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High-Performance Flexible Pressure Sensor with a
Self-Healing Function for Tactile Feedback

Mei Yang, Yongfa Cheng, Yang Yue, Yu Chen, Han Gao, Lei Li, Bin Cai, Weijie Liu,*
Ziyu Wang,* Haizhong Guo,* Nishuang Liu, and Yihua Gao

High-performance flexible pressure sensors have attracted a great deal of
attention, owing to its potential applications such as human activity
monitoring, man–machine interaction, and robotics. However, most
high-performance flexible pressure sensors are complex and costly to
manufacture. These sensors cannot be repaired after external mechanical
damage and lack of tactile feedback applications. Herein, a high-performance
flexible pressure sensor based on MXene/polyurethane (PU)/interdigital
electrodes is fabricated by using a low-cost and universal spray method. The
sprayed MXene on the spinosum structure PU and other arbitrary flexible
substrates (represented by polyimide and membrane filter) act as the
sensitive layer and the interdigital electrodes, respectively. The sensor shows
an ultrahigh sensitivity (up to 509.8 kPa–1), extremely fast response speed
(67.3 ms), recovery speed (44.8 ms), and good stability (10 000 cycles) due to
the interaction between the sensitive layer and the interdigital electrodes. In
addition, the hydrogen bond of PU endows the device with the self-healing
function. The sensor can also be integrated with a circuit, which can realize
tactile feedback function. This MXene-based high-performance pressure
sensor, along with its designing/fabrication, is expected to be widely used in
human activity detection, electronic skin, intelligent robots, and many other
aspects.
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1. Introduction

The rapid growth of bioelectronics,[1,2]

smart home,[3] intelligent robots,[4] and
human–machine interfaces[5,6] has greatly
promoted the market demand for flexible
pressure sensors. Flexible pressure sensors
are mainly based on several types of work-
ing mechanisms, such as capacitive,[7,8]

piezoresistive,[9–11] piezoelectric,[12,13] and
triboelectric.[14] Piezoresistive sensors
based on piezoresistive effect are used
due to their high sensitivity, fast signal
response, simple manufacturing process,
and stable sensing performance.[15] Accord-
ingly, the preparation of high-performance
piezoresistive sensors that can meet the
needs of various situations has become
a hot topic in recent years. The recent
research on the design of flexible piezore-
sistive sensors mainly focuses on the mi-
crostructural design of the sensitive layers.
It has been proved that the microstructural
design of the flexible substrate can signifi-
cantly improve the sensing performance of
the sensor.[16] Some microstructures have
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received special attention because of their simple preparation
processes, the most typical of which is the spinosum structure
made from sandpaper.[10,17] Although some progress has been
made in the research of piezoresistive sensors on microstructure,
the ideal flexible piezoresistive sensor only has excellent sensing
performance, which is far from enough. In the practical appli-
cations, the flexible piezoresistive sensors unavoidably face com-
plex working environments, and the sensitive layer is easily sub-
jected to a variety of external mechanical damage. Moreover, most
fabrication processes of flexible sensors limit the choice of flexi-
ble substrates. All these problems hinder the wide application of
flexible piezoresistive sensors.[18]

MXene, as a 2D sheet material, can be easily combined with
other flexible substrate materials to form sensitive layers, and
some MXene based sensitive layers with microstructure can
be obtained, which can effectively improve the performance
of the sensor.[19] The flexible substrate materials for the flex-
ible piezoresistive sensors mainly include polyimide (PI),[20,21]

polydimethylsiloxane,[20,22] and polyethylene terephthalate.[23,24]

Self-healing materials have attracted the attention of researchers
due to their ability to provide long working life and excellent me-
chanical stability to sensors.[25] Polyurethane (PU) can be healed
by itself due to its hydrogen bond, which can promote wide ap-
plication prospects in the research and development of various
flexible electronic devices.[26]

The diverse application scenarios of the flexible piezoresistive
sensors raise various requirements for the flexible substrate ma-
terials of electrodes. Au, Ag, and indium tin oxide,[27–29] as tra-
ditional electrode materials, have excellent conductivity. How-
ever, the preparation process of these electrodes is still domi-
nated by the traditional methods such as magnetron sputtering,
vacuum evaporation, and pulse electrochemical deposition.[30,31]

These technologies not only increase costs of the sensor prepa-
ration but also limit the choice of the flexible substrate. For ex-
ample, the vacuum evaporation requires the high temperature
heating, which results in the demand on the heat bearing capac-
ity of the substrate.[32] Moreover, the rigidity of metal and metal
oxide will results in cracks in the electrode when the substrate
is bent, which will seriously affect the robustness of the sensors.
Therefore, a simple, low-cost, and universal method for prepar-
ing the flexible electrodes with high flexibility and conductivity
must be established.

The ultimate goal of manufacturing the flexible piezoresistive
sensor is for practical application. Tactile feedback is an essential
function for the practical application of sensors.[33] Touch can be
felt all over the body, helping people feel pressure. Tactile feed-
back can make corresponding instructions according to the pres-
sure felt by the human body to ensure its normal activities. There-
fore, the tactile feedback is very important for people. The right
amount of force is strictly needed for grasping an object, espe-
cially tiny and fragile ones. The body feels the pressure and passes
it on to our brain, which gives us tactile feedback so that we can
smoothly grab an object.[34] We must give the robot tactile percep-
tion and feedback functions to make it work like a human being.
The tactile feedback of the sensor can be achieved by combin-
ing the sensors with a circuit. However, tactile feedback is rarely
mentioned in most of the work related to the flexible piezoresis-
tive sensors.

Herein, we propose an MXene-based high-performance flex-
ible piezoresistive sensor with self-healing function for tactile
feedback by a simple full spray method. PU with a spinosum
structure is used as the flexible substrate of the sensitive layer.
The MXene/PU sensitive layer with the self-healing function was
obtained by depositing the MXene nanosheets on the spinosum
structure surface of PU. Furthermore, the MXene-based flexible
interdigital electrodes were prepared by a low-cost and universal
template spraying method. The choice of the flexible substrate for
the interdigital electrodes prepared by this method can be arbi-
trary. We prepared the MXene-based piezoresistive sensors with
PI and membrane filter as substrates to verify the arbitrariness
of the flexible substrate of the interdigital electrodes. Their sen-
sitivity can be up to 509.8 and 408.4 kPa–1, the corresponding re-
sponse times are 67.3 and 68.4 ms and the recovery times are
44.8 and 46.5 ms. Moreover, the current of the sensor remains
stable after 10 000 pressure cycles. In addition, the sensitivity of
the sensor (PI as the flexible substrate for the interdigital elec-
trodes) can still reach up to 456.9 kPa–1 after the sensitive layer
experienced “cutting-healing” for 18 h. In practical application,
the sensor can not only detect human activities but also combine
with software and hardware design to make the manipulator real-
ize tactile feedback function. Therefore, the fully sprayed MXene-
based high-performance pressure sensor has great potential in
human activity detection, electronic skin, intelligent robots, and
so on.

2. Results and Discussion

2.1. Fabrication and Characterization

The fabrication procedure of the fully sprayed MXene-based
high-performance pressure sensor is shown in Figure 1a. The
preparation of the sensor includes two important procedures.
One is the preparation of the sensitive layer. The flexible sub-
strate with random distribution spinosum structure can be ob-
tained by casting PU on the microstructure surface of an abrasive
paper. After drying and stripping, the MXene conductive layer
was evenly distributed throughout the spinosum structure sur-
face of the flexible substrate, which formed the spinosum MX-
ene/PU sensitive layer. A series of abrasive papers with differ-
ent roughness such as nos. 100, 180, 280, 400, 600, and 800
were prepared to further study the influence of the spinosum
MXene/PU sensitive layer on the sensor. The other one is the
preparation of the MXene-based interdigital electrodes. An arbi-
trary flexible film (represented by PI and membrane filter) was
selected as the substrate of the interdigital electrodes. The inter-
digital electrodes mask plate was placed on the substrate, and a
certain amount of MXene solution was sprayed on the surface
of the substrate. After removing the interdigital electrodes mask
plate, the MXene-based interdigital electrodes with a thickness of
≈5 μm can be obtained. Finally, the spinosum MXene/PU sensi-
tive layer and MXene-based interdigital electrodes were assem-
bled together, and the MXene-based high-performance pressure
sensor was obtained.

The PU shows excellent self-healing characteristics. Figure 1b
shows the cutting-healing process of the sensitive layer with
spinosum structure. After cutting the sensitive layer with a
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Figure 1. a) Fabrication procedure of the fully sprayed MXene-based high-performance pressure sensor. b) Schematic diagram of the self-healing mech-
anism of the sensitive layer.

scalpel, the sensitive layer will complete self-healing under the
action of a large number of hydrogen bonds at the PU interface.
Stretchability and compressive strength tests on PU before and
after self-healing were performed. Figure S1a in the Supporting
Information shows the stress–strain curve of PU in virgin and
after self-healing state. The strain of the original PU can reach
1600%, while that of the self-healing PU still attains more than
1400%. The pressure–strain curve in Figure S1b in the Support-
ing Information shows that PU has excellent compressive per-
formance, the compressive performance does not significantly
weaken after self-healing. Therefore, PU has excellent stretcha-
bility, compression resistance, and self-healing ability. These fea-
tures ensure that the sensor has excellent mechanical properties
and robustness.

MXene, which owns more adjustable functional groups
(–F, –H, –OH),[35] good hydrophilicity,[36,37] high conductivity
(6500 S cm–1),[38,39] and excellent mechanical properties,[40–42]

was used as sensitive material.[43] The preparation of MXene
nanosheets is shown in Figure S2 in the Supporting Information
and the mixed solution of HCl and LiF was used to etch the “Al”
layer from the precursor MAX phase (Ti3AlC2). After the etching,
the multilayer MXene (Ti3C2Tx) was achieved and the single-layer
MXene nanosheets were obtained by ultrasonic stripping.[44] The
collected final product is a dark green colloidal dispersion, in
which MXene nanosheets are evenly dispersed. When the laser
is irradiated in the MXene solution, Tyndall effect will be evi-
dent (Figure S3a, Supporting Information).[45] Furthermore, the
Raman spectrum also indicates the successful synthesis of MX-
ene (Figure S3b, Supporting Information). The Ti–C and C–C
vibrations of the oxygen terminated MXene cause characteristic

peaks at ≈203 and 724 cm–1, respectively. In addition, the vibra-
tions of the oxygen atoms (Eg and A1g, respectively) causes char-
acteristic peaks at ≈386 and 571 cm–1.[46] We characterized MX-
ene nanosheets by transmission electron microscopy (TEM), as
shown in Figure 2a. The image inserted in the upper right corner
is the corresponding selected area electron diffraction (SAED),
from which the MXene nanosheets show a hexagonal crystal
structure. Figure 2b is the corresponding energy-dispersive spec-
troscopy (EDS) mapping images of the MXene nanosheets. The
C, Ti, O, and F elements are uniformly distributed throughout the
Ti3C2Tx nanosheets. Figure 2c shows the thickness (2.03 nm) of
the specified MXene nanosheets measured with an atomic force
microscope (AFM), which proves that the single layer MXene was
successfully prepared. The MAX phase and MXene were charac-
terized by X-ray diffraction (XRD), as shown in Figure 2d. After
the synthesis of MXene, the peak of the MAX phase at ≈39° dis-
appears, which indicates that the “Al” layer in the precursor was
etched. In addition, the peak value (002) of the MAX phase is
around 10°, while the peak value (002) of MXene shifts to the left
at ≈6°, indicating that the interlayer spacing increases.[47,48] All
these phenomena indicate the successful synthesis of the MXene
nanosheets.

Figure 2e–j shows the sensitive layer (denoted as nos. 100,
180, 280, 400, 600, and 800) images with the different spinosum
structures on the PU characterized by scanning electron mi-
croscopy (SEM). These spinosum structures come from the abra-
sive papers with the different roughness and the surface curves
of the spinosum structure were measured with a step profiler
with a distance of 2.0 mm. These figures exhibit that the den-
sity of spinosum in the same area increases from no.100 to
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Figure 2. a) TEM image of the MXene nanosheets, and the inset is the corresponding SAED pattern. b) energy dispersive spectrometer (EDS) mapping
images of MXene (Ti3C2Tx). c) AFM image of the MXene nanosheet. d) XRD pattern of the MAX phase (Ti3AlC2) and MXene Ti3C2Tx nanosheet. e–j)
SEM images of the sensitive layers with the different spinosum structures (nos.100, 180, 280, 400, 600, and 800). k) EDX mapping images of no. 280
sensitive layer.
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no.800, while the maximum height of spinosum decreases in
turn. Figure 2k shows the EDS mapping images of the spinosum
structure surface of the no.280 sensitive layer, which proves
that MXene has been uniformly and densely sprayed on the
spinosum structure surface. In addition, the square resistance
of the spinosum structure sensitive layer with the increase of
spraying times was summarized (Figure S4, Supporting Infor-
mation). All structures show a similar trend of change. The resis-
tance quickly drops in the early stages and slowly later. Moreover,
the resistance rapidly decreases with the gradual flattening of the
spinosum structure (from no.280 to no.600).

The electrode was also carefully selected as an important part
of the pressure sensor. The interdigital electrodes are widely used
in sensors because of their ease of operation. The time-dependent
line resistance of the interdigital electrodes was measured during
the preparation of the MXene-based interdigital electrodes (Fig-
ure S5a, Supporting Information). The line resistance less than
5.0 Ω means that the MXene-based interdigital electrodes have
been successfully prepared. The successful preparation of the in-
terdigital electrodes is attributed to the good hydrophilicity and
conductivity of MXene. Figure S5b in the Supporting Informa-
tion depicts the optical image of interdigital electrodes on the PI
substrate. Figure S5c in the Supporting Information reveals the
thickness of the interdigital electrodes, which is ≈5.245 μm. The
small resistance can guarantee that the circuit is smoothly ener-
gized and the appropriate thickness of the interdigital electrodes
will provide more microstructures. The above-mentioned two as-
pects are beneficial to the improvement of the sensitivity of the
sensor. Figure S6a–c in the Supporting Information shows the
optical images of the MXene/PU sensitive layer, MXene-based in-
terdigital electrodes (PI as flexible substrate), and MXene-based
flexible pressure sensor. Moreover, bending tests were carried out
on the different components and they all show excellent flexibil-
ity. Therefore, the sensor can be attached to a variety of complex
3D carrier surfaces.

2.2. Sensing Properties of the MXene-Based Pressure Sensor

The flexible pressure sensor, as a “medium,” converts the pres-
sure signal into an electrical signal, which makes the pressure
digital and visual. Some performance parameters are needed to
quantitatively evaluate the comprehensive performance of the
device to design a flexible pressure sensor with excellent com-
prehensive performance and strong practicability. These per-
formance parameters include sensitivity (S), sensing range, re-
sponse time, recovery time, and cycle stability.[36] Here, we study
the sensing performance of the sensor by using the system as-
sembled by a computer, motion propulsion device, dynamome-
ter, and high-precision electric signal detection source meter (Ag-
ilent B2901A). When the driving voltage was 0.10 V, the change of
the real-time output electric signal of the sensor was measured by
the testing system. S refers to the slope of the curve of resistance
versus applied pressure and it is a key performance parameter
describing the ability of the pressure sensor to convert pressure
signal into resistance signal. The sensitivity of a piezoresistive
sensor is defined as follows: S = 𝛿(ΔI/I0)/𝛿P, where ΔI is the
current change value under external force, I0 is the current value
in the initial state, and P is the external pressure.[49]

The sensitivities of the fully sprayed MXene-based sensors (PI
as flexible substrate) were measured from no.100 to no.800, and
the sensor of no.280 has the highest value compared with the oth-
ers, which is attributed to the interaction mechanism between
the sensitive layer and the interdigital electrodes, as shown in
Figure 3a. The sensitivity could be divided into three sections:
S1 is located in the low-pressure range (0.20–1.70 kPa), S2 is in
the middle-pressure range (1.70–5.70 kPa), and S3 exists in the
high-pressure range (5.70–20.30 kPa). The corresponding values
of S1, S2, and S3 are 281.54, 509.78, and 66.68 kPa–1, respectively.
The following investigations on other properties were performed
by the no.280 sensor. The current–time (I–T) curves show a grad-
ual increasing trend in the current with the gradual increase of
the external pressures (Figure 3b). Figure 3c shows the current–
voltage (I–V) curves of the sensor with the voltage varying from
−1.0 to 1.0 V, and the linear dependence of the voltage on the cur-
rent at various external pressures indicates a good ohmic contact
between the sensitive layer and the interdigital electrodes. Fur-
thermore, the sensor exhibits a rapid response (67.8 ms) and re-
covery time (44.8 ms) due to the excellent resilience of the PU
(Figure 3d). Figure 3e,f shows that the flexible piezoresistive sen-
sor can identify the external pressures (1.52 and 1.81 kPa) from
the different frequencies and speeds. Figure 3g reveals the I–T
and pressure–time (P–T) curves under the same periodic pres-
sure. The two curves are highly synchronized, which further
proves the quick response time and excellent performance of the
piezoresistive sensor. The 10 000 cycles of loading and unloading
were also tested to further evaluate the service life and mechan-
ical stability of the piezoresistive sensor (Figure 3h). During the
loading and unloading, the output current signal of the sensor
remains stable. After 10 000 cycles, the attenuation of the elec-
trical signal is negligible. Accordingly, the sensor has excellent
stability and durability under normal conditions. Table S1 in the
Supporting Information shows the sensing performance of this
sensor and other MXene-based piezoresistive sensors, indicating
that every performance index of the sensor is excellent.

Stretching and compression simultaneously occur when the
sensor is bent by an external force. Here, the sensing perfor-
mance of the sensor in the bending states was tested. The test
system, which is used to test the sensor at different bending an-
gles, is shown in Figure S7a in the Supporting Information. The
I–T curve of the different bending angles is shown in Figure S7b
in the Supporting Information, and the current intensity of the
sensor increases with the increase of the bending angle. Figure
S7c in the Supporting Information shows the I–T curve of the
sensor stretching between 0° and 90°. These findings prove that
the sensor can also detect stretching and compression caused by
bending.

However, the sensor would inevitably suffer from the external
mechanical damage during practical application. Consequently,
a sensor with a self-healing function that can improve the dura-
bility of the sensor in practical application must be prepared.
As previously mentioned, the fully sprayed MXene-based pres-
sure sensor has the self-healing function. Figure S8a–d in the
Supporting Information shows the whole cutting-healing pro-
cess of the sensor sensitive layer in the natural environment. Af-
ter 18 h of the self-healing, the sensitive layers are closely inte-
grated again, the MXene conductive layers are tightly in contact
with each other, the sensitivities of the nos.100–800 sensors were
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Figure 3. Sensing properties of the MXene-based pressure sensor (PI as the interdigital electrodes substrate). a) Sensitivity of the sensors from no.100
to no.800. b) The I–T curves of the no.280 sensor under serial pressures. c) The I–V curves of the no.280 sensor under serial pressures. d) The response
and recovery time of the sensor. e) The frequency response performance of the sensors under 1.52 kPa. f) The different speed response performances of
the sensors under 1.81 kPa. g) The response of I–T and P–T curves under periodic loading–unloading cycles. h) After 10 000 pressure cycles at 14.2 kPa,
the device shows excellent stability. i) Sensing sensitivities of the nos.100–800 sensors were detected after the sensitive layer self-healing for 18 h.

tested (Figure 3i) and the no.280 sensor still shows the highest
sensitivity, as shown in Figure S8d in the Supporting Informa-
tion. The sensitivities in the low-pressure range (0.30–2.00 kPa),
middle-pressure range (2.00–5.70 kPa), and high-pressure range
(5.70–20.70 kPa) are 281.4, 456.9, and 57.1 kPa–1, respectively.
The data of the nos.100– 800 sensors before and after the cutting-
healing are listed in Table S2 in the Supporting Information. In
comparison with the virgin state, the sensitivity of the sensors
after the cutting-healing slightly decreases. The sensitivity of the
no.280 sensor reduces by only 0.04% in the low-pressure range.

Many flexible substrates are unavailable for sensor fabrica-
tion due to the limitation of the current manufacturing pro-
cess. Mixed cellulose filter membrane, as a commonly used fil-
ter membrane in laboratory, has the characteristics of super-
flexibility. However, this membrane cannot be applied to the flex-
ible sensors as the electrode substrates due to the limitations of
traditional electrode preparation technology. To prove that the
preparation of interdigital electrodes by spraying is a low-cost

and universal method, a mixed cellulose filter membrane was
selected as the flexible substrate of the interdigital electrodes,
and the MXene-based interdigital electrodes were prepared by
the same method as above. The sensor still has excellent sensing
performance, as shown in Figure S9a in the Supporting Infor-
mation: S1 is in the low-pressure range (0.36–2.34 kPa), S2 exists
in the middle-pressure range (2.34–4.57 kPa), and S3 is located in
the high-pressure range (4.57–19.73 kPa), and the corresponding
values of S1, S2, and S3 are 99.8, 408.4, and 23.4 kPa–1, respec-
tively. Figure S9b in the Supporting Information shows the I–T
curve of the sensor. The output current signal of the sensor reg-
ularly increases with the increase of the pressure. Figure S9c in
the Supporting Information exhibits the I–V curves of the sensor,
which indicates that the sensor has good ohmic contact. The sen-
sor shows fast response (68.4 ms) and recovery time (46.5 ms), as
shown in Figure S9d in the Supporting Information. Moreover,
the I–T and P–T curves are highly synchronized, proving once
again that the sensor has extremely fast response speed (Figure
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Figure 4. Working mechanism of the fully sprayed MXene-based pressure sensor. Simulation results of the pressure distribution of the sensitive layer
at a) 1.0 Pa and b) 1.0 kPa. c) Simulation result of the pressure distribution of the interdigital electrodes at 1.0 kPa. Schematic diagrams of circuit molds
corresponding to d) initial state, e) light load state, and f) heavy load state.

S9e, Supporting Information). After 10 000 pressure cycle tests at
10.7 kPa, the sensor still maintains excellent stability (Figure S9f,
Supporting Information). The excellent sensing performance of
the sensor proves the universality of the spraying method.

2.3. Working Mechanism of the Fully Sprayed MXene-Based
Pressure Sensor

A model of the spinosum structure MXene/PU sensitive layer
was established according to the SEM image and surface contour
curve of the sensitive layer to understand the sensing mechanism
of the designed fully sprayed flexible pressure sensor (Figure 2e–
j). The model of MXene interdigital electrodes was also estab-
lished according to the optical image and thickness of interdigital
electrodes (Figure S5b,c, Supporting Information). The meshes
of the models use densely arranged free triangles (Figure S10,
Supporting Information). Then the stress distribution of the two
components under different pressures is analyzed by using the fi-
nite element method. The stress of the MXene/PU sensitive layer
is only distributed on the tip of the spinosum structure when the
external load pressure is 1.0 Pa, as shown in Figure 4a. The stress
distribution concentrates on the top of the spinosum structure
and extends to the bottom of the spinosum structure when the
external load pressure is increased to 1.0 kPa (Figure 4b). Fig-
ure 4c demonstrates that the stress is evenly distributed on the
surface of the MXene-based interdigital electrodes when the ex-
ternal load pressure is 1.0 kPa. These results indicate that the
contact between the spinosum structure and the interdigital elec-
trodes becomes closer with the increase in the external load pres-
sure.

Based on the above simulation analysis, the cross-sectional
schematic of the interaction between the sensor sensitive layer

and the interdigital electrodes under the initial state, light load
state, and heavy load state has been created (Figure 4d–f). More-
over, an equivalent circuit has been postulated to describe the
working mechanism of the sensor, as follows: R =R1 +

R2R3

R2+R3
;

where R1 is the intrinsic resistance of the sensitive layer and
the interdigital electrodes, R2 represents the contact resistance
between the sensitive layer and the interdigital electrodes, and
R3 represents the resistance generated by the extrusion of the
spinosum structure on the surface of the sensitive layer. In the
initial state, slight contact occurs between the interdigital elec-
trodes and the interface of the sensitive layer (Figure 4d). When
a light load is applied to the sensor, the contact area of the inter-
face between the two components increases and is accompanied
by a slight deformation of the spinosum structure of the sensitive
layer (Figure 4e). When the contact area increased, the conduc-
tive channel and conductivity also increased. In this process, the
change of resistance in the circuit is mainly attributed to R1 and
R2 because the deformation degree of the spinosum structure is
deficient. Next, the contact area continues to increase, and the
spinosum structure of the sensitive layer is squeezed during the
continuous loading process. R1, R2, and R3 all made important
contributions to the reduction of resistance in the circuit (Fig-
ure 4f). When the interface contact is close to saturation and the
load continues, the only change in the circuit’s resistance due to
the decrease of R3. Accordingly, the increase in the conductivity
of the sensor will slow down. This finding is consistent with the
experimental results, and the sensor shows the highest sensitivity
when R1, R2, and R3 can all contribute to the change of the resis-
tance in the circuit. In addition, this mechanism can explain that
the no.280 sensor has the best sensing performance.

The spinosum structures on the surface of the sensitive
layer are sparse for the no.100 sensor, so the change of R2 in
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Figure 5. Applications of the fully sprayed MXene-based pressure sensor in minimum detectable pressure and real-time monitoring of human activities.
The signal responses in the form of current changes come from a) tiny object pressure provided by a grain of mung bean (7.8 Pa), b) wrist bending,
c) finger bending, d) finger tap, e) smile, f) ankle bending, g) throat swallowing, h) elbow bending at different angles, and i) wrist pulse (the enlarged
illustration is a magnified view of the pulse vibration waveform).

the equivalent circuit is relatively small. Meanwhile, the large
spinosum structures of the no.100 sensor make it difficult to
deform and the change of R3 in the equivalent circuit is also
limited. In the case of the no.800 sensor, the small and dense
spinosum structures of the sensitive layer will not only lead to
weak deformation ability but also make the contact interface
difficult to expand. Accordingly, R2 and R3 will show minor
changes in the equivalent circuit. However, the R2 and R3 of the
no.280 sensor in the equivalent circuit change most obviously
after being subjected to external pressure. Therefore, the no.280
sensor can make fully use of the spinosum structures, which
allows the sensor to be more sensitive to pressure.

2.4. Practical Applications of the Fully Sprayed MXene-Based
Pressure Sensor

The minimum detection limit of the flexible piezoresistive sen-
sor is also considered as one of the key factors that determine

the application range of the sensor. Herein, a mung bean and a
soybean were used to evaluate the detection ability of the sensor
under an extremely low-pressure. The tiny pressure exerted by
a mung bean (7.8 Pa) or a soybean (26.3 Pa) can be clearly de-
tected by the sensor, as shown in Figure 5a and Figure S11 in the
Supporting Information. Therefore, the sensor has great poten-
tial applications in real-time monitoring of human activities and
tiny physiological signals. The sensor is attached to the muscles
or joints of the human body with adhesive tape, which success-
fully realizes real-time monitoring of the physical signals gener-
ated by the human activities such as wrist flexion, finger flexion,
finger pressing, smiling, ankle bending, and throat swallowing
(Figure 5b–g). The electrical signal output by the sensor changes
with the variation of elbow bending angle, so the human behavior
can be accurately inferred by the quantitative analysis of the out-
put electrical signal, as shown in Figure 5h. Moreover, the pulse
beat can be detected in real-time by tightly sticking the sensor to
the wrist artery. Figure 5i shows the regular pulse wave of ≈76
beats per minute (bpm) for a woman. The curve of pulse waves
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Figure 6. Applications of the fully sprayed MXene-based pressure sensor in the tactile sensing. a) Related pressure distribution is obtained by the
astronaut pendant on the surface of electronic skin. b) Optical images of an astronaut pendant and a key on the surface of electronic skin. c) Related
pressure distribution is obtained by a key on the surface of electronic skin. d) A general schematic diagram of a pressure sensing system that enables
the manipulator to realize accurate tactile feedback. e) The system is used to catch tofu and balloon. f) The mechanical palm grabs-releases the soft
bread with different frequencies.

can not only obtain the bpm of people but also indicate important
physiological signals such as blood pressure and arteriosclerosis.
The characteristic peaks of the pulse waves include percussion
(P), tidal (T), and dicrotic (D), as shown in the insert of Figure 5i.
The vascular aging and arterial stiffness can be observed by the
radial enhancement index (AIr = T/P).[50,51] We also tested the
practical application of the sensor after self-healing. The sensor
can still monitor human activities in real-time, as shown in Fig-
ure S12 in the Supporting Information.

Besides detecting various physiological signals of the human
body, the sensor can also be applied to the tactile perception, such
as electronic skin and robot sensing devices.[52,53] We also de-
signed a 4 × 4 fully sprayed MXene-based piezoresistive sensor
array to explore its sensing ability to the pressure distribution and
its application in the field of artificial electronic skin. The current
intensities at the different positions of the array sensor are distin-
guished according to the weight of the object when an astronaut
pendant and a key are placed on the array surface, as shown in
Figure 6a–c. This notion means that the weight or pressure distri-
bution of a specific object can be qualitatively and quantitatively
analyzed by referring to the current intensity of each matrix point.

Furthermore, the intelligent robot industry has rapidly devel-
oped in recent years. Tactile feedback is an important part of a
robot’s working process.[54] A single tactile perception cannot re-
alize the whole process of “action-perception-feedback” for robots
like humans.[34,55] Therefore, we have designed a tactile sens-
ing and feedback system for the mechanical palm, which can
make the manipulator feel the pressure change and realize ac-
curate tactile feedback. The system contains five parts, namely,

the manipulator and sensor, resistance-voltage converter, SGS-
THOMSON Microelectronics (STM) 32 microprogrammed con-
trol unit (MCU), central processing unit (CPU) of the manipula-
tor, and touchscreen, as shown in Figure 6d. Figure S13a in the
Supporting Information shows the hardware structure diagram
of the device in operation. The designed sensor is attached to the
surface of the mechanical finger, which is used to sense the pres-
sure change when the manipulator touches the object in the pro-
cess of executing the action commands. The sensor is connected
to the resistance-voltage converter and collects the change of the
output electric signal of the flexible pressure sensor. Then, the
data are transmitted to the STM 32 MCU for signal analysis and
processing. The analyzed data are transmitted to the CPU of the
manipulator to control the manipulator and make correspond-
ing tactile feedback. The diagram of the software system in the
device is shown in Figure S13b in the Supporting Information.
The STM 32 MCU is also connected with a touchscreen to display
the change curve of the electrical signals. In Figure 6e, the ma-
nipulator grabs fragile tofu and deformable balloon, respectively.
The electrical signal output by the sensor greatly changes when
the manipulator just touches the tofu and balloon. The manipula-
tor immediately provides feedback according to the change of the
electrical signal and stays on the surface of the object to protect
its original shape (Videos S1 and S2, Supporting Information).
Moreover, the manipulator is set to grab the soft bread at different
frequencies. The soft bread maintains its original shape. We can
see the change curve of the electrical signal of the pressure sensor
from the touchscreen in Figure 6f, which realizes the digitization
and visualization of the force. The above system completes the
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functions of tactile perception and feedback. Therefore, the sen-
sor has great potential in the application for the tactile feedback
of robots.

3. Conclusions

In summary, this work reports a simple and universal method to
prepare the high-performance pressure sensor with self-healing
function for tactile feedback. The device consists of spinosum
MXene/PU and MXene-based interdigital electrodes, and the in-
teraction of these two parts results in an excellent performance.
The sensitivity of the sensor (PI as the interdigital electrodes
substrate) is up to 509.8 kPa–1 and the response and recovery
times are 67.3 and 44.8 ms, respectively. After 10 000 loading–
unloading cycles, the sensor still maintains excellent stability.
The sensor also owns the self-healing function. After the cutting–
healing of the sensitive layer, the sensitivity reduction of the sen-
sor is less than 16.2%. The tactile feedback is also achieved by
connecting the sensor to a circuit. Overall, we fabricated a high-
performance pressure sensor by using a low-cost and universal
method. The sensor shows good self-healing function and can
be used for tactile feedback and it has potential application in
robotics and electronic skin.

4. Experimental Section
Preparation Process of the MXene (Ti3C2Tx) Nanosheet Colloidal Solu-

tion: First, 0.50 g of precursor MAX phase (Ti3AlC2) was slowly added
into the mixed solution of 0.50 g LiF and 10.0 mL 75% HCl, and the re-
action was carried out with magnetic stirring at 35 °C for 24.0 h. Then
the reactant was centrifugally washed to pH > 6.0, and the supernatant of
the last centrifugation should be dark green, which indicated that MXene
was successfully synthesized. Finally, the MXene was dispersed in a cer-
tain amount of deionized water and inert gas was introduced, along with
an ultrasonic treatment at low temperature for 1.0 h. The MXene solution
was centrifuged at 3500 rpm for 1.0 h after ultrasonic treatment, and the
supernatant was collected as MXene (Ti3C2Tx) nanosheet colloidal solu-
tion.

Preparation of the Sensitive Layer with the Spinosum Structure: A mount
of PU was cast on the surface of the abrasive paper mold with different
roughness. The PU with spinosum structure was obtained by peeling dried
PU from the surface of the abrasive paper. Then, the PU was placed on a
heating table, and the MXene colloidal solution was uniformly sprayed on
the surface of the microstructure until the square resistance of the surface
is in the range of 5.0 to 30.0Ω. Accordingly, a sensitive layer with spinosum
structure can be obtained.

Fabrication of the Interdigital Electrodes and Assembly of the Sensor: The
interdigital electrode mask was fixed on an arbitrary flexible substrate with
adhesive tape. Then the MXene colloidal solution was uniformly sprayed
on the surface of the flexible substrate in the heating condition, and the
heating temperature was set at 50–90 °C. The MXene-based flexible inter-
digital electrodes can be obtained by peeling off the interdigital electrodes
mask when the linear resistance per centimeter of the flexible substrate is
lower than 5.0 Ω. Finally, the sensitive layer and the MXene-based inter-
digital electrodes were placed face to face. The fully sprayed MXene-based
pressure sensor can be obtained by connecting two copper wires to the
interdigital electrodes through the silver paste.

Characterizations and Measurements: The morphology and thickness
of the MXene nanosheets were characterized by TEM (FEI Titan G2 60-
300) and AFM (AIST-NT). The MXene film was analyzed by multifunctional
X-ray diffractometer and Raman spectrometer (LabRAM HR Evo, 532.0 nm
laser). The spinosum structures on the surface of the sensitive layers were
characterized and measured by cold field emission SEM (JSM-6700F) and
the step profiler.

The Sensing Performance Test of the Sensor: The sensor performance
test system includes a uniaxial motor, a dynamometer, and a source me-
ter (Agilent B2091A), all of which are connected and controlled by a com-
puter. Specifically, the electrodes of the pressure sensor are connected with
a source meter and a driving voltage of 0.10 V is supplied to the sensor
through the source meter. Then, the sensor is clamped between the dy-
namometer and the uniaxial motor, and the uniaxial motor is controlled
by a computer to squeeze the sensor at different pressures. Finally, the
pressure and electrical output of the sensor are recorded by a computer.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
M.Y. and Y.C. contributed equally to this work. This work was supported
by the National Key R&D Program of China (Grant Nos. 2021YFA0718701
and 2021YFA1400204), the National Natural Science Foundation of China
(Grant Nos. 12104410 and 12174347), the Program for the Innovation
Team of Science and Technology in University of Henan (No. 20IRT-
STHN014), the Natural Science Foundation of Henan province of China
(No. 212300410289), the China Postdoctoral Science Foundation (No.
2019M662511), and the Excellent Youth Foundation of He’nan Scientific
Committee (No. 202300410356).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
flexible piezoresistive sensors, low-cost, self-healing, tactile feedback, uni-
versality

Received: January 26, 2022
Revised: March 17, 2022

Published online: April 15, 2022

[1] A. Zhang, C. M. Lieber, Chem. Rev. 2016, 116, 215.
[2] Y. Hou, Y. Yang, Z. Wang, Z. Li, X. Zhang, B. Bethers, R. Xiong, H.

Guo, H. Yu, Adv. Sci. 2022, 9, 2103574.
[3] R. Zeng, W. Wang, M. Chen, Q. Wan, C. Wang, D. Knopp, D. Tang,

Nano Energy 2021, 82, 105711.
[4] M. Zhu, M. Lou, I. Abdalla, J. Yu, Z. Li, B. Ding, Nano Energy 2020,

69, 104429.
[5] G. Tang, Q. Shi, Z. Zhang, T. He, Z. Sun, C. Lee, Nano Energy 2021,

81, 105582.
[6] J. C. Yang, J. Mun, S. Y. Kwon, S. Park, Z. Bao, S. Park, Adv. Mater.

2019, 31, 1904765.
[7] G. Schwartz, B. C. K. Tee, J. Mei, A. L. Appleton, D. H. Kim, H. Wang,

Z. Bao, Nat. Commun. 2013, 4, 1859.

Adv. Sci. 2022, 9, 2200507 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200507 (10 of 11)



www.advancedsciencenews.com www.advancedscience.com

[8] S. Sharma, A. Chhetry, M. Sharifuzzaman, H. Yoon, J. Y. Park, ACS
Appl. Mater. Interfaces 2020, 12, 22212.

[9] Y. Yue, N. Liu, W. Liu, M. Li, Y. Ma, C. Luo, S. Wang, J. Rao, X. Hu, J.
Su, Z. Zhang, Q. Huang, Y. Gao, Nano Energy 2018, 50, 79.

[10] Y. Cheng, Y. Ma, L. Li, M. Zhu, Y. Yue, W. Liu, L. Wang, S. Jia, C. Li, T.
Qi, J. Wang, Y. Gao, ACS Nano 2020, 14, 2145.

[11] J. Yan, Y. Ma, G. Jia, S. Zhao, Y. Yue, F. Cheng, C. Zhang, M. Cao, Y.
Xiong, P. Shen, Y. Gao, Chem. Eng. J. 2021, 431, 133458.

[12] W.-Q. Liao, D. Zhao, Y.-Y. Tang, Y. Zhang, P.-F. Li, P.-P. Shi, X.-G. Chen,
Y.-M. You, R.-G. Xiong, Science 2019, 363, 1206.

[13] W. Lin, B. Wang, G. Peng, Y. Shan, H. Hu, Z. Yang, Adv. Sci. 2021, 8,
2002817.

[14] Y.-W. Cai, X.-N. Zhang, G.-G. Wang, G.-Z. Li, D.-Q. Zhao, N. Sun, F.
Li, H.-Y. Zhang, J.-C. Han, Y. Yang, Nano Energy 2021, 81, 105663.

[15] X. Wang, L. Dong, H. Zhang, R. Yu, C. Pan, Z. L. Wang, Adv. Sci. 2015,
2, 1500169.

[16] S. R. A. Ruth, V. R. Feig, H. Tran, Z. Bao, Adv. Funct. Mater. 2020, 30,
2003491.

[17] Y. Pang, K. Zhang, Z. Yang, S. Jiang, Z. Ju, Y. Li, X. Wang, D. Wang, M.
Jian, Y. Zhang, R. Liang, H. Tian, Y. Yang, T.-L. Ren, ACS Nano 2018,
12, 2346.

[18] M. Cao, J. Su, S. Fan, H. Qiu, D. Su, L. Li, Chem. Eng. J. 2021, 406,
126777.

[19] W. Chen, L.-X. Liu, H.-B. Zhang, Z.-Z. Yu, ACS Nano 2021, 15, 7668.
[20] K. Wang, Z. Lou, L. Wang, L. Zhao, S. Zhao, D. Wang, W. Han, K. Jiang,

G. Shen, ACS Nano 2019, 13, 9139.
[21] T. Li, L. Chen, X. Yang, X. Chen, Z. Zhang, T. Zhao, X. Li, J. Zhang, J.

Mater. Chem. C 2019, 7, 1022.
[22] S. Peng, P. Blanloeuil, S. Wu, C. H. Wang, Adv. Mater. Interfaces 2018,

5, 1800403.
[23] Y. Gao, C. Yan, H. Huang, T. Yang, G. Tian, D. Xiong, N. Chen, X.

Chu, S. Zhong, W. Deng, Y. Fang, W. Yang, Adv. Funct. Mater. 2020,
30, 1909603.

[24] D. Wang, L. Wang, Z. Lou, Y. Zheng, K. Wang, L. Zhao, W. Han, K.
Jiang, G. Shen, Nano Energy 2020, 78, 105252.

[25] T.-P. Huynh, H. Haick, Adv. Mater. 2016, 28, 138.
[26] Y. Yue, N. Liu, Y. Ma, S. Wang, W. Liu, C. Luo, H. Zhang, F. Cheng, J.

Rao, X. Hu, J. Su, Y. Gao, ACS Nano 2018, 12, 4224.
[27] G. Li, D. Chen, C. Li, W. Liu, H. Liu, Adv. Sci. 2020, 7, 2000154.
[28] Y. Yue, Z. Yang, N. Liu, W. Liu, H. Zhang, Y. Ma, C. Yang, J. Su, L. Li,

F. Long, Z. Zou, Y. Gao, ACS Nano 2016, 10, 11249.
[29] S. R. A. Ruth, L. Beker, H. Tran, V. R. Feig, N. Matsuhisa, Z. Bao, Adv.

Funct. Mater. 2020, 30, 1903100.
[30] B. Han, K. Pei, Y. Huang, X. Zhang, Q. Rong, Q. Lin, Y. Guo, T. Sun,

C. Guo, D. Carnahan, M. Giersig, Y. Wang, J. Gao, Z. Ren, K. Kempa,
Adv. Mater. 2014, 26, 873.

[31] S. Won, Y. Hwangbo, S.-K. Lee, K.-S. Kim, K.-S. Kim, S.-M. Lee, H.-J.
Lee, J.-H. Ahn, J.-H. Kim, S.-B. Lee, Nanoscale 2014, 6, 6057.

[32] C.-W. Chen, H.-W. Kang, S.-Y. Hsiao, P.-F. Yang, K.-M. Chiang, H.-W.
Lin, Adv. Mater. 2014, 26, 6647.

[33] E. D’Anna, G. Valle, A. Mazzoni, I. Strauss, F. Iberite, J. Patton, M.
Petrini Francesco, S. Raspopovic, G. Granata, R. Di Iorio, M. Con-
trozzi, C. Cipriani, T. Stieglitz, M. Rossini Paolo, S. Micera, Sci. Rob.
2019, 4, eaau8892.

[34] S. Sundaram, P. Kellnhofer, Y. Li, J.-Y. Zhu, A. Torralba, W. Matusik,
Nature 2019, 569, 698.

[35] Y. Ma, Y. Yue, H. Zhang, F. Cheng, W. Zhao, J. Rao, S. Luo, J. Wang, X.
Jiang, Z. Liu, N. Liu, Y. Gao, ACS Nano 2018, 12, 3209.

[36] C. Ma, M.-G. Ma, C. Si, X.-X. Ji, P. Wan, Adv. Funct. Mater. 2021, 31,
2009524.

[37] X. Li, Y. Ma, Y. Yue, G. Li, C. Zhang, M. Cao, Y. Xiong, J. Zou, Y. Zhou,
Y. Gao, Chem. Eng. J. 2022, 428, 130965.

[38] S. Lai, J. Jeon, S. K. Jang, J. Xu, Y. J. Choi, J.-H. Park, E. Hwang, S. Lee,
Nanoscale 2015, 7, 19390.

[39] M. Khazaei, M. Arai, T. Sasaki, C.-Y. Chung, N. S. Venkataramanan,
M. Estili, Y. Sakka, Y. Kawazoe, Adv. Funct. Mater. 2013, 23, 2185.

[40] Y. Ma, N. Liu, L. Li, X. Hu, Z. Zou, J. Wang, S. Luo, Y. Gao, Nat. Com-
mun. 2017, 8, 1207.

[41] M. Naguib, V. N. Mochalin, M. W. Barsoum, Y. Gogotsi, Adv. Mater.
2014, 26, 992.

[42] L. Gao, C. Li, W. Huang, S. Mei, H. Lin, Q. Ou, Y. Zhang, J. Guo, F.
Zhang, S. Xu, H. Zhang, Chem. Mater. 2020, 32, 1703.

[43] Z. Wu, T. Shang, Y. Deng, Y. Tao, Q.-H. Yang, Adv. Sci. 2020, 7,
1903077.

[44] A. VahidMohammadi, M. Mojtabavi, N. M. Caffrey, M. Wanunu, M.
Beidaghi, Adv. Mater. 2019, 31, 1806931.

[45] W. Liu, Y. Cheng, N. Liu, Y. Yue, D. Lei, T. Su, M. Zhu, Z. Zhang, W.
Zeng, H. Guo, Y. Gao, Chem. Eng. J. 2021, 417, 129288.

[46] X. Fu, L. Wang, L. Zhao, Z. Yuan, Y. Zhang, D. Wang, D. Wang, J.
Li, D. Li, V. Shulga, G. Shen, W. Han, Adv. Funct. Mater. 2021, 31,
2010533.

[47] M. Shekhirev, C. E. Shuck, A. Sarycheva, Y. Gogotsi, Prog. Mater. Sci.
2021, 120, 100757.

[48] M. Alhabeb, K. Maleski, B. Anasori, P. Lelyukh, L. Clark, S. Sin, Y.
Gogotsi, Chem. Mater. 2017, 29, 7633.

[49] M. Chao, L. He, M. Gong, N. Li, X. Li, L. Peng, F. Shi, L. Zhang, P.
Wan, ACS Nano 2021, 15, 9746.

[50] N. Luo, W. Dai, C. Li, Z. Zhou, L. Lu, C. C. Y. Poon, S.-C. Chen, Y.
Zhang, N. Zhao, Adv. Funct. Mater. 2016, 26, 1178.

[51] T. Yang, X. Jiang, Y. Zhong, X. Zhao, S. Lin, J. Li, X. Li, J. Xu, Z. Li, H.
Zhu, ACS Sens. 2017, 2, 967.

[52] M. L. Hammock, A. Chortos, B. C. K. Tee, J. B. H. Tok, Z. Bao, Adv.
Mater. 2013, 25, 5997.

[53] J. J. Kim, Y. Wang, H. Wang, S. Lee, T. Yokota, T. Someya, Adv. Funct.
Mater. 2021, 31, 2009602.

[54] R. Dahiya, N. Yogeswaran, F. Liu, L. Manjakkal, E. Burdet, V. Hayward,
H. Jörntell, Proc. IEEE 2019, 107, 2016.

[55] B. Shih, D. Shah, J. Li, G. Thuruthel Thomas, Y.-L. Park, F. Iida,
Z. Bao, R. Kramer-Bottiglio, T. Tolley Michael, Sci. Rob. 2020, 5,
eaaz9239.

Adv. Sci. 2022, 9, 2200507 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200507 (11 of 11)


