents slippage and ensures effective strain transfer.'>®

Applying strain to two-dimensional materials can modulate
their bandgap, which enhances their light absorption and
carrier mobility. For example, tensile strain in WS, films
resulted in a red shift in their absorption spectrum and
increased photocurrent, which was attributed to bandgap
narrowing."?® Similarly, black phosphorus (BP) photodetectors
have demonstrated strain-tunable infrared optoelectronics,
making them suitable for gas sensing and environmental
monitoring.>® In our lab, Vivek et al. developed WS,/TizC,T,
nanohybrid-based multifunctional sensors, which demon-
strated the simultaneous detection of pressure, strain, and
humidity."*® These sensors were integrated into wearable elec-
tronics for applications such as accidental call detection, mood
detection, and dry/wet skin monitoring systems, highlighting
the versatility of 2D materials in multifunctional sensing. For
instance, tensile strain in a WS,-based strain sensor can
increase its gauge factor, making it more responsive to mechan-
ical deformations."*! Similarly, compressive strain in an MoS,-
based pressure sensor can improve its pressure sensitivity by
enhancing the piezoresistive effect.'*”

The piezoelectric properties of non-centrosymmetric 2D
semiconductors, such as MoS, and WSe,, can also be exploited
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to enhance their photodetection performance. Under mechan-
ical strain, these materials generate a piezopotential, which
modulates carrier generation, separation, and transport, leading
to an improved photoresponse. This phenomenon, known as the
piezo-phototronic effect, has been demonstrated in monolayer
MoS,-based flexible optoelectronics, where a strain-enhanced
performance was observed.**'** Our group has extended this
concept by integrating piezoelectric 2D materials with MXenes to
develop flexible piezoresistive pressure sensors for artificial
e-skin applications.'” These sensors exhibited a high pressure
sensitivity of 14.70 kPa~' and were capable of withstanding
~2500 cycles, demonstrating their potential for long-term use
in wearable devices. In the context of photodetectors, the piezo-
phototronic effect can be used to modulate the photoresponse
under mechanical strain. For instance, applying strain to an
MoS,-based photodetector can enhance its photoresponsivity by
generating a piezopotential, which improves the carrier separa-
tion and transport. This effect has been demonstrated in flexible
optoelectronics, where a strain-enhanced performance was
observed in monolayer MoS,-based devices. Integrating piezo-
electric 2D materials with photodetectors opens new possibilities
for developing highly sensitive and flexible optoelectronic
devices (Fig. 7).13>13¢

4.1.2 Heterostructures for enhanced performance. Hetero-
structures are engineered materials composed of two or more
different semiconductor materials with distinct band gaps,
layered together to form a junction, which are designed to
exploit the unique properties of each material to enhance their
performance in various applications such as electronics,
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Fig. 7 2D material-based strain sensing mechanism, (a) reproduced from ref. 67 Copyright from Elsevier: (b) reproduced from ref. 121 Copyright from
the American Chemical Society; (c) reproduced from ref. 154 Copyright from IOP Science; (d) reproduced from ref. 138 Copyright from IEEE Sensor

Journal.
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optoelectronics, and photonics.””"*° By combining materials
with different band gaps, heterostructures enable precise con-
trol of the electronic and optical properties through bandgap
engineering, generating tailored energy levels that improve the
light emission, absorption, and charge carrier transport effi-
ciency. They also create potential wells that confine electrons
and holes to specific regions, reducing recombination losses
and enhancing the carrier mobility, which is particularly ben-
eficial for high-speed transistors and lasers.*” In optoelectronic
devices such as LEDs and solar cells, heterostructures optimise
the overlap of electron and hole wavefunctions, improving the
light absorption and emission efficiency. Numerous studies in
the scientific literature have reported the enhanced perfor-
mance of heterostructures. 2D material heterostructures offer
a promising avenue for enhancing the performance of devices
due to the unique properties of their different 2D materials.
Some heterostructures formed by stacking or integrating var-
ious 2D materials enable precise control of their optical and
electronic properties at the atomic scale, which eventually
improves the characteristics of the device or sensor, such as
response time, sensitivity, selectivity and enhanced stability.
For example, the 2D material graphene exhibits remarkable
electrical conductivity but poor light absorption, whereas some
semiconductor QDS or TMDS 2D materials exhibit high light
absorption but low electrical conductivity. Thus, combining
these materials can overcome the challenges in achieving high
responsivity and sensitivity in devices, making them suitable
for developing photovoltaics, photodetectors and other opto-
electronics applications."™® For example, Liu et al. developed a
flexible phototransistor using graphene-carbon nanotube
hybrid films as the photosensing channel, achieving a photo-
responsivity of ~51 A W™ at 532 nm.""® Similarly, Gao et al.

View Article Online

ChemComm

fabricated a flexible PD based on a monolayer graphene and
MoS, heterostructure, which exhibited two orders of magnitude
higher responsivity than bulk semiconductor films (Fig. 8)."*°

In the context of heterostructures, our group developed 2D
material-based hybrid structures for enhancing the performance
of devices. For instance, our work on MXene/TMD heterostruc-
tures has demonstrated remarkable improvements in flexible
sensor applications. We have developed highly sensitive and
flexible photodetectors and strain sensors by combining the high
electrical conductivity of MXenes with the tunable bandgap and
strong light-matter interaction of TMDs. One notable example is
their work on nanohybrid-based flexible piezoresistive pressure
sensors, which exhibited a high pressure sensitivity of 14.70 kPa™"
and robust performance over 2500 cycles. The underlying trans-
duction mechanism was elucidated through comprehensive band
structure analysis, revealing the Schottky barrier height modula-
tion role at the MoSe,/Ti;C,T, interface under applied strain.'®®
Another example from our group is the development of WS,/
Ti;C,T, nanohybrid-based multifunctional sensors for wearable
electronics. These sensors demonstrated simultaneous pressure,
strain, and humidity detection, making them suitable for applica-
tions such as tetraplegic call detection, mood detection, and dry/
wet skin monitoring systems. The integration of WS, with MXene
enhanced the sensitivity of the sensor and improved its mechan-
ical flexibility and durability, enabling its use in innovative
healthcare and e-textile applications.'3°

Yu et al. utilised the small bandgap of MoTe, (~1 eV) to
create an efficient near-infrared (NIR) PD by fabricating an
MoTe,/graphene heterostructure, achieving an optical respon-
sivity of ~970 A W~ under 1064 nm light exposure.'*' Shultz
et al. developed a flexible infrared PD using a hybrid structure
of CVD-grown graphene and PbS QDs, demonstrating a high
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responsivity of ~107 AW~ and stable performance even after
1000 bending cycles."*® Polat et al. reported a PbS QD-
sensitized wearable graphene PD with a peak responsivity of
~105 A W' and ultrafast switching speed (rise time ~ 50 ps).
This device could monitor vital health signals, including heart
rate, oxygen saturation (Sp0O,), and respiratory rate, functioning
as a non-invasive fitness monitor."*>

Overall, combining 2D materials with strain engineering,
heterostructures, and hybrid materials has significantly
advanced the field of flexible photodetectors. These develop-
ments pave the way for the fabrication of next-generation
wearable devices capable of real-time health monitoring, envir-
onmental sensing, and human-machine interaction. Tradi-
tional photodetectors are often rigid and brittle, limiting their
applications in certain areas where flexibility is crucial, such as
wearable and flexible devices. Flexible photodetectors offer the
advantage of conformable to irregular surfaces or bending
without compromising their functionality.’*®> The potential of
flexible photodetectors has been expanded by combining two-
dimensional (2D) materials with other functional materials
such as perovskites and organic semiconductors. For instance,
Mehul et al. reported the fabrication of a flexible photodetector
functionalized with WS,/Ti;C,T, 2D-2D heterostructures,
showing excellent photodetection properties with a responsivity
value of 3.06 mA W', Additionally, Polat et al. developed a
wearable graphene photodetector sensitized with PbS QDs,
which exhibited a peak responsivity of around 105 A W'
and ultrafast switching speed, with a rise time of about 50 ps.
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This photodetector is capable of monitoring critical health
indicators such as oxygen saturation and heart rate. Dr Saha-
tiya’s group has also made significant contributions to this
field by creating a vertically stacked monolayer MoS,/ReS,
heterojunction FET device, MoSe,/Ti;C,T, for broadband
photodetection applications.

In conclusion, the advancements in flexible photodetectors
based on 2D materials, combined with innovative techniques
such as strain engineering and heterostructure integration, are
driving the development of next-generation wearable devices.
These devices hold great promise for applications in health
monitoring, environmental sensing, and human-machine
interaction, offering a glimpse into the future of flexible
electronics (Fig. 9).

5. Multimodality and decoupling
mechanisms in 2D material-based
sensors

Advanced sensing technologies capable of detecting multiple
stimuli simultaneously are becoming increasingly essential as
industries such as healthcare, robotics, wearable technology, and
environmental monitoring become more complex. Accordingly,
multimodal sensors have been designed to respond to different
input signals simultaneously; however, a major challenge is their
cross-sensitivity, where overlapping responses from various stimuli
compromise the accuracy of the desired signal. Thus, to address
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this, the selection of multifunctional materials and the strategic
design of sensor architectures become critical. Implementing
decoupling strategies allows sensors to isolate and accurately
detect specific signals without interference from other stimuli.
Although advanced signal processing techniques can help reduce
crosstalk, incorporating decoupled sensing mechanisms at the
material or structural level not only improves the signal fidelity but
also simplifies the overall data analysis process.

One significant challenge in achieving reliable multimodal
sensing is the issue of cross-sensitivity, where overlapping
responses from different stimuli make it difficult to distinguish
and accurately interpret individual signals. Thus, to overcome
this, ongoing research must focus on optimizing the perfor-
mance of sensors through the development of effective decou-
pling strategies, particularly in the case of applications that
involve complex and varying input conditions. Advancing this
area is essential for unlocking the full potential of multimodal
sensing and remains a critical direction for future investigation.

To realize multimodal sensing, materials that offer versati-
lity, sensitivity and the ability to transduce multiple signals are
ideal. Transparent electrode materials such as graphene, car-
bon nanomaterials, TMDs and composites incorporating nano-
materials stand out due to their versatile properties and ability
to be tailored for various sensing modalities. These materials
offer a combination of electrical conductivity and optical trans-
parency, which are crucial for developing sensors that can
detect multiple stimuli simultaneously. In multimodal sensing
applications, the choice of material is crucial to ensure respon-
siveness to multiple stimuli such as strain, temperature,
humidity, and biochemical signals, while maintaining flexibil-
ity, stability, and high sensitivity. Graphene and carbon nano-
tubes (CNTs) are excellent options due to their exceptional
electrical conductivity, mechanical flexibility, and broadband
optical transparency, making them suitable for integration into
wearable optoelectronic sensors and as hybrid materials with
transition metal dichalcogenides (TMDs) for combined strain
and biochemical sensing.'*® Conductive polymers such as
PEDOT:PSS and polyaniline (PANI) offer tunable conductivity
and biocompatibility, which are ideal for the fabrication of
skin-contact sensors that monitor both electrochemical and
mechanical changes. MXenes, such as Ti;C,, stand out due to
their high conductivity, mechanical strength, and surface func-
tionalization potential, enabling their use in self-powered tribo-
electric sensors and for detecting strain, pressure, and
humidity.*****° Silver nanowires (AgNWSs), especially when
combined with biodegradable polymers such as PBT and
POC-PEG, provide high flexibility and conductivity for sensors
that can detect strain, temperature, and humidity, while also
offering environmental degradability. Piezoelectric polymers
such as PVDF convert mechanical energy into electrical signals
and are sensitive to both pressure and temperature, making
them suitable for applications such as respiratory monitoring.
Hydrogels are also noteworthy for their biocompatibility, self-
healing properties, and ionic conductivity, which enable the
fabrication of effective wearable strain and biochemical sen-
sors. Additionally, biodegradable polymers such as PLA and
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POC-PEG are increasingly used for the fabrication of transient or
eco-friendly sensors due to their tunable degradation rates and
elasticity. Mechanoluminescent materials, which emit light in
response to mechanical stress, have emerged for self-powered
structural health monitoring and interactive applications. Overall,
materials such as MXenes, graphene-conductive polymer hybrids,
and biodegradable AgNW composites are some of the best choices
for multimodal sensing, offering a balance among sensitivity,
versatility, and adaptability for advanced wearable and environ-
mental sensor systems.'>"">>

5.1 Tackling multimodality with 2D materials

To simplify the complexity and reduce the costs associated with
multisensing materials and devices in multisensing platforms, it
is crucial to explore innovative materials that combine multiple
sensing mechanisms within a single unit. Two-dimensional
materials such as graphene,'> transition metal dichalcogenides
(TMDs),"** MXenes,'** and black phosphorus® enable the devel-
opment of highly sensitive, flexible, and compact sensors capable
of detecting multiple stimuli simultaneously, such as pressure,
strain, temperature, humidity, gas, light and bio-signals.

For instance, owing to the exceptional electrical, flexible,
and biocompatible qualities of atomically thin MoS,
nanosheets, Chen et al. used monolayer molybdenum disulfide
(MoS,) and an in situ CVD technique in phosphate buffered
saline solutions to create an implanted multifunctional sensor.
To achieve the required sensor arrangement, several pH levels
and temperatures were used. The developed MoS,-based bioab-
sorbable sensors could track several variables, such as tempera-
ture, pressure, strain, and acceleration. Additionally, the sensor
was biodegradable and could be fully broken down within a few
months to prevent adverse consequences in biomedical applica-
tions. Further, Park et al. developed a large-area touch sensor by
utilizing the mechanical and semiconducting characteristics of
MoS,. This sensor exceeded the human skin’s sensing capacity
with an amazing pressure detection range of 1 to 120 kPa.
Additionally, it showed multi-point high-sensitivity detection,
which enabled accurate object form identification by concur-
rently measuring the external pressure at several stages."

5.2 Decoupling multiple stimuli in multimodal sensors

In multimodal sensors, decoupling multiple stimuli is crucial
for ensuring the accurate, independent detection of different
physical parameters such as pressure, strain, temperature, and
humidity. Without decoupling, the response of a sensor to one
stimulus can be distorted by the presence of another, leading to
unreliable measurements. Thus, various decoupling techni-
ques have been created to tackle this issue. A straightforward
way to isolate one stimulus from multiple simultaneous stimuli
is to reduce the impact of other inputs on the output signals.
This can be accomplished by utilizing a combination of differ-
ent sensing mechanisms. For example, nanofibers created from
CNT/graphene composites are capable of altering their align-
ment to adapt to bending deformations, thus preserving their
initial conductivity. This decrease in strain within individual
fibers during bending allows the piezoresistive pressure sensor
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to perform effectively without being affected by bending."”® A
tactile sensor that combines both temperature and pressure
sensors can effectively measure these two variables at the same
time, with minimal interference. The temperature sensor was
constructed from a blend of poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) and silver nanoparticles
(Ag NPs). It produced a thermoelectric voltage in response to
temperature fluctuations. Conversely, the pressure sensor
incorporated micro-sized pyramids and altered its resistance
based on changes in the contact area due to applied pressure.
Given that these sensors operate based on different principles,
they do not interfere with each other even when both tempera-
ture and pressure are simultaneously present. Furthermore,
rather than depending on various materials for different sen-
sing techniques, the same material can be designed in various
configurations to achieve different sensing functions, while
significantly minimizing any interference. Arranging identical
sensing units in a specific pattern on an elastomer, such as a
round mesa and a cubic PDMS (polydimethylsiloxane) bump,
creates a system capable of distinguishing 3D force and pres-
sure signals. For instance, a configuration of four carbon black
resistive sensors attached to a PDMS bump on polyimide (PI)
could simultaneously measure normal and shear forces.
Although all four sensors might record the same normal
pressure, the interplay between shear and pressure along the
positive x (or y) axis could result in the bump tilting. This tilt
induced either compressive or tensile stresses in the sensing
units positioned along the positive or negative x (or y) axes.

Various stimuli can be distinguished in multimodal sensors
by employing structural modifications, material engineering,
and calibration methods. From a structural perspective, sen-
sors can feature layered designs, where each layer is tailored to
respond to a particular stimulus. For instance, a layer sensitive
to pressure made from piezoelectric MoS, can be paired with a
temperature-sensitive layer made of graphene, known for its
significant thermal response due to its excellent thermal con-
ductivity and temperature-dependent resistivity. This separa-
tion of the response of each layer allows the sensor to effectively
differentiate between changes in pressure and temperature.
Material engineering is also essential; for example, enhancing
2D materials with specific chemical groups or nanoparticles
can improve their selectivity. Humidity sensors frequently
utilise graphene oxide (GO) or MoS, that has been functiona-
lized with hydrophilic groups, which facilitate the selective
adsorption of water molecules.”*”">” Meanwhile, temperature
sensors may rely on the inherent thermal characteristics of
materials such as black phosphorus.

Machine learning algorithms play a vital role in improving
the functionality of flexible electronics by enabling advanced
data fusion and multimodal information processing. Flexible
sensors often integrate various sensing technologies to capture
multidimensional data, including vision, sound, and pressure.
By utilizing machine learning, these sensors can effectively com-
bine or differentiate diverse types of data to extract important
features and patterns. This capability allows more detailed and
accurate data analysis, leading to informed decision-making
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across a wide range of applications. A notable example is the
tactile avatar system described by Kim et al, which aims to
replicate human tactile perception. This system uses a multi-
array piezoelectric tactile sensor in conjunction with a deep
learning framework. Piezoelectric sensors gather various forms
of tactile information, such as temperature, pressure, hardness,
sliding speed, and surface texture. A hybrid neural network layer
governs the haptic decision-making process by training on the
multimodal tactile data collected during touch or swipe interac-
tions. This training produces customized histograms that repre-
sent individual tactile experiences. Convolutional neural network
(CNN) algorithms have been utilized to replicate artificial tactile
sensations across 42 distinct materials, achieving an impressive
decision error rate of under 2% for each system. Furthermore,
machine learning algorithms play a role in identifying different
stimuli based on the data obtained from these intricate multi-
functional sensors. For instance, our research, led by Sahatiya
et al., showcased a multifunctional sensor designed to detect both
physical and chemical stimuli. This sensor employs a water-
soluble SnS, QD/PVA film and integrates machine learning algo-
rithms to ensure accurate classification of the diverse data
captured by the sensor."”® Incorporating 2D materials into multi-
modal sensors improves their effectiveness and paves the way
for innovative applications in areas such as electronic skin,
healthcare, robotics, and environmental monitoring. This pro-
gress has led to the creation of more advanced and efficient
sensing technologies.

5.3 Al-based strategies for signal decoupling in multimodal
sensing

The development of artificial intelligence (AI) has propelled the
field of information fusion, providing innovative approaches to
address multimodal challenges such as cross-sensitivity and
signal decoupling. AI employs deep neural networks (DNNs)
alongside gradient descent optimization to identify statistical
patterns within multimodal data. By exploring the comprehen-
sive process of multimodal information fusion, we can achieve
a better understanding of how AI functions and its perceptual
capabilities in intricate environments."’

Complex environments can cause information loss and
occlusion within a single modality, leading to incomplete
representations and impaired human perception. Thus, to
address this, it is essential to improve information presenta-
tion, extract underrepresented data, and achieve effective
fusion. AI can leverage well-structured data for information
mining, utilizing both paired data for supervised learning and
unpaired natural data for unsupervised learning. The quality of
this data is crucial, given that it influences the performance of
the AI model, determining whether it is comprehensive or
biased. In addition to high-quality data, the interaction and
structural design of multisource information fusion are impor-
tant. By integrating features from various modalities, including
text, audio, and tactile data, Al can create a unified representa-
tion. For instance, intelligent robots equipped with multiple
sensors use deep neural networks to enhance their decision-
making and improve human perception. In the biomedical
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field, combining mass spectrometry imaging (MSI) with MRI
data allows better molecular distribution analysis, achieving
tissue-level resolution. This integration highlights the effective-
ness of merging heterogeneous data sources for enhanced
information fusion (Fig. 10).

5.4 Contributions from graphene-based and hybrid systems
in advanced sensing applications

Graphene has gained significant traction in both photonics and
electronics. Beyond its applications in neuronal and synaptic
functions, it has also been employed in neuromorphic comput-
ing. Diab et al. developed a novel femtosecond laser writing
technique to fabricate laser-induced graphene (LIG) directly from
an imide-linked porous organic polymer. The resulting LIG@NI-
POP hybrid exhibited high selectivity and sensitivity for acetone
over ethanol in VOC sensing, expanding laser direct writing to
diverse porous polymers."® A dynamic computing approach
using graphene-germanium heterostructure arrays was proposed
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for the real-time detection and tracking of dim targets under low-
light conditions. Voltage-controlled photoresponse modulation
enhances edge detection and feature extraction beyond conven-
tional methods.’® A programmable 2D heterostructure-based
optoelectronic sensor was introduced for efficient in-sensor com-
pression of spectral and temporal data. Achieving an 8:1 com-
pression ratio, this sensor integrates sensing, memory, and
processing, advancing compact and energy-efficient edge vision
systems.'® In the biomedical domain, quantum dots (QDs) and
graphene-based nanobiosensors have demonstrated remarkable
sensitivity and specificity for detecting lung and breast cancer
biomarkers. Their optical and electronic properties enable early
diagnosis and real-time treatment monitoring.'®® A green laser-
synthesis method was developed for the preparation of graphene
oxide nanoparticles (GONPs), revealing strong antimicrobial activ-
ity and synergistic anticancer effects with doxorubicin against
lung cancer cells. This eco-friendly approach offers a safe and
effective route for biomedical applications."®”
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Fig. 10 Multimodal sensor: (a) tactile-visual fusion multimodal robotics system, reproduced from ref. 160 Copyright from Nature Communication. (b) Al
data fusion-based multimodal sensing for object recognition in the non-visual environment, reproduced from ref. 161 Copyright from Nature
Communication. (c) Multimodal 3D piezoresistive flexible sensor for the detection of force, pressure, bending, and temperature, reproduced from ref.

162 Copyright from the American Chemical Society.
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6. Applications

6.1 Human-machine interaction (HMI) and the role of 2D
materials in wearable sensors

Recently, human-machine interaction (HMI) technology has
attracted tremendous interest due to its ability to facilitate
seamless information exchange between humans and electronic
devices. The emergence of versatile wearable devices has sparked
new trends in HMI, catering to the growing demand for a more
convenient and vibrant lifestyle. Humans are the central focus of
HMI systems, with the primary objectives being to enhance user
experiences and meet customer service needs. However, tradi-
tional bulky and rigid electronic devices often restrict interfacing
with human skin, compromising user comfort.'®® Thus, to over-
come the current limitations, the advancement of flexible sen-
sors has become crucial, offering a strong foundation for next-
generation HMI technologies. Touchscreen sensors, in particu-
lar, have become a central component of modern personal
devices such as smartphones, tablets, and smartwatches. 2D
materials are gaining attention for their suitability in HMI
systems, owing to their large surface area, mechanical flexibility,
and adjustable electronic properties. Among them, MXenes have
shown considerable promise, with recent innovations opening
up new possibilities to improve both the performance and
versatility of HMI applications.

Significant advancements have been made in the explora-
tion of 2D materials for a wide range of applications, including
energy storage, transparent conductive films, and shielding
against electromagnetic interference. Among these materials,
MXenes have emerged as promising candidates in the field of
human-machine interaction (HMI), particularly for developing
flexible, sensitive sensors suitable for motion detection, health
tracking, and touch-based interfaces. A graphene-based flexible,
highly sensitive personalised pulse detection and human com-
puter interaction and electronic skin for object identification
application was developed. An MXene-based hydrogel was
applied for EEG interaction in the human-machine interface,
which exhibited excellent skin compliance, adhesion, and com-
patibility and improved the signal transduction.’®® In 2017, Ma
et al. introduced a flexible piezoelectric sensor incorporating
MXene-based interdigital electrodes. This sensor demonstrated
the ability to recognise various human actions, such as swallow-
ing, coughing, and joint movement, by detecting pressure-
induced changes in the spacing between its layers. Building on
this, in 2018, the same research group developed a lightweight,
3D structured sensor composed of MXene and rGO. This device
was capable of detecting subtle physiological signals, including
heartbeat pulses and acoustic vibrations, highlighting its
potential for use in monitoring pressure and strain across
diverse applications.'”® Wireless integration in wearable sensors
reduces discomfort by eliminating cables, while skin-conformal
contact enables continuous, real-time, and remote monitoring.
In 2021, Li Yang and team created a new type of wireless
pressure sensor made from special paper coated with a Ti;C,
material. This sensor has a unique 3D structure that is very light
and a big surface area, which helped it detect changes very well.
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It could track different body signals, such as blood pressure,
pulse, voice sounds, and movement such as jumping, standing,
and walking."”" The wireless array of the sensor could monitor
breathing and identify opioid overdoses, demonstrating its con-
siderable potential for use in healthcare.

The use of 2D materials in multifunctional sensors offers
promising possibilities for advanced healthcare solutions and
smart textiles. Adepu et al. reported the fabrication of a multi-
functional sensor utilizing a Ti;C,T, and SnSe, nanohybrid in
e-textiles to track the health of an individual during daily
activities. This sensor is connected to an Android and mobile
app, enabling wireless use in smart shoes and crepe bandages.
Furthermore, in 2021, Adepu et al. created an affordable pres-
sure sensor made from Ti;C,T, and cellulose paper, which
demonstrated capabilities in human-machine interactions, such
as through smart gloves and controlling LED brightness.'”?
Advancements also include flexible sensors made with ReSe,
and Ti;C,T, designed for monitoring cervical collar strain and
shoulder loads, in addition to WS, and Ti;C,T, multifunctional
sensors for non-invasive healthcare monitoring. These technol-
ogies support smartphone applications for detecting tetraplegic
calls, assessing mood, and monitoring skin conditions, whether
dry or wet. Piezoresistive sensors with high performance have
attracted considerable interest due to their applications in
electronic skin, flexible touch displays, and healthcare monitor-
ing. In 2022, Kamath et al developed a hybrid piezoresistive
sensor featuring Ti;C,T, and MoS,,Se;;_x), showcasing its
potential for gait detection and fluid flow monitoring in biomi-
metic blood vessels.'”? This innovation highlights the potential
of 2D materials in enhancing healthcare and biomedical appli-
cations, paving the way for the next generation of wearable
technology.

In summary, the integration of 2D materials, particularly
MXenes, into flexible and wearable sensors has notably enhanced
human-machine interaction and healthcare monitoring. These
materials provide significant advantages, including high conduc-
tivity, mechanical flexibility, and tunable surface chemistry, mak-
ing them ideal for the development of multifunctional sensors.
Their applications extend from touchpad devices to remote
healthcare monitoring and smart e-textiles. Sensors using 2D
materials have shown great potential in improving user experi-
ences and facilitating advanced healthcare applications (Table 3).
As research in this field continues to advance, the creation of
affordable, high-performance sensors will lead to more innovative
and user-friendly technologies for human-machine interfaces
(Fig. 11).

6.2 Artificial e-skin: mimicking human skin for advanced
applications

Human skin, the body’s largest organ, plays a vital role in
detecting pressure, temperature, and various external stimuli.
Its sensory functions are being emulated through electronic
systems, advancing e-skin development for use in robotics, Al,
and human-machine interface. To achieve this, the creation of
artificial electronic skin (e-skin) has shown great promise.
E-skin is intended to mimic the sensory functions of human

This journal is © The Royal Society of Chemistry 2025
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skin, while also improving its capabilities with advanced elec-
tronics. This technology has numerous potential applications
in areas such as human-machine interfaces, robotics, artificial
intelligence, and prosthetics. Nevertheless, developing fully
operational e-skin requires materials that demonstrate excel-
lent mechanical flexibility, various electrical properties, and
compatibility with flat fabrication methods. Recent advance-
ments in 2D materials, such as graphene, TMDs, and MXenes,
have significantly contributed to the development of high-
performance e-skin systems.

Noncontact e-skin, which mimics the long-range sensory
characteristics of human skin, is becoming essential for fully
replicating human sensation in prosthetics and robotics. For
instance, An et al. demonstrated the use of femtosecond laser
direct writing to produce highly flexible noncontact e-skins
with sophisticated designs.'”® This approach shows promise
for wearable human-machine interfaces, bioelectronics, and
robotics applications. Similarly, an all-graphene, flexible, in-
plane e-skin was developed to mimic the noncontact sensing
capabilities of human skin, while maintaining conformal con-
tact with a human hand. These advancements pave the way for
improvements in noncontact e-skin technologies, enabling
high-spatial-resolution sensing and long-range detection. Ultra-
thin, flexible tactile sensors that can closely conform to sur-
faces are vital for the evolution of wearable devices, e-skin, and
biorobotics. However, conventional passive sensors often
experience signal interference or crosstalk, which compromises
their sensing precision and restricts their applicability in
complex tasks. Thus, to address this limitation, Park et al.'”®
(2019) introduced an active matrix tactile sensor featuring an
8 x 8 array structure built with two-dimensional MoS,."”® This
device effectively recognized multiple simultaneous touch
points, traced stylus movements, and identified object shapes
during human grasping. In a related development, Kang
et al.'® (2017) engineered a stretchable, skin-conformable
touch sensor using graphene, designed for mutual capacitance
sensing.'®® This sensor could detect multiple touches both with
and without physical contact and was functional when applied
directly to flexible body areas such as the forearm and palm,
emphasizing its potential for integration into wearable systems.

To replicate the physical, chemical, and sensory characteristics
of human skin, next-generation advanced e-skin needs to possess
features such as stretchability, self-healing capabilities, biocom-
patibility, biodegradability, and other enhanced functional prop-
erties. Wang et al. reported the progress in e-skin technologies in
three main applications, including skin-attachable electronics,
robotics and prosthetics. A soft, flexible sensor with integrated
circuits, e-skin was reported by the Bao research group at Stanford
University. This technology has the potential to create coverings
for prosthetic limbs that can offer users a sense of touch or aid in
regaining sensation for those with skin damage.'® Duan et al.
(2023) developed a human-like hyper-attribute gel skin sensor that
incorporates all the desirable skin-like properties, including
stretchability, self-healing, biocompatibility, and antibacterial
activities."®* This sensor also demonstrated sensory capabilities
for pressure, temperature, humidity, strain, contact, and function

This journal is © The Royal Society of Chemistry 2025

Table 3 2D material-based human machine interaction wearable sensors

Response
time

2D materials & material

composition

Ref.
170
171
175

Detection range

Stability

Sensitivity

Application

Sensor type

GF ~ 180.1 <30 ms —

509.5 kPa~*

Monitoring of human sounds, motions, and tiny strain 22.56 kPa™*

Full-range human activities detection

MXene (Ti;C,Ty)
MXene (TizC,Ty)

rGO/MXene

Pressure sensor

0.5-100 kPa

10000 cycles

Human physiological activity and smart mask

Pressure sensor

10000 cycles

<200 ms

Pressure sensor

Human activity and detection of small physical signals 151.4 kPa™"

Sign-to-text translation and sitting posture analysis
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Fig. 11 2D material-based human—machine interaction applications, (a) sign to text translation and posture analysis utilizing nanohybrid 2D materials,
reproduced from ref. 105 Copyright 2022, the American Chemical Society. (b) Smart shoe and crepe bandage for human-motion monitoring, reproduced
from ref. 113 Copyright 2022, the American Chemical Society. (c) Array sensor for the detection of position response to motion behaviour, reproduced from
ref. 53 Copyright 2020, the American Chemical Society. (d) Tetraplegia call detection system as smart pillow, (e) load detection and cervical collar strain alert
system flexible strain sensor, and (f) smart mask for breathing monitoring and baby diaper wetting detection system reproduced from ref. 174 Copyright New
Journal of Chemistry. (g) Gait detection and monitoring fluid biomimetic tube, reproduced from ref. 173 Copyright 2021, the American Chemical Society. (h)
Sensor array to detect pressure distribution and minimal strain change due to eye blinking and elbow bending, reproduced from ref. 170 Copyright Nature
Communication. (i) Multiplex detection of magnitude, direction and contact location using sensor array, reproduced from ref. 169 Copyright the American

Chemical Society.

reconfigurability and evolvability. These advancements bring
e-skins closer to replicating the full range of human skin func-
tionalities, making them suitable for robotics and skin-attachable
wearables. However, enhancing the sensitivity and range of these
sensors continues to be a major challenge. In 2021, Adepu et al.
developed a highly sensitive, large-area sensor array using TizC, T,
deposited on polyurethane foam. This multifunctional sensor was
designed to detect a range of physical stimuli, such as pressure,
temperature, and strain. It was seamlessly integrated into wear-
able systems for applications including object localization, gesture
recognition, and thermal monitoring, highlighting its promising
potential for use in artificial skin technologies.'®® Ti;C,T,-based

1M76 | Chem. Commun., 2025, 61, 11158-11186

nanohybrids have emerged as highly promising materials for
the fabrication of artificial e-skin, owing to their excellent sensi-
tivity, mechanical flexibility, and durability. In 2023, Adepu et al.
developed a flexible piezoresistive pressure sensor using an
MoSe,/Ti;C, T, nanohybrid, achieving high sensitivity and stable
performance.’®® Configured as a 7 x 7 matrix, the sensor was
applied to a human hand to validate its functionality in tactile
sensing, demonstrating its viability as artificial skin. For instance,
a soft, flexible sensor with integrated circuits, e-skin, was
reported by the Bao research group at Stanford University. This
technology can pave the way for developing coverings for pros-
thetic limbs that would enable wearers to experience a sense of

This journal is © The Royal Society of Chemistry 2025
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Table 4 2D material-based artificial e-skin devices
2D materials & Response
Sensor type material composition Applications Sensitivity time Stability Ref.
Piezoresistive sensor MoSe,/Ti;C, T, E-skin applications 14.70 kPa™ ' — 2500 cycles 106
Ferroelectric sensor rGO/PVDF Multilayer e-skin 47.7 kpa™! 20 ms 5000 cycles 184
Strain sensor Graphene E-skin tactile sensing GF ~ 500 10-30 ms — 185
MXene sensor MXene In vivo biomonitoring 164.75 kPa™' — — 186
Hygel e-skin MXene Gesture recognition and interactive control GF ~ 9.2 — — 182
Pressure sensor MXene Monitoring human activities and soft robots gripper High 98 s 10000 cycles 187
Humidity sensor WS, E-skin based humidity sensor Up to 2357 — — 188
Strain sensor TizC, Ty Detect temperature, identify object and position, ~34.24 kPa™' — 2500 cycles 183
capture gesture

Tactile sensor MoS, Skin attachable active textile sensor 0.011 kPa™* 180 ms 155
Capacitive Graphene Auxetic touch sensor 200 cycles 189
Tactile sensors MoS, E-skin application 10000 cycles 179
Pressure sensor MXene E-skin application 99.5 kPa ™! 11 ms 10000 cycles 190

touch or assist in recovering sensation in individuals with
compromised skin.

In conclusion, the rapid advancement of artificial e-skin has
been strongly influenced by breakthroughs in 2D materials
such as graphene, TMDs, and MXenes due to their superior
electrical conductivity, mechanical flexibility, and tunable sur-
face chemistry, which make them ideal for engineering multi-
functional e-skin systems. These technologies, encompassing
contactless sensing, flexible tactile interfaces, high sensitivity
pressure sensors, and biomimetic gels, are driving innovation
across robotics, prosthetics and wearable electronics (Table 4).
As research continues, the integration of 2D materials into
e-skin systems will enable more sophisticated and versatile
applications, bringing us closer to fully replicating the sensory
capabilities of human skin (Fig. 12).

6.3 Machine learning and artificial intelligence in sensor
applications

Additionally, Adepu et al. reported the fabrication of a sensors
that can convert signs into text translation and analyze sitting
positions using electromechanical sensors based on an SnS/
Ti;C,T, nanohybrid.'®® These sensors exhibit the properties to
evaluate the customer or user sitting posture and offer feedback
using machine learning algorithms, which can help mitigate
health issues such as back pain and spinal deformities. By
training artificial intelligence models to identify specific move-
ments or postures, it is possible to convert sign language into
text in real-time and alert users when they are sitting incor-
rectly. This technology has the potential to greatly improve
workplace ergonomics and enhance the quality of life
for individuals with disabilities. AT and 2D materials together
also make it possible to create intelligent systems that can
monitor health in real time. Real-time anomaly detection is
possible with MXene-based sensors that are coupled with Al
algorithms to monitor human physiological signals including
heart rate, respiration rate, and muscle activity."®* In healthcare
applications, where early health issue diagnosis can greatly
enhance patient outcomes, this skill is especially helpful. For
instance, Al-enhanced sensors can be used to track patients
with long-term illnesses, giving medical professionals constant
feedback and facilitating prompt actions. These systems are

This journal is © The Royal Society of Chemistry 2025

very effective for long-term usage because they can process data
immediately on the sensor, which lowers the latency and energy
consumption.'®>'*® More complex object handling and envir-
onmental interaction in robotics have been made possible by
the combination of flexible sensors with machine learning and
artificial intelligence. Robots with Al-enhanced sensors are
more efficient and adaptable in dynamic environments because
they can identify and handle things of different weights and
forms.>" For example, robots in industrial environments can
employ these sensors to identify product flaws or carry out
precise assembly tasks. Also, AI in autonomous cars can
enhance the performance and safety of sensors by improving
navigation and obstacle recognition (Fig. 13).

The application of AT and machine learning is transforming
environmental sensing technologies. With the integration of
flexible sensors and AI algorithms, it is now possible to monitor
environmental factors such as temperature, humidity, and air
quality in real-time. These sensors can be deployed in smart
cities to enhance pollution management and resource usage
through continuous monitoring and data analysis. For example,
Al-powered sensors are capable of detecting changes in air
quality and can trigger automated responses or alerts, such as
redirecting traffic to reduce emissions or adjusting ventilation
systems in buildings. Moreover, the rise of flexible electronics
catering to internet of things (IoT) applications has led to a
growing demand for flexible antennas in wearable devices and
communication systems. Unlike traditional rigid antennas,
flexible antennas can conform to curved surfaces, withstand
mechanical stress, and seamlessly integrate with wearable tech-
nology. In particular, MXene-based flexible antennas have
gained attention due to their outstanding conductivity, mechan-
ical flexibility, and dual functionality as both sensors and com-
munication devices. For example, Sindhu et al. (2022) introduced
an affordable MXene-based patch antenna capable of sensing
pressure and levels, opening new possibilities in fields such as
industrial monitoring, security, and healthcare.'®” To enable
real-time data transmission and sensing capabilities, these
antennas can be incorporated into industrial IoT systems,
smartwatches, or smart clothing. Flexible antennas are revolu-
tionizing wearable diagnostics and remote patient monitoring in
healthcare. When integrated into devices such as fitness trackers
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Fig. 12 2D material-based e-skin applications. (a) MXene/MoSe, nanohybrid-based flexible pressure sensor array, reproduced from ref. 106 Copyright
Applied Physics Letters. (b) Skin-inspired highly stretchable and conformable matrix networks, reproduced from ref. 191 Copyright from Nature
Communication. (c) MoS,-based skin attachable active matrix textile sensor array, reproduced from ref. 155 Copyright the American Chemical Society.
(d) Graphene-based stretchable auxetic touch sensor, reproduced from ref. 189 Copyright the American Chemical Society. (e) Graphene woven
microfabric sensor arrays for a strain sensor, reproduced from ref. 185 Copyright the American Chemical Society. (f) E-skin demonstration of touch
operation and displaying the characters, reproduced from ref. 192 Copyright from Science Advances. (g) Hyper attributed gel for multifunctional sensing
on robot, reproduced from ref. 193 Copyright from Nano-Micro Letters. (h) Soft bio integrated e-skin system, reproduced from ref. 181 Copyright from
Science.org.

and smart bandages, they can send data to healthcare profes- rate, and activity levels. These antennas also support asset
sionals while tracking vital signs such as heart rate, respiration tracking and predictive maintenance in industrial settings
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Fig. 13 2D material-based flexible and wearable sensors in consumer electronics application, (a) MXene/NiSe,-based pressure sensor as a smart bed for
real-time monitoring of sleep tracking, reproduced from ref. 176 Copyright from Advanced Materials Interfaces. (b) TeNW/MXene nanohybrid-based
flexible sensor for wireless monitoring and communication, reproduced from ref. 104 Copyright from the American Chemical Society. (c) MXene-based
flexible and conformal antenna for pressure and level sensing,'®” Copyright Elsevier FlatChem. (d) Pressure sensor-based smart tactile gloves and
pedometer, reproduced from ref. 198 Copyright from Elsevier Sensor and Actuators.

through real-time monitoring of equipment conditions. Addition-
ally, their integration with Al and machine learning enhances
functionality, allowing anomaly detection, personalized feedback,
and predictive analytics. For instance, Al systems can utilize
physiological signals from flexible antennas to assess data, predict
equipment failures, or provide health recommendations. How-
ever, although flexible sensors show great promise, challenges
remain in effectively integrating with them machine learning (ML)
and artificial intelligence (AlI), along with ensuring robustness,
signal integrity, and low power consumption in flexible antennas.
The key challenges include the energy required for AI algorithms,

This journal is © The Royal Society of Chemistry 2025

the computational demands of real-time data processing, and the
necessity for large datasets for training Al models. Thus, future
research should focus on optimizing designs, exploring innovative
materials with enhanced sensing abilities, and incorporating
advanced features such as energy harvesting, self-healing, and
edge computing for efficient data processing at the sensor level.
As the industry evolves, the combination of flexible antennas and
Al-enhanced sensors is poised to significantly benefit areas such
as wearable electronics, intelligent systems, and the internet of
things. These technological advancements will drive progress in
environmental monitoring, healthcare, and security, ultimately
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improving the operational efficiency and quality of life. In con-
clusion, flexible pressure sensors combined with artificial intelli-
gence and machine learning have created new opportunities for
their cutting-edge use in robotics, wearable electronics, health-
care, and environmental sensing.

By leveraging Al algorithms, these sensors can perform complex
tasks such as object recognition, health monitoring, and real-time
decision-making, significantly enhancing their functionality and
application scope. As research in this field continues to evolve, Al-
enhanced flexible sensors are poised to play a pivotal role in the
development of next-generation smart systems.

6.4 In-sensor computing: revolutionizing sensing and
processing

In-sensor computing, often referred to as near-sensor comput-
ing, signifies a revolutionary advancement in how sensing and
processing are incorporated into electronic systems. In contrast
to traditional configurations, where sensors collect data and
send it to a separate processing unit, in-sensor computing
combines both sensing and computing capabilities into a
single device. This integrated approach reduces the need for
frequent data transfer between sensors and processors, result-
ing in lower system complexity, decreased energy consumption,
and reduced latency. The rapid proliferation of sensor nodes in
the internet of things generates a substantial volume of data at
the sensory terminals. Frequent data transfer between sensors
and computing units severely limit the system performance in
terms of speed, security, and energy efficiency. Therefore, it is
crucial to develop a new computational paradigm that inte-
grates computational capabilities into sensor networks to effi-
ciently process large amounts of sensory input. By processing
data locally, the in-sensor computing paradigm minimizes both
the computational complexity and data transit.

Significant attention has been focused on using 2D semi-
conductor materials to create more compact and efficient
sensor circuits. These materials, which use their intrinsic
ambipolar transport capabilities, include electrostatically
doped silicon, two-dimensional WSe,, PtSe,, and MoTe,/PdSe,
heterostructures. Furthermore, using ferroelectric materials,
which are well-known for their low power consumption and
non-volatility, is essential for the advancement of in-sensor
computing technologies. To create novel retinomorphic sensors,
the ferroelectric and photoconductive properties of two-
dimensional materials such as SnS, and «-In,Se; have been
explored in the literature. By using switchable polarisation
dipoles, these ferro-photonic AI chips allow electrical program-
ming and optical stimulation of the channel to change the
polarisation state, allowing multifunctional functioning.

Multimodal processing in in-sensor computing refers to the
integration and simultaneous handling of various types of
sensory data within a single sensor system. This approach
enables the sensor to record and interpret different types of
data, including tactile, visual, and audio information. For
instance, a multimodal in-sensor computing system might
combine sound data from a microphone, depth information
from an LiDAR sensor, and image data from a camera sensor.
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By incorporating these diverse types of data, the system can
detect a wider range of sensory inputs, provide thorough real-
time analyses, reduce the need for data transfer to external
processors, and enhance the overall system efficiency.
Additionally, the integration of touch and taste information
contributes to a more accurate understanding of the environ-
ment. Applications of this technology include autonomous
vehicles, where combining visual and depth data can signifi-
cantly improve object detection and navigation, as well as smart
devices that aim to interact with users in a more responsive and
intuitive manner. For example, in self-driving cars, where every
millisecond is crucial for safety, in-sensor computing plays a
vital role by handling data instantly. The sensors in these
vehicles must swiftly identify pedestrians, obstacles, and other
cars, enabling them to make immediate decisions without the
need for additional processing units. By allowing for the
analysis of visual and environmental data at the sensor level,
in-sensor computing reduces the latency and improves the
overall system performance.'?>%°

Besides, biomimetic research has created in-sensor comput-
ing devices that replicate natural processes, drawing inspira-
tion from biological systems. For example, Liao et al. (2022)
created a lobule giant movement detector (LGMD) influenced
by insect collision-avoidance techniques. Traditionally imple-
mented using very-large-scale-integration (VLSI) systems, the
LGMD was recently emulated using a single device comprised of a
monolayer MoS, photodetector stacked on top of a floating-gate
memory device. This device mimics the behavior of LGMD
neurons, showcasing the potential of 2D materials for biomimetic
in-sensor computing.'***°" Also Yang et al.'®* (2024) employed a
graphene/Ge heterostructure to construct an in-sensor dynamic
computing system capable of robustly tracking dim targets. The
system utilizes a dynamic kernel through an optoelectronic device
array, dynamically adjusting the photoresponse via variable gate
voltages. This array responds to spatial light patterns and contains
internal correlations, enabling advanced computational tasks
directly at the sensor level. Applications where real-time proces-
sing of visual input is essential, such as autonomous navigation,
surveillance, and environmental monitoring, benefit greatly
from these systems.””* Additionally, Liao et al. (2022) used MoS,
phototransistors to establish an in-sensor visual adaptation sys-
tem that replicates the dynamic regulation of photosensitivity in
the human retina under various light conditions. This technique
greatly increases the accuracy of image recognition, while also
improving the image contrast by deliberately creating defect states
in MoS, phototransistors through ultraviolet-ozone (UVO) treat-
ment, where ambipolar trap states form in the bandgap, resulting
in adaptive visual behavior. This technique showcases the
potential of 2D materials for developing adaptive sensing systems
that function efficiently in different lighting environments.>*>
Advancements in 2D material-based sensor computing technolo-
gies have led to the creation of compact, energy-efficient hardware
capable of local data processing and neuromorphic computation.
These technologies are integral for developing intelligent systems
for robotics, healthcare, and the internet of things. 2D materials,
such as MoS,, WSe,, and PtSe,, offer exceptional electronic,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc02955d

Open Access Article. Published on 17 June 2025. Downloaded on 3/13/2026 12:11:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

optical, and mechanical properties, enabling the fabrication of
advanced devices such as phototransistors and gas sensors with
built-in computational capabilities.?®'¢>>*® Recent research uti-
lizes unique phenomena in these materials to create multifunc-
tional devices that perform various tasks, including motion
detection and brain-inspired computing.

In summary, a significant development in sensing and
processing, in-sensor computing, provides a more integrated
and effective method than conventional systems. 2D materials
such as graphene, MoS,, and MXene have special qualities that
make them perfect for in-sensor computing systems. These
materials facilitate the creation of novel devices that can carry
out intricate calculations directly at the sensor level, ranging
from biomimetic collision detection and dynamic target track-
ing to visual adaptation and artificial synapse arrays. In-sensor
computing systems have the potential to transform robotics,
healthcare, environmental monitoring, and other applications
as research in this area advances, opening the door for more
intelligent and effective technology.

7. Challenges in the sensor community

Despite the significant advancements, wearable and flexible
sensors based on 2D materials still face critical challenges.
Mechanical deformation such as bending, stretching, and
twisting can degrade the sensitivity, stability, and signal fidelity
of sensors. Thus, ensuring a reliable performance under
dynamic conditions, especially in biomedical and robotic appli-
cations, remains difficult. Additionally, environmental factors
such as humidity and temperature fluctuations can interfere
with signal outputs, necessitating robust encapsulation and
compensation strategies. Multimodal sensing systems also
suffer from signal cross-talk, making it challenging to accu-
rately decouple and interpret pressure, strain, and temperature
signals. Addressing these issues requires innovative material
integration, precise structural design, and improved signal
processing techniques to fully leverage the potential of 2D
materials in next-generation flexible sensors. Also, advanced
signal processing algorithms and machine learning techniques
are required to decouple and accurately interpret multiple
stimuli. Lastly, the cost-effectiveness of 2D materials and their
fabrication processes must be addressed to make these tech-
nologies accessible for mass-market adoption. Overcoming
these challenges will require interdisciplinary collaboration,
innovative material engineering, and advancements in fabrica-
tion technologies to unlock the full potential of 2D materials in
next-generation wearable and flexible sensors.

8. Author perspective for the next

10 years in 2D material-based sensor
research

Several next-generation 2D materials have been theoretically

predicted and are attracting significant interest for their
potential in advanced electronics, optoelectronics, and

This journal is © The Royal Society of Chemistry 2025
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quantum technologies, although many have not yet been fully
synthesized or characterized experimentally. Notable examples
include group VA elemental monolayers such as antimonene,
arsenene, and bismuthene, which are predicted to exhibit unique
electronic and topological properties. Beyond these, the large
family of transition metal carbides and nitrides known as MXenes
has been computationally designed, with around 70 new MXene
compositions predicted to possess tunable electronic, magnetic,
and catalytic features. The discovery of double transition metal
MXenes (DTM MXenes), another subclass of the MXene family,
was reported in 2015. Babak et al. validated this subclass through
DFT studies, and later proved their existence by synthesising
Mo,TiC,T,, Mo,Ti,C;T, and Cr,TiC,T, and demonstrating the
electromechanical behaviour of Mo,TiC,T,. These findings
significantly broadened the compositional and functional land-
scape of MXene materials, which have potential applications in
energy, catalysis and beyond and have not been studied for
sensing applications.”** Other theoretically promising materials
include borophene (2D boron), 2D topological insulators, and
various layered dichalcogenides and dichlorides, each offering
exceptional conductivity, flexibility, and in some cases, intrinsic
magnetism or superconductivity. MBenes are another new 2D
family (transition metal borides), which have a structure analo-
gous to that of MXenes. Recently, theoretical and experimental
studies have highlighted their potential for various applications,
including electrocatalysts, HER, nitrogen reduction, batteries and
supercapacitors, due to the presence of surface functionalization
and favourable ion transport capabilities. However, challenges
remain in their scalable synthesis, structural control, long-term
stability and much of their potential both theoretically and
experimentally.**>?°® Machine learning and advanced quantum
simulations are accelerating the discovery of these materials, but
their experimental realisation is often limited by their complex
atomic arrangements, challenging synthesis conditions, and sta-
bility issues under ambient conditions. As computational meth-
ods and synthesis techniques advance, these next-generation 2D
materials are poised to play a transformative role in future device
technologies.

Currently, although 2D material-based sensing technology is
in its infancy, these materials have significantly progressed.
There are commercial products for mass graphene production
and also TMDs. This will definitely lower their cost, and the
next obvious thing will be to take 2D material-based sensors to
the market. We envision that this will happen in the coming
decade. Also, despite their commercialization, the research on
2D material-based sensors will continue and reach exciting
paths. The future of 2D material-based flexible sensors lies in
the convergence of quantum-enhanced sensing, Al-driven
adaptability, and self-powered operation, paving the way for
highly autonomous and intelligent systems. By integrating van
der Waals heterostructures with bound states in the continuum
(BIC) structures, next-generation sensors will achieve unprece-
dented sensitivity for wearable quantum biosensors and high-
resolution medical imaging. Al-powered platforms will enable
self-learning, real-time calibration, and predictive analytics,
transforming applications such as electronic skin, smart

Chem. Commun., 2025, 61, 11158-11186 | 11181


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc02955d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 17 June 2025. Downloaded on 3/13/2026 12:11:05 PM.

(cc)

ChemComm

textiles, and neuromorphic interfaces for robotics and human-
computer interactions. Additionally, piezoelectric and tribo-
electric nanogenerators based on materials such as MoS, and
graphene will enable the fabrication of energy-autonomous
sensors, eliminating the need for batteries in wearables, IoT
devices, and space exploration technologies. As research
advances, atomic-level engineering of MXenes, Janus 2D mate-
rials, and hybrid heterostructures will further enhance the
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research on 2D material-based sensors combining quantum
and artificial intelligence. Fig. 14 shows the lab 2D material-
based sensor prototype developed in our lab.
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