Original scientific paper

UDK 614.876:661.185
DOI 10.7251/COMEN2601001P

MXene-POLYURETHANE COMPOSITES AS WEARABLE STRAIN
SENSORS FOR FINGER MOTION AND ON-SURFACE WRITING

Marija V. Pergal’, Ivan Pesi¢, Milena Raslji¢ Rafajilovié,
Marko V. Boskovi¢, Stefan D. Ili¢, Marko Spasenovic¢

Center for Microelectronic Technologies, Institute of Chemistry, Technology and Metallurgy, University of Belgrade,
National Institute of the Republic of Serbia, Belgrade, Serbia

" Corresponding author: marija.pergal@ihtm.bg.ac.rs

Abstract: The remarkable applications of flexible and wearable sensors in human motion detection and
health monitoring have attracted considerable attention from both academic and industrial communities.
Wearable strain sensors for finger-motion monitoring demand materials that combine high conductivity,
flexibility, long-term durability, fast response, and stable interfaces. Here we report a MXene—polyurethane
(PU) platform built on an MDI/HBP/PDMS network with 50 wt% soft segments (PU-50) that serves as a
biocompatible, elastic substrate for a TisC-Tx conductive layer. MXene-PU composites were characterized
by scanning electron microscopy (SEM), tensile testing and electrical measurements. SEM confirms the
intended morphologies: layered, lamellar MXene stacks that form percolating pathways and a PU micro-
phase-separated morphology between soft and hard segments. Three device variants were evaluated under
finger flexion with increasing frequency: MXene on neat PU, PU with 1 wt% pure MXene in the bulk
(PUMX), and PU with 1 wt% functionalized MXene (PEG-MXene) in the bulk (PUMP). Time-resolved
resistance measurements acquired every 20 ms yielded clear, low-hysteresis AR/Ro waveforms across all
frequencies, with a consistent performance hierarchy in which PUMP exhibited the lowest baseline drift
and the most stable cycle-to-cycle response, while the neat PU device displayed the largest resistance
modulation amplitude. On-surface drawing tests on the neat-PU-MXene sensor further demonstrated pat-
tern-robust sensitivity, producing distinct, repeatable temporal signatures for triangle, circle, and square
trajectories with rapid baseline recovery and minor residual offsets. The obtained results validate MXene—
PU as a fast, stable, and comfortable candidate for wearable finger motion sensors. They also identify mild
interface optimization—via functionalized MXene in the substrate—as an effective way to enhance signal
stability and suppress baseline drift while preserving signal fidelity across frequencies. This motivates
future work on long-term stability, environmental compensation, and integration with compact wireless
readout for multi-gesture recognition.
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1. INTRODUCTION bides/nitrides (MXenes, e.g., Ti,C,T)) satisfy many of

these constraints thanks to metallic-like conductivity,

Wearable strain sensors for human-motion  hydrophilicity enabling solution processing, and sur-
tracking require materials that combine high electrical face terminations (—O, —OH, —F) that facilitate interfa-
conductivity, mechanical compliance, fast response, cial bonding to polymers and tuning of piezoresistive
and reliability. Two-dimensional transition-metal car- response [ 1-4]. These features have propelled MXenes
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to the forefront of flexible sensing, where recent re-
views and studies document sensitive, low-hysteresis,
and conformal motion sensors across joints and digits.

In parallel, MXenes and laser-induced
graphene (LIG) have emerged as particularly attrac-
tive material families for wearable sensors: MXenes
provide high electrical conductivity and facile depo-
sition on compliant substrates [5], while LIG offers
rapidly patternable, porous sp?-carbon networks pro-
duced by direct laser induction with excellent con-
formability, low cost, and straightforward integration
on polymers [6-9]. Taken together, these platforms
enable skin-compatible devices that are lightweight,
breathable, and mechanically resilient, supporting
stable readouts during multiaxial deformation such as
finger flexion. MXene films benefit from tunable sur-
face chemistries for improved polymer adhesion and
sensitivity [3], whereas LIG confers robust adhesion
and microtextured interfaces that can suppress slip-
page and enhance signal fidelity under cyclic loading
[10]. When combined with elastomeric polyurethane
(PU) substrates, both MXene and LIG structures de-
liver fast response and repeatable signals suitable
for continuous on-body monitoring, and their com-
plementary processing routes (solution casting/spin
coating/spray coating for MXenes and direct laser
induction/transfer for LIG) open pathways toward
scalable, application-specific sensor layouts.

A notable advantage of MXene strain sen-
sors for finger-flexion monitoring is the ability to
engineer microstructure/topography to achieve high
gauge factors (GF), wide dynamic range, and ap-
plication-relevant working windows. For example,
topographic design of TizC:Tx layers coupled with
in-sensor machine learning enabled full-body ava-
tar reconstruction with joint-motion fidelity from a
sparse array of wearable modules—demonstrating
both sensitivity and real-time edge processing [1].
Multilayered MXene structures further deliver pre-
cise gesture acquisition on multiple joints (neck,
elbow, finger, knee, ankle), validating robustness
to complex deformations [2]. Hybrid polymeric
designs report very high GF (=78-355) over large
strain ranges (0—100%), sufficient for finger bending
and other body movements [3]. Collectively, these
studies underscore that MXene films can be tailored
for high sensitivity without sacrificing usable strain
range or response speed—key for finger flexion
where frequencies of ~0.5-3 Hz are typical [1-3].

Beyond sensitivity, environmental stability
and comfort are crucial. MXene surfaces are prone
to oxidation and humidity-induced drift; thin PDMS
encapsulation is a common mitigation that preserves
signal quality while maintaining flexibility and skin
comfort [11]. MXene-based textile and polymer
composites also improve breathability and scalabil-
ity to wearables (gloves/garments), with rapid re-
sponses (tens of milliseconds) suitable for real-time
monitoring [11-13].

In parallel, substrate choice critically affects
device durability, adhesion, and biocompatibility.
Whereas polyimide (PI) is ubiquitous in lab pro-
totypes, recent work highlights cross-linked PU
networks as skin-safe, tunable, biocompatible and
mechanically resilient platforms. PU films with ~50
wt% soft segments (PU-50) show favorable tensile
behavior, transparency, non-cytotoxicity, good bio-
compatibility and—importantly—strong adhesion
for transferred conductive LIG layer, leading to im-
proved signal-to-noise ratio (SNR) in wearable sen-
sors for biomedical and sport applications [7,10].

These findings motivate PU as a compliant sup-
port for conductive and biocompatible MXene films
aimed at on-skin sensing, since the combination of
elastic PU matrices and layered MXene structures en-
ables excellent conformability and stable electrome-
chanical coupling even under repetitive bending and
twisting. Furthermore, good flexibility and high tensile
strength of PU provide mechanical cushioning for the
brittle MXene flakes, improving cyclic durability and
preventing oxidative degradation, while the surface
terminations of MXene (-O, -OH, -F) promote interfa-
cial interactions with urethane groups, facilitating ho-
mogeneous dispersion and firm adhesion. As a result,
MXene—PU composites offer a balanced platform that
unites sensitivity, comfort, and excellent conductivi-
ty, making them ideal candidates for next-generation
wearable strain sensors.

Within the polymer-MXene composites, our
group have demonstrated (i) MXene-coated polymer
(PVDF) membranes for heart-rate sensing with pro-
cess-simple vacuum filtration and PDMS protection
because PVDF is not biocompatible material and can
not be use directly on the skin, and (ii) MXene-based
finger-flex sensors with PVDF substrate bench-
marked on index-finger motion using both laboratory
SMUs and compact readout electronics. Both device
lines show clean periodic waveforms during flexion—
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extension and accurate timing extraction, indicating
stable piezoresistive behavior compatible with light-
weight electronics [6,14].

Against this backdrop, the present work targets
a biocompatible and flexible MXene—PU platform
tailored for finger-flexion sensing. Specifically, we
synthesize cross-linked PU using MDI/HBP/PDMS
chemistry and employ a PU-50 formulation with 50
wt.% soft PDMS segments as an elastic, skin-friend-
ly substrate; deposit a TisC.Tx film from isopropyl
alcohol (IPA) dispersion to form the conductive lay-
er; and evaluate the electrical response with sub-20
ms sampling using a Keysight 34461 A under con-
trolled strain protocols. Our aim is to combine strong
PU-MXene interfacial adhesion and compliant PU
mechanics with MXene’s high conductivity and sen-
sitivity to realize a conformal sensor with high sig-
nal-to-noise ratio, stable performance under cyclic
bending, and straightforward integration into com-
pact readout systems.

In this work, we prepare novel biocompatible
and flexible PU-MXene sensors for real-time moni-
toring of finger flexion with high sensitivity, and—to
identify the optimal sensor—we systematically in-
vestigate the influence of MXene functionalization
on sensor performance, building on our prior PU-
LIG transfer/adhesion insights [7] and leveraging ad-
vances in MXene topology and multilayer structures
for robust finger-motion tracking [1-4,15,16].

2. EXPERIMENTAL

Polyurethane (PU) synthesis. Polyurethane
was synthesized from 4,4'-methylenediphenyl di-
isocyanate (MDI; Sigma-Aldrich), a hyperbranched
polyester (HBP; Polymer Factory), and poly(dimeth-
ylsiloxane) (PDMS; ABCR). A two-step polymeriza-
tion was performed in a four-neck flask under a con-
tinuous argon atmosphere using a solvent mixture of
N-methyl-2-pyrrolidone (NMP) and tetrahydrofuran
(THF) [17-19]. The resulting polymer mixture was
poured into Teflon molds, dried in a forced-air oven,
and subsequently cut into films of the desired geo-
metry.

MXene preparation. MXenes were synthe-
sized using the established MILD method [19,22].
Briefly, TisAlC. MAX-phase powder was etched
with a mixture of LiF and concentrated HCI, fol-
lowed by repeated washing with deionized water.

The resulting dispersion was subjected to sonication
and centrifugation; the supernatant was collected and
dried to remove residual moisture. The dried MXene
powder was then redispersed in isopropyl alcohol
(IPA) at a mass ratio of 1:10.

Sensor platform and MXene coating. For
the strain-sensor platform, we used polyurethane
containing 50 wt.% soft segments (PU-50). The con-
ductive layer was constructed from a thin MXene
film. The PU platform measured 2 cm (length) x 1
cm (width) with a thickness of 500 pm. For coating,
a 10 wt.% MXene dispersion was prepared using IPA
as the solvent. Thin MXene layers were applied to
the PU platform by spin coating with a two-step pro-
gram (first step: 500 rpm; second step: 3000 rpm).
After each deposited layer, the composite material
was treated at 50 °C for 30 min in a vacuum oven to
evaporate the solvent. Ten layers of the MXene dis-
persion on the PU platform were found to be optimal
with respect to the strain-sensor electrical character-
istics.

Sheet-resistance tracking during deposition.
Sheet resistance was measured after each coating step.
The first four layers were not conductive, and sheet re-
sistance could not be measured. After the fifth MXene
layer, the film became conductive and sheet resistance
was recorded. The sheet resistance for five MXene
layers on the PU platform was 10.4 k€)/sq. With addi-
tional MXene layers, sheet resistance decreased; ten
MXene layers were optimal for our application, yield-
ing a sheet resistance of 3.03 k€/sq.

Electrical measurements. Resistance mea-
surements were carried out using a Keysight 34461 A
(Keysight, California) digital multimeter operating
in DCR mode with a two-wire configuration. The in-
strument was controlled from a PC via a custom da-
ta-acquisition program written in Python. Resistance
data were collected every 20 ms throughout the mea-
surement period.

Characterization. SEM images were obtained
by using FESEM Tescan MIRA 3 XMU electron mi-
croscope. The cross-sectional image of PU-MXene
composite was performed by optical microscope us-
ing Olympus BX53M. The thickness of MXene layer
and PU was measured using Olympus Steam basic
software. Tensile testing was performed at room tem-
perature with the Shimadzu EZ-LX universal testing
instrument equipped with a 5 kN load cell. The ma-
chine resolution was +0.5 % of the indicated value
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(within 1/500 to 1/1 of load cell rated capacity), and
crosshead position detection accuracy was 0.1%. The
samples were cut according to the ISO 527 standard
and tested at a 30 mm/min speed. All the samples were
conditioned at room temperature and in a desiccator
for 48 hours before measurements. Three identical
samples were tested for each series.

3. RESULTS AND DISCUSSION
3.1. Microstructure and morphology (SEM)

In Figure 1, the MXene films display the ex-
pected layered and lamellar morphology, with mi-
cron-scale TizC.Tx flakes assembling into few- to
multilayer stacks and interflake junctions that en-
able electronically percolating pathways, with direct
flake—flake contacts in pristine MXene and modified
interflake interfaces in the functionalized MXene.
Hence, in the functionalized MXene, the multilay-
ered structure is preserved but appears less compact,
with increased interlayer separation compared to the
pristine film.

Figure 1. SEM micrographs of a) pure MXene and b)
functionalized MXene with PEG-silane (f-MXene).

The accompanying SEM micrographs of
pure PU, PUMX, and PUMP (Figure 2) show a pro-
nounced microphase-separated structure in the pure
PU matrix between PDMS-rich soft segments and
MDI/HBP-derived hard domains, while the PUMX
and PUMP samples additionally exhibit surface het-
erogeneities associated with the dispersed MXene
fillers.

3.1.2. Optical microscopy

The optical micrograph of the PU-MXene
composite cross-section (Figure 3) reveals a distinct
bilayer structure, where the lower, darker region cor-
responds to the MXene coating and the upper, lighter
region represents the PU substrate.

Figure 3. Optical image of cross-sectional PU-MXene
composite (100% magnification).

The MXene layer appears continuous and
well-adhered to the PU surface, forming a macro-
scopically continuous interface without obvious
delamination or large cracks. This morphology sug-
gests good interfacial contact between the conduc-
tive MXene layer and the elastic PU matrix, indi-
cating the potential for efficient stress transfer and

Figure 2. SEM micrographs of a) pure PU; b) PUMX material (PU with dispersed 1 wt% pure MXene);
¢) PUMP (PU with dispersed 1 wt% f-MXene).
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stable electrical performance during bending or de-
formation. We measured the thickness of PU-MX-
ene with an optical microscope (Figure 3), and we
obtained a typical thickness of PU film of approx-
imately 450 um, and an apparent MXene-rich lay-
er thickness of approximately 130 pm. The actual
thickness of the MXene is smaller, as the apparent
layer thickness is overestimated due to deformation
during cutting/sectioning.

3.2. Mechanical properties

Across freestanding strips and PU-based com-
posite films, the materials exhibited distinct mechan-
ical responses depending on the presence and type of
MXene filler (Table 1). The pure PU sample showed
a low Young’s modulus (0.98 MPa) and very high
elongation at break (153.75%), characteristic of a
soft and highly elastic elastomer suitable for confor-
mal contact with curved skin surfaces. This flexibili-
ty enables easy bending and stretching without crack
initiation or delamination of the conductive layer,
maintaining comfort and adaptability when mounted
on a finger.

Incorporation of 1 wt% pristine MXene
(PUMX) significantly increased stiffness, with a
Young’s modulus of 83.56 MPa and a tensile strength
of 11.44 MPa, while elongation at break decreased to
66.27%. This behavior indicates strong interfacial in-
teractions between MXene sheets and the PU matrix,
leading to more efficient load transfer but reduced
extensibility. The reinforcement effect demonstrates
that MXene sheets act as rigid nanofillers, effectively
improving the composite’s mechanical strength and
dimensional stability during deformation, which is
beneficial for preserving material integrity under cy-
clic strain.

Table 1. Results of tensile testing of PU, PUMP

and PUMX materials
. Young’s Tensile Elongation at
Material | modulus, strength, break. %
MPa MPa e 7o
PU 0.975 0.681 153.75
PUMP 83.559 11.443 66.27
PUMX 14.540 6.080 101.26

The PU composite with 1 wt% pristine MX-
ene (PUMX) showed an intermediate response, with

a Young’s modulus of 14.54 MPa, tensile strength of
6.08 MPa, and elongation at break of 101.26%. The
moderate stiffness and improved stretchability com-
pared to PUMP suggest that the absence of surface
functionalization leads to partial MXene aggrega-
tion, resulting in intermediate stiffness and stretch-
ability between pure PU and the functionalized-MX-
ene composite. Such balanced mechanical properties
are advantageous for strain-sensor applications, as
they provide sufficient elasticity for large deforma-
tions together with improved mechanical strength for
durability.

Overall, the mechanical results indicate that
all three materials remain mechanically compliant
enough for wearable strain-sensor applications, de-
spite their markedly different stiffness levels. The
PUMX composite offers an intermediate balance
between elasticity and mechanical reinforcement,
while PUMP provides maximum stiffness and PU
retains the highest extensibility.

3.3. Finger-bending tests versus frequency:
MXene on neat PU, PUMX, and PUMP

Figure 4 documents the physical configura-
tion of the sensor during finger flexion, and Figure 5
presents the time-resolved resistance waveforms ac-
quired under increasing flexion frequency for three
materials—MXene on neat PU, PU with 1 wt% pris-
tine MXene (PUMX), and PU with 1 wt% function-
alized MXene (PUMP). All three devices generate
clear, periodic AR/Ro signals that largely preserve
their waveform morphology as frequency rises, par-
ticularly for the PUMP sensor.

Figure 4. Photograph of MXene sensor
during finger flexion.
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Among the three, PUMP exhibits the clean-
est peaks and troughs, the smallest baseline wander,
whereas the MXene-on-neat-PU sensor exhibits the
largest peak-to-peak amplitude. PUMX shows in-
termediate behavior, while the neat PU/MXene sen-
sor exhibits a higher but less stable response with
broader peaks and increased baseline drift. This
hierarchy is attributed to improved interfacial cou-
pling and more uniform stress transfer when func-
tionalized flakes compatibilize the film—substrate
interface.

——PU
PUMX

PUMP .'|ﬁ|l u- ”"I‘IIHIH'IH

L

‘ | |

\
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Figure 5. Finger-bending results for the MXene-based

sensor with increasing flexion frequency on: neat PU,

PU with 1 wt% pristine MXene (PUMX), and PU with
1 wt% f~-MXene (PUMP).

Amplitude roll-off with increasing flexion
frequency is minimal for the PUMP sensor, while
the neat PU and PUMX devices show more pro-
nounced waveform distortion at higher actuation
rates; nevertheless, the phase lag remains small
across all samples at the highest tested frequencies
in Figure 5. Cycle-to-cycle comparisons indicate
low hysteresis and stable percolation behavior,
particularly for PUMP, whereas the neat-PU de-
vice exhibits modest drift consistent with weaker
interfacial anchoring in the absence of embedded
functionalized flakes.

From the plot, each periodic oscillation cor-
responds to one finger-bending cycle. The AR sig-
nal exhibits an increasing number of bending-re-
leasing cycles over the 35 s interval, reflecting the
progressive increase in flexion frequency during the

measurement. The response time—the interval be-
tween the start of finger bending and the maximum
AR value—is about 0.25-0.3 s, while the recovery
time, corresponding to the return of AR to its base-
line during finger extension, is roughly 0.3-0.35 s.

These results confirm that all three sensors
(PU, PUMX, and PUMP) react rapidly and repro-
ducibly to mechanical deformation. The PUMP sen-
sor exhibits the most distinct and stable signal with
minimal baseline drift, indicating efficient stress
transfer and improved interfacial coupling between
the functionalized MXene layer and the PU matrix.
The PUMX signal is slightly less uniform, while
the neat PU/MXene sensor shows a broader, high-
er-amplitude response accompanied by increased
baseline drift and reduced signal stability, consistent
with weaker interfacial coupling. Overall, the fast
response and recovery times—both below one sec-
ond—demonstrate that the MXene—PU sensors are
well suited for real-time monitoring of dynamic fin-
ger movements.

From the plot, each AR fluctuation corre-
sponds to a completed motion pattern (triangle, cir-
cle, or square). The AR signal reflects a sequence of
repeated drawing gestures performed over a period
of approximately 40 s, with each fluctuation corre-
sponding to a distinct motion segment rather than a
strictly periodic cycle. The response time, defined
as the interval between the onset of motion and the
peak AR signal, is approximately 0.3—0.4 s, while the
recovery time—the return of AR to its baseline—is
about 0.4-0.5 s.

These results confirm that the neat PU sen-
sor maintains sensitivity and signal stability across
different motion types during on-surface drawing
tests. The AR amplitudes vary slightly depending
on the shape: the triangle gesture produces sharp-
er, higher-amplitude peaks due to abrupt direc-
tional changes, whereas the circle gesture shows
smoother, more rounded waveforms associated
with continuous motion. The square gesture exhib-
its intermediate behavior with consistent peak spac-
ing. Overall, the consistent waveform profiles and
rapid response/recovery times (<1 s) demonstrate
that the MXene—PU sensor preserves sensitivity
and signal fidelity across complex, multidirectional
movements, confirming its suitability for real-time
gesture differentiation and wearable human—motion
tracking.
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Figure 6. Results of drawing a triangle, circle, and
square on the MXene sensor made of neat PU.

Among the three tested motion patterns—tri-
angle, circle, and square— the triangle gesture pro-
duced the largest AR amplitude and the most pro-
nounced response peaks and the sharpest response
peaks in the recorded signal. This enhanced sensi-
tivity arises from the abrupt directional changes in-
herent to the triangular motion, which are associated
with stronger local strain variations and consequent-
ly larger resistance modulation in the MXene—PU
sensing layer.

In contrast, the circle gesture produced smooth-
er, lower-amplitude AR oscillations due to the con-
tinuous nature of the motion, while the square ges-
ture exhibited intermediate sensitivity with distinct
but less intense peaks. The results indicate that the
sensor effectively captures both smooth and abrupt
strain transitions, but its piezoresistive response is
most pronounced during high-strain, discontinuous
movements, confirming the sensor’s strong respon-
siveness to rapid and angular deformations typical of
the triangle-drawing motion.

3.4. On-surface pattern-drawing on the neat-
PU sensor

Figure 6 presents the results of on-surface
drawing tests performed directly on the neat-PU de-
vice, where triangle, circle, and square trajectories are
traced. The sensor preserves sensitivity by produc-
ing distinct and reproducible temporal signatures—

sharp ramps with acute turning-point spikes for the
triangle, smooth quasi-sinusoidal modulation for the
circle, and pronounced peaks with relatively abrupt
transitions for the square. The peak-to-peak AR re-
sponse varies systematically across shapes, with the
triangle gesture producing the largest amplitudes,
the circle yielding smoother and lower-amplitude
waveforms, and the square exhibiting intermediate
behavior. These observations indicate that the device
transduces directional strain gradients reliably, re-
tains a measurable response amplitude under chang-
es in curvature and cornering, and recovers quickly
with negligible residual offset. Consequently, shape
changes do not extinguish the sensor response but
remayp it into distinctive, repeatable features suitable
for gesture encoding and subsequent signal differen-
tiation.

3.5. Overall interpretation and design rules

The combined evidence from Figure 2 and the
device-level dynamics in Figures 4—6 indicates that
interface optimization via a small content of func-
tionalized MXene in the PU bulk strengthens stress
transfer to the MXene film and suppresses drift. Pre-
serving a layered, percolating network while ensur-
ing strong adhesion to the microphase-separated PU
prevents buckling or delamination under repetitive
flexion. The ability in Figure 6 to track triangles, cir-
cles, and squares with consistent amplitude confirms
pattern-robust sensitivity. Consequently, the PUMP
configuration provides the most balanced combina-
tion of sensitivity, stability, and frequency-invariant
response, with PUMX offering an improvement over
neat PU and MXene on neat PU serving as a solid
baseline. Altogether, these results support the central
claim that MXene—PU platforms can deliver fast, ro-
bust, and gesture-resilient readouts for wearable fin-
ger-motion monitoring.

4. CONCLUSION

In this work, we combined a layered TisC2Ty
MXene film with a biocompatible, microphase-sepa-
rated PU network to realize a conformal strain-sensor
platform for finger-motion monitoring. SEM analy-
sis confirmed the expected morphologies—Ilamellar
MXene stacks forming percolating conductive path-
ways and PU domains exhibiting well-defined soft—

Contemporary Materials, XVII-1 (2026)

7



Marija V. Pergal, Ivan Pesi¢, Milena Raslji¢ Rafajilovic,
Marko V. Boskovi¢, Stefan D. lli¢, Marko Spasenovi¢

pages: 001-010

hard segment separation that provides both elasticity
and mechanical stability.

Mechanical testing revealed that the introduc-
tion of pristine and functionalized MXene strongly
influences stiffness and flexibility. The PUMP com-
posite exhibited the most balanced behavior, com-
bining enhanced modulus with adequate elongation,
confirming efficient stress transfer and improved in-
terfacial adhesion due to MXene functionalization.

Time-resolved electrical measurements col-
lected at 20 ms intervals demonstrated clear, low-hys-
teresis AR/Ro responses over increasing bending fre-
quencies for all three variants (MXene on neat PU,
PUMX, and PUMP). Among them, PUMP showed
the cleanest and most stable response with the lowest
baseline drift, while the neat PU device exhibited the
largest resistance modulation amplitude, validating
that controlled interface optimization between the
MXene layer and the PU substrate effectively im-
proves signal stability and suppresses drift at higher
actuation rates.

On-surface drawing experiments on the neat-
PU sensor produced distinct and repeatable electrical
signatures for triangle, circle, and square gestures,
confirming that the device maintains pattern-robust
sensitivity and rapid partial recovery with minor re-
sidual offsets even under complex strain fields. The
triangle motion yielded the largest amplitude re-
sponse, demonstrating the system’s responsiveness
to abrupt directional strain changes.

Taken together, these results validate MXene—
PU composites as fast, stable, and comfortable plat-
forms for wearable strain sensing, identifying PUMP
as the most optimized configuration among the tested
variants in terms of signal stability, repeatability, and
drift suppression among the tested variants. Future
research should address long-term MXene oxidation
control and encapsulation, temperature and humid-
ity compensation, extended cyclic durability, and
standardized evaluation protocols for finger-flexion
sensors. Integration with compact wireless modules
and, in future studies, lightweight machine-learning
algorithms will further advance these materials to-
ward real-time gesture monitoring and soft-robotic
control applications.
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MXene-ITIOJIMYPETAHCKHU KOMITIO3UTHU KAO HOCUBHU CEH30P
HAIIPE3AIbA 3A ITIOKPETE ITPCTUJY U IIMCAIBE 11O HOBPIIMHHA

Caxerak: M3y3erHe npumeHe (DIeKCHOMIHMX M HOCHBHX CEH30pa y NETEKIHjH JbYACKHX MOKpeTa
n npahemy 31paBiba NPUBYKIIC Cy 3HA4YajHY MaKiby akaJeMcKe M MHIyCTpHjcke 3ajequuie. Hocusu
CCH30pH Halpe3ama 3a npaheme MoKpeTa NPCTHjy 3aXTeBajy MaTepujajie KOju KOMOMHY)Y BUCOKY TPO-
BOJIJBMBOCT, (PJICKCHOMITHOCT, JYTOTPajHY U3IPKIBUBOCT, Op3 o13uB U cTabmiHe uHTepdejce. Y oBoM
pany npeacraBibamo MXene—monuyperan (PU) miardopmy Ha 6a3u MDI/HBP/PDMS wmpexu ca 50
Mmac.% mekux cermenara (PU-50), koja ciyxu ka0 OMOKOMIIATHOMIIHA, €TaCTHYHA MOJIOTa 33 TPOBOIHH
cnoj TisC2Tx. MXene-PU koMIIo3uTH Cy KapakTepuCaH!U CKeHHPajyhoM eJIeKTpOHCKOM MHUKPOCKOIIH)jOM
(SEM), ncnutuBameM Ha 3aTe3ame W elNeKTpuuHuM Mepemnma. SEM motBphyje odexknBane mopdo-
JIOTHje: CJI0jeBUTe, Jlamenapae MXene CTpyKType Koje popMHpajy TMEepKoIaIiioHe IMyTeBe, Ka0 M MHU-
kpoaszno paszaajame PU m3Mely Mekux m TBpIuX cerMeHara. Tpu BapujaHTe ypelaja mcMTHBaHE
Cy mpu caBHjamy mnpcta ca pactyhom ¢pexsenmmjom: MXene na uncrom PU, PU ca | mac.% umc-
tor MXene y macu (PUMX) u PU ca 1 mac.% ¢ynkunonanuzosanor MXene (PEG-MXene) y macu
(PUMP). BpemeHncku pa3noxkeHa Mepera OTIIOPHOCTH, MPUKYTUbeHa cBakux 20 ms, okasaja cy jacHe
AR/Ro curHaze ca MalioM XHCTEPE30M IPH CBUM (PEKBEHIIUjaMa, Y3 OCICIHY XUjepapXujy mepdop-
MaHcH Yy ko0joj je PUMP nokazao HajMamM 1moMak 0a3He JIMHHjE ¥ HajCTaOMIHHUjU O3B U3 LIUKIyCa y
LUKITYC, 0K je ypehaj Ha uncrom PU nokaszao Hajehy aMIuinTyny rmpoMeHe oTnopHocTH. Menuruama
[[pTara Mo noBpuuHu Ha cer3opy MXene—PU nonarHo cy mokasana poOyCcHY OCETJBUBOCT Ha 00paciie,
reHepuinyhy jacHe W IIOHOBJbMBE BPEMEHCKE CHI'HAJIE 3a MyTame TPOyria, Kpyra U KBajpara, y3 Op3
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oropasak 0a3He JIMHHUje 1 MaJie peocTtaie onctyne. Jlooujenu pesynraru notplhyjy na je MXene—PU
Op3, crabuiian U yno0aH KaHUJIaT 3a HOCUBE CEH30pe MoKpeTa npctyjy. Takohe ykasyjy Ha To na Onara
onTHMH3alKja HHTepdejca — myTeM QyHKIHOHaIH30BaHOT MXene y IoayIo3u — IpeAcTaBiba edukacan
HAYMH 32 TO00JBIIAe CTAOMIIHOCTH CUTHAJIA M CMAamhCHhe TIOMaKa 0a3He JIMHHje, Y3 09yBambe BEPHOCTH
CUTHAJIa TIPH Pa3InIuTUM (pekBernrjama. OBo oTBapa MoryhHocTH 3a Oyayha ucTpakuBama Jyropod-
HE CTaOMITHOCTH, KOMITCH3AIHje YTHIaja OKOJIIMHE W WHTETpaIlije ca KOMIIAKTHUM OC)KHIHUM CHCTEMU-
Ma OYMTaBamka 32 MPEIO3HABAKE BUILE TECTOBA.

Kibyune peun: MXene, moimypeTaHu, HICITUTHBAGE HA 3aTe3akh-¢, HOCUBHU CEH30PH, IETEKIH]ja TIOKpPETa
TIPCTH]Y.
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