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Flexible tactile sensors with high sensitivity and superior stability have captured considerable research interests
recently owing to their promising applications in electronic skin and human-machine interfaces. Herein, a
hybrid nanofibrous tactile sensor is developed through the co-electrospinning of TPU/PAN/F127 (TPF) nano-
fibers and subsequent wrapping of mono-layered TizCyTy flakes. It is proved that the blending of PAN and F127
can significantly improve the fiber uniformity and the interfacial interaction between the fibrous matrix and
MXene, leading to the stable and uniform incorporation of the highly conductive Ti3CyTy flakes. Obtained
flexible MXene/TPU/PAN/F127 (MTPF) nanofibrous membrane with interconnected 3D conducting networks
manifests a high sensitivity (0.2082 kPa™!), a wide working range (0-160 kPa), rapid response/recovery times
(60 ms/120 ms), and long-term durability (8000 cycles) when utilized as an on-skin tactile sensor, which is also
assembled into a wearable wireless sensor for the accurate and real-time detection of various human activity

signals, evidencing its great potential in high-performance wearable sensory electronics.

1. Introduction

Recently, there has been tremendous interest in the potential appli-
cations of flexible pressure sensors in medical diagnostics, human-
-machine interfaces (HMIs), robotics, and the internet of thing (IoT)
[1-6]. Pressure/strain sensors can convert external force into electrical
signals or other responsive output signals that are simpler to perceive in
order to differentiate and evaluate environmental stimuli [7-11].
Typically, pressure sensors can be divided into four categories depend-
ing on the sensing transduction mechanism: piezoresistive sensors,
capacitance sensors, piezoelectric sensors, and triboelectric sensors
[12-15]. The flexible piezoresistive sensors have received the most
attention because of their straightforward design, low cost, and simple
manufacturing process [16-19]. The selection and design of conducting
materials and flexible substrates (e.g. PDMS [20,21], TPU [22-24],
Ecoflex [25,26], etc.) is critical to the overall performance of piezor-
esistive sensors [27]. A wide class of conducting nanomaterials [28-32],
including silver nanowires, carbon black, carbon nanotubes, and gra-
phene have been utilized to construct flexible pressure sensors with a
controlled sensing range and high sensitivity. For example, Yang et al.
reported a flexible pressure sensor based on polydimethylsiloxane
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(PDMS)/aluminum-doped zinc oxide (AZO) using traditional micro-
nano processing and vacuum coating, the prepared device showed
high sensitivity and fast response time [33]. However, it still remains a
critical challenge to synchronously obtain a broad sensing range and a
high sensitivity.

MXene is a class of early transition metal carbides or nitrides
featuring high electrical conductivity and excellent mechanical prop-
erties, which is a promising candidate to construct conducting sensing
layers in stretchable substrates owing to its tunable surface groups and
great processibility in various solvents [28,34-38]. For example, Gao
et al. prepared a flexible piezoresistive sensor by spraying MXene on the
surface of PDMS with special microstructures, which showed excellent
sensitivity (151.4 kPa!) and cycle stability (10000 cycles) [39].
Impressively, Han et al. reported a hydrophobic composite film using
natural elastic P(VDF-TrFE) substrates and multilayer Ti3CoTy by spin-
coating, assembled pressure sensor showed an extremely high sensi-
tivity of 817.4 kPa~! in the pressure range of 0.072-0.74 kPa [40].
However, the weak interfacial interaction between MXene and poly-
meric matrix always results in poor stability of the sensory devices.
Hence, surface modification was widely employed to improve the
interface between conductive nanomaterials and substrates, which
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Fig. 1. Schematic illustration for the fabrication of MTPF based tactile sensor.

would unavoidably introduce additional terminals on the MXene flakes,
leading to degraded electrical conductivity [41]. Previously, Jing et al.
reported the grafting of 4-nitrophenyl groups onto the surface of MXene
by solid-liquid reaction, resulting in the significantly increased on/off
current ratio of modified MXene (3.56), coupled with a decrease in the
conductivity and mobility [42]. Therefore, it is highly preferable to
optimize the surface functionality of the flexible substrates rather than
modify the surface of MXene.

In this work, highly conductive Ti3C,Tx networks were constructed
on a TPU-based nanofiber matrix to fabricate a high-performance flex-
ible tactile sensor. Instead of the conventional surface modification on
MXene flakes, PAN and F127 as interface-enhancing agents were
blended into the TPU matrix by co-electrospinning, thus greatly
improving the interaction between Ti3CyTy flakes and the elastomeric
substrate. Subsequent tight wrapping of MXene on individual fiber was
realized through a low-cost yet efficient dip-coating method, resulting in
the successful preparation of conducting MTPF nanofibrous membrane
with excellent flexibility and breathability (Fig. 1). Due to the 3D
interconnected conducting networks in the hybrid membrane, the MTPF
tactile sensor exhibited a wide sensing range (0-160 kPa), a short
response time (60 ms), a low detection limit (240 Pa), and excellent
durability (8000 cycles). As a result, various human activities from large
movements, e.g., finger and elbow bending, to subtle motions of arterial
pulse and vocal cord vibrations can be accurately detected by the MTPF
tactile sensor. Apart from these, research into large-area sensor arrays
and wireless monitoring devices for human physiological signal acqui-
sition further demonstrates the great potential of MTPF in intelligent
robots and wearable electronics.

2. Experimental
2.1. Materials

MAX powder (TizAlCy, 200 mesh) was purchased from Jilin 11
Technology Co., 1td, China. Lithium fluoride (LiF) was obtained from

Aladdin Reagent Co., ltd. Concentrated hydrochloric acid (HCl) and
analytically pure N,N-dimethylformamide (DMF) were supplied by

Sinopharm Chemical Reagent Company. Polyacrylonitrile (PAN, M, =
150,000 g mol 1) and PEO-PPO-PEQ triblock copolymer (F127, 12,600
g mol 1) were supplied by Sigma-Aldrich. TPU (1185A) was purchased
from BASF Co., Itd. (Shanghai, China). Commercial interdigitated elec-
trodes patterned on polyimide (PI) substrate were purchased from
Guangzhou Yuxin Sensor Technology Co., Itd.

2.2. Synthesis of mono-layered Ti3C2Ty MXene

A MILD etching method was used to produce Ti3CyTx monolayers
[43]. Typically, 2 g LiF was first dissolved in 40 mL 9 M HCl in an acid-
proof container, followed by gradual addition of 2 g Ti3AlC, powder,
after stirring at 35 °C for 24 h, resulted acidic product was washed with
deionized water and centrifuged at 3500 rpm for 10 min. Repeat this
procedure until the pH of the supernatant reached 6. Finally, the washed
product was exfoliated under ultrasonication in the inert nitrogen flow
to obtain a stable mono-layered Ti3CyTx suspension.

2.3. Fabrication of MTPF hybrid membrane

TPU, PAN, and F127 powders at a weight ratio of 8:1:1 were dis-
solved in 20 mL DMF with a total concentration of 14 wt%. After being
stirred at room temperature for 8 h, the three polymers were completely
dissolved to obtain the homogeneous spinning solution. For the elec-
trospinning process, the distance from the nozzle to the drum collector
was 15 cm and the rotation speed of the collector was 2500 rpm. The
pumping speed of the mixed solution was 0.04 mm min !, the applied
positive voltage was 16 kV and the negative voltage was —1 kV. Besides,
the humidity was kept at 30 % and the temperature was maintained at
around 30 °C.

The Ti3CyTy flakes were coated on the TPF nanofiber membrane by a
straightforward dip-coating process. Typically, the nanofiber membrane
(2 cm x 2 cm) was immersed in a TisCyTx aqueous dispersion (2 mg
mL 1) and sonicated for 1 h in an ice bath, followed by vacuum drying at
60 °C for 3 h, thus a uniform MXene layer was incorporated on the TPF
nanofibers. For comparison, MXene/TPU and MXene/TPU/PAN fibrous
membranes were also prepared by the same method.
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Fig. 2. SEM images of (A, E) TPU, (B, F) TPU/PAN, (C, G) TPF, and (D, H) MTPF nanofibrous membranes, insets are their corresponding water contact angles.
Diameter distribution diagrams of (I) TPU, (J) TPU/PAN, and (K) TPF nanofibrous membranes. (L) Histogram showing the resistances and electrical conductivities of

the samples.
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Fig. 3. (A-B) Current responses of the MTPF piezoresistive sensor under various pressures (240 Pa-kPa). (C) Current responses to the external pressures ranging from
0.24 kPa to 160 kPa with a compression rate of 2 mm min . (D) The response and recovery times of the pressure sensor. (E) Current responses of the pressure sensor
at different compression rates under 12 kPa. (F) Stability test of the sensor under 8000 loading and unloading cycles. (G) Schematic illustration of the

sensing mechanism.

2.4. Assembly of the MTPF based tactile sensors

The MTPF tactile sensors were assembled by sandwiching the MTPF
nanofiber membrane between elastic translucent PU adhesive tape and

influences and to stabilize the current signal, and the interdigitated
electrode helped to construct a stable conductive path (Fig. 1). The

an interdigitated electrode. In the device, PU tape was used as the
encapsulation layer to protect the pressure sensor from external

thicknesses of the MTPF nanofiber membrane and PU tape were
approximately controlled at 58 pm and 40 pm, respectively.
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Fig. 4. The cyclic sensing performance of the MTPF tactile sensor constructed on interdigitated electrodes under different loading modes: (A) bending, (B) torsion
and (C) touching. Applications of the pressure sensor for human motion detection: (D) Elbow movement, (E) finger bending, (F) vocal cords vibration, (G) wrist pulse,
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Fig. 6. (A-C) Photographs of the flexible and bendable MTPF based pressure sensor array with 4 x 4 pixels. (D) Photograph of 5 g, 10 g, 15 g, and 20 g weights lying
on the sensory device, and (E, F) the corresponding pressure mapping diagrams. (G-L) Photographs and the corresponding pressure mapping diagrams of the

assembled sensor loaded with different objects.

2.5. Materials characterization

The synthesized MXene flakes were characterized by atomic force
microscopy (AFM, MultiMode 8 system, Bruker). The morphologies of
the fibrous membranes were observed by FESEM (HITACHI S-4800). A
contact angle goniometer (OCA15EC) was employed to characterize the
wettability of the fibrous membranes. X-ray diffraction (XRD) patterns
were obtained using a Bruker D2 PHASER X-ray diffractometer with a
Cu Ka X-ray source (A = 1.5406 Z\). An electrochemical workstation (CHI
660E) with a voltage of 0.1 V was used to obtain the I-t response curves
of the pressure sensors. A digital force gauge (Mark-10 M5) and a
motorized force tester (ESM-303) were used to conduct the testing of
pressure sensors. A commercial Bluetooth module was used for signal
transmission in the wireless wearable sensors. Physiological signals thus
could be recorded by a smartphone.

3. Results and discussion

As shown in Fig. S1A, the obtained Ti3CyTx flakes were well
dispersed in water, forming a dark green dispersion exhibiting a typical
Tyndall effect when irradiated with a laser pointer. Meanwhile, a free-
standing film prepared by vacuum filtration of MXene dispersion

demonstrated remarkable hydrophilicity with a water contact angle of
25.7° (Fig. S1B). Further AFM characterization revealed that the exfo-
liated MXene flake had a thickness of ~ 3 nm and a lateral dimension of
~ 1.5 pm (Fig. S1C and S1D), indicating the successful synthesis of
mono-layered MXene flakes. Fabricating TPU into a nanofibrous mem-
brane can effectively improve the permeability and mechanical prop-
erties of the elastic matrix. In this work, PAN was blended into the
spinning solution due to the inferior spinnability of TPU. Additionally, in
order to improve the interaction between the flexible substrates and
MXene flakes while maintaining the high conductivity of MXene, F127
was also added to TPU/PAN solution to improve the wettability of the
polymeric nanofibers, thus enabling the full permeation of the MXene
aqueous dispersion into the fiber networks for the complete wrapping.

The fibrous membranes made of TPU, TPU/PAN, and TPU/PAN/
F127 (TPF) displayed a homogenous fibrous network with smooth sur-
faces (Fig. 2A-2C). The mean diameter of electrospun TPU fibers was
roughly 770 nm, while the average fiber diameters of TPU/PAN and TPF
fibrous membranes decreased to 240 nm and 230 nm, respectively
(Fig. 21-2 K), indicating the blending of PAN and F127 can significantly
decrease the fiber diameter of TPU fibers. Besides, the addition of PAN
also greatly enhanced the spinnability of TPU, the melted and uneven
TPU fibers became clearly and uniformly distributed after only 10 wt%
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addition of PAN (Fig. 2B and 2F). The contact angle was also evaluated
to assess the wettability of different fibrous membranes. As presented in
the insets of Fig. 2A-2C, the water contact angles of TPU, TPU/PAN, and
TPF were about 98.7°, 41.3°, and 25.7°, respectively, evidencing the
blending of PAN and F127 gradually improved the surface properties of
the elastomeric nanofibers. The abundant nitrile groups in PAN and
hydroxyl groups in F127 endowed the TPF fibrous membranes with
strong affinity with conducting MXene flakes via strong interfacial
interaction. Clearly, the white TPF membrane turned to absolute black
after dip-coating of MXene (Fig. S2), the MXene flakes were observed
intimately and homogeneously wrapped on the fibers without deterio-
rating the porous structures (Fig. 2D and 2H). The tight interfacial
interaction is owing to the strong hydrogen bonding between the hy-
droxyl groups on TPF fibers and the functional groups (-O, -OH, -F) on
MXene flakes. Additionally, the elemental mapping demonstrated that
the F and Ti elements of MXene were uniformly distributed on the MTPF
nanofiber membrane (Fig. S3), verifying that MXene was successfully
deposited on the nanofibrous matrix.

The original resistances and electrical conductivities of the three
fiber membranes were compared in Fig. 2L, MTPF exhibited the lowest
original resistance and the highest electrical conductivity due to the
homogeneous distribution and the tight wrapping of MXene on each TPF
fiber, which stemmed from the superior affinity of the ternary nonwoven
membrane for MXene flakes. By contrast, MXene/TPU showed negli-
gible conductivity due to the uneven coverage of Ti3CyTx on the less-
functionalized fiber surfaces (Fig. S4A). Because of the largely
improved interfacial interaction between MXene and TPU/PAN nano-
fibers, MXene/TPU/PAN membrane manifested significantly enhanced
electrical conductivity attributing to the better incorporation of MXene
flakes (Fig. S4B). XRD measurements were carried out to study the
crystal structures of the fibrous samples. As presented in Fig. S5, the
vacuum-filtrated MXene membrane showed a sharp (002) diffraction
peak at 20 = 7.6° [44,45], this prominent peak of MXene was detected in
the MTPF nanofibrous membrane, which shifted from 7.6° to 6.64°
ascribing to the enlarged interlayer spacing of MXene layers during
incorporation with nanofibers.

The piezoresistive sensing performance of fabricated MTPF fibrous
membrane was systematically evaluated. Fig. 3A and 3B show the static
current responses of the MTPF sensor at nine different pressure levels. It
implies that the detected current signals were repetitive and stable at
three cycles, indicating the excellent stability of the prepared nano-
fibrous sensor. It is also notable that the pressure sensor was capable of
discriminating different degrees of forces from 240 Pa to 160 kPa,
implying the low detection limit, broad sensing range, and excellent
ability for detecting complex pressures. The relative current change of
the MTPF sensor under pressures ranging from 0 to 160 kPa is shown in
Fig. 3C, suggesting the sensor prepared using the MTPF membrane can
work over a wide range. The slope of the current response curve at
various pressures can be used to calculate the sensitivity according to the
following Equation (1),

AL (I-1)

- = 1
IWAP ~ I,AP M

where P is the value of the applied pressure, I denotes the current
flowing through the sensor system under pressure, and I, defines the
current when no pressure was applied. Notably, the sensitivity of the
MTPF sensor was as high as 0.2082 kPa~! in a low-pressure range
(below 12 kPa), which decreases to 0.0918 kPa~! in the comparatively
high-pressure range (12-36 kPa), finally, the sensitivity stabilized at
0.0078 kPa~! (Fig. 3C). The decreasing trend in sensitivity with
increased applied pressure is mainly correlated to the sensor’s internal
structural change caused by the piezoresistive sensing mechanism.
Because the MTPF membrane has a highly interconnected 3D con-
ducting structure, which may manifests a staged deformation phenom-
enon during the compressing process. When a tiny force was applied to
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the pressure sensor, the electrical contact area between the MTPF fibers
increased significantly to form conductive networks, resulting in the
large S value of the pressure sensor. When the external load increased to
higher pressure beyond 12 kPa, the conductive networks during
compression increased slower to yield a lower sensitivity of 0.092 kPa™?.
When the MTPF-based pressure sensor was subjected to a larger external
force (i.e., >36 kPa), the conductive pathways generated by contact of
fibers became saturated, thus the rise in the current value (AI) was
limited, resulting in a greatly decreased S value in the high-pressure
region.

After that, the response and recovery times were measured to eval-
uate the applicability of MTPF for sensory electronics. As shown in
Fig. 3D, the response and recovery times of the pressure sensor are 60 ms
and 120 ms, respectively, indicating the quick response and fast estab-
lishment of conducting paths in the conducting nanofibrous membrane,
endowing itself with great potential in the real-time monitoring of
human physiological signals. Additionally, Fig. 3E also illustrates the
cyclic pressure sensing performance of the MTPF-based pressure sensor
when subjected to a pressure with different compression rates. Stable
sensing behavior can be observed at various compression rates from 2
mm min~! to 20 mm min?, exhibiting the typical rate-independent
sensing performance, which is conducive to the stable detection of
complicated human motions at different speeds. The capacity of the
sensors to resist cyclic loading/unloading pressure without losing elec-
trical and mechanical functionality is defined as cyclic stability. As
illustrated in Fig. 3F, it is discovered that the Al/Ip remained relatively
stable with a retention of 80 % after 8000 repeated loading/unloading
cycles at 12 kPa. The minor decrease of the relative current was mostly
induced by the unavoidable destruction of conducting paths under large
strains. The excellent sensing performance suggests the potential ap-
plications of the MTPF in wearable electronic devices. The sensing
performance was further compared with those of the previously pub-
lished piezoresistive pressure sensors (Table S1), it is obvious that our
designed nanofibrous tactile sensor manifests competitive sensitivity,
sensing range, and response/recovery times. The structural evolution of
the MTPF-based pressure sensor under external pressure is schemati-
cally shown in Fig. 3G. The overall resistance of the sensor is primarily
comprised of the MTPF resistance and the contact resistance between
the MTPF and the interdigitated electrode. When the membrane is
subjected to external force, the contact areas between the MTPF fibers,
as well as the membrane and the interdigitated electrode significantly
expand even under subtle pressure, resulting in the creation of countless
new conducting networks and a significant decrease in the overall
resistance. This synergistic effect is responsible for the sharp increase of
current and the improvement of sensitivity. As the external pressure
further increases, the MTPF networks tend to be saturated due to the
densification of the MTPF fibrous membrane at high pressure, resulting
in the insignificant change in both the MTPF resistance and the contact
resistance.

Based on the above characterizations of piezoresistive sensing per-
formance, further assessment of human motion detection was per-
formed. As demonstrated in Fig. 4, the pressure sensor was capable of
detecting various forms of stresses including bending and torsion.
Reproducible and constant current responses were obtained in Fig. 4A-
4C when the sensor was applied to cyclic bending, torsion, and touching,
indicating its reliable sensing capabilities under multiple loading modes
and potential in wearable electronics. As can be observed in Fig. 4D, the
flexible motion sensor was attached to the elbow to monitor the joint
bending by repeatedly swinging the arm, acquired current responses
were stable and reproducible during cyclic movements. Additionally,
Fig. 4E shows that the MTPF sensor can also be used to discriminate
different gesture signals. The collected signal rose as the finger bent at
different angles, exhibiting the excellent sensibility and flexibility of the
MTPF sensor. What’s more, the flexible sensory device was further
connected to the throat with adhesive PU tape to simultaneously
monitor the vocal cord’s vibrations. Apparently, there was a significant
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difference in the current signals when the volunteer uttered the words
“Fiber”, “MXene”, and “Sensor” (Fig. 4F), and reproducible waveforms
can be generated when the words were repeatedly spoken five times,
verifying the prominent ability of the MTPF strain sensor for subtle
motion detection. The pressure sensor was attached to the radial artery
of a 27-year-old male to further evaluate its accuracy for physiological
signals. The distinctive peaks ascribed to the artery pulse were collected
and identified in Fig. 4G, where P-wave and p-wave corresponding to
percussion wave and diastolic pressure were clearly observed. Finally,
the sensor was able to detect heartbeat signals by measuring the
contraction and relaxation of the blood artery. As shown in Fig. 4H and
41, the distinctive peaks ascribed to the P-wave, QRS-wave, and p-wave
of heartbeat were collected and clearly identified, demonstrating the
potential application of the MTPF sensor in health monitoring and
illness surveillance.

To further explore the practical applications of the MTPF-based
tactile sensor for human physical signal monitoring, a wireless MTPF
sensory device was constructed with the diagram shown in Fig. 5A.
Briefly, the MTPF sensor was coupled with a customized Bluetooth
module, which can receive and transfer motion signals to the smart-
phone for recording and displaying. For the detection of subtle facial
expressions including blinking and frowning, the recorded signals
showed fast response and repeatability, the slightly fluctuated signal
intensity of the same facial motion was caused by the delay of Bluetooth
transmission (Fig. 5B and 5C). The two peaks in each wave pattern
corresponded to the muscle contraction and the muscle relaxation,
respectively, and the gap between the two peaks was proportional to the
motion duration. Besides, pulse signals with varying rates and wave-
forms are often essential indications of human physiological variables
such as arterial pressure, blood vessel elasticity, and so forth. Fig. 5D
depicts the sphygmogram signals collected from the wireless sensor
were as stable and repeatable as those obtained from the electro-
chemical workstation. The characteristic P-wave and p-wave also can be
detected by this wireless sensor. As a result, pulse monitoring through
the assembled MTPF wireless wearable sensor can provide a straight-
forward strategy for health management. Meanwhile, this wireless
sensor also can be used for throat vibration recognition. As presented in
Fig. S5E, the speaking process of the word “MXene” was accurately
recorded. The above results imply that the wearable pressure sensor
based on the MTPF membrane is capable of remotely monitoring per-
sonal health status in real time.

Because of the excellent flexibility and sensitivity of the MTPF pie-
zoresistive sensor, multiple pressure sensors can be assembled on the
flexible substrates for tactile force mapping. As demonstrated in Fig. 6, a
large-area pressure sensor was built to test the efficacy of large-area
pressure sensing for future applications such as electronic skin by
fabricating a 4 x 4 sensor array using 16 MTPF (Fig. 6A). The sensory
device can be bent and attached to the human skin to record external
force due to the sensor’s extraordinary flexibility (Fig. 6B and 6C).
Importantly, when objects with different weights were loaded on the
sensor array, detected pressure mapping can precisely represent their
unique position and pressure (Fig. 6D-F). Meanwhile, the pressure
mapping also can be utilized to determine the exact shape and position
of an Allen wrench and an open-end wrench (Fig. 6G-6L). In short, the
MTPF-based tactile sensor can be used in a variety of sophisticated and
flexible E-skin devices for next-generation wearable electronics.

4. Conclusions

In summary, we propose here an efficient strategy to enhance the
interfacial interaction between MXene and polymer nanofibrous sub-
strate to construct a high-performance wearable tactile sensor by
improving the composition of TPU nanofibers. As a result, stable MTPF
conductive networks were achieved based on the tight wrapping of
mono-layered TizCyTy flakes on the electrospun TPU/PAN/F127 nano-
fibers. Benefiting from the excellent flexibility and the three-
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dimensional porous structures, the obtained functional membrane
manifested remarkable piezoresistive sensing performance in terms of
high sensitivity (0.2082 kPa™!), wide working range (0-160 kPa), rapid
response and recovery times (60/120 ms), and long-term durability
(8000 cycles). Meanwhile, the pressure sensors were also integrated into
a large-area sensory array for pressure mapping, as well as a wireless
tactile sensor for the real-time monitoring of various human movements.
Therefore, this research provides a simple and efficient approach to the
development of advanced wearable sensory electronics.
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