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ABSTRACT: As tactile force sensing has become increasingly
significant in the field of machine haptics, achieving multidimen-
sional force sensing remains a challenge. We propose a 3D flexible
force sensor that consists of an axisymmetric hemispherical
protrusion and four equally sized quarter-circle electrodes. By
simulating the device using a force and electrical field model, it has
been found that the magnitude and direction of the force can be
expressed through the voltage relationship of the four electrodes
when the magnitude of the shear force remains constant and its
direction varies within 0−360°. The experimental results show that
a resolution of 15° can be achieved in the range 0−90°.
Additionally, we installed the sensor on a robotic hand, enabling
it to perceive the magnitude and direction of touch and grasp actions. Based on this, the designed 3D flexible tactile force sensor
provides valuable insights for multidimensional force detection and applications.
KEYWORDS: flexible tactile sensing, single-electrode mode, force detection, normal and shear forces, robotic hand system

With the rapid development of technology, tactile sensors
are increasingly being used in fields such as intelligent

robotics,1−5 biomimetic prosthetics,6−8 and human−machine
interaction.9−11 For example, the use of intelligent robots to
interact with patients during the COVID-19 pandemic has
effectively reduced the risk of cross-infection. Flexible tactile
sensors, as a crucial component of intelligent robots, are
essential for performing tasks that require high dexterity, such
as grabbing, holding, and touching.12,13 These tactile sensors
can detect a variety of tactile stimuli, including presses, knocks,
and slides.14−16 Tactile sensing is crucial for enabling robots to
perceive objects,17−20 with the detection of forces being
particularly important. To date, there have been many reports
focusing on designing microstructures and improving sensing
materials to increase the sensitivity of force sensors.21−23 The
majority of sensors react to unidirectional forces, but in actual
use, being able to recognize normal and shear forces is
essential.24−29 Therefore, a tactile sensor that can sense both
the magnitude and direction of force is an inspiring and
challenging research issue.

In recent years, numerous studies have investigated various
kinds of tactile sensors based on piezoresistive, capacitive,
piezoelectric, and triboelectric processes to address these
challenges.30−35 Among these, triboelectric nanogenerators
(TENGs) can not only directly convert mechanical motion
into electrical energy but also offer advantages such as a diverse
selection of materials, high voltage signals, high sensitivity, and
simplicity in fabrication.36,37 Although force tactile sensors play
a crucial role in practical applications,34,38 most force sensors
can only measure normal forces,39 and the shear force

components with direction information are rarely studied by
TENG-based sensors. This greatly limits their application in
robotic tasks involving complex multidimensional force
states.40−42 Based on this, in this study we focus on the
design of a flexible tactile sensor structure based on
triboelectric nanogenerators for detecting both normal and
shear forces.

Here, we report on a multidimensional flexible tactile sensor
based on a single-electrode mode TENG, featuring an
axisymmetric hemispherical protrusion and four equally sized
quarter-circle electrodes. For normal force sensing, its
detection range is 0−10 N. Subsequently, simulations of the
device showed that the magnitude and direction of force can
be indicated by the voltage relationship of the four electrodes
when the shear force is constant, and its direction varies within
a 0−360° range. Experimentally, the device has the ability to
resolve the direction of the shear force with a resolution of 15°.
Moreover, we installed the flexible tactile sensor array on the
robotic hand’s surface, enabling it to perceive the magnitude
and direction of forces. This further demonstrates the
significant potential of flexible multidimensional tactile sensor
arrays in human−machine interaction applications.
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We present a streamlined manufacturing process for flexible
tactile sensor arrays (Figure 1a), comprising a flexible contact

and a FPCB (flexible printed circuit board) layer, detailed in
the Materials and Methods section and Figure S1a,b. Initially, a
2-by-2 sensor unit array template is created via 3D printing.
Then, a silicon solution is poured into the template for full

coverage and allowed to air-dry at room temperature, forming
a peelable flexible point array structure, as shown in Figure 1a,
upper right. The SEM image in Figure S1c shows the silicone
contact’s surface with uniform microstripes, enhancing friction
and TENG output. The device’s FPCB features 16 quarter-
copper-pad electrodes, 3 mm in diameter, and a structure with
a top copper electrode, a perforated polyimide center, and a
copper solder joint bottom (Figure 1a, lower right).
Demonstrating its application, we attached the flexible tactile
sensor to a manipulator for detecting normal and shear forces,
with images in Figure S2.

In detail, Figure 1b-i shows the tactile sensor array’s
response to normal force, transitioning from point to face
contact as pressure increases, enlarging the contact area. In
Figure 1b-ii, the increased contact area boosts charge induction
and output signal from the nanogenerator’s electrode layer.
This sensitivity to slight forces enhances TENG-based sensors
with hemispherical contacts’ force detection. Figure 1b-iii
demonstrates its application in sensing normal forces on robot
hands for human−machine interaction.

To detect the force magnitude and direction, we designed a
sensor with four quarter-circle electrodes under a silicone
hemisphere. This setup lets the device discern forces of
different magnitudes and directions by analyzing changes in
the electrodes’ outputs. Nonvertical forces or sliding creates
asymmetric contact area changes, affecting the electrodes
differently.

As shown in Figure 1c-i, when the contact is subjected to a
force to the left, the contact area change generated by tilting
the contact to the left is more concentrated on the left side,
causing the left electrode to sense more charge than the right

Figure 1. (a) Flowchart of the preparation of the 3-dimensional
flexible tactile sensor. (b) (i) Schematic diagram of the response of
the flexible tactile sensor to the normal force. (ii) Relationship
between the normal force and the output of the Voc. (iii) Schematic
diagram of the application of normal force detection in human−
computer interaction. (c) (i) Schematic diagram of the response of
the flexible tactile sensor to the shear force. (ii) Situation of the
output response of the tactile sensor under a certain shear force. (iii)
Schematic diagram of the application of shear force detection in the
robotic hand gripping process.

Figure 2. (a) Working schematic diagram of one contact of the tactile sensor during one press. (b) Schematic diagram of silicone contact with
radius R and H/R at different heights H. (c) Simulated potential diagrams of silicone contact with H/R at different heights H for a radius R. (d)
Silicone contact voltage data plot for various H/R. (e) Voc change values of silicone contact with different H/R at different forces. (f) Voc waveform
data graphs for different silicone model types.
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electrode, as illustrated in Figure 1c-ii. By analyzing and
comparing the differences in the output signals of the four
electrodes are analyzed and compared, the magnitude and
direction of the applied force can be inferred. Furthermore, the
tactile sensor can be used on a robotic hand surface, as
demonstrated in Figure 1c-iii. During the process of the
robotic hand gripping a bottle, shear forces occur, and by
detecting these forces, the state of the robotic hand’s grip can
be ascertained.

Figure 2a illustrates the working principle of the flexible
tactile sensor combining contact electrification and electro-
static induction. Initially, the separation distance between the
silicone and the finger is at a maximum, inducing the most
charge on the bottom electrode (Figure 2a-i). As the hand
approaches and compresses the silicone protrusion, the
potential difference between them decreases, and the induced
charge on the bottom decreases accordingly (Figure 2a-ii). At
maximum compression of the silicone by hand, the induced
charge is minimal (Figure 2a-iii), returning to its initial values
when the finger retracts. This process results in changes in the
potential difference, and the force applied by the hand, both its
magnitude and direction, causes corresponding changes in the
voltage across the four electrodes. By analyzing the voltage
output of the four electrodes, the magnitude and direction of
the force can be inferred.

We explored how the silicone contact’s H/R ratio affects
output voltage by testing different H values at a constant R
under the same pressure (Figures 2b). COMSOL simulations
showed potential distribution varies with H/R, with higher
voltage at H/R = 1 due to larger contact area and uniform
pressure distribution enhancing charge transfer (Figures 2c,d).
Experiments confirmed the highest Voc output at H/R = 1,
indicating hemispherical contacts with this ratio optimize
performance (Figure 2e). Thus, we used a silicone hemisphere
with H/R = 1 for further studies, leveraging its effective charge
transfer and uniform pressure distribution benefits. Beyond the
silicone contact shape, we investigated the impact of silicone
types on device output, finding Ecoflex-20 delivered the
highest Voc under 10 N pressure (Figure 2f). Its superior
flexibility and robustness likely contributed to this perform-
ance. Consequently, we selected Ecoflex-20 with an H/R ratio
of 1 for further experiments, based on its optimal output
characteristics.

We designed 3 mm radius silicone contacts to shrink the 3D
tactile force sensor to a finger-sized, practical form for the
robotic hand. We initially analyzed the sensor’s response to
normal forces, focusing on the deformation of the silicone
contact points and the voltage output (Voc) from the bottom
electrodes. Figure 3a shows the contact flattening and
deforming under a specific normal force. As illustrated on
the left side of Figure 3b, the average amount of deformation
of the contact point under a particular amount of normal force
is simulated using COMSOL. The image shows that when the
normal force gradually increases, the average contact point
deformation also gradually increases and the potential of the
bottom electrode is also increasing, as indicated on the right
side of Figure 3b, and the detailed process refers to Video S1.
The results of the simulation are depicted in Figure 3c.

In experiments, a 3 N force produced 0.6 V across four
electrodes, as 3D plotted in Figure 3d. Figure 3e and Figure S3
show Voc rises with pressure to 0.9 V at 9 N, with sensitivities
of 0.25 V/N under 2.4 N and 0.033 V/N for 2.4−10 N, when
the contact point is continuously subjected to a normal force,

and the potential induced by the bottom electrode also exhibits
a gradually increasing trend. This change reflects the shift in
the contact region’s position between the upper contact and
lower electrode under force.

Upon increasing the normal force, the contact area and
electrode-generated charge rise, enhancing Voc. However,
increased stiffness at higher forces limits contact area
expansion, reducing measurement sensitivity. The sensor
demonstrates response and recovery times of 0.33 and 0.35
s, respectively, for practical application viability, as shown in
Figure 3f. These times are sufficient despite not reaching
millisecond speed due to object movement constraints.
Further, we characterized the output of the entire flexible
tactile sensor under applied normal force. After examining
individual contacts, we analyzed the outputs of 16 electrodes
from four silicone contacts (Figure 3g). Real-time Voc mapping
under varying finger pressures is shown in Figure 3h, detailed
in Video S2. Voc waveforms in Figure 3i reveal that Voc
increases with pressure. Crucially, Figure S4 shows minimal
interference among electrodes, with only the targeted electrode
output upon pressure. Durability tests in Figure S5 show that
Voc remained stable (0.82 to 0.81 V) after 6000 cycles, proving
the sensor’s reliability and mechanical endurance.

Afterward, we analyzed the voltage of the device under shear
forces. First, we used COMSOL for simulation analysis of the
device, with the simulation model shown in Figure 4a. Equal
and opposite charges Q were applied to the contact object and
the upper surface of the silicone. The locations of the four
electrodes in the model are located in the bottom right corner.
The deformation simulation results, as shown in Figure 4b,
indicate that as the magnitude of the force increases while its
direction remains constant, the deformation of the contact
point also gradually rises. The obtained four electrode voltage
simulation results are shown in Figure S6. In order to better
investigate the voltage outputs of the four electrodes under
various shear force directions, keeping the force magnitude at
10 N and θ at 30°constant, only changing the angle α from 0°
to 90°, the voltage data of the four electrodes are presented in

Figure 3. (a) Schematic diagram of a device for testing normal force.
(b) Simulation plots of the average amount of shape change and
potential during the movement of a single contact point under
different normal forces. (c) Simulation plots of the average amount of
displacement change and potential during the movement of a single
silicone contact under normal forces. (d) 3D data plots of the Voc
under a pressure of 5 N. (e) Relationship between the positive
pressure and the amplitude of the output Voc with the fitting straight
line. (f) Response and recovery times of the silicone contact under a
normal force of 5 N. (g) Schematic diagram of finger pressing with
different normal forces. (h) Real-time data plot of finger pressing with
different normal forces. (i) Real-time Voc waveform of finger pressing
with different normal forces.
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Figure 4c, where VAVG represents the average value obtained
after summing up the four voltages.

=
+ + +

V
V V V V

4AVG
L L L L1 2 3 4

(1)

The outputs of L3 and L4 exhibit an increasing trend as the
angle increases from 0°, while the L1 and L2 show a decreasing
trend. The outputs are equal when = 45° because the
corresponding contacts on the L1 and L3 electrodes are
deformed in a symmetrical manner. As increases, however, the
outputs of L1 and L4 progressively decrease while those of L2
and L3 gradually increase. In particular, when α = 0°, the
outputs of L1 and L4 are equal and the outputs of L2 and L3 are
equal; when α = 90°, the outputs of L3 and L4 are equal and
the outputs of L1 and L2 are equal. Furthermore, we can see
that VAVG does not change with the direction (α) of the shear
force. Furthermore, we simulated the outputs of the four
electrodes with different α angles under different shear forces.
In order to better analyze the voltage variation between the
four electrodes at different angles α, the shear force angle α
value in the simulation condition was extended to the range of
(0−360°) according to the symmetric relationship between the
four electrodes. Figure 4d displays the voltage curve for each of
the four electrodes. Moreover, the following formulas can be
used to represent the above curves, where n = 1−4:

Figure 4. (a) Schematic diagram of the charge on the lower surface of
the object and the surface of the silicone contact. (b) Simulation of
the average deformation amount during the motion process of a single
contact point under different pressures. (c) Voc of four electrodes and
the average voltage data curve for shear force α at 0−90°. (d) Voc of
four electrodes for shear force α at 0−360°. (e) Schematic diagram of
the device’s shear force test. (f) Voc of four electrodes under different
pressures and shear force directions. (g) Voc of four electrodes under 2
N shear in different shear force directions. (h) Voc of four electrodes
under 2 N shear force at 45° and 60° shear force directions. (i) Voc of
four electrodes in shear force direction application test under different
α angles. (j) Schematic diagram of four shear force directions.

Figure 5. (a) Flow chart of shear and normal forces detected by tactile sensor in robotic hand operating system. (b) A physical drawing of the
device for normal force testing. (c) Diagram of the normal force test procedure. (d) The Voc waveforms during normal force test process. (e) The
normal force data calculated during test process. (f) Robotic hand-assisted control system with normal force feedback. (g) The Voc of four
electrodes in test I−V process.
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i
k
jjj y

{
zzz= + +V k F k F n

sin
2 4L 1 N 2 Sn (2)

As a result, we can use the four electrode voltage equations to
separate the normal (FN) and shear forces (FS). The detailed
decoupling method is shown in Note S1 and Figures S7−S8.

As an illustration, in the flexible tactile sensor array, taking a
sensing unit as an example, the sensor is mounted on a 3D
displacement platform and moved up and down by a linear
motor to study the effect of shear force of different sizes and
directions on the device output as shown in Figure 4e. The Voc
values of the four electrodes under different shear forces
measured during the experiment are shown in Figure 4f. From
the image, we can see the slight difference between the outputs
of electrodes 1 and 4 and the slight difference between the
outputs of electrodes 2 and 3. Then, we selected the Voc of
electrodes 1 and 2 for fitting. Among them, the output of
electrode 1 is divided into two linear regions with sensitivities
of 0.0355 and 0.0452 V/N, respectively, and the outputs of
electrode 2 are 0.0140 and 0.0148 V/N, respectively. The
detailed Voc of the four electrodes and the slopes of the fitted
straight lines are shown as Figure S9. Through experiments, we
examined the Voc at different directions of α under 2 N shear
force, and the change rule is essentially the same as that of the
simulation results as shown in Figure 4g. Specifically, we
plotted the Voc waveforms of the four electrodes at α = 45° and
α = 60° as shown in Figure 4h. Among these, it can be
observed more obviously from the waveforms that when α =
45°, the Voc waveforms of L1 and L3 are identical. Additionally,
we fixed θ and α and varied F to test the voltage of the four
electrodes (Figure S10). The experimental results showed that
the amplitude A has the same trend with the force as the
simulation results. As a single contact shear force application
display specific as shown in Video S3, we collect the contact
below the four electrodes of the open-circuit voltage for
judgment; the judgment is based on the above-mentioned
direction of the shear force and the change rule of the open-
circuit voltage. Figure 4i shows 270°, 180°, 90°, and 0° of the
open-circuit voltage output. Specifically, the size and direction
images of the four directions in the application process are
shown in Figure 4j.

We affixed the flexible tactile sensing array to the robotic
hand for sensing normal and shear force. The output feedback
produced by the force between the tactile sensor and object
was used to control the robot to perform a closed-loop sensing
control system (Figure 5a).

The sensor is connected to the ADC module (Figure S11),
and the obtained Voc data are analyzed using LabVIEW
software. The physical experimental device is depicted in
Figure 5b. Additionally, the normal force application is shown
in Figure 5c: the robotic arm moves in an up-and-down cycle
unless the sensor detects that the normal force exceeds a
threshold, and it will halt its movement and lift. The tactile
sensor on the robotic hand generates voltages upon three
contacts with the human hand, as shown in Figure 5d. The
corresponding calculated forces are depicted in Figure 5e. The
entire detection process is illustrated in Figure 5f and
demonstrated in Video S4.

Similarly, when the manipulator grips a bottle, the detecting
shear force leads to tighter gripping until successful. A
flowchart for shear force detection is shown in Figure S12
and is demonstrated in Video S5. Initially, the arm moves from
P0 to P1, collecting Voc data from tactile sensors for pressure

analysis. If the normal force is below a threshold, the arm
bends further until it exceeds this value. Then, it moves from
P1 to P2, analyzing shear force from Voc readings. If the shear
force exceeds the threshold, then the arm adjusts until no
sliding is detected, indicating a successful grip. The object is
then moved back to P0, completing the task.

To clearly analyze the entire process, we selected the Voc
from the four electrodes that are in relatively clear contact the
water bottle during the grasping process for analysis, as shown
in Figure 5g. The waveforms for the full set of 16 electrodes are
displayed in Figure S13. The downward Voc generated in the I
and II stages is the analysis of the sensor Voc during the robotic
hand’s bending. In the I stage, there is a minor bend, and in the
II stage, a further bend is observed. It can be seen that the
output in the second stage is greater than that in the first,
calculating that the force on the finger exceeds the set
threshold value. Then, the robotic arm moved upward while
analyzing the Voc signals collected, as seen in the III stage.
Because of the output generated from sliding exceeding the
threshold, the object is not grasped securely. Thus, the robotic
arm moved downward, returning to the judgment based on the
normal force, allowing the robotic hand to bend further while
analyzing the collected Voc, as seen in the IV stage. This
concluded that the normal force was greater than the
threshold; therefore, the robotic arm moved upward and
conducted Voc analysis to determine if the shear was below the
threshold. The result is shown in the V stage, where no sliding
occurred during the upward movement, meaning the robotic
hand successfully grasped the object. Subsequently, under
program control, the object is moved to the designated
position.

A multi-dimensional flexible tactile sensor based on a single
electrode mode TENG is proposed and investigated with a
theoretical model, experimental characterization, and applica-
tion demonstration. In detecting the normal force, it displays
two linear ranges in the range of 0−10 N. According to the
simulation results, the voltage relationship between the four
electrodes can be used to represent both the shear force’s
magnitude and direction when the force’s magnitude is
constant and its direction varies within a range of 0−360°,
and the resolution is 15° for shear force detection.
Furthermore, integration of our sensor into a robot’s hand
surface enables perception of force direction and strength,
showcasing potential for human−computer interaction appli-
cations.

The flexible tactile sensor was made using a layered
technique, starting with 3D printed templates of four contact
patterns, heights at 5 and 3 mm, and 1 mm spacing. Ecoflex
silicone (00-10 to 00-50 series) was mixed equally, poured into
templates for coverage, degassed under a vacuum, and dried at
room temperature. Electrode FPCBs (14.2 × 14.2 mm2, 0.12
mm thick) were supplied by Huizhou Jiachen Electronic
Technology Co., Ltd. The assembly involved attaching the
silicone contacts to the FPCB with silicone adhesive
(Conibond KN300), as depicted in Figure S1.

Linear electrodes (LinMot E1200) enabled cyclic testing for
normal and shear forces. Voc data were captured via NI
USB6356 and processed with a LabVIEW program. For
robotic arm experiments, 16-channel Voc data were collected
via an STM-32 chip, transmitted to a Wi-Fi module via SPI,
and wirelessly sent to mobile terminals for real-time LabVIEW
interface control. The wireless acquisition circuit was designed
using Altium Designer, with code developed in MDK-ARM.
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Manipulator programming used Python, while the robotic
arm’s software was developed in VB.
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Device’s structure with layer details, output data images
under various test conditions, cyclic stability test results,
and deformation/potential distribution under stress
states were analyzed via COMSOL Multiphysics. It
theoretically analyzes the device’s voltage output related
to force direction and magnitude, deriving a correspond-
ing formula. Additionally, it covers the device’s voltage
output during normal and shear force detection with a
robotic arm system (PDF)
Video S1: simulation of mean deformation and potential
of normal force (MP4)
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