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ABSTRACT: A tactile sensor is the centerpiece in human−machine interfaces,
enabling robotics or prosthetics to manipulate objects dexterously. Speciﬁcally,
it is crucial to endow the sensor with the ability to detect and distinguish
normal and shear forces in real time, so that slip detection and more complex
control could be achieved during the interaction with objects. Here, a selfpowered multidirectional force sensor (SMFS) based on triboelectric
nanogenerators with a three-dimensional structure is proposed for sensing
and analysis of normal and shear forces in real time. Four polydimethylsiloxane
(PDMS) cylinders act as the force sensing structure of the SMFS. A ﬂexible tip
array made of carbon black/MXene/PDMS composites is used to generate
triboelectric signals when the SMFS is driven by an external force. The SMFS
can sense multidimensional force due to the adaptability of the PDMS cylinders
and detect tiny force due to the sensitivity of the ﬂexible tips. A small shear
force as low as 50 mN could be recognized using the SMFS. The direction of
the externally applied force could be recognized by analyzing the location and output voltage amplitude of the SMFS. Moreover, the
tactile sensing applications, including reagent weighing and force direction perception, are also achieved by using the SMFS, which
demonstrates the potential in promoting developments of self-powered wearable sensors, human−machine interactions, electronic
skin, and soft robotic applications.
KEYWORDS: shear force, tactile sensing, multidimensional force sensor, self-powered, TENG
mechanisms.22−24 These sensors could transform the force
change into resistance, capacitance, and voltage or current
responses, respectively. Among them, triboelectric nanogenerators (TENGs) could be a promising candidate for
pressure sensors because of their broad material selections,
simple structure, low cost, and high power density.25−27 The
working principle of triboelectric active sensors is also based
on the triboelectric eﬀect and electrostatic induction. In
addition, to meet the requirement of simultaneously detecting
the force amplitudes and directions, researchers conducted
their studies on microstructured capacitive sensors and dualmode sensors combined with piezoresistive and capacitive
modes or piezoresistive and piezoelectric modes.28−30 Here,
we focus on realizing the function of normal and shear force
detection using TENGs in this research.
Nevertheless, choosing suitable materials for high-performance triboelectric force sensors remains a great challenge.
Polydimethylsiloxane (PDMS) has been widely used in
TENGs as a triboelectriﬁcation layer or a matrix for

1. INTRODUCTION
Flexible force sensors are becoming increasingly important for
tactile and biological mechanical force sensing in a large variety
of applications, including health care, robotics, and human−
machine interactions.1−6 For instance, wearable and implantable force sensors detect the pulse rhythm and blood pressure
to reﬂect the potential cardiovascular disease.7−9 Also, for
robotics, force sensors will enable the function of object
perception, which is also a promising device to realize human−
machine interactions.10−12 Up to now, there have been many
reports focusing on designing the microstructure and
improving the sensing materials to increase the sensitivity of
force sensors.13−15 Most of the sensors respond to unidirectional force; however, the ability to detect and distinguish
normal and shear forces in real time is crucial to provide
important information in practice. These parameters cannot be
directly obtained with the traditional force sensors, while
future force sensors are required to perform integrated sensing
capabilities for manipulation tasks like realizing automation of
experimental operations with robotic hands.16−18 Hence, to
achieve higher manipulative and intelligent levels of force
sensing applications, an integrated force sensor that could
sense the value and directions of force simultaneously is an
inspiring and challenging research topic.19−21
Various types of force sensors have been explored, based on
piezoresistive, capacitive, piezoelectric, and triboelectric
© 2022 American Chemical Society
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Figure 1. Overview of SMFSs. (a) Schematic illustration showing SMFS working as a human−machine interface. (b) Digital photographs of the
SMFS attached to the index ﬁnger (the red dotted line) and the back (the blue dotted line) of a robotic hand. (c) Schematic diagram of fabrication
process of the SMFS based on CB/Mxene/PDMS composites.

composites with excellent ﬂexibility, electronegativity, and
biocompatibility. To further enhance the sensitivity of PDMSbased triboelectric pressure sensors, numerous approaches
have been performed. One of these eﬀective methods is doping
a suitable amount of conductive ﬁllers in PDMS, such as
carbon black (CB), graphene sheets, and carbon nanotubes, so
that the surface charge density will be increased by the
increased capacitance of the TENG and reduced internal
resistance of PDMS.31−33 As a result, the sensitivity of
triboelectric pressure sensors can be improved by increasing
the peak output voltage. Among these ﬁllers, CB has been
considered as a good ﬁller, owing to its high conductivity, easy
availability, low cost, and low speciﬁc weight. Due to the
charge storage ability of CB, CB-doped composites have been
proved to be eﬀective in enhancing the output performance of
the TENG; however, the enhancement is still limited. In
addition, owing to its highly conductive and electronegative
properties and excellent mechanical stability, MXene (e.g.,
titanium carbide and Ti3C2Tx, where Tx is O, OH, or F) has
been considered as a new eﬀective conductive ﬁller for
fabricating high-power output TENGs.34−36 Therefore, a
strategy for utilizing the additive eﬀect of MXene and further
improving the output of the triboelectric pressure sensors is
required.
Herein, we report a self-powered multidirectional force
sensor that can detect and distinguish normal, tilt, and shear
forces, which is based on the contact-separating mode TENG.
The sensor is composed of a ﬂexible PDMS cylinder
supporting structure and sensing structure. Moreover, the

mechanical and electrical properties of three diﬀerent sensing
structures, including the cylinder, cuboid, and cone, were
measured and compared. The cone was proved to be the
proper sensing structure and was further improved by doping
CB and MXene into PDMS, resulting in an increased output
voltage, good linearity, and fast response under an applied
force. Besides, the sensing signals from four cones could be
recorded and analyzed according to the location and voltage
amplitude of each cone, and thus, the direction of applied force
could be realized. Furthermore, the reagent weighing in a test
tube and force direction perception for a smart indication
system were achieved as tactile sensing applications, illustrating
the excellent potential for development in self-powered
wearable sensors and human−machine interfaces.

2. RESULTS AND DISCUSSION
2.1. Fabrication of the SMFS and its Characterization.
Figure 1a illustrates the schematic diagram of the SMFS, which
is working as a human−machine interface. The detected
signals from the sensor could be recorded and analyzed for
providing feedback by artiﬁcial intelligence. As shown in Figure
1b, the SMFS can be attached to diﬀerent parts of a robotic
hand to achieve human−machine interface applications.
Besides, the fabrication process of the SMFS is shown in
Figure 1c. First, a diluted solution of PDMS and hexane was
mixed thoroughly with CB and MXene. The solution was
stirred until the CB and MXene were uniformly mixed with
PDMS and hexane was evaporated. Next, a cross-linker was
added to the above solution at a mass ratio of 10:1 with PDMS
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Figure 2. Mechanical and electrical properties of SMFSs. (a,b) Simulation results showing force−displacement relationship of diﬀerent sensing
structures under normal force. (c) Corresponding experimental data for force−displacement relationship. (d,e) Simulation results showing
mechano−electrical relationship of diﬀerent sensing structures. (f) Corresponding experimental data for mechano−electrical relationship.

content of CB and MXene, where x and y represent the
content of CB and MXene, respectively. For example, C1
means 1 wt % CB-doped PDMS and C2M1 means 2 wt % and
1 wt % MXene-doped PDMS. The surface morphology of
these samples is shown in Figure S1. Aside from C10 and C15,
there is a slight aggregation of C5. In addition, there is no
signiﬁcant diﬀerence in surface morphology of other samples
due to the low doping ratio, indicating a homogeneous
composite of CB and PDMS. Even though the mass ratios of
C10 and C15 are a little higher, CB was also dispersed uniformly
in PDMS, as can be seen in Figure S1. To conﬁrm the well
mixing of the MXene in the composite, the cross-section view
and element mapping of the selected zone of C2M3 are shown
in Figure S2. The strong titanium (Ti) signal belonging to
MXene indicates that MXene has been well embedded in the
PDMS matrix. The ﬂuorine (F) signal veriﬁes the existence of
active −F groups in MXene.
2.2. Design and Optimization of the SMFS. To improve
sensor performance by generating more charges through
contact electriﬁcation, the active layer microengineering of
triboelectric pressure sensors has attracted much interest and is
becoming increasingly important in sensor structure designing.

base. Afterward, the composite consisting of CB, MXene, and
PDMS was drop cast and degassed in a PTFE mold with cone
structures and cured at 80 °C. Four round copper electrodes
with copper wires were then attached to the upper surface of
the cones. The pure PDMS prepolymer, composed of a
polymer base and curing agent with a mass ratio of 10:1, was
used to encapsulate the cones and electrodes and to ﬁll into the
empty cylinders in the mold. These cylinders were regarded as
the supporting structure of the sensor after curing. As a result,
an integrated structure with sensing and supporting structures
was achieved after the curing and demolding process. By using
a similar fabrication method, the CB/PDMS composite with a
cone sensing structure and pure PDMS with cylinder, cuboid,
and cone structures were also fabricated for comparison.
Finally, the integrated structure was assembled with a bottom
electrode by pasting the supporting cylinders on an aluminum
(Al) foil-coated positron emission tomography (PET)
substrate.
We fabricated CB/PDMS and CB/MXene/PDMS composites with various CB (1, 2, 5, 10, and 15 wt %) and MXene (1,
2, 3, and 4 wt %) mass ratios in PDMS. For simplicity, the
composite-based SMFSs were named “CxMy” according to the
20124
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Figure 3. VOC responses of SMFSs with diﬀerent CB/MXene contents under (a) normal force ranging from 1 to 15 N. VOC responses of C2M3
under (b) tilt force ranging from 0.1 to 1.2 N and (c) shear force ranging from 0.05 to 0.4 N. (d−f) Simulation results of electrical potential
distributions of C2M3 under normal, tilt, and shear forces. (g−i) Schematics of the sensing principle for C2M3 under normal, tilt, and shear forces.

Figure 2c shows that the deformation results of the three
samples have a similar variation trend under normal force.
Even though their displacements are almost the same under
low pressure, the cone structure has the largest deformation
with the increase in normal force eventually.
When it comes to the comparison of triboelectric voltage
output, the simulation of the potential distribution in
successive press-release cycles is also studied for cylinder,
cuboid, and cone sensing structures. The process of the
dynamic press-release cycle and potential distribution for three
sensing structures are shown in Video S1. When the sensing
structures approach, press, or separate from the Al electrode,
the electric potential diﬀerence accordingly changes. Three
representative results of three sensing structures in the same
pressing state are presented in Figure 2d. Compared with the
other two samples, the cone sensing structure possesses the
largest potential diﬀerence during the press-release cycles, and
the voltage outputs are thereby the highest over the applied
normal force range, as shown in Figure 2e. Corresponding
experiments were also conducted to validate the simulation
results. The experimental setup for the normal force test is
shown in Figure S3. The experimental result in Figure 2f shows
that the open-circuit voltage (VOC) of the cone sample is the
highest, the cuboid comes second, and the cylinder has the
lowest VOC output, which is in good accordance with the
simulation result. Some representative response curves of the

Because various microstructures will lead to diﬀerent nonuniform stress distributions during the pressure sensing, a
variety of microstructures have been investigated according to
the needs. In this work, we compared the mechanical
properties and triboelectric voltage output of cylinder, cuboid,
and cone sensing structures by ﬁnite element analysis and
experimental results. The comparison of mechanical properties
was studied. In the simulation, the height of the cylinder,
cuboid, and cone was kept the same; the size of the base radius
of the cone and cylinder and the bottom side length of the
cuboid were also kept consistent, while the contact surface area
was varied. Figure 2a shows the same compressing state of
three sensing structures made of pure PDMS. From the
simulation results, including the displacement distribution in
Figure 2a and curves plotted in Figure 2b, the sensing part with
the cone structure has the largest deformation under the same
normal force, which means that the smaller the contact surface
area, the larger the degree of deformation under normal
pressure could be achieved. The cone has better performance
than other shapes like the cylinder and cuboid because of its
non-uniform stress distribution, which concentrates at its
pointed tip. The tips of the cones will compress more for a
given applied pressure, resulting in higher mechanical
deformations and consequently sensitivities.17,37 To verify
this simulation result, corresponding samples with diﬀerent
sensing structures are fabricated. The experimental result in
20125

https://doi.org/10.1021/acsami.2c03812
ACS Appl. Mater. Interfaces 2022, 14, 20122−20131

ACS Applied Materials & Interfaces

www.acsami.org

cylinder, cuboid, and cone sensing structure are shown in
Figure S4. The speciﬁc mechanism and potential variation
process of the triboelectric pressure sensor will be discussed in
detail in the working mechanism section. After studying the
eﬀect of the sensing structures on mechanical characteristics
and electrical outputs of the triboelectric pressure sensors, the
cone has been proved as the optimal sensing structure for
pressure sensing in this work, and thus, the sensitivity
improvement by sensing material optimization can be better
explored based on this result.
To improve the triboelectric pressure sensing performance,
SMFSs based on the diﬀerent mass ratios of CB/MXene/
PDMS composites were fabricated to investigate the optimal
sensing performance under normal force. CB has been proved
to be eﬀective to improve the output performance of TENGs
as a doping agent. The SMFSs made of CB-doped PDMS
without MXene were ﬁrst tested under normal force. Here, CB
content of 1, 2, 5, 10, and 15 wt % was selected for
comparison. Due to the uniform arrangement of the four cone
sensing structures, the normal force was uniformly applied to
each of them; every cone had similar VOC output, so the
generated VOC of one cone is shown for comparison. Figure S5
demonstrates the relationship between generated VOC and
applied normal force of the CB/PDMS-based sensor. The VOC
gradually increases as the applied normal force changes from 1
to 15 N at a compression speed of 100 mm/min. Compared
with pure PDMS, the introduction of CB into PDMS improves
the outputs of the SMFS at a low CB mass ratio. When the CB
content is 1 wt %, obvious improvement is observed. This is
because CB plays a role as a charge trapping site and it
increases the dielectric constant of the contact layer, and thus,
it can increase the total amount of the involving negative
electrical charges in the contact layer of the TENG. The VOC
output reaches its maximum value when the content is 2 wt %
over a range of applied normal force. With the further increase
in CB content, there will be a negative eﬀect on sensing
performance. When the CB content is greater than 5 wt %, the
VOC outputs under the applied force gradually decrease with
the addition of CB. This result could be attributed to the
excessive amount of the CB in PDMS, which cannot eﬀectively
store the charges due to the formation of CB agglomeration,
resulting in leakage current and lower VOC outputs of C10 and
C15 than those of pure PDMS (C0). Therefore, in terms of the
sensitivity comparison shown in Figure S5, the optimal CB
content is observed to be 2 wt %. However, the increase in the
sensitivity and the sensing resolution in a low pressure range is
still limited by only doping CB in PDMS.
MXene exhibits a highly electronegative surface, which is
attributed to the abundant −F groups and terminating
functional groups containing oxygen. Thus, MXene becomes
a promising alternative of electronegative material for TENGs
to provide enhanced performance. To achieve the improvement of electrical performance from an additive eﬀect with the
incorporation of MXene, the diﬀerent mass ratios between
MXene and optimal CB content in PDMS were studied to
acquire the optimal performance for SMFS sensing. The tests
were also conducted under diﬀerent cyclic normal compressive
forces at 100 mm/min. Here, C2M1, C2M2, C2M3, and C2M4
were tested.
2.3. Mechanism of Multidirectional Force Sensing. As
shown in Figure 3a, when the normal force is less than 3 N,
these four sensors have almost the same responses. Starting
from 4 N, the C2M3 possesses higher VOC responses than those

of other sensors under up to 15 N normal force. The VOC
improvement could be ascribed to the following reasons. First,
MXene has similar electronegativity with PTFE due to the
existence of −F groups, and the amount of charge transfer and
VOC are dependent on the diﬀerence in the electronegativities
between the bottom Al electrode and sensing materials.
Second, the presence of MXene, together with CB, could
further decrease the internal resistance and enhance the
capacitance of the CB/MXene/PDMS composite, thus leading
to improved voltage output. The C2M4 has the lowest voltage
output throughout the range of applied normal force, meaning
that there is a negative impact on the performance when the
mass ratio of MXene exceeds 3 wt %. It is similar to the impact
caused by CB; at higher doping concentrations, MXene is
likely to form aggregations, resulting in a conductive network
composed of MXene and CB, thereby destroying the dielectric
properties of PDMS. As a result, leaking electricity may lead to
a decrease in voltage output under applied normal force. Based
on the above results and analysis, C2M3 was chosen as an
optimal device for further mechano−electrical tests.
An important function of the proposed SMFS is the ability
to realize the direction of applied force. To investigate the VOC
responses of SMFSs to the applied tilt force and shear force
besides normal force, corresponding pressure-sensing measurement apparatuses were set up (Figure S3). Like the apparatus
for measuring normal force, the tilt force test setup was also
constructed using a computer-controlled force gauge but with
one oblique plane of 45° ﬁxed at the bottom of the force gauge
and the other one ﬁxed on the platform. For the shear force,
similarly, two perpendicular planes were attached to the
bottom of the force gauge and the platform. The SMFS was
ﬁxed on the plane which was on the platform; by varying the
top and bottom planes with diﬀerent angles, normal force, tilt
force, and shear force could be applied to the sensor through
the vertical movement of the force gauge. During the test, from
a vertical aspect, the cones at the lower location were marked
as front ends, the upper ones were marked as back ends, as the
samples shown in Figure S3. Note that the supporting
structures of SMFSs are soft and ﬂexible and will easily bend
under tilt and shear forces, so the sensing structures could
contact the Al electrode and be pressed much more easily.
Compared to vertical compression of the SMFS under normal
force, a small tilt or shear force could produce a relatively large
displacement of the SMFS, namely, to achieve the same
magnitude of displacement, the required tilt or shear force is
much less than the normal force, as shown in Figure S6. As a
result, the SMFS is capable of detecting slight tilt or shear force
in diﬀerent application scenarios, which will be shown in the
applications section. As shown in Figure 3b, the SMFS
generates VOC responses to 45° tilt forces from 0.1 to 1.2 N.
Although the variation trends of the VOC under 45° tilt force
are almost the same, the cone located at the front end
generated a little higher VOC output than the cone at the back
end. This could be attributed to the location diﬀerence of the
cones. Under the tilt force, the front-end cone will contact the
bottom Al electrode ﬁrst and deform more than the back-end
one, so there will be a response diﬀerence observed in the
experimental results, which implies that the SMFS has the
potential of distinguishing the direction of applied force
according to the VOC response signal. When it comes to the
shear force, the front- and back-end cones possess similar VOC
responses under the applied force ranging from 0.05 to 0.4 N
(Figure 3c). In this situation, because the force was applied in a
20126
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Figure 4. Properties of SMFSs with C2M3. (a) Mechano−electrical curves of C2M3 under serial normal forces ranging from 1 to 15 N. (b) VOC
responses of SMFSs at diﬀerent operating speeds under 2 N. (c) VOC responses and applied force curves under periodic loading and unloading
cycles. (d) Response and recovery time of C2M3 under 1 N. (e) Cyclic stability of C2M3 under more than 10,000 cycles with an applied normal
force of 3 N.

tangential direction, there was no signiﬁcant diﬀerence
between the cones at the front and back end, leading to
similar VOC outputs under the applied shear forces. However,
the VOC responses increase with the increase in applied force,
indicating good sensing ability and resolution of slight shear
force detected by SMFSs. Some representative response curves
of SMFSs under tilt and shear forces are also shown in Figure
S7. In addition, the relationship between the VOC responses of
the SMFSs and calculated applied pressure in Figure 3a−c is
also summarized in Figure S8. More importantly, the minimum
limit of shear force detection with C2M3 is 255 Pa (50 mN), as
shown in Figure S8c, indicating good sensing ability of tiny
shear force.
To elucidate the underlying sensing mechanism of the
multidirectional pressure sensing, the corresponding simulation using COMSOL was ﬁrst carried out. The deformations
and potential distributions of the SMFS under normal, tilt, and
shear forces are shown in Figure 3d−f, respectively. First,
under the normal force, each cone exhibits the same potential
and the SMFS could sustain a relatively large normal force. In
addition, because of the three-dimensional geometry of the
four-cone array and the anisotropic deformation of the sensing
structure with applied tilt force, the cones located on the same
side with the direction of applied force (front end) will be
exposed to greater pressure, leading to a higher output voltage,
compared to those located on the side opposite the applied
force direction (back end). This result also applies to the
situation of shear force, but the diﬀerence in output voltages
between front-end and back-end cones is not obvious due to
the similar pressure applied to them. According to the
simulation results, the maximum potentials under normal,
tilt, and shear forces are 250, 100, and 80 mV, respectively,

which are in good accordance with the experimental results in
Figure 3a−c.
Furthermore, the schematic diagram of the working
principle of the SMFS is demonstrated when the normal, tilt,
and shear forces are applied, as shown in Figure 3g−i. In
general, when the top cones contact with the bottom Al
electrode, owing to the triboelectriﬁcation eﬀect and the strong
electronegativity of CB/MXene/PDMS composites, negative
charges are induced, while the triboelectric charges with
opposite polarities are generated from the Al electrode. As the
cones start to separate from the Al surface with the released
forces, electrons transfer in the external load to eliminate the
potential diﬀerence generated by charge induction. When the
applied forces are released, a new balance between positive and
negative charges is established. As the cones approach the Al
electrode again, the electrons will ﬂow back to form a reverse
output signal. This working principle is suitable for these three
situations, including normal, tilt, and shear forces. However,
the cones contact the Al electrode in diﬀerent ways.
Speciﬁcally, the normal force causes deformation of the
SMFS in the vertical direction, which will lead to an increased
contact area of the pressed cones in the same direction. Tilt
force enables the cones to contact with the Al electrode in an
oblique way, which means that there is not only the increased
contact area from the pressed cones but also the additional
contact area brought by the contact between the side of the
cones and the Al electrode. For the shear forces, slight
deformation occurs at the tip of the cones, but the additional
contact area mentioned above is still applicable to this
situation. Hence, the shear forces could be detected by
monitoring the corresponding output voltages under pressrelease cycles.
20127
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Figure 5. Demonstrations of SMFSs showing the ability to detect tilt and shear forces. (a) Digital photographs of the artiﬁcial hand equipped with
the SMFS holding a test tube. (i−vi) Test tube was ﬁlled step by step. (b) VOC responses and variations on addition of water six times. (c) Ability of
distinguishing direction of tilt forces according to location and amplitude of the signal channel. (d) Smart indication system indicating direction of
applied force by visually lighting arrows made of LEDs.

2.4. Normal Force Sensing Performance of the SMFS.
In addition to diﬀerentiation of tilt force and shear force,
systematic mechano−electrical experiments under normal
force for SMFSs were also conducted. First, when comparing
the VOC output of C2M3, C2, and pure PDMS throughout
normal force application, there is a considerable improvement
that could be observed by adding CB and MXene at an optimal
concentration. The VOC responses of the cone sensing
structure made of C2M3, C2, and PDMS under applied normal
force and corresponding applied pressure are shown in Figures
4a and S9, respectively. The response linearity of the C2M3, C2,
and pure PDMS-based sensor is calculated to be 0.9773,
0.9788, and 0.9842, respectively (Figure 4a). Moreover, by
calculating the maximum ΔVOC under applied pressure in
Figure S9, the sensitivity of the C2M3 (2.97 mV kPa−1) is 4.8
times higher than that of the PDMS-based sensor (0.62 mV
kPa−1) in the pressure range of 5.1−76.5 kPa. Figure 4b shows
the VOC response curves upon serially applied normal force. As
the force increases, the VOC gradually increases, indicating that
more charges are transferred between the C2M3 cone and the
Al electrode. The peak values of VOC outputs are monotonically increasing and in good accordance with the result in

Figures 3a and 3a. Therefore, the SMFS can precisely
recognize the strength of the applied pressure by diﬀerentiating
the amplitude of the VOC. To further investigate the sensing
ability of the SMFS, the dependence of the VOC output of the
C2M3 on the operating speed was tested. The applied normal
force was set to 2 N. As shown in Figure 4c, the peak value of
the VOC showed negligible change with the operating speeds
ranging from 10 to 150 mm/min, attributed to the saturation
of tribocharges on the C2M3 surface,38 exhibiting excellent
uniformity and stability.
Additionally, another two key performance parameters of
the pressure sensor are the response time and recovery time.
The deﬁnition of response time is the time a sensor would take
to reach 90% of its ﬁnal signal amplitude upon an applied
pressure; once the applied pressure is removed, the time for
the sensor to recover to its original value is deﬁned as recovery
time. A complete cycle of VOC response under loading and
unloading of ∼1 N normal force and the corresponding applied
force curve are plotted in Figure 4d. It is estimated that the
VOC response time and the recovery time are 0.26 and 0.35 s,
respectively. There is no obvious delay between the loading/
unloading time of the applied force and VOC response/recovery
20128
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time, as shown in Figure 4d. It should be noted that the
response and the recovery time did not reach a millisecond
level due to the moving speed of the force gauge. For the
loading and unloading cycle of ∼1 N force, which is also
shown in Figure S10, the force gauge took 1.16 s to complete
one cycle of ∼1 N, so the response time and the recovery time
of the SMFS are suﬃcient to meet the requirements of actual
applications. Moreover, the real-time cyclic 8 N normal force
and corresponding VOC responses are shown in the same plot,
and both plots match well (Figure S11). Therefore, the VOC
response of the SMFS could reveal detailed information about
the press-release process of the applied force. To investigate
the durability and stability of the C2M3-based SMFS, more
than 10,000 loading and unloading cycles for 28,000 s were
performed under 3 N at 150 mm/min, as shown in Figure 4e.
During the starting and ending cycles in the magniﬁed insets,
the SMFS has very stable responses, and no obvious
deterioration was observed during the test, conﬁrming the
good potential for applications.
2.5. Applications of Multidirectional Pressure Sensing. Considering the good sensitivity and the capability of tilt
and shear force sensing, corresponding demonstrations were
conducted to show the sensing ability of the SMFS in practice.
First, an experiment of an artiﬁcial hand application scenario
was performed to demonstrate the use of the SMFS in reagent
weighing in real time. The SMFS was mounted on the index
ﬁnger of an artiﬁcial hand, which was set to hold a test tube
vertically. As shown in Figure 5a, at the original state, the top
surface of the SMFS was in contact with the sidewall of the test
tube. Subsequently, water was added into the test tube six
times using a pipette to increase the weight. At each time, the
additional volume of the water was around 2.3 g. Because the
test tube was vertically held by the artiﬁcial hand, the added
weight of the water was considered to be transferred to the
shear force between the SMFS and the test tube, and the shear
force was the only variable in this process. As shown in Figure
5b, the VOC of the sensor increased with the water addition
each time, and from the data recorded using an electrometer,
the VOC almost remained at each state after the water addition.
The corresponding state of the test tube at each stage can be
seen in (i−vi) steps of Figure 5a. As a result, the SMFS has
proved to be capable of reagent weighing and has the potential
to be substituted for humans in experimental operations.
Then, the ability to distinguish the direction of tilt force is
shown in Figure 5c. Four top electrodes of the SMFS were
connected with four data channels of an oscilloscope in
sequence, and the sensing data were directly recorded using an
oscilloscope and revealed on a screen in real time (Figure S12).
The tilt force applied to the sensor was achieved by
directionally pressing the sensor with a ﬁnger. The press
action in each direction was repeated several times. As shown
in Figure 5c and Video S2, the force direction can be clearly
distinguished by comparing the amplitude of the four-channel
VOC. For example, when a forward force is exerted on the
sensor, more force will concentrate on cone 1 and 2, leading to
more deformation and higher voltage outputs, compared with
those of cone 3 and 4. Therefore, by analyzing the amplitude of
the VOC of each cone, the force direction can be diﬀerentiated.
Figure S13 illustrates the VOC responses of a pixelated SMFS
under the external force in a diﬀerent direction.

3. CONCLUSIONS
In summary, based on the three-dimensional conﬁguration
with a supporting and sensing structure, we have developed a
self-powered triboelectric SMFS that can detect and diﬀerentiate the normal and shear forces. Diﬀerent sensing
structures were fabricated and compared to optimize the
sensor conﬁguration. The corresponding sensing mechanism
was also discussed. With the improvement of the sensing
material, the CB/MXene/PDMS composite enhanced the
sensing performance of the SMFS, resulting in increased
voltage output, good linearity (R2 = 0.9773), and fast response
under an applied force. The sensitivity of the optimal device
for normal force detection (2.97 mV kPa−1) is 4.8 times higher
than that of the PDMS cone sensing structure (0.62 mV
kPa−1) in the pressure range of 5.1−76.5 kPa. Also, a small
shear force as low as 255 Pa could be recognized using the
SMFS. By diﬀerentiating the location and output voltage
amplitude, the direction of applied force could be realized and
further utilized. In particular, based on the advantages of the
SMFS, it can be used for measuring the reagent weight in real
time and achieving a smart indication system. Therefore, the
proposed SMFS has great potential as a self-powered sensor for
human−machine interfaces, next-generation wearable electronics, and robotics in the future.
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4. EXPERIMENTAL SECTION
4.1. Fabrication of the CB/PDMS and CB/MXene/PDMS. CB
was purchased from Carbot Corporation with an average particle size
of 50 nm. The CB/PDMS composite was prepared by mixing CB and
PDMS (Sylgard 184, Dow Corning). To uniformly disperse the CB in
PDMS matrix, the PDMS base material was ﬁrst diluted in hexane;
next, the CB was added to the diluted PDMS solution with diﬀerent
mass fractions (1, 2, 5, 10, and 15 wt %) and stirred thoroughly for 3
h to achieve a uniform mixture and evaporate hexane. The curing
agent was then added to the mixture according to the mass ratio 10:1
of PDMS base to the curing agent. For the CB/MXene/PDMS, the
fabrication procedures were similar to those of CB/PDMS, but the
monolayer MXene with 1, 2, 3, and 4 wt % was added together with
the CB into the PDMS diluent.
4.2. Fabrication of the SMFS. After stirring with the curing agent
and degassing, the CB/PDMS or CB/MXene/PDMS was cast into
polytetraﬂuoroethylene (PTFE) molds with the cone structure in the
middle. Then, the CB/PDMS or CB/MXene/PDMS together with
the mold was cured at 80 °C for 3 h. After the composite was cured,
four round copper electrodes connected with copper wires were
attached to the upper surface of the composite cone with the aid of
silver paste. Subsequently, pure liquid PDMS was poured on the
electrodes as the encapsulation and the hollow cylinders were ﬁlled in
the mold as the supporting structure. After degassing, the uncured
PDMS was heated at 80 °C for another 3 h to fully solidify the PDMS.
The whole device integrated with the supporting structure, cone, and
the electrodes was demolded from the PTFE mold together. Besides
the cone structure, two diﬀerent sensing structures, including the
cylinder and cuboid, were also fabricated. These sensors were all made
of PDMS, and the fabrication process was the same as that of the CB/
PDMS or CB/MXene/PDMS samples. Finally, the as-obtained
samples were assembled by attaching the supporting structure to
Al-coated PET substrates.
4.3. Characterization and Measurement. The morphologies of
the samples were obtained using a ﬁeld-emission scanning electron
microscope (NOVA 450). An ESM301/Mark-10 system was used for
the cyclic press-release test, and a Mark-10 force gauge was used to
detect the applied force and corresponding displacement under
compression. The pressing rate was 100 mm/min for the measurement and changed from 10 to 150 mm/min for the speed dependence
test. To achieve normal, tilt, and shear force sensing via vertical
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movement of the force gauge, acrylic covers with diﬀerent planes at
diﬀerent angles were attached to the force gauge and test platform.
The VOC of the SMFS was measured using a Keithley 6517
electrometer and was recorded through an oscilloscope (LeCroy
HDO6104).
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