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Two-dimensional nano-conductors have led to the rapid development of flexible pressure sensors;
however, studies need to establish direct application-based evaluations between MXene and graphene
platforms. Specifically, this review synthesizes recent progress across sensing mechanisms (piezoresistive,
capacitive, piezoelectric, and triboelectric), device architectures (microstructured films, porous foams/
aerogels, textiles, and hybrid stacks), and performance metrics relevant to wearables and soft robotics. In
particular, the operating regime determines the material selection process because graphene crack-
network films demonstrate exceptional sensitivity to sub-kPa pressures for micro-physiological pressure
measurement but MXene composites and textiles maintain their linear behavior and structural stability
during mid- to high-pressure applications with excellent durability. Furthermore, practical limits differ:
MXene requires encapsulation to mitigate oxidation and long-term drift in humid or sweat-rich
environments, while graphene’'s crack-mediated transduction can introduce hysteresis and baseline
evolution over extended cycling. Finally, the last part introduces a decision framework which links
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application restrictions to mechanism-material pairings while demanding standardized reporting methods
that must include sensitivity ranges and load protocols and hysteresis and durability statistics to improve

DOI: 10.1039/d55d00223k comparison and translation capabilities. Therefore, these guidelines enable the rational selection and

engineering of MXene/graphene sensors for health monitoring and human-machine interfaces and soft

rsc.li/sensors robotic touch applications.

1. Introduction

The development of wearable health monitors and soft
robotic touch and human-machine interfaces, such as wrist-
pulse patches, smart plantar-pressure insoles, prosthetic
liners, and soft robotic gripper skins, depends on flexible
and stretchable pressure sensors (Fig. 1)."> 2D conductors
MXenes and graphene demonstrate exceptional mechanical
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Fig. 1 Representative applications of MXenes and graphene in flexible
pressure-sensor technologies.
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compliance and high conductivity and suitable integration
with thin elastomers and textiles and porous scaffolds.®’
However, real device architectures reveal different
performance characteristics of these materials despite their
initial advantages.® For example, the detection of tiny loads
becomes possible through graphene when it is used in
ultrathin films that utilize controlled crack/tunneling
pathways.” MXenes maintain a wide range of quasi-linear
behavior when integrated into foams and aerogels and textile
networks because they demonstrate excellent resistance to
high compression and multiple loading cycles.'® The
observed differences between these materials reach beyond
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basic material characteristics."* The tests establish whether a
device can detect wrist pulses without interference and
measure plantar loads through an insole and withstand
robotic gripper operational cycles.'

A central theme of this review is that the microstructure and
architecture govern performance as much as intrinsic
chemistry. The nanoscale junctions in crack-engineered
graphene films provide them with exceptional sensitivity to
detect low pressure values.” In parallel, MXene networks
embedded in compressible scaffolds develop additional contact
points during loading operations while preserving their
resistance to saturation, which enables them to function across
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a broader range."® Moreover, the combination of 2D sheets with
1D nanowires through hybrid methods produces networks
which show better stability and prevent restacking and exhibit
improved resistance to bending and compression."*

Besides these mechanisms, the advantages of machine
translation require evaluation against operational barriers
which impact translation operations.'® Specifically, MXenes
(e.g., Ti3C,T,) show chemical sensitivity because they undergo
oxidation reactions with oxygen and moisture, which cause
electrical resistance growth and material drift until they
receive protective encapsulation or matrix materials.’® By
comparison, the chemical stability of graphene films exists
but their mechanical strength deteriorates when subjected to
high strain levels. As a result, the microcracks that generate
ultrahigh sensitivity in sensors expand or transform during
cycling operations, which results in hysteresis effects and
baseline movement."”” Consequently, the reproducibility of
both families becomes difficult because stochastic percolation
or crack networks produce different results between devices
when manufacturing processes do not have strict control.”

Accordingly, we emphasize standardized descriptors (e.g.,
AR/Ry kPa™ or AC/C, kPa™ over specified pressure windows),
clear load protocols with loading/unloading curves and
hysteresis, and durability statistics across cycles and
devices.™" Such standardized reporting is essential to
enable meaningful cross-study comparisons and to avoid
misleading performance claims based on selective pressure
windows. In turn, basic reporting requirements would stop
selective data presentation which would result in reliable
results for assessing group performance.'”

Unlike previous reviews that focus exclusively on either
graphene- or MXene-based pressure sensors, this work
provides a direct, application-driven comparison between the
two material platforms across identical sensing mechanisms
(piezoresistive, capacitive, piezoelectric, and triboelectric) and
device architectures. Rather than listing performance metrics
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in isolation, we explicitly map the pressure regime (sub-kPa,
mid-range, and high-load operation), signal type (static vs.

dynamic), and durability requirements to material-
mechanism combinations. Furthermore, we consolidate
detection limits (LODs), sensitivity windows, hysteresis

behavior, and cycling endurance into a unified decision
framework aimed at guiding material selection for wearable
and soft robotic applications. This comparative and decision-
oriented perspective distinguishes the present review from
prior graphene- or MXene-focused surveys.

2. Materials science basis of MXenes
and graphene
2.1 MXene fundamentals (structure, chemistry, and stability)

MXenes form from M,,,;AX,, (MAX) phases through A-layer (Al)
etching to produce 2D carbide/nitride sheets which have
nanometer-scale thickness and surface terminations of -O,
-OH, and -F (Fig. 2a-c)."®?° MXenes become hydrophilic
through these termination processes, which allows them to
disperse in water and polar solvents for applications in
printable inks and spray coatings and polymer integration.*!
The material Ti;C,T, shows metallic-like conductivity because
researchers have measured conductivities between 10*-10° S
m™' in the film form and 4.6 x 10° S m™' in single-sheet
measurements.”” Such high conductivity allows MXene-based
networks to transduce pressure-induced contact changes with
low joule loss, which is attractive for stable, low-power
sensing.”>*! However, the main drawback is that the
environment remains unstable. Specifically, the oxidation of Ti-
based MXenes occurs when they are exposed to air and
humidity, which results in the formation of TiO, and a decrease
in their electrical conductivity (Fig. 2d).”> Moreover, the
degradation process of these materials becomes significant
when they are exposed to sweat and air for weeks to months
without protective measures such as encapsulation
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Fig. 2 Comparative mechanisms of MXene- and graphene-based pressure sensors and their cyclic stability within polymeric matrices. The figure
illustrates the synthesis and surface chemistry of MXene from MAX phases, including HF etching and surface terminations (-O, -OH, -F) (a-c),
followed by oxidation-induced degradation and encapsulation with PDMS for environmental protection (d and e). The pressure sensing mechanism
in MXene relies on reduced interlayer spacing and enhanced interflake contacts under compression, leading to increased conductivity (f and g). In
contrast, graphene-based sensors operate through crack-narrowing and tunneling-dominated conduction, where applied pressure closes
microcracks and decreases resistance (h and i). Cyclic compression of MXene-PU composites exhibits stable resistance with minimal drift due to
strong interfacial hydrogen bonding and reversible scaffold deformation (j-m). By comparison, graphene-PU composites show higher resistance
drift and poor recovery under repeated loading, attributed to weak interfacial adhesion and progressive detachment of graphene sheets from the
polymer matrix (n-q).
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polyurethane (PU) and polydimethylsiloxane (PDMS) (Fig. 2e) or
antioxidant treatments.'® Nevertheless, devices operate through
interlayer sliding in stacked or composite structures.”*>” MXene
flakes in pristine multilayer films experience cracking and
delamination when subjected to strain because of the van der
Waals forces between them.*® However, MXene flakes achieve
improved toughness and flexibility when embedded in polymers
such as PU and polyvinyl alcohol (PVA) to create composites
which withstand extreme bending and compressive forces
before breaking.>**° In addition, the internal structure of
porous scaffolds (PU foams and aerogels) becomes covered by
MXene which creates a three-dimensional network of
conductive pathways."® The interflake distance decreases and
conductive contacts increase when compressed, which produces
a mostly linear piezoresistive response across extensive pressure
ranges while maintaining electrical conduction above 50%
compressive strain (Fig. 2f)."> MXene-coated sponges show
resistance to 10°-10* compression cycles and maintain stable
resistance during each cycle."**' Overall, MXenes possess
outstanding electrical properties and processing capabilities for
foam and composite materials yet need protection against
oxidation and encapsulation by for example PDMS to ensure
their long-term functionality (Fig. 2e).*>

2.2 Graphene fundamentals (forms and sensing behavior)

Graphene is a one-atom-thick sp” carbon sheet with very high
carrier mobility and excellent in-plane conductivity (~10*-10°
S em™ for high-quality material).>® The literature reports four
primary methods to implement graphene in flexible pressure
sensors through (i) chemical vapor deposition (CVD)
graphene film transfer onto elastic materials and thin plastic
substrates.®® (ii) Printing graphene flakes or reduced
graphene oxide (rGO) to create conductive paths through
junctions.® (iii) 3D graphene foam production starts with
metal foam templating during CVD followed by etching steps.
(iv) Solution-based GO/rGO films allow mass production
through deposition techniques.*®*” These morphologies
create layers that can be applied to flexible materials which
include fabrics and microstructured elastic materials.
Moreover, a defining sensing mechanism in many graphene-
based pressure sensors is the microcrack- or tunneling-
dominated piezoresistive response. The natural development
of nanoscale cracks and partial separation happens in ultra-
thin graphene films and graphene/rGO coatings which are
applied to elastomers.” The current flows through a small
number of fragile junctions (high resistance).*® The
resistance shows a substantial decrease when the local
contact area expands and tunneling gaps decrease in size
under typical pressure conditions (Fig. 2h and i). This yields
extremely high sensitivity in the sub-kPa regime. For
example, the reported sensors achieve sensitivity levels of
10*-10° kPa™' when operating at pressures below 0.5 kPa and
optimized microstructured graphene films achieve pressure
detection at the Pa level.>® As a result, this behavior is ideal
for applications such as pulse monitoring, vocal/throat

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sensing, facial micro-movement mapping and light-touch
tactile interfaces.®®* However, the same mechanism that
creates cracks in the material structure leads to performance
limitations."”” The sensitivity of most cracks to pressure
changes becomes minimal after they close at a pressure of a
few kPa.’® Furthermore, the repeated cycling process causes
cracks to spread which results in hysteresis effects between
loading and unloading curves and baseline resistance drifts
that occur throughout time (Fig. 2n-q). Graphene foams and
elastomer composites filled with graphene show different
compression behavior because they compress like sponges
while their conductive paths become denser.*’ As such, the
structures show high compressive strain values above 40-
50% when operating at broad pressure ranges yet they exhibit
lower sensitivity than ultrathin crack-engineered films.***
Overall, the ultra-low-pressure sensitivity of graphene reaches
exceptional levels while its detection limits become extremely
low but this performance comes with restricted linear range
operation and increased hysteresis and potential long-term
crack formation issues.****

2.3 Microstructure-mechanics link in composite sensors

MXenes and graphene exist in most practical devices as
individual components which are embedded inside soft
structured matrices that include PDMS, Ecoflex, PU foam,
thermoplastic polyurethane (TPU), hydrogel and textile
materials.® Accordingly, the electromechanical response is then
governed by how the conductive network evolves under
compression.”” In percolating composites, pressure reduces
interparticle distance, increases contact area and/or opens new
conduction pathways, decreasing resistance in a largely
monotonic, piezoresistive way.’® MXene polymer composites
achieve their enhanced performance through the MXene's sheet-
like structure and surface terminations, which enable close
polymer contact and sustained interflake connections under
cyclic loading conditions (Fig. 2j-m).*” MXene networks based
on foam or aerogel materials exhibit wide operational pressure
ranges and minimal hysteresis because they form additional
contact points when subjected to increased pressure.*® By
contrast, the failure behavior of graphene-based composites
follows the same percolation principles as other composites but
shows unique failure patterns. The tunneling barriers between
flakes in rGO networks experience major changes when
subjected to small compressions. This led to producing high
sensitivity at low loads, but leads to permanent network
rearrangement and drift.”” In addition, the dome tips of
microstructured arrays create adjustable contact areas with
elastomer surfaces, which enables the formation of conductive
junctions that decrease resistance speedily based on applied
pressure.’® Sensitivity is extremely high at first contact, and then
levels off as full contact is reached. Meanwhile, MXene or
graphene-coated porous foams function as compressible
scaffolds because their cell walls compress in a stepwise manner
under load, which generates linear stress-strain behavior up to
tens of kPa while preserving functionality during thousands of
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loading cycles.*® Moreover, interfacial chemistry serves as a vital
factor in this process. For example, MXene functional groups
establish hydrogen bonding and other chemical interactions
with polymers, which enables the network to reset after
unloading and decreases hysteresis.”™>' Conversely, the
chemical inertness of pristine graphene along with its ability to
slide between interfaces results in increased hysteresis unless it
receives modifications through functionalization or polymer
coating or secondary nanofiller hybridization.”*** The
combination of 2D sheet structures with 1D nanowires (e.g.
graphene + CNTs and MXene + Ag nanowires) creates a hybrid
system that provides better connectivity and prevents restacking
and achieves superior mechanical strength against bending and
compressive forces.”* Overall, the performance of sensors relies
on microstructure instead of sheet properties because graphene
needs crack networks for ultrahigh sensitivity at small loads and
MXene-based foams/composites achieve a wide pressure range
and cycling stability through their percolating conductive
scaffolds. MXene enhances conductivity through reduced
interlayer spacing, while graphene enhances conductivity via
crack narrowing under applied pressure (Fig. 2f-i). The MXene-
PU composite shows reversible deformation and stable
resistance during cyclic loading due to strong interfacial
hydrogen bonding (Fig. 2j-m), while the graphene-PU
composite exhibits higher resistance drift and poor recovery
because of weak interfacial adhesion (Fig. 2n-q).

2.4 Mechanical compliance and durability of MXene and
graphene sensors

Both MXene- and graphene-based pressure sensors are designed
to be mechanically compliant, typically on thin elastomeric or
plastic substrates that can bend to millimeter-scale radii without
significant signal loss.>®> Graphene films on polyethylene
terephthalate (PET), for example, remain functional when
wrapped around ~5 mm radius surfaces. Similarly, MXene-
coated textiles and thin MXene films maintain stable resistance
under repeated bending to ~3 mm radius or 90° flexing.>® Pure,
continuous MXene or graphene films are not intrinsically
stretchable—they tend to crack under large tensile strain—so
stretchability is usually achieved by structural engineering:
patterning serpentine traces, embedding flakes in elastomers, or
producing fiber and foam architectures. Graphene-rubber
composites can tolerate >20% tensile strain as functional
sensors, and MXenes integrated into stretchable polymer fibers
have been reported to sustain >100% strain without electrical
failure.”>”” While many pressure sensors mainly experience
compression rather than tensile stretching in use, bendability is
essentially mandatory for wearables and e-skin. Durability under
cyclic loading is another key differentiator. MXene-based
composites and aerogels often show highly repeatable
piezoresistive behavior over thousands to tens of thousands of
compression cycles (e.g. stability reported beyond 10°-10" cycles,
and in some cases ~25 000 cycles).”® This resilience is attributed
to MXene flakes forming robust, contact-rich networks within
elastic scaffolds, which absorb compression without severe
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fracture or delamination. Graphene sensors can also be durable,
but their dominant mechanism—pressure-driven closing/
reopening of microcracks and tunneling gaps—can introduce
hysteresis and early-cycle drift. Many graphene crack-network
sensors exhibit an initial “training” period in the first ~10”
cycles where cracks stabilize, followed by relatively stable output
over >10° cycles, though some baseline drift typically remains.
By contrast, when MXene or graphene serves primarily as a
flexible electrode in capacitive or piezoelectric devices, rather
than as the active piezoresistive network, cycling endurance can
exceed 10° load cycles because the sensing no longer depends
on repeatedly breaking/reforming conduction pathways.>* '
Under high-pressure or high-strain compression, MXene-infused
foams and aerogels generally retain structural integrity and
electrical continuity even at >50% compressive strain and at
pressures extending to >100 kPa, in some reports up to the 100-
150 kPa range and beyond.®>®* Certain MXene-textile systems
have even tolerated loads approaching the MPa level without
catastrophic failure.®® Graphene can achieve comparable wide-
range robustness when configured as a 3D foam or laser-scribed
graphene sponge, which distributes stress through a porous,
recoverable network and enables sensing up to tens of kPa (e.g.
~50 kPa) without immediate saturation.”* However, ultra-thin
planar graphene films on flat substrates are more vulnerable:
excessive normal force can permanently propagate cracks or
collapse the percolation network unless the film is pre-patterned
or supported by a microstructured elastomer.

In summary, both MXenes and graphene can deliver flexible,
bendable, and even stretchable pressure sensors with multi-
thousand-cycle endurance. Graphene excels in ultrahigh
sensitivity at low pressure but can suffer from crack-driven
hysteresis and drift under cycling. MXene composites excel in
mechanical robustness under repeated compression and in a
broad pressure range but face long-term chemical stability
concerns (oxidation and embrittlement) in humid, skin-contact
environments.

3. Sensing mechanisms in flexible
pressure sensors

Flexible pressure sensors operate through four main mechanisms
which include piezoresistive, capacitive, piezoelectric and
triboelectric. Here, we focus on how MXene- and graphene-based
devices operate under each mechanism, and how the same
material can act either as the active sensing network (changing
resistance with pressure) or as a compliant electrode.

3.1 Piezoresistive sensing

Piezoresistive sensing relies on pressure-induced changes in
electrical resistance: when an external load compresses a
conductive network, the geometry of that network and the
number/quality of conductive contacts changes, which
modifies the measured resistance (Fig. 3a).®® For example,
MXene sheets (e.gs Ti;C,T,) can form a percolating
conductive network in a compressible scaffold such as a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Sensing mechanisms in flexible pressure sensors (a) piezoresistive, (b) capacitive, (c) piezoelectric and (d) triboelectric.

coated foam or an elastomeric composite.®® At zero load,
baseline resistance is dominated by the largest inter-sheet
gaps; when pressure is applied, the structure compresses,
MXene sheets move closer, new contact points form, the
contact resistance associated with those gaps (R.) drops, and
total resistance decreases.®® As a result, MXene-based foams
and aerogels exhibit a mostly linear resistance change across
a wide pressure range because their compression process
creates multiple parallel conduction paths that become
denser instead of depending on a single fracture point. For
instance, MXene aerogel/foam sensors achieve sensitivity
values of ~331 kPa™* in the 0-0.5 kPa range and ~126 kPa ™"
in the 0.5-7.5 kPa range while maintaining functionality at
pressures above 7 kPa. Similarly, the sensitivity of other
MXene/foam designs remains linear from 0 to 100 kPa with
sensitivity values ranging between ~1 and 5 kPa *. Moreover,
the stability of cycling remains strong because MXene shows
less than 5% drift after 10000 cycles when it is properly
attached to an elastic scaffold.®> ®” However, MXene requires
encapsulation or antioxidant treatment to protect its
conductivity from degradation when exposed to humid or
sweat-rich environments because it oxidizes under such
conditions which leads to conductivity changes and long-
term drift.*®

The piezoresistive sensing mechanism of graphene-based
sensors depends on the occurrence of microcracks and
tunneling effects. Specifically, the combination of graphene
films with stretchable substrates leads to nanoscale defects
that recover partially through minor pressure changes, which
produces a major reduction in resistance. Consequently, the
method produces high sensitivity to minimal pressure
changes because results show ~232.5 kPa™ sensitivity in 0-
0.2 kPa through controlled microcrack engineering in
wearable graphene sensors which detect throat-vibration-level
pressures.®”® Alternatively, graphene can also be integrated
as a conductive sponge or composite (graphene or rGO
dispersed in PU foam/elastomer), which gives more moderate
sensitivities (~0.79 kPa™ with ~75 Pa detection limit and
>10000 stable cycles,” or ~0.1-1 kPa™' over 0-20 kPa in
graphene foams) and a broad usable range.®*’° However, the
two main engineering problems that occur are (i) hysteresis:

© 2026 The Author(s). Published by the Royal Society of Chemistry

the loading and unloading curves do not overlap because
cracks open and relax differently with ~10-20% hysteresis
observed at higher pressures, and (ii) the crack network
undergoes structural changes during repeated cycling, which
causes the baseline to shift over time.®®> To mitigate this, the
introduction of microstructured supports (wrinkles and
microdomes) under graphene films enables strain
distribution which slows down crack growth and enables
operation at elevated pressures before material failure occurs.
In summary, the two piezoresistive sensing methods use
MXene networks and graphene-based crack/tunneling films
to detect pressure through distinct physical mechanisms
where MXene densifies its 3D conductive structure and
graphene adjusts its nanoscale crack junctions. Accordingly,
the various synthesis methods result in different operational
requirements because MXene needs oxidation control and
graphene requires hysteresis and drift management.

3.2 Capacitive sensing

Capacitive pressure sensing measures changes in capacitance
between two electrodes separated by a compressible dielectric
layer: applying pressure reduces the gap (or changes the
dielectric geometry/permittivity), which increases capacitance
(Fig. 3b).”" In such devices, MXene or graphene in flexible
capacitive sensors functions as a thin flexible electrode
instead of a dielectric material.”> MXene/AgNW electrode
capacitive sensors with PDMS dielectrics achieve pressure
detection sensitivity down to 16 mg during their operation
within the 0 to 600 kPa range. Vertical graphene (VG)
electrodes with microstructured dielectrics demonstrate two
distinct sensitivity ranges which amount to 6.04 kPa™" for 0-1
kPa and 0.69 kPa' for 1-10 kPa. Additionally, the
combination of Ag nanowires and CNTs in 1D electrode
structures prevents MXene sheet stacking while enabling
stretchability and maintaining stable contact resistance
during multiple loading cycles.”>”® Notably, the MXene/
AgNW-electrode capacitive sensors with patterned PDMS
dielectrics achieve pressure detection sensitivity of 10.13
MPa™' in the 0-100 kPa range while detecting pressure
changes below 16 mg across 0 to 600 kPa.”*
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The quasi-static readout of capacitive sensors enables their
use in wearable technology, while their low hysteresis and
minimal power consumption through small AC sensing make
them suitable for continuous monitoring.”* The combination of
micro-domes and interlocked/porous dielectrics in sensors
generates increased local strain which results in enhanced
detection of small pressure variations. The VG-electrode
capacitive sensors demonstrated a sensitivity of 6.04 kPa™* when
operating within the pressure range of 0-1 kPa.”* However, the
system faces two main limitations which include environmental
sensitivity to humidity and nearby objects that can affect fringe
fields and dielectric saturation when the material reaches its
maximum collapsed state.”* The range of these devices can be
extended by using multilayer or porous dielectrics and textile/
air-gap spacers. For example, a MXene-textile capacitive device
with a porous fabric dielectric showed a near-linear response up
to 1.5 MPa.

MXenes and graphene function as flexible high-
conductivity electrodes in capacitive stacks according to the
materials analysis. In particular, MXenes offer very low sheet
resistance at small thickness but are moisture-sensitive, while
graphene- or VG-based electrodes are chemically robust and
printable/transferable, although achieving equally low sheet
resistance may require thicker coatings. Consequently, the
materials function as capacitive sensors to monitor pressure
distribution for respiration and posture and plantar load
analysis with high repeatability and minimal drift and sub-Pa
detection sensitivity.

3.3 Piezoelectric sensing

Piezoelectric pressure sensors produce electrical signals
through changes in piezoelectric material polarization when
mechanical stress occurs; these sensors detect dynamic
events like force onset and offset and vibrations instead of
steady loads (Fig. 3c).”> Accordingly, polyvinylidene fluoride
(PVDF) and PVDF-trifluoroethylene (TrFE) films and fibers
serve as piezoelectric materials in flexible piezoelectric
systems which use MZXenes or graphene as conductive
additives to boost mechanical strength and electrical charge
collection. For example, the addition of a tiny amount of
graphene to PVDF results in a major increase of the effective
piezoelectric coefficient ds; from ~22 pC/N to ~39.7 pC/N at
~0.11 vol% graphene because of better -phase crystallinity
and superior stress transfer.”® Similarly, electrospun PVDF/
MXene fiber mats generate voltage sensitivities of ~0.0048 V
N because MXene creates an internal conductive path that
improves charge collection.”” In addition, the use of ultrathin
MXene or CVD graphene electrodes in place of brittle metal
foil enables the creation of flexible and semi-transparent
patches which can be applied to skin or textiles to detect
arterial pulse waves and throat vibrations.

Notably, piezoelectric sensors typically exhibit very fast
response (3.5 ms for thin PVDF films) and can be treated as
“self-powered”, since they produce a voltage transient without
external bias; however, a high-impedance readout circuit is still
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required.”® Consequently, the generation of charge through
stress changes makes piezoelectric sensors work best with
dynamic inputs because static or slowly changing loads cause
signals to fade away from charge redistribution.”” However, the
technology has two main limitations because (i) it fails to detect
steady constant forces (the signal strength decreases when the
material is subjected to static pressure because charges move to
new positions) and (ii) piezoelectric polymers need electrical
poling to align their dipoles but this process can cause
depolarization through heat exposure or mechanical wear.”
Accordingly, the integration of piezoelectric PVDF/MXene or
PVDF/graphene layers with resistive or capacitive layers in
stacked configurations allows groups to monitor both dynamic
and static information through a single hybrid device.

3.4 Triboelectric sensing

Triboelectric  pressure sensors known as triboelectric
nanogenerators (TENGs) produce electrical signals through
contact and separation of materials with different triboelectric
properties (Fig. 3d). The real contact area between materials
changes when pressed, which leads to a change in transferred
charge and produces an AC voltage/current pulse. TENGs
operate similarly to piezoelectric devices because they detect
contact changes and impacts instead of static pressure but they
produce higher voltage outputs (tens to hundreds of volts) when
pressed lightly and function as self-powered devices for touch
interfaces and electronic skin applications.””*® MXenes and
graphene are typically used as compliant electrodes or
conductive layers that collect and route charge, and in some
cases are patterned directly into the tribo-contact surface to
increase available contact area.”” For example, porous laser-
induced graphene (LIG) and vertical graphene walls provide
large effective area and have been integrated into triboelectric
arrays for spatial touch mapping and machine-learning-based
gesture recognition.®” MXene coatings on textiles or yarns have
been used so that pressing a fabric node both generates a
triboelectric pulse (sufficient to trigger LEDs) and provides a
stable conduction path for extracting the signal. The surface
chemistry of graphene can be adjusted to function as either a
tribo-positive or tribo-negative material, while its transparent
and flexible nature enables the creation of thin tactile pads.
MXene shows improved output and extended durability through
its high surface charge density and printable hybrid capabilities
with Ag nanowires which protect electrodes from damage.®'

The advantages of triboelectric sensing include self-
powered operation and high sensitivity to small dynamic
forces such as airflow and tapping and throat vibration and
mechanical robustness that depends on surface contact and
separation rather than bulk compression. However, a signal
becomes transient when a sustained force stops generating
current because it exists only briefly. The process of absolute
pressure calibration becomes challenging because surface
charge dissipation from humidity and sweat leads to sticking
behavior which causes measurement consistency to decrease
over time. Therefore, the literature studies hybrid stack
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systems which combine triboelectric layers based on
graphene or MXene electrodes with piezoelectric or resistive/
capacitive layers to enable both event detection and force
magnitude measurement in wearable human-machine
interfaces and soft robotic skins.

3.5 Mechanism-application mapping

The selection of sensing mechanisms between piezoresistive,
capacitive, piezoelectric and triboelectric depends on particular
application requirements, while MXene and graphene selection
determines the final performance level. The two most suitable
sensor types for static or slowly changing load applications are
piezoresistive and capacitive sensors because they produce
dependable output signals when operating under constant
pressure conditions.®* For example, MXene-based piezoresistive
foams produce consistent quasi-linear output signals when
subjected to various pressure ranges from 0.43-275 kPa which
includes both small and large pressure changes. The material
shows no signs of degradation during multiple loading cycles at
high pressure levels. However, graphene piezoresistive films
detect static pressure but their sensitivity decreases because
microcracks develop from prolonged loading periods.*
Meanwhile, MXene and graphene electrodes in capacitive
sensors provide excellent performance for continuous static
monitoring applications including blood pressure contact
sensing and seat occupancy detection because they exhibit
minimal hysteresis and electrode impedance stability. The
choice between graphene and MXenes depends on specific
requirements since graphene works well for thin transparent
films but MXenes offer better performance for low impedance
electrodes and large area printing applications.*>® Additionally,
graphene piezoresistive films are needed for wrist pulse and
throat vibrations and facial micro-movements because they
achieve superior performance at ultra-low pressure levels
through engineered crack networks that detect pressure below 1
kPa and track small pressure waves of 0.5 kPa through large
resistance changes. PVDF/PVDF-TrFE piezoelectric patches with
MXene or graphene-based electrodes convert sub-kPa dynamic
oscillations into voltage signals which extract precise time-
dependent information from throat vibrations and pulse
patterns.®”® MXene-based piezoresistive composites (MXene in
PU sponge or layered MXene films) work best for wide-range
and high-load applications such as robotic touch (0-50 kPa grip)
and prosthetic interfaces and plantar pressure mapping in gait
(up to hundreds of kPa), because they maintain their sensitivity
and linear response across tens to hundreds of kPa and show
high durability (often >10°-10" cycles). By comparison,
graphene foams operate in this pressure range but their
operational stability becomes lower when they do not have a
polymer support.*”®> MXene-based piezoresistive fabrics and
microstructured capacitive designs used in textile pressure
sensors achieve near-MPa to MPa-class ranges for gait and load
monitoring applications while showing suitable durability.**
Accordingly, the use of capacitive sensing becomes suitable for
ultra-low-power wireless systems and long-term patches and
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passive readout nodes because it requires minimal energy for
investigation and electrode stability becomes essential in this
context. The use of graphene electrodes provides resistance to
oxidation but MXene electrodes need encapsulation to stop
oxidation degradation because of their high conductivity which
enables thin conductive patterns. Self-powered tactile interfaces
that include robotic skins and smart gloves require triboelectric
and hybrid tribo/piezoelectric sensors as their preferred sensing
technology because MXenes and graphene function as flexible
electrodes which produce voltage spikes when touched without
external bias to detect events and harvest energy, but absolute
force calibration remains difficult and sensor output gets
affected by humidity levels.**® The analysis shows that
graphene-based piezoresistive and piezoelectric sensors work
best for detecting ultrasensitive dynamic biosignals at sub-kPa
levels. Conversely, MXene-based piezoresistive and MXene-
enhanced capacitive systems show better performance for
robotics and prosthetics and gait applications that require static
or high-load sensing. Therefore, the choice of capacitive sensors
made from any material becomes the best option for low-power
continuous monitoring applications. Finally, MXene/graphene
electrodes in triboelectric/piezoelectric designs show great
potential for self-powered touch interface applications.

4. Device architectures and
fabrication routes
4.1 Common sensor architectures

The literature shows how MXene integration with graphene
depends on specific device architectures which lead to distinct
performance outcomes. Accordingly, in this section we describe
the physical architectures themselves—how they generate
signals and why they can be highly sensitive or wide-range
without yet assigning specific applications to each design.

e Microstructured film/sandwich structures: a flat or
microstructured dielectric layer is enclosed between two
compliant conductive layers; this is widely used in capacitive
and some piezoresistive sensors (e.gz PDMS between two
MXene-coated electrodes, or a thin graphene resistive film
encapsulated so that applied pressure compresses it)
(Fig. 4a).>*”* These stacks are pixel-addressable by design
because the top and bottom electrodes can be patterned into
addressable elements. The middle layer becomes more
sensitive when engineers create microdomes or other relief
features because the dome tips start with minimal contact
which leads to rapid expansion of contact area when pressure
increases, thus creating significant resistance or capacitance
changes. In this context, active layers in graphene films and
MXene films maintain their ultrathin structure which allows
them to operate as flexible electrodes in sandwich cells
without creating noticeable stiffness.

e Porous foam/aerogel structures: here, the active element
is a compressible 3D network rather than a flat film (Fig. 4b).
Pressing the network (e.g. PU foam coated with MXene or
graphene foams/aerogels) changes the overall resistance or
contact pathway density through the scaffold.*>®*® The
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sponges maintain their ability to compress deeply while
withstanding high pressure forces and display linear
deformation patterns before they return to their initial state
after pressure release. MXene is commonly introduced by
dip-coating or infiltration so that conductive flakes coat the
internal skeleton of the foam, while graphene-based foams
can be grown by CVD on a sacrificial template or formed by
coating/reducing GO.****%° Moreover, the combination of
MXene aerogels with other films in layered porous variants
enables the control of linearity while their lightweight
structure and permeability make them suitable for wearable
applications. As a result, the 3D percolating structure of these
materials allows them to function under various pressure
conditions and maintain their performance through multiple
operational cycles.

e Fiber/textile architectures: MXene or graphene is coated
onto, printed onto, or embedded within fibers (cotton, elastic
yarns, and PU), turning them into pressure/strain-sensing

Sens. Diagn.

yarns that can be knitted or woven into pressure-sensitive
fabrics (Fig. 4c).”>°" The yarn crosspoints experience elevated
local pressure that enhances contact surface area while
reducing electrical resistance to form a piezoresistive “pixel”.
In addition, the direct printing of graphene inks onto fabrics
results in e-textiles while MXene forms strong bonds with
textiles through hydrogen bonding to create long-lasting
sensing fabrics. Additional composite or spacer layers can be
added around the yarns to amplify the local deformation and
improve signal strength, while still keeping the whole
structure wearable and washable. Consequently, the wide
distribution of textiles across large areas allows this
architecture to achieve body-conformal pressure mapping
and support extended mechanical cycling.

e Interdigitated electrodes on soft substrates: interlocking
conductive fingers (graphene screen-printed on PDMS, or
patterned MXene via inkjet/screen printing) are laid on an
elastomeric substrate (Fig. 4d).”*°> Under applied pressure,
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the application of pressure reduces the substrate thickness
while moving the fingers closer together which enhances
tunneling/fringe conduction and decreases resistance or
changes fringe capacitance. The strain sensing geometry can
be adapted to develop 2D tactile arrays for spatial pressure
mapping through the placement of multiple interdigitated
cells in a side-by-side configuration. MXene and graphene
patterning and printing capabilities with high lateral
resolution enable this design to be manufactured at a scale
and used for flexible electronic circuit development.

e Multilayer/hybrid stacks: multiple functional layers are
laminated so that different transduction modes coexist in
one device. For instance, the literature has proven the
feasibility of dual-mode stacks which use triboelectric
materials on top of piezoresistive materials for detecting both
dynamic contact-separation events and quasi-static loads.”?
Likewise, a PVDF piezoelectric film with MXene electrodes
can be placed above a MXene/foam resistive layer, so one
channel captures fast, transient events and the other captures
quasi-static pressure, without adding large thickness or rigid
backing.’* MXenes and graphene need thin TPU or polyimide
encapsulation layers to protect them against environmental
factors and achieve uniform stress distribution in the stack.

Overall, the five recurring architectures (microstructured
film/sandwich, porous foam/aerogel, fiber/textile, interdigitated
planar, and multilayer hybrid) correspond to the fundamental
sensing methods. These include sandwich cells for capacitive or
controlled piezoresistive measurements and foams/aerogels for
piezoresistive measurements across broad compression ranges,
as well as, textileslyarn networks for piezoresistive or
triboelectric sensing in wearable applications and interdigitated
layouts for resistive or capacitive operation with precise spatial
control and hybrid stacks that unite static and dynamic
channels within a single laminate.*>* The selection between
MXenes and graphene depends on these form factors because
these materials share solution-processability and printability
and flexibility but respond differently to architectural designs.
MXenes bond well with porous materials and textiles through
dispersion and coating methods but graphene's thin atomic
structure and printable patterns make it suitable for creating
thin microstructured layers and detailed interdigitated
electrodes. The system operates effectively only when it receives
particular application guidance for its operation (skin-level
micro-pressure sensing, wide-range load mapping, soft robotic
grip, etc.). This issue is therefore addressed in the following
section rather than here.

4.2 Substrates and matrices

The substrate or matrix provides mechanical support and
flexibility and stretchability through four main categories. (i)
In particular, the skin-like stretchable rubber materials PDMS
Ecoflex and polyurethane serve as popular choices because
they can be patterned into domes or pyramids for high
sensitivity and they conform to surfaces while supporting
conductive layers (Fig. 4e).”>®*°® For example, graphene is
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commonly transferred onto PDMS to create crack-based
ultrahigh-sensitivity films or used as a wrinkled/stretchable
electrode after pre-strain release.”®®” Similarly, MXenes can
also be dispersed in PDMS, though their hydrophilicity vs.
PDMS hydrophobicity means that surfactants or polymer
binders (e.g. PVA and PU) are often added to stabilize the
network.”® PU foams are essentially porous elastomers and
act as compressible piezoresistive sponges for MXenes or
graphene; Ecoflex, an ultra-soft silicone, allows intimate skin
contact for wearable patches.*>°° In contrast, (ii) plastics (PI
and PET): these films are bendable but not stretchable, and
useful when only flexing is needed. Polyimide (PI) supports
printed graphene patterns or spin-coated MXene films
(Fig. 4f). PET commonly receives transferred CVD graphene
as a transparent, flexible electrode, or drop-cast MXenes (with
adhesion treatment).’°*%% Accordingly, such substrates suit
bendable pressure sensors embedded in flexible circuits.
Moreover, (iii) textiles and paper: MXene coatings on fabrics
(cotton and polyester) create pressure-sensitive smart fabrics
that are breathable because MXenes bond to cellulose
through hydrogen bonds and similar applications use
graphene inks printed on fabric materials (Fig. 4g).”> The
paper-based capacitive sensors consist of paper as the
compressible dielectric/substrate material which is combined
with printed or coated conductive electrodes (e.g., AgNWs
and carbon/graphene) to create ultralow-cost devices.
Furthermore, all-paper stacks can also be realized by pairing
conductive paper electrodes (e.g., polypyrrole-printed paper
or MXene-coated tissue) with blank tissue paper as the
dielectric.’®*™'°* Finally, (iv) hydrogels: PVA hydrogels loaded
with MXene sheets create conductive pressure sensors that
are soft and water-rich and suitable for skin contact because
their resistance changes when compressed and they can
detect both pressure and temperature variations (thermo-
piezoresistive) (Fig. 4h)."°® In addition, hydrogels function as
ionic electrodes in capacitive sensors while MXenes and
graphene oxide show good dispersion properties in these
materials although MXenes tend to oxidize more quickly
when exposed to water.'®” Overall, across all classes,
substrate mechanics directly tune responses: a very soft, low-
modulus matrix (porous silicone and foam) gives large
deformation and high low-pressure sensitivity, while stiffer
or multilayer stacks extend the usable range by preventing
full collapse at higher loads. MXenes' surface chemistry
affects their behavior because the -O/-OH terminations
create hydrogen bonds that enhance adhesion to fibrous or
polar or hydrogel matrices, which leads to better cycling
stability. By comparison, the physical encapsulation or in
situ reduction of GO within a polymer serves as the main
method to stabilize graphene because it lacks active surface
groups.”®

4.3 Processing and integration methods

The method of MXene or graphene integration into pressure
sensors determines how well the materials distribute evenly and
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how consistently they perform and how easily they can be mass-
produced. In this context, the integration methods for pressure
sensors include coating, printing, microfabrication and roll-to-
roll manufacturing.'®® The dip-coating method of PU foams and
textiles into MXene ink solution produces a uniform coating that
covers the entire porous structure (Fig. 4i),”> whereas, spray-
coating or airbrushing MXenes/graphene onto PDMS
microdomes produces targeted coverage.'” The vacuum-
assisted filtration method enables the creation of dense uniform
films from MXenes or graphene oxide which can be transferred
to flexible substrates."'® Similarly, drop-casting and spin-coating
methods allow MXene or graphene inks to be deposited onto
flexible substrates, enabling the formation of uniform
conductive layers for pressure sensing applications.'™ The
printing techniques enable large-scale pattern creation because
MXene and graphene nanoplatelet inks can be used to create
interdigitated or textile-integrated electrodes (Fig. 4j).'">'"> The
screen-printing process allows users to create features with
dimensions between 30 and 50 pm when using MXene inks that
contain binders. By comparison, the precision of inkjet printing
depends on MXene ink formulations which need to prevent
both restacking and graphene nozzle blockage (Fig. 4k)."*
Microfabrication techniques allow scientists to build exact
functional microstructures through photolithography which
creates patterned graphene electrodes.'*> The method of laser
induced graphene structuring enables researchers to create
precise patterns on polymer materials, while direct high-
precision printing and post-patterning techniques exist for
flexible systems (Fig. 41).""*> The production of flexible sensors
using roll-to-roll (R2R) printing of graphene inks on PET
substrates has been achieved at industrial scales,"® and
researchers propose similar continuous coating and infiltration
methods for MXenes when ink stability and drying control and
MXene oxidation management are achieved."'” The application
of thin PU or PVA encapsulation protects MXenes from
oxidation and graphene from abrasion while maintaining
flexibility."*® The sensor requires printed conductive traces or
low-temperature silver paste for lead attachment to establish
electrical connection and, multilayer stacks need correct
alignment during lamination procedures. The different
fabrication methods range from laboratory spin-coating to
industrial R2R printing, yet researchers face difficulties in
creating uniform microstructures and protecting MXenes from
degradation throughout processing.

4.4 Environmental and biocompatibility considerations

The development of MXene and graphene pressure sensors for
wearable applications requires equal attention to electrical
performance, environmental tolerance, safety regulations and
user comfort standards.''® Moreover, the combination of water
and sweat exposure creates significant stress on these materials
because MXenes (TizC,T,) experience rapid oxidation when
exposed to oxygen and water, which accelerates performance
degradation and induces sensing signal drift, thus requiring
protective coatings to prevent skin contact failure within short
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periods.’® In addition, the addition of thin waterproof flexible
encapsulation materials (parylene, PU and PDMS) helps protect
MXene-based fibers from degradation while artificial sweat
exposure does not affect their stability."”>* Conversely, the
resistance of graphene remains stable in moisture but water
accumulation in microcracks and interfaces causes temporary
resistance changes and capacitive sensors experience dielectric
constant shifts which affect pressure measurement accuracy,
thus requiring breathable platforms with porous structures
(foams and textiles) for sweat drainage.’”’ Furthermore, the
primary factor that causes long-term reliability problems for
MXene materials is oxidation which leads to drift in their
performance. The influence of oxidation in MXenes and
moisture accumulation in cracked graphene on signal stability,
together with the mitigation provided by encapsulation of
MXenes and by maintaining dry interfaces in graphene, is
schematically illustrated in Fig. 5a and b. The PVA polymer-
MXene combination establishes an oxygen-free space which
makes the material more stable for longer periods (the PVA/
MXene film showed improved conductivity retention compared
to water-based MXene films which lost their conductivity after
one to two weeks)."*" Additionally, the resistance of polymer
materials changes with temperature while their thermal
expansion properties affect sensor readings. MXene films show
metallic properties which enable transport measurements but
graphene-based elements need temperature sensors or
protective packaging to operate at stable temperatures because
of their high temperature coefficient of resistance (TCR)
values.'® Therefore, the development of safe wearable devices
needs appropriate management of these factors to achieve
biocompatibility. The encapsulation process enables graphene
films to become safe for skin contact but high exposure to loose
graphene flakes through inhalation becomes dangerous.
Notably, the 24 hour cytocompatibility test of skin fibroblasts
(L929) with MXene hydrogel composites showed positive results
in laboratory tests, and standard encapsulation methods protect
these materials for skin contact application.'* Consequently,
all wearable sensor implementations require protective
packaging which serves dual purposes to maintain electrical
stability and ensure user safety. The protective layers of PDMS,
Ecoflex, TPU and parylene serve two purposes by protecting
MXenes from oxidation and graphene from damage, while
making textile sensors washable and securing electrical
connections with conductive epoxy and silicone strain relief.
However, the sensitivity of capacitive devices decreases when
they use stiff encapsulation materials, which also reduces their
ability to detect pressure changes."”® Finally, the last
requirement for wearable technology needs to ensure that users
can operate it comfortably. Thin graphene-on-polymer films
with 2 um thickness create an electronic tattoo experience while
MXene-coated fabrics maintain regular fabric texture but MXene
powder becomes irritating when it separates from the fabric
unless proper sealing occurs.'*® Thus, the design of wearable
technology needs to be both lightweight and breathable because
these characteristics enable users to stay safe while feeling
comfortable.'** Overall, the chemical stability of graphene
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Fig. 5 Schematic illustration of humidity-induced signal instability in MXene- and graphene-based pressure sensors. (a) Unprotected MXene
exposed to water/oxygen undergoes surface oxidation, leading to pronounced signal drift, whereas an encapsulated MXene stack shows a stable
electrical response. (b) Wet cracked graphene with moisture trapped in interfacial cracks exhibits signal drift and noise, while the same cracked

graphene film in a dry state provides a stable output.

makes it suitable for extended on-skin applications, yet MXenes
require protective encapsulation to stop their oxidation-based
performance degradation, and cracked graphene structures
demand careful control of moisture so that interfacial regions
remain dry and signal drift is avoided. The combination of
suitable encapsulation methods with breathable designs
enables both materials to achieve safe, biocompatible and
comfortable wearable prototypes for real-world applications.

5. Data extraction table (literature
landscape)

Table 1 presents recent flexible pressure-sensor examples which
use piezoresistive, capacitive, piezoelectric and triboelectric
sensing mechanisms with graphene and MXenes and their
hybrid materials. Additionally, the table presents device
architecture types (flat films, porous foams/aerogels, micro-
textured dielectrics, and textiles) with their respective
performance metrics which include kPa™ sensitivity, V kPa™
sensitivity, Pa detection limits, Pa to MPa linear/usable range,
hysteresis, response time in ms and cycling endurance.
Together, the design map provides a step-by-step process to pick
mechanisms based on DC or AC signal types and material
families for ultra-low pressure or tens-hundreds of kPa
operation followed by selecting an architecture and packaging
to achieve the best possible design under budget constraints.
Accordingly, the design trade-offs between mechanisms show
direct relationships with specific use-cases according to the
table. The piezoresistive graphene micro-architectures with
vertical micro-pyramids, LIG on micro-textured PDMS and LM-

© 2026 The Author(s). Published by the Royal Society of Chemistry

tuned sponges achieve high per-pascal sensitivity in the sub-kPa
range (10°-10° kPa™" with Pa-level LOD), which enables them to
detect pulse and throat micro-motion and soft touch events.
However, the main drawback of these sensors is their restricted
linear operation range (less than 1-5 kPa) and increasing
hysteresis because of crack propagation and interface slipping.
The piezoresistive MXene composites operate with average
sensitivity but they provide extensive linear operation from Pa
to hundreds of kPa while maintaining excellent cycling stability
(10°-10"+). Thus, the sensors operate best for posture, plantar,
grip and seat applications because they provide excellent
repeatability even though their sensitivity is not the highest.

The capacitive stacks consisting of MXene-polyvinylpyrrolidone
(PVP) membranes, MXene (PVDF-TTFE) scaffolds and graphene-
coated porous PDMS operate with minimal hysteresis and drift
while requiring no power consumption for detecting forces from
Pa to 10%-10° kPa. Meanwhile, the piezoelectric PVDF-TYFE devices
with MXene or rGO/multi-walled carbon nanotube (MWCNT)/
poly(3,4-ethylenedioxythiophene) (PEDOT) electrodes function as
self-powered AC sensors which detect rhythmic biosignals
including pulse wave velocity and respiration. The devices detect
AC signals but fail to detect DC forces while showing linear
voltage-pressure relationships and delivering high signal-to-noise
ratios.

The triboelectric devices (TPU/BaTiOs;/MXene, 3D graphene
foams and graphene-based triboelectric nanogenerator (GT-
TENG)) function as event sensors and micro-energy harvesters
which use open-circuit voltage (VOC)/short-circuit current (ISC)
signals to detect taps and steps but they do not produce DC
power. In all cases, the two main factors which affect all sensor
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designs include structural design (foams/aerogels for wide span
and durability and films for low-pressure sensitivity) and
packaging materials (thin PDMS/Ecoflex/TPU or parylene for
contact stabilization and MXene oxidation protection).

The selection of sensors depends on specific requirements
because graphene microstructures work best for lightweight
signals, MXene composites and capacitive stacks excel in
wide-range applications, and piezo and tribo devices suit AC
and self-powered and “sense-and-harvest” applications.
Moreover, the 1-5 scores in the radar plots represent ordinal
ratings which translate the qualitative-quantitative trends
into numerical values, where 1 indicates weak performance
and 5 indicates excellent performance (Fig. 6). The sensitivity
and LOD of graphene micro-architectures received the
highest ratings but their pressure range, linearity, hysteresis
and endurance received lower ratings. The MXene
composites and capacitive stacks received better ratings for
their wide operational range and stable performance, and
piezoelectric and triboelectric mechanisms achieved top
marks for their fast response times. Finally, the unitless
comparison table shows the essential trade-offs between
different materials and sensing methods.

6. Performance comparison between
graphene and MXene pressure
sensors

The study describes performance evaluation through Fig. 7a—f
which we review before comparing MXene and graphene
flexible pressure sensors. In this context, the rate of electrical
signal change per pressure unit appears as (AR/R,)/AP or (AC/
Co)/AP in kPa™ for resistive/capacitive devices to measure
sensitivity. Meanwhile, piezoelectric and triboelectric sensors
achieve their output performance by detecting touch and
vibration dynamics through voltage and current measurements.
In all cases, the sensor operates within a specific pressure
range, which enables stable and non-saturated responses to
changes in pressure. Specifically, the sensitivity of graphene
crack-network films reaches its highest point when operating
under low pressure conditions but their performance
deteriorates when they experience increased loads. By
comparison, the mid to high pressure range of MXene-based
porous and foam structures shows quasi-linear behavior while
surviving multiple loading cycles, which makes them suitable
for grip force and plantar/weight mapping applications.
Additionally, the encapsulation process protects MXenes from
oxidation when they operate under humid or sweat-exposed
conditions.

6.1 Sensitivity comparison (low vs. mid vs. high pressure)

The sensitivity divides values into three pressure ranges which
included low (<10 kPa), mid (10-100 kPa) and high (>100 kPa)
pressure zones.®* Specifically, the MXene-based devices against
graphene-based devices through three pressure zones matched
the sensitivity curves shown in Fig. 7a and b. Structurally, the
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Response Pressure
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Time Range g
. Hysteresis ineari
Hysteresis Linearity (Normalized) Y
(Normalized)
o Pressure . y Hysteresis  Response
Type Name Sensitivity LOD Range Linearity (Normalized Time Endurance
Material Graphene 2 2 5 3
Material MXene 3 4 3 4 4
Material Hybrid 4 4 4 3 3 4 4
Mechanism Piezoresistive 5 5 3 3 2 5 3
Mechanism  Capacitive 3 4 4 4 4 3 4
Mechanism Piezoelectric 4 4 3 4 S 5 5
Mechanism Triboelectric 4 3 4 2 2 5 4

Fig. 6 Normalized performance comparison of material families (graphene, MXenes, hybrids) and sensing mechanisms (piezoresistive, capacitive,
piezoelectric, and triboelectric) across seven key metrics—sensitivity, LOD, pressure range, linearity, hysteresis, response time, and endurance

using a 1-5 ordinal scale derived from consolidated literature trends.

hierarchical structure of Ti;C,T, MXene assemblies forms
conductive paths through line and point contacts which
improve their sensitivity when measuring mid to high pressure
applications. For example, the MXene textile structure showed
1.16 kPa™ sensitivity across the 1.5 MPa pressure range because
the MXene strongly bonded to chitosan fibers while showing no
significant decrease in performance during multiple testing
cycles. Furthermore, the MXene composite materials
demonstrate high sensitivity across various low-pressure ranges
because the study achieved optimal junction density and
controlled porosity levels (1.13 x 10° kPa™" at <1 kPa, 54.7 kPa™"
at 1-10 kPa, 7.28 kPa " at 10-40 kPa and 2.1 kPa™* at 40-130
kPa)."*® In contrast, the graphene-based sensor with microcrack
and porous structures achieves its peak sensitivity at low
pressures because its contact area expands quickly when it first
experiences compression. The seven-layer rGO-coated silk textile
demonstrates 2.58 x 10°> kPa™" sensitivity between 0.2 kPa and
72.3 kPa. However, the laser-scribed graphene foam sensor
shows 0.96 kPa™" sensitivity at 50 kPa but its sensitivity drops to
0.005 kPa™ when the contact reaches its highest point above 50
kPa. The sensitivity of these materials shows high initial gain
because of crack closure but their sensitivity decreases when
pressure increases.®*"*” The rGO fabric shows high sensitivity

Sens. Diagn.

at low pressure measurements but its sensitivity drops to 3.82
kPa™ when testing pressures between 10.9 and 91.3 kPa and
further decreases to 1.84 kPa™* when testing pressures between
72 and 421 kPa. Consequently, the linear sensitivity range of
these materials decreases when they experience increasing
pressure loads. By comparison, the MXene textiles and aerogels
show unaltered high sensitivity throughout all pressure tests,
yet graphene foams with porous or laser-scribed structures
demonstrate reduced sensitivity when exposed to high
pressure.***37

In summary, the sensitivity of graphene materials reaches its
peak at low pressures below 10 kPa but their performance
decreases when pressure increases. In contrast, the MXene
aerogels and textiles show sensitivity responses between 10 and
100 kPa and reach above 100 kPa while maintaining sensitivity
values of 1.16 kPa™* from 1.5 MPa. Moreover, MXene materials
show high sensitivity at low pressures, yet their performance
remains excellent at intermediate pressures through
modifications of their porosity and junction density. Therefore,
the sensitivity of graphene materials excels at detecting light
touch and biophysical signals but MXene materials perform
better for robotic applications that need wide operating ranges
and long-lasting durability.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Performance comparison of graphene- and MXene-based pressure sensors. (a and b) Sensitivity behavior of crack-engineered graphene
films and MXene porous/textile architectures across low-, mid-, and high-pressure regimes. (c and d) Sub-pascal limit of detection and small-load
sensing demonstrated by representative graphene- and MXene-based devices. (e) Graphene crack-network response under lateral compression,
where crack closure and formation of tunnelling paths produce a rapid (~45 ms) change in resistance and hysteretic recovery. (f) MXene aerogel/
foam response under compression, where viscoelastic relaxation of the soft matrix and evolution of a resilient percolation network—stabilised by
MXene surface terminations (-O, -OH, and -F)—delay saturation and sustain sensitivity under large compression.

6.2 Limit of detection
For clarity, detection limits are discussed in pascal (Pa), while

operational pressure ranges are reported in kilopascal (kPa) or
megapascal (MPa) depending on the application regime. The

© 2026 The Author(s). Published by the Royal Society of Chemistry

LOD is the smallest pressure variation which produces detectable
output changes in flexible pressure sensors as shown in
Fig. 7c and d, which shows typical LOD behavior for graphene
and MXene devices. In particular, state-of-the-art devices achieve
single-pascal or sub-pascal detection capabilities which allow
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them to detect small objects and physiological pulses.*® More
specifically, the detection limits of graphene-based pressure
sensors extend from 0.1 Pa to 5 Pa because previous studies have
developed two different sensor types, including micro-patterned
graphene/PDMS capacitive sensors and reduced-graphene-oxide
foam sensors.”** The detection range of graphene sensors
extends from 0.1 Pa to 5 Pa but most devices operate between
sub-pascal and a few-pascal levels; the measurement results
depend on the sensor design and testing environment.'*®
Similarly, the detection limits of MXene sensors reach extremely
low values because thermopiezoresistive MXene/polyethylene
oxide (PEO) aerogels detect 0.05 Pa pressures and MXene/
cetyltrimethylammonium bromide (CTAB)/cellulose microfiber
(CMF) composites detect 0.1 Pa pressures while MXene foams
detect pressures at 4.6 Pa.*® The detection range of MXene
sensors extends from 0.05 Pa to multiple pascals but specialized
MXene aerogels achieve sub-pascal detection.”> Overall, the
detection limits of both materials reach below 1 pascal while they
can detect biological signals.®®'*® The detection system reaches
sub-pascal sensitivity through its combination of graphene
structures with cracks and MXene aerogels which show excellent
compressibility properties. For example, the reduced-graphene-
oxide foam sensor detects 0.2 Pa changes while the
thermopiezoresistive MXene/PEO aerogel sensor detects 0.05 Pa
pressures.®>'*® Ultimately, the detection threshold of practical
sensors depends on material properties and external interference
from mechanical noise and electronic interference which reduces
the detectability of small pressure changes.

6.3 Response and recovery time

The mechanical relaxation properties of soft materials control
sensor response speed instead of MXene or graphene
conductivity according to Fig. 7e and f. Specifically, the
nanofiber-reinforced MXene-graphene aerogel sensor showed
71 ms response time and 15 ms recovery time with 17000
cycle stability but the wearable graphene piezoresistive sensor
required 45 ms to respond and 36 ms to recover.®>'*® Overall,
the response and recovery times of graphene piezoresistive
and capacitive pressure sensors range from tens to hundreds
of milliseconds. The wearable graphene sensor achieved 45
ms response time and 36 ms recovery time while other
devices operated between 18 and 80 ms based on their
microstructure design. In contrast, the graphene electrodes
in triboelectric e-skins achieve sub-10 ms response times
because the smart e-skin responds in 1.4 ms.®*'** Similarly,
MXene piezoresistive sensors achieve their response time
based on their structural design because nanofiber-
reinforced aerogels detect changes in 71 ms while showing a
15 ms recovery period,"*® and AgNW/MXene aerogels detect
changes in 60 ms,""’ gas-foamed MXene aerogels detect
changes in ~11 ms,”® and dual-modal MXene/cellulose
nanofiber (CNF) aerogel sensors detect changes in 4.71 ms
while recovering in 2.99 ms."*" For instance, the MXene/CNF
aerogel sensor needs 4.71 ms to respond but the triboelectric
graphene e-skin sensor reacts in 1.4 ms."*'

Sens. Diagn.
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Regarding durability, the material properties of sensors show
a distinct pattern regarding their durability because MXene
sensors prove highly resistant to wear. The nanofiber-reinforced
MXene aerogels show enduring performance through 17000
cycles,"® gas-foamed MXene aerogels survive more than 25 000
cycles,”® and AgNW/MXene aerogels maintain stability through
1000 cycles;'** other MXene composites achieve multi-thousand
stable operation cycles."*> By comparison, the performance of
graphene-based sensors remains stable through multi-thousand
loading cycles but their exact number varies. A wearable
graphene piezoresistive sensor operated for 2800 cycles before
losing its stability,*® while other devices operated between 500
and 10000 cycles based on their design, and 3D graphene foam
sensors maintained their performance through more than
10000 cycles with minimal signal degradation."*® Thus, the
MXene and graphene sensors detect human touch at speeds
below 100 ms but their piezoelectric/triboelectric electrode
configuration allows them to respond in less than 10 ms. The
combination of MZXenes with other materials produces
composites which maintain their performance through more
than 10k cycles when subjected to wide-range loading but
graphene crack-film sensors show exceptional sensitivity yet
their performance degrades through time due to crack
accumulation and hysteresis development.

The soft matrix determines response time through its
viscoelastic relaxation and contact-network evolution instead
of carrier mobility. Moreover, the surface terminations of
MXenes (-O, -OH, and -F) create strong bonds with
polymers, which produces durable percolation networks in
aerogels and foams that extend their sensitivity under
extensive compression. The stability of junctions determines
durability but protective coatings must be applied to prevent
oxidation. Conversely, the fast triboelectric sensing of
graphene occurs because of its porous structure but its crack-
network design makes it more susceptible to crack growth
and signal drift during high-pressure operations. Therefore,
the selection of MXene aerogels/textiles should occur for
applications that need mid- to high-pressure operation with
high cycle numbers, while graphene crack-films/foams
should be used for ultra-low-pressure applications that
require high sensitivity. Finally, the selection of readout
mode between tribo/piezo and resistive/capacitive depends
on the needed bandwidth range.

6.4 Limitations of pooling and comparison

Several caveats frame our comparisons. The papers lack
standardization in their sensitivity measurements because
resistive and capacitive sensors use AR/R, and AC/C, slope
measurements for kPa pressure changes but piezoelectric and
triboelectric sensors use different measurement units such as V
N' and current-per-force (e.g 0.0048 V N (ref. 114)).
Additionally, the authors used strain-type sensor gauge factor
values only when they established direct connections between
strain measurements and applied pressure. Second, different
loading protocols exist between studies because authors employ
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quasi-static compression ramps and rapid tapping methods
which produce different results when testing viscoelastic
materials at high speeds. We selected quasi-static data for
analysis when they were available but we used the reported low-
pressure window to estimate sensitivity for devices that did not
show linear behavior and we indicated power-law behavior as
strongly nonlinear. Third, many trends which seem to be
between MXenes and graphene actually stem from design
choices: MXenes find their way into thick 3D foam structures
and aerogel and textile materials which naturally resist high
loads and maintain their structure during extended cycling
operations. Graphene serves as thin crack-network films to
achieve maximum performance at low pressure levels. Thus,
part of the contrast reflects design choices rather than intrinsic
material limits; true head-to-head comparisons in identical
geometries are rare. The fourth limitation stems from restricted
statistical power because researchers have published only a few
studies about graphene devices operating above 100 kPa, so we
omitted statistical significance assessments. The research
focused on detecting major scale differences across different
measurement ranges while excluding specific performance
bands that had matching values between 1 Pa and 10 Pa.
Finally, the fifth factor demonstrates that scientists choose to
publish only their most favorable results because they hide
evidence of hysteresis, drift and durability problems; MXene
oxidation becomes minimized through storage under inert
conditions and short testing durations; researchers do not show
how graphene films develop extended cracks during multiple
cycling tests.

Overall, the two material platforms face multiple reporting
and pooling problems which create challenges for translation.
MXene sensors maintain their resistance to various mechanical
stresses while providing stable measurement results under
medium to high pressure conditions but Ti;C,T, MXene shows
chemical instability because it oxidizes when exposed to humid
or sweat-containing conditions and its conductivity changes
with time, requiring protective coatings for skin contact which
raises biocompatibility issues. Conversely, the graphene crack-
network sensors maintain chemical stability when applied to
skin while detecting minimal pressure changes below 10 kPa.
The crack-based sensing mechanism of these sensors produces
drift during multiple cycles while showing loading-unloading
hysteresis, and it becomes saturated or non-linear when
subjected to increased loads. Therefore, MXene devices need
protection from moisture and oxidation to operate dependably
in wearable applications, yet graphene devices need better
mechanical strength and uniform operation under sustained
pressure. Taken together, our research established design
principles for these materials which include graphene
performing best at ultralow-pressure detection while MXenes
maintain useful responses and structural integrity at higher
pressures and multiple cycles of operation. The detection limits
of both materials reach the Pa range and their response times
remain below 100 ms. The long-term operational stability of
MXene composite materials exceeds that of other materials.
Looking forward, future architectures (for example, oxidation-
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stable MXene skins or wide-range graphene foams) may blur or
overturn these distinctions.

7. Material-selection framework
(engineering decision map)

The research findings enable us to develop a system which
helps engineers and researchers select suitable materials
(MXenes vs. graphene) and detection methods for their specific
application needs. In practice, the selection process requires
engineers to consider both material properties and all
application-specific requirements including the pressure range,
signal type, durability needs and form factor constraints.
Accordingly, the following section presents application domains
with their corresponding sensor requirements followed by
suggested material-mechanism pairs for each case. Ultimately,
the selection process for a platform requires consideration of
manufacturability and scalability factors, which leads to a four-
panel material-selection decision map (Fig. 8a-d).

7.1 Mapping applications to sensing requirements

Let's consider a set of representative use-cases in wearable and
robotic sensing, and outline their typical pressure profiles and
key requirements:

e The wrist pulse patches for wearable blood pressure
monitoring require sensors to detect low external pressures
between 0.5 and 2 kPa on skin while handling dynamic pressure
signals at 1 Hz frequency with static preload. Furthermore, the
sensor needs to detect pressure changes of less than 1 kPa with
high precision while maintaining thinness and breathability
and using minimal power and enduring more than 1000
operational cycles."** The combination of PVDF piezoelectric
strips with graphene electrodes enables pulse detection through
voltage signals and shows natural aptness for dynamic pressure
measurement.'*> Consequently, a solution for tracking both
constant pressure values and additional pressure fluctuations
requires a piezoresistive graphene sensor for static
measurements and a PVDF piezoelectric sensor for detecting
dynamic pressure spikes. The graphene element operates at a
fixed baseline level while the piezoelectric element measures all
pressure waves.'"® As a result, the dual-sensor configuration
allows users to monitor cuff pressure and arterial pulse
waveform data at the same time. The low-pressure detection
capabilities of MXene aerogel sensors reach down to single-
pascal and sub-pascal levels but their stability becomes a
concern for extended wearable applications because they need
protective encapsulation to prevent oxidation-related signal
drift."*”'*® Moreover, the detection resolution of capacitive
sensors reaches 1-2 Pa for pulse measurement but they
experience problems with movement interference.'*” Therefore,
the most dependable solution for detecting ultra-low-pressure
dynamic signals involves using graphene-based piezoresistive
skin because it provides stable baseline measurements and
shows minimal drift during extended operation.
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Fig. 8 Material-selection decision map for flexible pressure sensors (graphene vs. MXene architectures). (a) Ultra-low-pressure dynamic signals
(pulse/sound) mapped to piezoelectric and crack-mediated graphene e-skins optimized for sub-kPa sensitivity and waveform fidelity. (b) Wide-
range static and quasi-static loads in robotics, prosthetics and plantar/gait insoles, highlighting MXene-based foams/textiles and graphene
electrodes for 0-400 kPa operation and high endurance. (c) Continuous ultra-low-power monitoring in moderate pressure regimes, using
capacitive stacks with printed graphene or encapsulated MXene and microstructured dielectrics, and readout by RC/CDC electronics for long-
term baseline stability. (d) Self-powered touch interfaces, where triboelectric and hybrid tribo + piezo sensors with graphene or MXene electrodes

generate event-driven pulses for touch-to-trigger interactions.

The wearable pulse/blood pressure (BP) monitoring system
operates at extremely low external pressures with 1 Hz
dynamic signals which makes graphene microcrack
piezoresistive films the best choice for this application.
Specifically, the sensors deliver high sensitivity below kPa
levels while keeping their reference point stable and using
little power and showing no performance degradation after
running thousands of times. MXene aerogel sensors operate
at low pressure detection levels which match or exceed
graphene sensors but their stable operation needs protective
coatings to prevent oxidation, which increases system
complexity and drift potential. Thus, the main material for
ultra-low-pressure dynamic pulse detection should be

Sens. Diagn.

graphene because it provides stable baseline measurements
and long-term durability. MXene sensors show potential for
peak sensitivity applications but their stability remains
limited so they should only be used when appropriate
encapsulation methods are available. In summary, the wrist-
pulse patch depends on graphene piezoresistive e-skin as its
main sensor but users can add MXene elements through
appropriate encapsulation methods to achieve better
sensitivity when maintenance needs are not a concern
(Fig. 8a).

e Tactile sensing in soft robotic fingers operates across a
broad pressure range, starting at 1-10 kPa during initial contact
and reaching 50-100 kPa when the finger grips an object. In
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addition, the system needs to measure static loads and dynamic
signals with high precision force measurement at sub-kPa levels
and fast response times under 10 milliseconds while
maintaining contact with flexible surfaces that stretch and
curve. Furthermore, the system requires multiple grasp cycles
before it needs to be replaced. MXene-based composites match
the requirements of this regime because MXene/polymer
nanofiber capacitive skins demonstrate linear behavior from 0
to 400 kPa and maintain their functionality through more than
10000 cycles at pressures exceeding 167 kPa. Similarly, the
MXene composite sensors demonstrate quick response times of
45-50 ms while operating within 0-200 kPa and enduring
numerous cycles to detect both light and forceful grip
applications."** Moreover, the combination of a MXene coating
with porous elastomer foam or MXene-polymer nanofiber
stacks produces a force sensor which shows stable quasi-linear
performance with minimal drift throughout multiple cycles for
accurate fingertip force measurement.'*®

Graphene shows promise for tactile e-skin and robotic
fingertip applications because scientists can create it to detect
both extremely light pressures and a broad range of pressures.®’
Specifically, the combination of microstructures and crack
formation in graphene piezoresistive films enables them to
detect small mechanical forces: a graphene-oxide design
achieved 232.5 kPa™" sensitivity within the 0-0.2 kPa range while
maintaining 45 ms response time and continuous operation for
pulse and first-touch applications.*® Likewise, the capacitive
microconformal graphene electrodes show high sensitivity
because they can detect small signals within 30 ms, which
makes them suitable for wearable health monitoring and tactile
sensor development. Additionally, the system operates between
20 Pa and 1.4 MPa because it uses laser-induced graphene (LIG)
with a microstructured TPU dielectric material which maintains
flexibility and stability during more than 4000 operational
cycles.”” Similarly, the manufacturing process for ink-printed
porous  graphene sensors  enables high-resolution
measurements of less than 0.3 kPa across a 0.3 kPa-1 MPa
range while showing stable repeated results, which makes them
suitable for gait mapping, seating and gripper pad
applications.'®> Overall, the flexible tactile system achieves high
sensitivity and high loading capacity through the combination
of microstructure optimization (cracks and domes) with
electrode design (microconformal) and morphology selection
(LIG and porous inks).

The MXene-based composites (foams or polymer-
nanofiber capacitive skins) detect touch from light to firm
grip through their near-linear response across the 0-200/400
kPa pressure range and 45-50 ms response time and
excellent cycling stability which suits soft-robotic fingertip
applications. Meanwhile, the piezoresistive films made from
graphene operate in two separate modes which use crack-
based sensitivity to detect first-touch and sub-kPa level pulses
and capacitive formats with laser-induced graphene, and
microstructured dielectrics achieve MPa range sensitivity with
flexible and repeatable performance. Furthermore, the
printed/porous graphene manufacturing process allows for
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affordable mass production of dense arrays with precise
detail. Base material performance depends equally on the
microstructure and electrode design and packaging methods.
Therefore, the design should place MXene-textile or MXene-
nanofiber stacks at the center of the load-bearing channel
because they provide wide quasi-linear durability and thin
protective encapsulation prevents oxidation. Additionally, the
system requires a graphene piezoresistive or LIG capacitive
layer to detect ultralow-pressure signals while maintaining
long-term baseline stability. Thus, the design uses row/
column capacitive scanning for arrays and includes small
resistive MXene pads at high-load hotspots when needed. In
summary, the system uses MXenes for extended range and
durability, graphene for improved sensitivity and stability,
and hybrid layering for applications needing both high and
low performance levels (Fig. 8b).

e Wearable foot-pressure and gait insoles faced pressure
changes between 5 and 10 kPa which happen during walking
at 150-300 kPa peak forces.*> In this regard, the sensor
material MXene shows excellent compatibility with textile
applications because CTS/MXene textile pressure sensors
demonstrate 1.16 kPa™" sensitivity and operate from 0 to 1.5
MPa with minimal degradation after 1000 loading cycles at
1.5 MPa. Furthermore, the capacitive insole design uses a
MXene composite nanofibrous material with porous
dielectrics (spacer fabric/foam) to achieve stable wide-range
pressure measurement (up to 0-400 kPa), which enables low-
power row/column scanning operations.’*® Accordingly, the
design for this application requires capacitive arrays to be
stacked with MXene foam pads placed at heel and toe
positions for measuring single-point forces. However, the
main drawback of MXene materials occurs when they
experience oxidation during exposure to humid or sweaty
conditions but polymer encapsulation and binder embedding
help protect them from degradation. Therefore, the preferred
solution for complete plantar surface mapping at low power
consumption involves using a capacitive MXene-textile grid
which needs a suitable protective coating. Overall, the
capacitive MXene-textile grid achieves optimal results for
complete plantar surface mapping while using minimal
power but resistive MXene pads perform better for particular
high-load areas.

The gait/foot insoles experience their highest operating
forces between 150 and 300 kPa when walking but MXene
textiles/composite nanofibers match the natural conditions
of these forces. As a result, the materials show excellent
performance in capacitive row/column mapping at low power
consumption while maintaining their durability through
multiple cycles. Yet, the main drawback of MXene materials
occurs through environmental oxidation but researchers have
developed two solutions to protect them: polymer
encapsulation and binder embedding. In contrast, the main
application of graphene involves its use as a stable printable
electrode for capacitive stacks and its role in low-load areas
but its piezoresistive films experience reliability issues when
subjected to multiple hundreds-of-kPa compressions without
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an additional structural support. Thus, the main application
of MXenes in plantar mapping requires their ability to handle
high loads and wide measurement ranges but graphene
serves as a stable electrode material for capacitive
applications. Consequently, the solution recommendation
consists of a capacitive MXene-textile grid with a laminated
sandwich construction, a porous dielectric material for main
mapping operations and a thin protective coating for
stability. Additionally, the system needs resistive MXene pads
to be placed at heel and toe positions for force peak
and printed graphene electrodes for
interconnected and auxiliary applications that require
stability and patterning (Fig. 8b).

e Ultralow-power continuous monitor devices, such as
external blood pressure cuffs/patches, involve tracking both
steady and progressive pressure variations, which range from 0-
20 kPa for seated load distribution and 0-16 kPa for external
arterial loading. In addition, the sensor needs to operate at its
lowest power consumption level while maintaining its
calibration stability during extended operation and typical user
activities."> In this context, the capacitive pressure sensor
operates at zero DC power consumption because it uses
capacitor charging and discharging times for measurement,
which makes it suitable for ultra-low-power pressure
monitoring.">* MXene and graphene electrodes create flexible
capacitive sensors according to the literature to validate their
power advantages and operational characteristics. However, the
long-term operation of battery-powered capacitive sensors
benefits from graphene electrodes because graphene shows
chemical stability and resists oxidation. The protective coatings
or encapsulation of MXene electrodes help maintain their high
conductivity but these materials require additional protection to
prevent oxidation during use under humid or sweaty
conditions."> Importantly, the slightly elevated sheet resistance
of graphene electrodes does not impact capacitive sensing
because the measurement system detects changes in
capacitance values instead of series resistance values. The
sensor detects low pressures through its ability to measure
increased thickness variations which occur when graphene
films are arranged across soft dielectric materials including
PDMS microdomes and spacer elastomers.”> By contrast,
triboelectric generators have the potential to generate zero-
power touch signals through motion detection but they produce
no output when loads remain steady, so they are not suitable
for continuous presence/pressure monitoring.'>® Therefore, the
optimal solution for continuous operation of low-power
wearable devices and furniture-mounted sensors requires
graphene-based capacitive architectures with microstructured
dielectrics but MXene-based capacitive electrodes function well
when they receive suitable encapsulation for stability purposes.

The operating conditions of ultra-low-power continuous
monitors (seat cushions and external BP cuffs/patches) occur in
moderate static pressure ranges between 0 and 20 kPa for
seating and 0 and 16 kPa for external arterial loading. As a
result, the capacitive architecture works best for always-on
applications because it enables duty-cycled resistor-capacitor

measurement
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(RC) readout with zero DC power consumption, and graphene
electrodes with microstructured dielectrics (PDMS microdomes
or spacer elastomers) achieve stable baselines and excellent low-
pressure sensitivity because of graphene's chemical stability.
The performance of MXene electrodes depends on suitable
encapsulation methods which help protect them from
oxidation-related drift during exposure to humid or sweaty
conditions. Meanwhile, the event-driven operation of
triboelectric devices prevents them from functioning as
continuous presence/pressure monitors because they produce
signals only when objects touch or separate but not when they
experience steady pressure. Consequently, the recommended
solution for continuous monitoring applications needs
capacitive stacks with graphene electrodes and microstructured
dielectrics to achieve stable long-term operation and detect low
loads. The selection process for MXene electrodes in particular
applications needs protection through barrier laminations and
polymer binders and scheduled baseline verification. In
summary, the proposed solution for steady-state presence
sensing consists of a graphene-electrode capacitive sensor with
a microstructured dielectric and low-duty-cycle RC readout as
its core structure and MXene electrodes with protective
encapsulation and scheduled baseline verification (Fig. 8c).

e Self-powered operation generates electrical power through
touch-based interfaces that function as robotic e-skin or
wearable buttons, producing voltage pulses upon contact."”” In
this context, the best options for this application include
triboelectric sensors (triboelectric nanogenerators) and hybrid
tribo/piezoelectric designs that use MXene or graphene
electrodes.”® For example, a triboelectric layer with a graphene
electrode (e.g laser-induced graphene on polyimide paired with
a soft tribo-active silicone) functions as a flexible patterned self-
powered touch pad which produces voltage spikes during each
tap operation suitable for wearable keyboards and robot skin
without batteries.’>® Moreover, the high surface charge density
of MXenes enables effective electrode and tribo layer operation
in TENGs which produce strong electrical signals but require
protection against environmental oxidation. However, the high
surface charge density of MXenes enhances output but the
material becomes more susceptible to environmental oxidation
when exposed to air.'®® By comparison, the combination of
graphene with triboelectric interface technology shows
promising long-term tactile skin performance but MXene
hybrids produce superior signal amplitude results. Nevertheless,
the main restriction of triboelectric sensors exists in their ability
to detect only touch events and release actions but they fail to
measure force intensity, so designers need to add static
piezoresistive elements for force magnitude tracking. As a
result, the graphene triboelectric patch operates as a thin self-
powered touch trigger system for basic e-skin tile applications.

The system operates as an event-driven system because
triboelectric interfaces generate contact-based voltage pulses
instead of steady signals. Accordingly, the combination of
graphene electrodes with LIG electrodes enables stable
flexible operation for long periods, while MXene hybrids with
suitable encapsulation methods produce enhanced output
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amplitudes. Therefore, the system should use triboelectric
sensing for touch detection, graphene electrodes for stability
and MXene hybrids for peak signal requirements with
protective barriers to maintain baseline performance. In
summary, the system depends on a graphene-electrode TENG
as its main touch interface for battery-less tactile pads and
e-skin tiles but uses a static channel to measure force
magnitude and MXenes with protective barriers to achieve
maximum pulse amplitude under particular conditions
(Fig. 8d). Summarizing the above in a simplified mapping:

1) Ultra-low pressure, dynamic signals (pulse, sound)

e Mechanism: piezoelectric or crack-mediated piezoresistive.

e Material/electrodes: graphene (laser-induced graphene
or ultrathin cracked films).

o Architecture: thin graphene film on PDMS/Ecoflex with
light microtexturing (e.g., microdomes); secure mechanical
mounting to reduce motion noise.

¢ Encapsulation: thin PDMS; add parylene-C or breathable
PU for humid/sweaty use.

e Readout: piezo — charge amplifier (very high input
impedance); piezoresistive — Wheatstone bridge + low-drift
TIA/analog-to-digital converter (ADC).

e Notes: excellent sub-kPa sensitivity and waveform fidelity;
narrower linear window and potential hysteresis at higher strain.

2) Wide-range, static or slowly varying load (soft robots,
prosthetics, insoles)

e Mechanism: piezoresistive (percolating) or capacitive.

e Material/electrodes: MXene composites/textiles (with
robust protection) or graphene electrodes for capacitive stacks.

e Architecture: conductive PU foam/aerogel (MXene) or
microstructured capacitor with a soft dielectric; for textiles,
interlocked/elastic weaves.

¢ Encapsulation: PDMS/PU moisture barrier with sealed
edges; maintain breathability for wearables.

e Readout: resistive — precision bridge/ADC; capacitive —
capacitance-to-digital converter (CDC) or RC-oscillator with
thermal calibration.

¢ Notes: better linearity, high load tolerance, strong cycling
endurance; MXenes require oxidation/humidity protection.

3) Continuous monitoring with minimal power (long-term
wear)

e Mechanism: capacitive (near-zero bias current).

e Material/electrodes: printed/mesh graphene or well-
encapsulated MXenes.

e Architecture: microstructured dielectric over flexible
electrodes; matrix/row-column addressing if needed.

e Encapsulation: thin, breathable barrier; choose materials
with low drift under sweat/temperature.

¢ Readout: low-power CDC with long-term baseline calibration.

¢ Notes: very stable baseline and ultra-low power; monitor
and correct slow thermal/time drift.

4) Self-powered, sporadic sensing (touch triggers, energy-
harvesting skins)

e Mechanism: triboelectric or hybrid tribo + piezo.

e Material/electrodes: graphene for stability; MXenes for
boosted output if well protected.
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e Architecture: micro-textured tribo surfaces (hierarchical
ridges/dimples) or frictional textiles; include rectification and
storage.

e Encapsulation: moisture protection for MXenes; durable
contact layers to limit wear.

e Readout: rectifier + storage capacitor with high-
impedance front end; add charge amp for the piezo channel
in hybrids.

e Notes: great for event-driven triggers and touch; not ideal
for purely static measurements without integration algorithms.

7.2 Manufacturability and scalability considerations

The selection of materials depends on how manufacturers can
produce and scale the sensor devices. Overall, the production of
graphene-based sensors has reached maturity because
researchers can use screen and inkjet printing to create
solution-processed graphene and rGO inks from exfoliated
graphite for making it possible to create pressure sensors on
flexible substrates.">* The production of high-quality monolayer
graphene through CVD methods results in excellent results for
skin patch applications but the process faces difficulties when
attempting to scale up production through roll-to-roll methods
because of defect formation during transfer processes.'®!
However, the production of MXene materials remains less
advanced than other materials because it needs to extract MAX
phases through chemical etching followed by delamination to
obtain conductive flakes which can be transformed into
printable inks.'®> The production of MXene materials requires
dangerous chemicals for processing, while the resulting ink
solutions lose their conductivity within short time periods
unless stored under protective conditions, which creates
difficulties for mass production of stable products.'® The
stability of graphene inks exceeds that of MXene inks because
graphene inks maintain their conductivity during storage and
they integrate seamlessly with current printing and flexible
circuit manufacturing systems.” The production costs of
graphene remain affordable because graphite exists abundantly
while MXenes face higher expenses because of their complex
manufacturing  process, limited yield and handling
difficulties.'®® The integration process for low-cost readout
electronics with graphene and MXene electrodes requires basic
steps for resistive and capacitive mechanisms but piezoelectric/
triboelectric modes require advanced front-end electronics and
precise packaging techniques.'®*'®> Consequently, the current
market for wearable products uses graphene-based pressure
sensors because they offer stable performance, printability and
availability but MXene sensors are developed for specific high-
performance applications that need extreme pressure sensitivity
and enhanced durability.'®

8. Challenges, open questions, and
future directions

The current state-of-the-art analysis has been completed through
a design framework evaluation to identify ongoing difficulties
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that affect MXene and graphene flexible pressure sensors. The
development of flexible pressure sensors faces multiple obstacles
which include material degradation, hysteresis effects, testing
standardization, integration complexities and opportunities for
multi-functional sensing skin development.

8.1 Material-level challenges: stability and reliability

The reliability of MXene and graphene materials depends on
their specific properties which determine their performance in
actual applications. In particular, MXene stability faces its
primary challenge because the material transforms into TiO,
when it encounters oxygen and moisture, which results in
resistance growth and baseline shift and complete device failure
during prolonged operation in hot or damp environments or
when used on human skin. The protection of MXene flakes
through matrix embedding and surface modification and
polymer encapsulation methods extends their operational life
but researchers continue to develop methods for commercial
applications that achieve stable calibration over long
periods.'®'?° Conversely, the chemical stability of graphene
remains excellent from a chemical standpoint but its
mechanical properties lead to unreliable performance. The
majority of high-sensitivity graphene piezoresistive sensors
depend on engineered microcracks which expand during
multiple loading cycles to produce significant hysteresis effects
and baseline shifts and eventually lead to film failure through
tearing."®® The implementation of preconditioning techniques
alongside composite structures containing elastic matrices with
graphene and software-based compensation helps minimize
but does not eliminate the problem, so researchers select foam
and textile materials instead of thin brittle films for their
designs.'® The development of flexible MXene and graphene
sensors continues to face challenges because of their
inconsistent measurement outcomes. The combination of
engineered microstructures with advanced process control
systems leads to better environmental stability when performing
repeated loading tests under harsh conditions.®”'*® The
packaging process needs careful handling because MXene
materials become oxidized during hot lamination and graphene
materials lose contact with soft silicones because of their weak
interface bonds. Therefore, the development of new sealing
techniques together with improved interface materials
represents a critical requirement for sensor stability and
biocompatibility maintenance during real-world
operations."%"°

8.2 Measurement standardization and comparability

MXene/graphene pressure sensors with flexible design produce
inconsistent results which make it impossible to compare their
findings because the field requires established testing protocols
that specify evaluation methods and common criteria for
assessing dynamic performance and durability. Therefore,
standardized testing protocols and reporting metrics are
required to enable fair and objective comparison between
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different MXene- and graphene-based pressure sensing systems.
Specifically, the field needs a standardized testing system which
consists of three fundamental elements: (i) sensitivity evaluation
through two pressure ranges (low to high) with established
normalization to ASignal/APressure using kPa or AC/C, per kPa
units, (ii) execution of a standardized load sequence with
stepwise pressure increments to maximum load and recording
of loading and unloading curves, and (iii) calculation of the
average slope, hysteresis and limit of detection as the smallest
pressure that produces a signal greater than three times the
noise level. The testing protocol requires either a small-
amplitude oscillation test or a defined step input to determine
dynamic response times during the rise and recovery phases.
The durability test consists of 1000 load cycles at 50% of the
full-scale range to determine the amount of signal degradation.
Moreover, the results should present statistical data from
multiple devices through mean values and standard deviations
instead of showing results from a single sensor. The sensor
needs to show its operational readiness through output stability
measurements that occur when it experiences different bending
radii and temperature variations. The development of test
standards for these sensors requires simultaneous work with
system integration problems which affect their ability to
transition from laboratory settings. The majority of MXene/
graphene sensors operate through resistance or capacitance
measurements which require precise bonding to small readout/
battery/wireless modules without introducing stress points that
would separate the sensor from its substrate or distort its signal
output. The development of stretchable wiring with printed
conductive inks based on MXene/graphene materials solves the
need for reliable strain-relief geometries. The signal processing
needs for arrays require real-time force pattern analysis through
machine learning-based methods or onboard processing
systems that operate at low power levels. The packaging
requirements for long-term wearability need to protect MXene
materials from moisture while using skin-friendly materials that
allow for breathability. The process to obtain direct skin contact
approval requires MXene/PVA film cytotoxicity testing and
evidence that cells can grow during short exposure times.
Finally, real product development needs ultralow-power readout
systems and Bluetooth/NFC connectivity or energy harvesting
capabilities because triboelectric/piezo harvesters generate only
supplemental power which is insufficient to run monitoring
systems independently. The development of e-skins for
multimodal sensing requires researchers to solve the challenge
of separating and deconvolving signals from different
measurement types including pressure, strain and temperature.
The development of these sensors requires better materials,
established testing protocols and system integration techniques
which will achieve both power efficiency and biocompatibility.

8.3 Toward multimodal electronic skin

The development of e-skin requires a flexible sheet which
detects multiple stimuli including pressure, strain, temperature,
humidity and biochemical signals similar to human skin. In

© 2026 The Author(s). Published by the Royal Society of Chemistry
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this context, the development of e-skin requires MXenes and
graphene as fundamental materials because they can be
arranged into patterns and stacked onto flexible substrates.'”’
The main difficulty in achieving simultaneous strain and
pressure measurement requires developers to separate normal
force measurements from stretching and bending effects.

For this purpose, the combination of a MXene piezoresistive
foam for normal pressure detection and a graphene serpentine
strain gauge for in-plane stretching measurement represents a
solution for dual-mode strain and pressure detection. The
combination of graphene for strain detection and MXene for
pressure detection through vertical layer placement represents a
solution for dual-mode strain and pressure detection. As
illustrated in Fig. 9, a representative layered e-skin architecture
places a MXene foam, a graphene serpentine, and a thermistor
element on separate sensing islands above a microfluidic/skin
interface, enabling clean spatial and functional decoupling of
pressure, strain, and temperature signals. The dual-mode
MXene fiber concepts operate through one thread which allows
pressure and strain measurement through independent
channels."®® The temperature sensitivity of MXene and
graphene materials allows developers to create separate
thermistor layers which measure temperature while using
pressure sensors that remain insensitive to temperature
changes."”" In one configuration, the system uses a MXene
aerogel channel to measure pressure and temperature signals
which are then subtracted from a temperature-only reference
channel to extract pressure data. The integration of chemical
and biosensing functions in e-skin systems becomes possible
through the wuse of graphene field-effect transistor-style
elements and functionalized MXene electrodes which detect
gases and sweat. The main challenge for e-skin development
involves packaging because sweat and humidity which benefit
chemical detection create problems for mechanical signal
measurement. The use of e-skin technology enables controlled
transport of sweat toward dedicated graphene/MXene chemo-
sensing regions through integrated microfluidic channels, while
maintaining dry and stable pressure-sensing pixels.’® The
transparent and conductive properties of graphene allow
developers to make stretchable electrodes for optoelectronic
pixels and high-sensitivity pressure films which enable skins to
detect touch and guide or emit light."”> The combination of

EMI shield <¢—

Sensing layer <€

Separator layer with ;
microfluidic channel ¢ e

Skin Substrate <€

MXene foam
pressure sensor
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MXenes' excellent conductivity and electromagnetic interference
(EMI) shielding properties makes them suitable for use as
ground/shield layers which protect graphene sensing/display
layers from electromagnetic interference in dense wearable
systems."® Looking ahead, the future e-skin technology will
combine MXenes with graphene because MXenes offer strong
conductive elements and multiple sensing functions and
graphene provides sensitive stretchable and optically
transparent properties.’®®> The development of this concept
requires developers to create system-level signal processing
solutions which will enable them to separate different stimuli
through mathematical processing of combined channel data.
To achieve pure pressure or strain measurements, biological
skin signals can be processed using multiple sensor channels
combined with lightweight calibration models or machine
learning algorithms. Consequently, the engineering community
supports deterministic decoupling methods which use separate
geometries, stacked layers and isolated channels because these
approaches simplify calibration processes and enhance device
reliability in real-world applications.

9. Conclusion

Flexible pressure sensors made from MXene and graphene
materials benefit from their individual performance
characteristics. Specifically, the sub-kPa pressure range
sensitivity of graphene crack-network films makes them suitable
for detecting micro-physiological signals and delicate tactile
information, while MXene composites, aerogels and textiles
provide quasi-linear responses and electrical continuity from
tens to hundreds of kPa with excellent cycling performance.
Thus, the system achieves its complementary performance
through its network structure which uses junction-level crack
modulation and progressive densification of percolating
networks. The design process becomes simple because
graphene works best for small pressure measurements and light
loads, while MXenes operate better under heavy loads, extensive
pressure ranges and prolonged operation.

The development of new materials faces specific obstacles
which stem from their individual properties. For MXenes, the
baseline stability of MXenes requires protective matrices or
sealed systems to prevent oxygen and moisture damage when

Graphene Thermistor
strain sensor temperature sensor

TN\ .

Fig. 9 Layered architecture for multimodal e-skin showing independent MXene-based pressure sensing, graphene serpentine strain sensing, and
thermistor-based temperature sensing, each isolated on separate islands to enable clean signal decoupling.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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used for on-skin applications. For graphene, the high-gain
crack mechanisms of graphene require microstructural
control or supportive substrates or hybrid fillers to achieve
improved cycling performance and decreased hysteresis and
drift. The development of standard packaging methods and
improved process control systems will help solve the
common problems of device reproducibility and packaging.

The researchers require standardized testing methods to
achieve equal device evaluation while industrial organizations
need established evaluation protocols to validate their
products. Accordingly, organizations must perform multiple
pressure window sensitivity tests under standardized load
sequences which include full loading and unloading data
and precise hysteresis and drift measurements and durability
statistics for multiple devices. Standardized testing methods
enable scientists to identify universal design solutions
because they remove false test results from the analysis.

The future development of graphene electrode printing
technology and MXene ink stability improvements and roll-
to-roll processing  advancements determine
manufacturing capabilities. In parallel, the development of
hybrid sensor stacks which wunite static resistive and
capacitive channels with dynamic piezo and tribo channels
will allow sophisticated low-power e-skins to be built. The
future development of multimodal e-skins will depend on
MXenes for their ability to conduct electricity and detect
pressure and temperature while shielding from
electromagnetic interference, while graphene will be used for
its exceptional sensitivity and stretchability and optical
properties. Finally, the development of test standards,
packaging solutions and low-power reading systems needs to
match the current advancements in materials science.
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