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Abstract: MXene, a layered nanocarbon material, exhibits excellent conductivity and
solubility. Its high sensitivity also makes it useful for soft pressure sensors. However, the
compatibility between sensitivity and fast responses in resistance-change sensors remains a
major issue. This study developed an MXene-based high-performance soft pressure sensor
using a gel-deep eutectic solvent composite. The composite conductive material exhibited
excellent solubility and printability in soft device fabrication. The aim of this work was
to produce a high-quality soft pressure sensor that exhibited quick responses over a wide
sensitivity range for detecting applied pressure. The sensors achieved high performance in
terms of a high-speed response (40 ms) and good sensitivity (—0.0109 kPa~!). These results
represent an advance in intelligent wearable sensing systems by combining materials
science and electronic devices.

Keywords: MXene; pressure sensor; composite material; deep eutectic solvent; wearable
electronics

1. Introduction

MXene refers to a two-dimensional (2D) conductive material comprising layers of
atoms bonded by van der Waals forces [1-3] with transition metals between the carbon
layers. Such 2D materials have attracted wide scientific interest because of their unique
chemical, physical, and electrical properties. When forming thin films, their useful prop-
erties are expected to be alterable by changing the transition metal species [4-6], making
such 2D materials suitable for a variety of applications, including sensors, energy storage,
and photonic devices [7-9]. In addition, their excellent solubility makes them suitable for
printing processes [10-12]. For this reason, 2D materials are being studied widely, from
the analysis of chemical properties in the field of materials science to the fabrication of
high-performance electronics and devices.

Flexible sensors have attracted significant interest among materials scientists and
electronic engineers since the 2000s. More recently, interest in flexible sensors has expanded
to include the biomedical, robotics, and Artificial Intelligence (Al) domains [13-15]. In
particular, physical sensors, either embedded or wearable, that can detect phenomena in
the outside world have been developed in great numbers. Among them, pressure sensors
fabricated from nanocarbon and 2D materials exhibit attractive physical properties such as
high ion transport, excellent thin-film technology in combination with surfactants, and high
electrical conductivity. Research has been actively conducted to improve the sensitivity of
these sensors, expand their dynamic range, and develop new electronics, such as wearable
devices [16-18].
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However, achieving both high sensitivity and high-speed detection remains a chal-
lenge for thin-film pressure sensors using MXenes. The sensitivity of these resistance-
change sensors is calculated from the decay rate of the initial resistance due to the applied
pressure [19,20]. In general, thicker films exhibit better sensor characteristics because a
greater initial resistance results in poorer deformation sensitivity during pressure sensing
and mechanical noise. This initial resistance is inversely proportional to the film’s thick-
ness; therefore, the thinner the film, the lower the initial resistance [21]. However, the
more easily implemented thinner films are desirable for wearable devices [22]. In addi-
tion, resistance-change sensors operate on the principle that the resistance value changes
owing to changes in the physical contact of a conductor caused by pressure. Therefore,
their response to pressure tends to be slower than that of other sensors (capacitive and
piezoelectric types) [23].

Wearable, flexible, and soft physical sensors utilizing MXene have reportedly achieved
high sensitivity based on their exceptional electrical conductivity [24]. Furthermore, by
leveraging its outstanding flexibility, MXene has been applied to health- and oral-care
devices. These advancements represent significant progress aimed at integrating this mate-
rial into biometric information management and similar systems [25]. Furthermore, high
sensitivity and a fast response time are important factors in force control when considering
applications such as healthcare and robot e-skin; therefore, improving performance is desir-
able. Because thinness is important for implementation, ensuring a thin, high-sensitivity
film with short response times using MXenes is essential for developing attractive, high-
performance sensors. Specifically, pressure sensors designed to quantify tactile sensations
during object gripping require both high sensitivity and rapid response performance. From
the perspective of materials science, these properties can be achieved through the construc-
tion of material systems, particularly by utilizing innovative combinations of MXene and
surfactants. Utilizing deep eutectic solvents (DESs) as surfactants is particularly effective in
preventing the aggregation of composite inks, enabling the formation of a highly uniform
pressure-sensitive layer [26]. Previous studies have highlighted remarkable advancements
in composite materials, including the expanded dynamic range achieved through MXene
—polymer composites [27]. This research specifically focuses on film-forming properties and
demonstrates the feasibility of creating printable pressure sensors by employing DES-based
ink formulations. Moreover, MXene exhibits high electrical conductivity and demonstrates
lower aggregation within composite materials compared to other nanocarbon materials [2].
This property enables the fabrication of high-performance thin-film sensors using printing-
or solution-based methods. This characteristic is one of the key advantages of the MXene
-DES combination.

This study achieved both high sensitivity and fast responsiveness in a thin-film pres-
sure sensor using a completely new material system that combines MXene, polyvinyl
alcohol (PVA) gel, and a new eutectic solvent in the pressure-sensitive layer. We developed
a functional conductive solvent by mixing appropriate amounts of MXene, which uses
titanium as the transition metal, PVA gel that can soften the sensor housing, and a new
eutectic solvent to change the crystal orientation of MXene and enhance conductivity. The
resulting printed pressure sensor was a thin film <1 mm thick that exhibited a high-speed
response (40 ms) and good sensitivity (—0.0109 kPa~!). This was due to the new eutectic
solvent, which enabled the MXene crystals to align isotopically. Furthermore, this pressure
sensor was applied to a wearable device and used in a force-detection system for grasping
an object. This efficient, theoretically developed wearable e-skin sensor was experimentally
demonstrated to be feasible for deployment in a real-time tactile sensing system.



Micromachines 2025, 16, 579

30f12

2. Materials and Methods

First, a 300 nm thick mixture of polyvinylphenol (PVP) and melamine resin was
spin-coated onto a Polyethylene Naphthalate (PEN) substrate (100 nm) as a smooth-
ing layer and was then annealed at 150 °C for 1 h. Poly(2,3-dihydrothieno-1,4-dioxin)-
poly(styrenesulfonate) (PEDOT:PSS) (SV4-STAB, Heraeus, Hanau, Germany) was stencil-
printed on top of the smoothing layer and annealed at 120 °C for 30 min [28]. Subsequently,
a composite solution of PVA, MXene (TizCp, Japan Material Technologies Co., Tokyo, Japan),
and a DES (urea and choline chloride mixed in a mass ratio of 1:1) (PVA: 37 wt%, MXene:
40 wt%, DES: 23 wt%) was deposited as a pressure-sensitive layer. In this study, Mxene
(TizCy) was selected for its superior electrical conductivity and good dispersibility in several
solvents, enabling uniform coating. These properties allow for high-performance flexible
device applications utilizing coating techniques. The resulting solution was stirred at room
temperature for 1 h using a magnetic stirrer [29]. The viscosity (approximately 515 mPa-s)
of the obtained solution was measured using a fabricated viscometer. Further details are
provided in Figure S1. This solution was poured into a mold and subjected to five cycles of
freezing and thawing (—20 °C for 2 h and 4 °C for 2 h) to gel, after which it was removed
from the mold to create a pressure sensor [30]. This allowed the water in the PVA to
evaporate at a slow rate, creating an elastic gel. In addition, the electrostatic binding of the
urea and choline chloride of the DES to the MXene surface facilitated the isotropic align-
ment of the crystal orientation of MXene, improving its electrical conductivity. Moreover,
choline chloride has a low electrical conductivity, which reduced the initial resistance of the
pressure-sensitive layer and improved its performance [31]. Next, Polydimethylsiloxane
(PDMS) was spin-coated onto the substrate to form a sealing layer approximately 100 nm
thick. A compression tester was used to apply pressure perpendicular to the pressure-
sensitive layer, and electrical characteristics, such as sensitivity and response time, were
calculated by reading the change in resistance [32]. As a resistance-change sensor, when
pressure was applied to the pressure-sensitive layer, its electrical conductivity changed,
causing a change in resistance. When the resistance change was detected, the device func-
tioned as a pressure sensor. This could be modeled as a variable resistor, as depicted in
Figure S2. The PEN substrate used in this study was attached to a glass substrate (support)
using double-sided tape during device fabrication (JE1212C-V, Joyo Engineering, Tokyo,
Japan). After fabrication, the PEN substrate was peeled off the glass substrate without
affecting the device’s characteristics.

3. Results

Figure 1 contains an overview of the fabricated soft pressure sensors, with Figure 1a
showing a photograph of the sensor. It is highly flexible, with a pressure-sensitive layer
formed on the opposing electrode. The opposing electrodes were spaced 1 mm apart. The
entire sensor was print-fabricated, and with appropriate material selection and processing,
it exhibited high functionality as a soft electronic device. Figure 1b shows a schematic of
the print fabrication method. The electrode and pressure-sensitive layers were deposited
on the substrate in that order. This study employed stencil printing, and all electrodes and
pressure-sensitive layers were fabricated using this method. Figure 1c shows the cross-
sectional structure of the fabricated sensor and the molecular structure of the materials used.
MXene was used as the conductive material in the pressure-sensitive layer, PVA gel served
as the pressure-sensitive layer housing, and the DES was the crystallization accelerator and
conductivity aid. Generally, electricity flows through MXenes when they make physical
contact with each other, but our research concept was to improve the sensitivity of the sensor
by aligning the crystal orientation of MXene to allow electricity to flow more efficiently and
lower the initial resistance. The initial resistance of the fabricated pressure-sensitive layer
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was approximately 100 kQ). The electrodes’ conductivity was approximately 100 S cm ™1,
sufficiently higher than that of the pressure-sensitive layer; thus, even a thin film fabricated
by printing can function as an electrode. Previous studies have shown that the initial
resistance decreases with sensitivity when pressure is below this level [19,33].

a b
Conductive Pl
PEN file ink composite
Stencil Stencil
printing printing
> [ = .l
Substrate Electrode Sensing layer
[
<«— Electrode Electrode Sensing layer

+«———— Sensing layer m
o Do

SR ) o ol

H,N NH, HO™ “CH

- <+~—— Substrate s” T « ’ : :

s0;

n
3
PEDOT:PSS Mxene PVA Deep Eutectic Solvent

Figure 1. Overview of the fabricated soft pressure sensor. (a) External view of the sensor. The
pressure-sensitive layer is deposited on the counter electrode. The distance between the counter
electrodes is 1 mm. (b) Schematic of stencil printing fabrication method. (c) Cross-sectional structure
of the fabricated sensor and molecular structure of the materials. The initial resistance of the pressure-
sensitive layer ~ 100 k(}, and the electrodes’ conductivity ~ 100 S cm L.

Figure 2 shows a schematic of the original material system used in this study. Our
sensor was a highly sensitive device because of the enhanced conductivity arising from
the autonomous crystallographic alignment in the MXene in the pressure-sensitive layer.
Figure 2a shows a schematic of the MXene conductivity principle, which is randomly
coordinated in PVA gels and functions mainly to conduct electricity between the surface and
interior. Because MXene is randomly present in a gel, its conductivity is relatively low. This
is because there are obstacles to physical contact when electricity passes through the surface
or interior of the randomly existing MXene. However, the functional composites developed
in this study (MXene, PVA, and DES) were expected to improve conductivity because of the
relatively isotropic coordination of MXene. Choline chloride is also conductive; therefore,
it was expected to function as a conductive auxiliary agent (Figure 2b). Figure 2c shows
the scanning electron microscope (SEM) and EDS images of MXene powder only and the
functional composite materials (left: MXene powder, right: composite material). Although
the surface morphology was very different because of the PVA gel coating, the presence of
MXene was clearly visible. In EDS, the Ti and C signals were mainly derived from MXene,
and there was no significant difference between them. In contrast, the Cl signal from
choline chloride and the N signal from urea were more intense and spread throughout the
membrane in the EDS images of the functional materials. This indicated that the materials
were bound relatively uniformly to the MXene surfaces. These results indicated that the
PVA gel and DES were uniformly and efficiently dispersed within the pressure-sensitive
layer. This enabled the development of a high-performance soft pressure rapid-response
sensor with high sensitivity using a thin pressure-sensitive layer, which mainly contributed
to the construction of the material system.
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Figure 2. Schematic of the material system for a high-performance soft pressure sensor. (a) Schematic
of the principle of conductivity of MXene in a typical gel; MXene randomly coordinated in a PVA gel
functions as a conductive material mainly through electrical conductivity between the surface and
the interior. (b) Conductivity principle of MXene in the functional composite material developed
in this study (MXene, PVA, DES); MXene is coordinated relatively isotropically in the PVA gel,
resulting in efficient conductivity. Choline chloride itself is also conductive; hence, it is expected
to function as a conductive auxiliary agent. (¢) SEM and EDS images of MXene powder only and
functional composites (left: MXene powder, right: composite material). The surface morphology is
very different owing to the PVA gel coating, but the presence of MXene is clearly visible. Four signals
(Ti, C, Cl, and N) were detected in EDS.

Figure 3 shows the results of the physicochemical analyses of the fabricated pressure-
sensitive layers, with a particular focus on the film properties. Figure 3a shows cross-
sectional laser microscopy images of the pressure-sensitive layers prepared from PVA
gels containing only MXene or composite materials. The top image shows only MXene,
and the bottom image shows the composite material. Both films were deposited via
stencil printing to a thickness of approximately 1 mm. The cross-sectional profiles did not
change significantly, indicating that the composite material did not affect the macroscopic
morphology of the pressure-sensitive layers. Figure 3b shows the surface SEM images of
these pressure-sensitive layers. When the PVA gel contained only MXene, MXene was
physically randomly assembled. In contrast, in the composites, MXene was coated with
PVA gel and other materials. This may have been due to the binding of the DES to the
MXene surface, which changed the PVA coverage. Furthermore, a cross-sectional SEM
image of the pressure-sensitive layer was obtained (Figure 3c). Physical phenomena, such
as the dispersion and morphology of MXene, were the same as those on the surface. In
other words, the conductivity of the MXene in the gel was assumed to be isotropic with
respect to the film thickness. To analyze the dispersion state and other details of these
MXenes, physicochemical analyses using Fourier transform infrared spectroscopy (FT-IR)
and X-ray diffraction (XRD) were performed. Figure 3d shows the results of the bonding
state analysis of the compounds in the pressure-sensitive layer using FT-IR. FT-IR was
measured from 4000 to 500 cm !, where hydrogen bonds were expected between MXene
and the surfactant, and CO derived from nanocarbons of MXene was detected. More
detailed information regarding the morphology of the pressure-sensitive layer is given in
Figure S3. Figure 3e shows the XRD patterns of each pressure-sensitive layer. The XRD
pattern was measured in the range of 3° to 45°. For the MXene, numerous peaks derived
from common polycrystalline materials were detected. This indicated that MXene was
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randomly coordinated in the PVA. Conversely, in the case of our composite, the number
of peaks decreased while the 11 peak shifted toward the lower angle. The observed
peak position shift was attributed to the rearrangement of Mxene within the gel matrix.
Moreover, the oxidation had a minimal impact on the device properties and was deemed to
be highly constrained. This phenomenon can be attributed to the encapsulation of MXene
within a gel, which effectively inhibits surface oxidation [34]. This indicated that the crystal
orientation of MXene, which was randomly coordinated, was aligned in the same direction
to some extent, which supported the model diagram of MXene in the composite materials,
as shown in Figure 2.

a

w/o composite

w/ composite

d e
3 W w/o composite —
s 3
@ 8
g 2
8 »
= w/ composite g
8 A
2 £
< OH CN CO CO,coc
4000 cm™ 500 cm™ 3 45°
Wavenumber 20 w™

Figure 3. Results of the physicochemical analysis of the pressure-sensitive layers prepared. (a—c) all
show the top one containing MXene only (w/o composite) and the bottom one containing composite
materials (w/composite). The thickness of both pressure-sensitive layers is about 1 mm. (a) Cross-
sectional laser microscopic images of pressure-sensitive layers prepared using PVA gel with MXene
only or with composite materials, respectively. (b) Surface SEM image and (c) cross-sectional SEM
image of the pressure-sensitive layer. (d) The results of the bonding state analysis of the compounds
in the pressure-sensitive layer by FT-IR. This FT-IR was measured from 4000 to 500 cm~!. (e) XRD
spectra of the respective pressure-sensitive layers are shown. This XRD was measured from 3° to
45°. The blue line represents the spectrum w/o composite and the red line represents the spectrum
w/ composite. In w/o composite, peaks were detected at 1 through +*. When w/ composite was
present only peaks ! and +2* were observed.

Figure 4 shows the measured electrical characteristics of the fabricated sensor and
schematically represents the vertical stress applied to the sensor using a compression tester.
The indenter applied perpendicular pressure to the pressure-sensitive layer at a speed of
100 mm s~ !. Figure 4b shows the relationship between the MXene content in PVA and the
initial resistance of the layer. Based on the general theory of percolation concentration, we
measured the concentration at which the initial resistance decreased steeply with increasing
MXene content. For the sensor design, 40 wt% MXene, which optimized both the initial
resistance and solution viscosity, was selected as the optimal concentration. Figure 4c
shows the change in resistance in response to the applied pressure. The initial resistance
was Ry, and the decay coefficient of resistance R when pressure was applied was defined
as R/Rg. The applied pressure was approximately 5 kPa. The clear sensor signal was
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detected for the applied pressure. Figure 4d shows the relationship between R/Rg and
applied pressure, which is generally linear over a relatively wide dynamic range of 5 to
75 kPa. For comparison, the sensing properties of a sensor containing only MXene in PVA
gel are also shown; however, this sensor had a lower sensitivity than the composite sensor.
This was attributed to the random coordination of the MXene in the PVA gel. The slope of
each plot represents the sensitivity of the sensor. (i) corresponded to the non-composite
sensor, whereas (ii) and (ii*) represented the composite sensors. The respective slopes were
determined as follows: (i) —0.00446 kPa~—!, (ii) —0.0109 kPa~!, and (ii*) —0.00189 kPa .
Notably, our sensor demonstrated high sensitivity in the low-pressure range, with these
slope values placing it among the high-performance flexible sensors. Furthermore, a
comparative analysis with previous studies indicated that our sensor exhibited competitive
performance [35]. In addition, we have included the raw data used to construct Figure 4d
in Figure S4. Figure 4e shows the response speed versus the applied pressure. The
pressure was set to 30 kPa. The response time was approximately 40 ms when pressure
was applied and released. This was because of the elasticity of the PVA gel resulting
from the freezing and thawing processes, which resulted in a high response time during
sensor fabrication. In our sensor, the response time evidently depended on the duration of
pressure. In Figure S5, we have documented data on the response times under different
pressure application rates. Figure 4f shows the results of the cycle test when pressure was
continuously applied to the sensor. The applied pressure was approximately 20 kPa, and
the sensor exhibited high mechanical stability for up to 5000 cycles. The initial resistance
of pressure-sensitive layers with different sizes and thicknesses is presented in Figures
S6 and S7. Moreover, the physical deformation of the pressure-sensitive layer after cyclic
testing is presented in Figure S8. No structural hysteresis was observed in the pressure-
sensitive layer, demonstrating its high durability. Electrical hysteresis observed during
the application and release of pressure on the device was also crucial for performance
evaluation. Figure S9 presents data related to the hysteresis characteristics of our sensor.

Figure 5 shows the device applications of the fabricated soft pressure sensor. The
sensor was mounted on a human finger, and the tactile signal was detected in real time
when the finger grasped an object in Figure 5a—c. Figure 5d—f present the measurements of
contact pressure under various conditions. Initially, in Figure 5a—c, our device was attached
to the index finger to measure real-time signals while grasping soft objects such as gummy
candy, doughnuts, and marshmallows. Clear signals were obtained for each object. Based
on the maximum and minimum resistance change rates during the first grip, the grasping
pressures for each object were determined as follows: gummy candy, 20 kPa; doughnut,
20 kPa; and marshmallow, 18 kPa. Furthermore, in Figure 5d—f, we measured the pressure
exerted by breath, brush rubbing, and the impact of a falling marble. The marble was
dropped vertically from a height of approximately 30 cm. Clear signals were successfully
obtained for all cases. Based on the maximum and minimum resistance change rates, the
measured pressures were as follows: breath, 5 kPa; brush rubbing, 20 kPa; and marble
impact, 70 kPa. These results demonstrate that our sensor is not only applicable for wearable
uses but also capable of detecting contact and impact, highlighting its potential for a wide
range of applications. In Figure 510, we have included additional results from the real-time
grasp test conducted in a wearable state, utilizing different fingers. Additionally, the results
of the sensing characteristics obtained using weight masses are presented in Figure S11,
which demonstrates the sensor’s broader sensitivity to vertically applied pressure. Based
on the above results, we have successfully demonstrated the extensive device applications
of our sensor.
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Figure 4. Measured electrical characteristics of the fabricated sensor. (a) Schematic diagram using a
compression tester to apply vertical stress to the sensor. Pressure was applied by pressing the indenter
perpendicularly to the pressure-sensitive layer. (b) Relationship between the MXene content in PVA
and the initial resistance of the layer. In this study, the optimal concentration was 40 wt% MXene,
which was able to optimize both the initial resistance and the solution viscosity, which was important
during print deposition. (c) Resistance change results in a response to applied pressure. The initial
resistance was Ry, and the rate of decay of resistance R when pressure was applied was defined as
R/Ry. (d) Relationship of R/Rg and applied pressure, tested on sensors with pressure-sensitive layers
containing only MXene or composite materials in PVA. The slope of each plot is denoted as (i) for the
non-composite case and (ii) and (ii*) for the composite cases. (e) Response speed to applied pressure.
The response time was about 40 ms both when pressure was applied and when pressure was released.
(f) Cycle test results when pressure was continuously applied to the sensor. The inset graphs show
representative signal data at 1000 and 4000 cycles.
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Figure 5. (a—c) Signal detection results of the real-time grasp test. Signals were detected by the
sensor for actions such as grasping and releasing the object. The objects to be handled were gummies,
doughnuts, and marshmallows. Each was gripped and released twice. (d—f) Pressure measurements
in various contact scenarios. The scenarios included exhaling breath onto the surface, brushing it,
and vertically dropping a marble.



Micromachines 2025, 16, 579

9of 12

4. Discussion

The pressure-sensitive layer fabricated in this study is an entirely novel, thin, light,
highly sensitive, and rapid-response pressure sensor based on an original material system.
Various material systems using MXene have previously been proposed for pressure sensors,
and many high-performance devices have been reported to exhibit improved sensitiv-
ity. However, this study is based on a novel sensor device that guarantees a high-speed
response. These two physical properties will contribute to improving the functionality of fu-
ture wearable tactile sensors. Many wearable devices have been used in e-skin applications
in recent years, and the development of electronics with tactile functions that match those
of humans is a major trend. In, e.g., robotic applications, this makes it possible to identify
the grasped object instantly and move on to the next appropriate grasping motion [36,37].
The high-performance sensor developed in this study can realize high-speed movements in
robots and can potentially be combined with AI and other technologies to equip intelligent
and autonomous robots [38]. As a future challenge, notably, the pressure-sensitive layer,
being a gel, is susceptible to changes in resistance due to water evaporation. Further
optimization of the materials will allow more stable devices to be fabricated in the future.

5. Conclusions

This study developed an MXene-based high-performance soft pressure sensor using
a gel-deep eutectic solvent composite, in which PVA gel contained optimal amounts of
MXene as a conductor and a DES as a surfactant. The optimum amount of MXene was
determined based on the percolation concentration theory. All the layers of this sensor were
formed on a flexible substrate by the stencil printing method, making the device highly
flexible and esthetically attractive. The device exhibited a linear response in terms of the
resistance change to vertically applied pressure. Additionally, the device exhibited a fast
response time for a resistance-change-type pressure sensor. In addition, the mechanical
durability of the device was sufficient for practical applications. The force signal for
grasping an object was detected in real time when the sensor was mounted on a human
finger. The fact that the sensor was able to detect signals clearly, even for objects of different
sizes and hardnesses, demonstrates its excellent adaptability to wearable electronics. In
recent years, several wearable devices have been used in e-skin applications, and a major
trend is the development of electronics with tactile functions matching those of humans.
This enables, e.g., robotic applications to identify the grasped object instantly and proceed to
the next appropriate grasping motion. This high-performance sensor can enable high-speed
robot movements and, when integrated with Al and other technologies, will contribute to
effectuating intelligent and autonomous robots.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mil16050579/s1, Figure S1: Viscosity measurement of composite ink
using a viscometer.; Figure S2: The equivalent circuit model of our sensor.; Figure S3: Morphological
analysis of the pressure-sensitive layer surface using an optical microscope.; Figure S4: Representative
raw data used to construct Figure 4d in the main manuscript.; Figure S5: Response time when pressure
is applied at different speeds.; Figure S6: Relationship between the sensing layer sizes and initial
resistances.; Figure S7: Relationship between sensing layer thicknesses and initial resistances.; Figure
S8: Cross-sectional images of the pressure-sensitive layer after 5000 testing cycles.; Figure S9: Signal
waveform used to obtain the hysteresis graph.; Figure S10: Additional results from the real-time grasp
test conducted with the wearable device, utilizing different fingers.; Figure S11: Vertical-pressure test
for our sensor using weights of 10, 20, and 50 g.
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FT-IR  Fourier Transform Infrared Spectroscopy
PEN Polyethylene Naphthalate

PDMS  Polydimethylsiloxane

PVA Polyvinyl Alcohol

PVP Polyvinylphenol

SEM Scanning Electron Microscope

XRD X-Ray Diffraction

References

1. Li, X,; Huang, Z.; Shuck, C.E.; Liang, G.; Gogotsi, Y.; Zhi, C. MXene chemistry, electrochemistry and energy storage applications.
Nat. Rev. Chem. 2022, 6, 389. [CrossRef]

2. Mehrpooya, M.; Hadavand, M.; Ganjali, M.R. Exploring the synergistic potential: A comprehensive review of MXene-Based
composite electrocatalysts. Mater. Chem. Phys. 2025, 332, 130076. [CrossRef]

3.  Sharma, S.; Chhetry, A.; Sharifuzzaman, M.; Yoon, H.; Park, J.Y. Wearable Capacitive Pressure Sensor Based on MXene Composite
Nanofibrous Scaffolds for Reliable Human Physiological Signal Acquisition. ACS Appl. Mater. Interfaces 2020, 12, 22212. [CrossRef]
[PubMed]

4. Chaudhary, V.; Ashraf, N.; Khalid, M.; Walvekar, R.; Yang, Y.; Kaushik, A.; Mishra, Y.K. Emergence of MXene-Polymer Hybrid
Nanocomposites as High-Performance Next-Generation Chemiresistors for Efficient Air Quality Monitoring. Adv. Funct. Mater.
2022, 32,2112913. [CrossRef]

5. Li, K; Zhao, J.; Zhussupbekova, A.; Shuck, C.E.; Hughes, L.; Dong, Y.; Barwich, S.; Vaesen, S.; Shvets, I.V.; Mobius, M.; et al.
4D printing of MXene hydrogels for high-efficiency pseudocapacitive energy storage. Nat. Commun. 2022, 13, 6884. [CrossRef]
[PubMed]

6. Bashir, T; Zhou, S.; Yang, S.; Ismail, S.A.; Ali, T, Wang, H.; Zhao, J.; Gao, L. Progress in 3D-MXene Electrodes for
Lithium/Sodium /Potassium/Magnesium/Zinc/ Aluminum-Ion Batteries. Electrochem. Energy Rev. 2023, 6, 5. [CrossRef]

7.  Sharma, S.; Chhetry, A.; Maharjan, P.; Zhang, S.; Shrestha, K.; Sharifuzzaman, M.; Bhatta, T.; Shin, Y.; Kim, D.; Lee, S.; et al.
Polyaniline-nanospines engineered nanofibrous membrane based piezoresistive sensor for high-performance electronic skins.
Nano Energy 2022, 95, 106970. [CrossRef]

8. Wang, Y.; Wang, Y.; Jian, M; Jiang, Q.; Li, X. MXene Key Composites: A New Arena for Gas Sensors. Nano Micro Lett. 2024,
16, 209. [CrossRef]

9. Lin, C; Song, X.; Ye, W,; Liu, T.; Rong, M.; Niu, L. Recent Progress in Optical Sensors Based on MXenes Quantum Dots and
MXenes Nanosheets. |. Anal. Test. 2024, 8, 95. [CrossRef]

10. Zhang, Y.Z.; Wang, Y.; Jiang, Q.; El-Demellawi, ].K.; Kim, H.; Alshareef, H.N. MXene Printing and Patterned Coating for Device

Applications. Adv. Mater. 2020, 32, 1908486. [CrossRef]


https://doi.org/10.1038/s41570-022-00384-8
https://doi.org/10.1016/j.matchemphys.2024.130076
https://doi.org/10.1021/acsami.0c05819
https://www.ncbi.nlm.nih.gov/pubmed/32302099
https://doi.org/10.1002/adfm.202112913
https://doi.org/10.1038/s41467-022-34583-0
https://www.ncbi.nlm.nih.gov/pubmed/36371429
https://doi.org/10.1007/s41918-022-00174-2
https://doi.org/10.1016/j.nanoen.2022.106970
https://doi.org/10.1007/s40820-024-01430-4
https://doi.org/10.1007/s41664-023-00269-9
https://doi.org/10.1002/adma.201908486

Micromachines 2025, 16, 579 11 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Matias, M.L.; Pereira, C.; Almeida, H.V,; Jana, S.; Panigrahi, S.; Menda, U.D.; Nunes, D.; Fortunato, E.; Martins, R.; Nandy, S. 3D
printed MXene architectures for a plethora of smart applications. Mater. Today Adv. 2024, 23, 100512. [CrossRef]

Wu, Z,; Liu, S.; Hao, Z.; Liu, X. MXene contact engineering for printed electronics. Adv. Sci. 2023, 10, 2207174. [CrossRef]
[PubMed]

Kim, J.; Campbell, A.S.; de Avila, B.EF; Wang, J. Wearable biosensors for healthcare monitoring. Nat. Biotechnol. 2019, 37, 389.
[CrossRef]

Isano, Y.; Takaya, M.; Kurotaki, Y.; Matsuda, R.; Miyake, Y.; Takano, T.; Isoda, Y.; Hamagami, T.; Kuribayashi, K.; Ota, H. Soft
intelligent systems based on stretchable hybrid devices integrated with machine learning. Device 2024, 2, 100496. [CrossRef]
Sekine, T.; Wang, Y.F.; Hong, ]J.; Takeda, Y.; Miura, R.; Watanabe, Y.; Abe, M.; Mori, Y.; Wang, Z.; Kumaki, D.; et al. Artificial
Cutaneous Sensing of Object Slippage using Soft Robotics with Closed-Loop Feedback Process. Small Sci. 2021, 1, 2100002.
[CrossRef] [PubMed]

Ryu, S.; Lee, P,; Chou, ].B.; Xu, R.; Zhao, R.; Hart, A.].; Kim, S.G. Extremely Elastic Wearable Carbon Nanotube Fiber Strain Sensor
for Monitoring of Human Motion. ACS Nano 2015, 9, 5929. [CrossRef]

Sekine, T.; Abe, M.; Muraki, K.; Tachibana, S.; Wang, Y.F,; Hong, J.; Takeda, Y.; Kumaki, D.; Tokito, S. Microporous Induced Fully
Printed Pressure Sensor for Wearable Soft Robotics Machine Interfaces. Adv. Intell. Syst. 2020, 2, 2000179. [CrossRef]

Gibney, E. The inside story on wearable electronics. Nature 2015, 528, 26. [CrossRef]

Long, S.; Feng, Y.; He, F,; Zhao, J.; Bai, T.; Lin, H.; Cai, W.; Mao, C.; Chen, Y.; Gan, L.; et al. Biomass-derived, multifunctional and
wave-layered carbon aerogels toward wearable pressure sensors, supercapacitors and triboelectric nanogenerators. Nano Energy
2021, 85, 105973. [CrossRef]

Yang, Z.; Li, H.; Zhang, S.; Lai, X.; Zeng, X. Superhydrophobic MXene@carboxylated carbon nanotubes/carboxymethyl chitosan
aerogel for piezoresistive pressure sensor. Chem. Eng. |. 2021, 425, 130462. [CrossRef]

Tang, Z.; Jia, S.; Zhou, C.; Li, B. 3D Printing of Highly Sensitive and Large-Measurement-Range Flexible Pressure Sensors with a
Positive Piezoresistive Effect. ACS Appl. Mater. Interfaces 2020, 12, 28669. [CrossRef] [PubMed]

Ntagios, M.; Nassar, H.; Pullanchiyodan, A.; Navaraj, W.T.; Dahiya, R. Robotic Hands with Intrinsic Tactile Sensing via 3D Printed
Soft Pressure Sensors. Adv. Intell. Syst. 2020, 2, 1900080. [CrossRef]

Yasuda, T.; Komine, R.; Nojiri, R.; Takabe, Y.; Nara, K.; Kaneko, T.; Horigome, S.; Takeda, Y.; Wang, Y.F.,; Kawaguchi, S.; et al.
Ultra-Rapidly Responsive Electret-Based Flexible Pressure Sensor via Functional Polymeric Nanoparticle Synthesis. Adv. Funct.
Mater. 2024, 34, 2402064. [CrossRef]

Liu, L,; Yang, J.; Zhang, H.; Ma, J.; Zheng, J.; Wang, C. Recent advances of flexible MXene physical sensor to wearable electronics.
Mater. Today Commun. 2023, 35, 106014. [CrossRef]

Du, T; Han, X,; Yan, X.; Shang, J.; Li, Y.; Song, ]. MXene-Based Flexible Sensors: Materials, Preparation, and Applications. Adv.
Mater. Technol. 2023, 8, 2202029. [CrossRef]

Achkar, T.E.; Greige-Gerges, H.; Fourmentin, S. Basics and properties of deep eutectic solvents: A review. Environ. Chem. Lett.
2021, 19, 3397. [CrossRef]

Sharma, S.; Pradhan, G.B.; Chhetry, A.; Shrestha, K.; Bhatta, T.; Zhang, S.; Kim, D.; Jeong, S.; Shin, Y.; Zahed, M.A_; et al.
Graphene-polymer nanocomposites electrode with ionic nanofibrous membrane for highly sensitive supercapacitive pressure
sensor. Nano Today 2023, 48, 101698. [CrossRef]

Lou, Z; Chen, S.; Wang, L.; Jiang, K.; Shen, G. An ultra-sensitive and rapid response speed graphene pressure sensors for
electronic skin and health monitoring. Nano Energy 2016, 23, 7. [CrossRef]

Tou, K.; Nara, K; Sekine, T.; Wang, Y.F.; Takeda, Y.; Kumaki, D.; Tokito, S. Micro-Pore Composed Soft Pressure Sensor with
Ether-Surfactant via High-Sensitivity in Wide Range for Robotic Machine Interface Application. Adv. Sensor Res. 2023, 2, 2300045.
[CrossRef]

Wang, Y.F; Sekine, T.; Takeda, Y.; Hong, J.; Yoshida, A.; Matsui, H.; Kumaki, D.; Nishikawa, T.; Shiba, T.; Sunaga, T.; et al. Printed
Strain Sensor with High Sensitivity and Wide Working Range Using a Novel Brittle-Stretchable Conductive Network. ACS Appl.
Mater. Interfaces 2020, 12, 35282. [CrossRef]

Adelnia, H.; Ensandoost, R.; Moonshi, S.S.; Gavgani, ].N.; Vasafi, E.I; Ta, H.T. Freeze/thawed polyvinyl alcohol hydrogels:
Present, past and future. Eur. Polym. ]. 2022, 164, 110974. [CrossRef]

Tomé, L.IN.; Baido, V.; da Silva, W.; Brett, C.M.A. Deep eutectic solvents for the production and application of new materials.
Appl. Mater. Today 2018, 10, 30. [CrossRef]

Sekine, T.; Sugano, R.; Tashiro, T.; Sato, J.; Takeda, Y.; Matsui, H.; Kumaki, D.; Domingues dos Santos, F.; Miyabo, A.; Tokito, S.
Fully Printed Wearable Vital Sensor for Human Pulse Rate Monitoring using Ferroelectric Polymer. Sci. Rep. 2018, 8, 4442.
[CrossRef]

Wan, S.; Chen, Y.,; Huang, C.; Huang, Z.; Liang, C.; Deng, X.; Cheng, Q. Scalable ultrastrong MXene films with superior
osteogenesis. Nature 2024, 634, 1103. [CrossRef]


https://doi.org/10.1016/j.mtadv.2024.100512
https://doi.org/10.1002/advs.202207174
https://www.ncbi.nlm.nih.gov/pubmed/37096843
https://doi.org/10.1038/s41587-019-0045-y
https://doi.org/10.1016/j.device.2024.100496
https://doi.org/10.1002/smsc.202100002
https://www.ncbi.nlm.nih.gov/pubmed/40213615
https://doi.org/10.1021/acsnano.5b00599
https://doi.org/10.1002/aisy.202000179
https://doi.org/10.1038/528026a
https://doi.org/10.1016/j.nanoen.2021.105973
https://doi.org/10.1016/j.cej.2021.130462
https://doi.org/10.1021/acsami.0c06977
https://www.ncbi.nlm.nih.gov/pubmed/32466639
https://doi.org/10.1002/aisy.201900080
https://doi.org/10.1002/adfm.202402064
https://doi.org/10.1016/j.mtcomm.2023.106014
https://doi.org/10.1002/admt.202202029
https://doi.org/10.1007/s10311-021-01225-8
https://doi.org/10.1016/j.nantod.2022.101698
https://doi.org/10.1016/j.nanoen.2016.02.053
https://doi.org/10.1002/adsr.202300045
https://doi.org/10.1021/acsami.0c09590
https://doi.org/10.1016/j.eurpolymj.2021.110974
https://doi.org/10.1016/j.apmt.2017.11.005
https://doi.org/10.1038/s41598-018-22746-3
https://doi.org/10.1038/s41586-024-08067-8

Micromachines 2025, 16, 579 12 of 12

35. Xu,J.;Zhang, L.; Lai, X.; Zeng, X.; Li, H. Wearable RGO/MXene Piezoresistive Pressure Sensors with Hierarchical Microspines
for Detecting Human Motion. ACS Appl. Mater. Interfaces 2022, 14, 27262. [CrossRef]

36. Li, WD.; Ke, K; Jia, J.; Pu, J H,; Zhao, X,; Bao, RY,; Liu, Z.Y,; Bai, L.; Zhang, K.; Yang, M.B.; et al. Recent Advances in
Multiresponsive Flexible Sensors towards E-skin: A Delicate Design for Versatile Sensing. Small 2022, 18, 2103734. [CrossRef]

37. Wang, X,; Dong, L.; Zhang, H.; Yu, R.; Pan, C.; Wang, Z.L. Recent Progress in Electronic Skin. Adv. Sci. 2015, 2, 1500169. [CrossRef]

38. Nakamura, H.; Honda, S.; Matsumura, G.; Wakabayashi, S.; Uehara, K.; Nakajima, K.; Takei, K. Flexible electronic brush:
Real-time multimodal sensing powered by reservoir computing through whisker dynamics. Sci. Adv. 2025, 11, eads4388.
[CrossRef]

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


https://doi.org/10.1021/acsami.2c06574
https://doi.org/10.1002/smll.202103734
https://doi.org/10.1002/advs.201500169
https://doi.org/10.1126/sciadv.ads4388

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

