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lonic flexible capacitive three-dimensional force
sensor for electromechanical signal monitoring
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Abstract—Accurate three-dimensional (3D)
force sensing technology plays a crucial role in
monitoring the electromechanical signals of the
manipulator. Despite the design of various
flexible capacitive 3D force sensors, their
sensitivity often fails to meet the requirements for
monitoring manipulators effectively. To address
this issue, this work has designed an ionic
flexible capacitive 3D force sensor with pyramidal
microstructure. This sensor relies on the
mechanical deformation of the pyramidal *
microstructure and the coupling of the capacitive

Ecoflex

Input Hidden

Output

8EE855508

Cu  Dielectric Layer

effect of the electric double layer to output sensing information. Sensitivity of this sensor can reach 38.3 kPal, and it
has a fast response time (62 ms), excellent hysteresis and repeatability. With the application of back propagation neural
network (BPNN), the accuracy of decoupling can be optimized, resulting in the error being reduced to 10-. The sensors
have the ability to monitor electromechanical signals that can help the manipulator identify the topographic features of
a target object, as well as monitor the gripping force of the manipulator and whether the target object is sliding. This
unique 3D force sensor provides novel ideas for the design of new multi-dimensional force sensors, paving the way for
the development of human-computer interaction and wearable devices.
Index Terms—Flexible capacitive sensor; Three-dimensional force; Dielectric layer; Electromechanical signal.

I.  INTRODUCTION

‘ N [ ith the continuous development of artificial intelligence

technology [1], [2] and human-computer interaction [3],
[4] as a tool capable of replacing human hands in grasping
objects, the manipulator has become an indispensable machine
in modern production and life. Theoretically, the manipulator
should grasp the target object with a minimum critical force
that can ensure stable grasp of the object without losing it.
However, because of the limitations of technology, the
manipulator can’t ensure grasp an object by using minimum
critical force always. So, people require a force sensitive sensor
[5]-[7] as a medium to monitor the state of the manipulator
during operation.
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At present, three-dimensional (3D) force sensors are the
most commonly used medium for monitoring the working state
of manipulators [8]-[10]. Compared to traditional rigid 3D
force sensors [11], flexible 3D force sensors [12]-[15] possess
good flexibility [16], high sensitivity [17] and large range [18],
making them widely used in force information sensing in
different scenarios. One key feature of 3D sensors is their
ability to decompose force from space into forces in the three
directions of X, Y, and Z axes. The force information in the X
and Y axes represents tangential force, while the force
information in the Z axis represents normal force. Generally
speaking, based on the sensing mechanism, flexible 3D force
sensors can be classified as piezoresistive [19]-[20],
piezoelectric [21]-[23] or capacitive sensors [24], [25]. Among
them, piezoresistive sensors have a simple structure, low cost,
and suitable for testing in static environments. Their major
drawbacks lie in their susceptibility to temperature disturbances
which can cause drift. Piezoelectric sensors exhibit good
dynamic response performance and fast response time.
However, they cannot measure zero-frequency signals.
Capacitive sensors exhibit high sensitivity, good repeatability,
and the ability to respond to signals of various frequencies,
making them a subject of extensive study [26]-[32]. The
sensitivity of a capacitive 3D force sensor reflects the
relationship between the relative capacitance change of the
sensor outputs and the pressure applied to the sensor
(S=(6(4C/Cy) / 5P). Higher sensitivity indicates that the sensor
is more responsive to small pressure changes. While various
flexible capacitive 3D force sensors have been designed to
enhance sensitivity by innovating the dielectric layer material,
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most sensors primarily rely on the deformation of the dielectric
layer to alter the spacing and projection area of the top and
bottom electrodes, or to change the dielectric constant of the
dielectric layer [33]. Consequently, the sensitivity of sensors
under this sensing mechanism may not meet the practical
requirements for 3D force detection in manipulators.

Over the past decade, ionic sensing [34]-[37] had
experienced rapid development. The mechanism of this sensing
technology utilized the advantage of the supercapacitor
characteristics of the electric double layer (EDL) that occur at
the elastic electrolytic-electronic interface [38]-[40]. Flexible
capacitive sensors based on ionic sensing mechanisms have
high sensitivity [41]-[43], making them widely used in
electronic skin [44], wearable electronic devices [45],
biomedical [46] and other fields. Upon further exploration, it
has been discovered that the presence of microstructures [47],
[48] can greatly improve the sensitivity of ionic capacitive
sensors [49]. This is attributed to the presence of air gap,
compared to sensors without such air gap, sensors with
pyramidal microstructures had greater change in the spacing
between the top and bottom plates under the same pressure, it
made a greater change in relative capacitance and the
sensitivity also increases accordingly [50]-[52]. For instance,
Bai et al. [53] proposed an ionic electron flexible pressure
sensor with hierarchical structure based on PVA/H3PO4
composite, the sensitivity of the sensor can reach up to 3302.9
kPa’'. Cho et al. [54] designed a high dielectric constant ionic
gel based on a pyramidal structure and used it as a dielectric
layer for a capacitive sensor, resulting in an improved
sensitivity of the sensor to 41.6 kPa!'. Presently, most
capacitive sensors designed based on EDL effect detect forces
in one dimension [55]. In practical applications, most of the
forces exerted on the sensor come from 3D forces in space.
Therefore,  one-dimensional  strain  sensors  cannot
comprehensively convey the information of the spatial forces
applied to the sensor.

Thus, this work presents an ionic flexible capacitive 3D force
sensor based on the 1-Butyl-3-methylimidazolium bromide
[BMIM/Br] ionic salt, PVDF-HFP (polyvinylidene
fluoride-hexafluoropropylene  copolymer) and HMDA
(1,6-Hexanediamine) composite. Compared to conventional
capacitive 3D force sensors, the sensor leverages the
microstructure of the dielectric layer and the capacitance effect
of EDL to improve the sensitivity of the sensor by increasing
the specific capacitance, which can reach a maximum
sensitivity of 38.3 kPa'. In addition, the dielectric layer
containing ionic liquids contributes to the improvement of the
sensor's response speed (63 ms for the loading process and 62
ms for the unloading process). Given the sensor's multiple
coupling relationships, such as microstructure deformation and
the double capacitance effect in the working state, a
backpropagation neural network (BPNN) model is employed to
map and calibrate the 3D force information, reducing
prediction error to 103. As a proof-of-concept, the flexible
capacitive 3D sensor can assist the manipulator in assessing the
topographical information of the target object, providing
feedback, and allowing for the reasonable adjustment of the
manipulator's gripping force (Fig. la). This highlights the
potential applications of flexible capacitive 3D force sensors in

mechanical manufacturing and human-computer interaction,
facilitating remote control and monitoring of various
parameters.

Il. EXPERIMENTAL SECTION

A. Materials

1-Butyl-3-methylimidazolium bromide was purchased from
Shanghai Aichun Biotechnology Co., Ltd. PVDF-HFP was
purchased from Solvay S.A. Ecoflex was purchased from
Smooth — On (0050, U.S.A). DMF (CsH/NO) (99.5%) was
purchased from Aladdin Holdings Group Co., Ltd
1,6-Hexanediamine (CsHisN2) (99.5%) was purchased from
Aladdin Holdings Group Co., Ltd. Concave mold processed by
PDMS and produced by Xiamen Qiepu Medical Technology
Co., Ltd. The manipulator was an electric two-finger
manipulator with model of 2F-85 purchased from Shanghai
Huiteng Industrial Equipment Co., Ltd. All chemicals were
used as received.

B. Preparation of dielectric layer materials

Dielectric layer was prepared from composite of ionic salt
[BMIM/BTr], hexamethylenediamine (HMDA) and PVDF-HFP.
Initially, 0.7g of PVDF-HFP is dissolved in 9ml of DMF. The
solution is then heated and stirred in a 60<C water bath for 4
hours. Subsequently, 0.3g of [BMIM/Br] is added, and the
mixture is stirred until the ionic salt is completely dissolved.
Following this, 0.01g of HMDA is added dropwise to the
solution, which is then heated and stirred for approximately 8
hours. The resulting mixture is poured into a mold containing a
pyramid structure, solidified at 60<C, and subsequently
demolded to obtain the dielectric layer.

C. Preparation of flexible capacitive 3D sensor

The sensor consists of an electrode layer and a dielectric
layer with an overall size of 12 <12 mm. The electrode layer of
the sensor consists of a copper tape (150 um) and a PI film (50
pm), which were prepared as follows: Firstly, the
predetermined model of the top electrode and bottom electrode
was drawn on the computer. The top electrode measures 6>6
mm, while the bottom electrode consists of four 4>4 mm
squares, with a distance of 6 mm between the centers of each
pair. The laser was used to cut the copper tape, forming the
patterned electrodes. After the copper tape was cut, the upper
and lower electrode layers were transferred with Pl film to
complete the preparation of the electrodes. A dielectric layer
was then added between the two electrode layers, and the top
and bottom electrodes were connected using Ecoflex to
encapsulate the sensor (Fig. 1b).

D. Characterization

The morphologies of the dielectric layer sample were
investigated by a Field Emission Scanning Electron
Microscope (FE-SEM, Hitachi S4800). The functional groups
of the dielectric layer were determined by a Fourier transform
infrared spectroscopy (FTIR, Nicolet iS50 Series) at 1650 cm-1.
Capacitance characteristics and capacitance changes for the
sensor during stressing were collected by a digital bridge (LCR)
at the frequency of 100 kHz and a constant voltage of 1V via
the conductive silver paste to contact the extension of electrode
layers. Data of capacitance changes during 3D force calibration
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Fig. 1. (a) Schematic diagram of sensor using BPNN for 3D force detection. (b) Sensor’s preparation process. (c) The principle of ion sensing and the

equivalent circuit of the sensor.
and testing were collected using the data collector
(DAQ-VANTECH USB_HRF4028).

Ill. RESULTS AND DISCUSSION

A. Fabrication and electrical characterisation of sensors

According to the preparation process in Fig. 1b, the flexible
capacitive 3D force sensor shown in the structure of Fig. 1a can
be obtained. The dielectric layer consisted of 10x10
micropyramidal structures, with the side length of a single
micropyramid being 150 pm, the height of a single
micropyramid being 300 pm, and the center distance between
two micropyramids being 500 um (Fig. S1). The high aspect
ratio causes the micropyramid to have a larger longitudinal
deformation when receiving pressure, which is beneficial to
improving the sensitivity of the sensor. The dielectric layer is a
composite material of ionic salt [BMMI/Br], HMDA and
PVDF-HFP. HMDA is a cross-linking agent to

promotecross-linking of PVDF-HFP and can effectively
enhance the mechanical properties of PVDF-HFP (Fig. 1c).
Cross-linking is accomplished by cleaving N-H in HDMA and
forming C=N with C in PVDF-HFP (Fig. S2). In order to
explore the effects of different concentrations of [BMIM/Br]
and HMDA on the sensing properties and mechanical
properties of the dielectric layer, a concentration gradient
comparison experiment was designed. The dielectric layers
with mass fractions of 20%, 30%, 40%, and 50% [BMIM/Br]
were prepared by dissolving 1 g of PVDF-HFP in 10 mL of
DMF solution, and the sensing performance was tested at a
pressure of 0~0.5 kPa. As shown in Fig. S3a, it can be seen that
at the same pressure, as the concentration of ionic liquids
increased, the relative capacitance of the sensor changed also
increased. However, at the stress-strain test of the dielectric
layer, with the increasing concentration of [BMIM/Br], the
mechanical properties of the dielectric layer continued to
decrease. Comprehensive analysis, in the following experiment,
the mass fraction of ionic salt was selected as 30%.
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Fig. 2. Sensing performance of flexible capacitive 3D force sensor. (a) Sensor's normal sensitivity. (b) Sensor’'s normal hysteresis. (c) Sensor’s
normal response time. (d) Sensor’s tangential sensitivity. (d) Sensor’s tangential hysteresis. (f) Sensor’s tangential response time. (g) Dynamic
response of the sensor. (h) Static response of the sensor. (i) Sensor’s tangential repeatability. (j) Sensor’'s normal repeatability.

Further, investigating the effect of dropwise addition of HMDA
on sensing properties and mechanical properties of the
dielectric layer under the addition of 30% [BMIM/Br] in Fig.
S3b. The mass fractions of HMDA were respectively set to be
1%, 2%, 3%, 4%, and its sensing performance was tested under
the pressure of 0~0.5 kPa in Fig. S3c. The results of tests show
that relative capacitance change of the sensor decreased as the
crosslinker concentration increased at the same pressure.
However, the stress-strain test results show that the mechanical
properties of the dielectric layer increase with the increasing
concentration of HMDA. Therefore, the mass fraction of
HMDA was selected as 1% in subsequent experiments in Fig.
S3d. In order to verify the thin film prepared with this ratio of
ion salts and crosslinkers has good mechanical properties, using
the mechanical parameters of the material established a thin
film model with thickness of 300 um and dimensions with 8
mm>2 mm. The thin film generated maximum of 0.22 mm of
strain with tensile force of 10 N by static finite element
analysis.

The distinctive properties of this flexible capacitive 3D force
sensor not only enable reliable and sustainable measurement of
the applied 3D force but also facilitate sensitive pressure
monitoring, as depicted in Fig. 2a. The relative capacitance
change of the sensor depends on the mechanical deformation of
the dielectric layer and the effect of EDL, positive and negative
ions in the film move to both sides of the plate when the
dielectric layer is mechanically deformed, the equivalent circuit
is shown in Fig. 1c. The maximum sensitivity of 38.3 kPa can
be achieved within the pressure range of 0-10 kPa. This
represents a substantial improvement compared to the
sensitivities reported in Table S2. The finite element analysis of
the dielectric layer and its microstructures is shown in Fig. S4.
Additionally, controls were established using sensors prepared
with dielectric layers lacking microstructures but containing
[BMIM/Br], and dielectric layers lacking [BMIM/Br] but
containing microstructures (Fig. S5). The results demonstrate a
significant improvement in sensor sensitivity for detecting
normal force when both microstructures and ionic liquids are
present. For the tangential force test, as depicted in Fig. 2d,
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Fig. 3. Calibration of flexible capacitive 3D force sensor. (a) Schematic diagram of X-axis calibration. (b) Schematic diagram of Y -axis calibration. (c)
Schematic diagram of Z-axis calibration. (d) Relationship between the force applied in X-axis and the relative capacitance variation. (e) Relationship
between the force applied in Y-axis and the relative capacitance variation. (f) Relationship between the force applied in Z-axis and the relative

capacitance variation.

a linear moving platform was employed to apply a tangential
force (0-1 kPa) to the sensor. The sensor's tangential sensitivity
measured at 0.08 kPa™. Furthermore, robustness and stability
are also very important in practical applications. Fig. 2b and 2e
demonstrate that when a loading-unloading cyclic force of 2
kPa is applied in the normal and tangential directions,
respectively, the relative change curves of the transducer
capacitance overlap almost exactly, with only a change of 0.5%
observed. This exhibits favorable characteristics compared to
the 3D force sensor without EDL, indicating excellent
hysteresis characteristics of the sensor. The sensor exhibited a
consistent sensing signal without signs of fatigue over 2500
repeated loading-unloading cycles (programmed through the
mechanical test platform) under 2 kPa of normal pressure (Fig.

2j), attesting to its remarkable stability and long-term durability.

Similarly, as shown in Fig. 2i, it exhibits satisfactory cyclic
stability over 1500 cycles of tangential force (2 kPa). This is
due to the fact that the change in tangential relative capacitance
is due to the deformation of the Ecoflex, which has good
mechanical properties, and thus 1500 cycles are sufficient to
verify that the 3D force sensors have good tangential stability.
The sensor exhibited rapid response times under normal and
tangential pressures of 2 kPa, with loading and unloading times
of 62 ms and 63 ms, respectively (Fig. 2c). In comparison, the
response time of a sensor without the EDL effect is
approximately 393 ms for loading and 562 ms for unloading
(Fig. S6b), indicating that the EDL effect can enhance the
sensor's response time. Tangential loading time of 250 ms and
an unloading time of 156 ms (Fig. 2f). Additionally, when
subjected to cyclic pressure at frequencies of 0.5 Hz, 1 Hz, and

1.5 Hz, the sensor demonstrated a stable dynamic response (Fig.

20). It operated consistently at static pressures of 2 kPa, 3 kPa,
and 5 kPa, with the relative capacitance change value at the
sensor output remaining stable. This confirmed the sensor's
dependable static response (Fig. 2h). The impact of the

operating temperature on the sensor is also a critical parameter.
Fig. S7a depicts the sensor placed in an environment where the
external temperature linearly increased from 22<C to 80<C. The
results indicate that the relative capacitance of the sensor output
remains unaffected by the external temperature. Additionally,
as depicted in Fig. S7b, when the sensor is subjected to a linear
increase in external temperature (from 22<C to 80<C) and a
pressure of 1.5 kPa (2.5 Hz), the relative capacitance of the
Sensor output remains stable.

To determine the optimal parameters for the height and width
ratio of pyramidal microstructures, comparative experiments
were conducted. Pyramidal microstructured media layers of
two sizes were prepared: 300 um x 200 um (depicted in Figs.
S8a and S8b) and 350 um x 150 pum (depicted in Figs. S8¢ and
S8d). These microstructures were tested for sensitivity,
response time, and reproducibility across different aspect ratios
(Figs. S9 -10). The pyramidal microstructure sensor with a size
of 300 pm x 200 um achieves a sensitivity of 36.2 kPa (Fig.
S9a) and loading and unloading response times of 100 ms and
105 ms, respectively (Fig. S9b), both lower than those of the
300 pm x 150 um sensor. The pyramidal microstructure sensor
with a size of 350 um x 150 um achieves a sensitivity of 42.8
kPa-1 (Fig. S10a) and response times of 63 ms for both loading
and unloading (Fig. S10b). However, waveform distortion in
the sensor output, indicated by the variation in relative
capacitance during the repeatability test (Fig. S10c), suggests
that molds of this size are prone to microstructure deformation
during the demoulding process. Therefore, a size of 300 pm x
150 pm was determined as the optimal size.

B. Calibration of the flexible 3D force sensor

For the calibration of the flexible 3D force sensor, this work
used a mechanical test platform and a linear moving platform to
apply normal and tangential forces to the sensor, respectively.
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Fig. 4. Decoupling of flexible capacitive 3D force sensor. (a) The network structure of BPNN. (b) Effect of the number of training samples on
decoupling accuracy. (c) Influence of the number of hidden layer nodes on the decoupling accuracy. (d) Training error curve of BPNN.

Simultaneously, a data collector was employed to capture the
relative capacitance variations. The calibration curve of the
sensor was established by systematically applying
three-dimensional forces to the sensor. The calibration
information sampling circuit can be seen in Fig. S11. The
detection range for normal force was set at 0-1N (F;), while for
tangential force, it was 0-5N (Fx, Fy). As depicted in Fig. 3a and
3d, when a tangential force was applied along the X axis, the
projection area of C3 and C4 on the top common plate and the
bottom electrode layer increased, while the projection area with
C; and C; decreased. Similarly, when a tangential force was
applied along the Y axis, the projection area of C, and C3 on the
top common plate and the bottom electrode layer increased,

while the projection area with C; and C4 decreased (Fig. 3b, 3e).

When a normal force (F;) was applied, the relative capacitance
changes of Cy, Cy, C3, and C4 all exhibited a linear increase with
the rise in normal force (Fig. 3c, 3f). Using the table (Table S1)
to represent the relationship between each capacitor and the
X-axis, Y-axis, and Z-axis components in 3D force testing
when conducting 3D force measurements. When the
capacitance change’s rates of C; and C are less than 0, while
the capacitance change’s rates of Cz and C, are greater than 0, it
indicates that the sensor is experiencing a force directed
towards the positive X-axis, whereas a reverse situation
signified a force directed towards the negative X-axis.
Similarly, when the capacitance change’s rates of C; and C4 are
less than 0, and the capacitance change’s rates of C; and Cs are
greater than 0, it means the sensor is subjected to a force along
the positive Y-axis, and conversely, towards the negative
Y-axis. Additionally, when all capacitance change rates of C; to
Caare less than 0, the sensor is experiencing a force towards the
positive Z-axis, whereas a negative changed indicates a force
directed towards the negative Z-axis. Due to the presence of the
ionic liquid, the contact surface between the electrode and

dielectric layer induced an electric double capacitance effect.
Consequently, the relative capacitance of the sensor exhibited a
more pronounced change under normal force compared to
tangential force. The displacement of the plates and the
dielectric layer is presented in Fig. S12.

C. Theoretical calibration of sensor and BPNN
calibration

The decoupling of the 3D force involves breaking down the
applied force into three axial components along the X, Y, and Z
directions. Consequently, it is imperative to establish a
mathematical correlation between the electrical output from the
sensor and the mechanical input it receives. In our experimental
setup, the crosslinking reaction between PVDF-HFP and
HMDA significantly enhances the mechanical properties of the
dielectric layer, imparting it with a degree of elasticity. This led
us to propose that the alteration in the equivalent spacing
between the two plates of the sensor occurs in a linearly
superimposed manner. The theoretical calibration formula of
the sensor represents the mapping relationship between the
applied three-dimensional force and the relative capacitance
output of the sensing element. This work charts the movement
of the dielectric layer when the sensor is calibrating (Fig. S12),
and subsequently employ a fourth-order polynomial fit to
ascertain the connection between each axial force and the
alteration in equivalent distance (Supporting Information
Notel).

Despite the dielectric layer's elasticity, it still retains
nonlinear factors such as microstructure and ionic liquids. This
introduces nonlinearity and inhomogeneity in the input-output
relationship of the sensor. Consequently, the decoupled results
of the 3D force obtained from the theoretical formula may not
fully capture the nuances of the 3D force information. To
address this issue, this work had integrated a BPNN for the
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purpose of decoupling 3D forces. The advantage of using
BPNN lies in its capability to approximate complex function
mapping relationships through the backpropagation algorithm.
Additionally, the BPNN maodel is well-suited for handling

involves dealing with nonlinear relationships, making it
suitable for employing approximation methods to construct
function relationships. The network structure of BPNN is
shown in Fig. 4a, which contains a hidden layer with a size of

large-scale datasets and can be trained and predicted in a 10. Besides, the process of constructing the
relatively short time. Decoupling three-dimensional forces
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Fig. 5. Monitoring the topography information of the target object. (a) (b) (c) The optical image and relative capacitance changes curve of the sensor
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decoupled model using BPNN proceeds as follows: Firstly, this
study biases the calibration data by randomly selecting 70% of
the data for the BPNN's training set and assigning the
remaining 30% as the test sample. The study investigates the
impact of the number of hidden layer nodes on decoupling
accuracy, as depicted in Fig. 4c. Nevertheless, practical
applications must consider factors such as computational
complexity and processing speed. After further comprehensive
evaluation, 10 nodes were chosen to be retained in this study.
The study iteratively trained the BPNN to determine the
minimum number of training samples required for accurate 3D
force decoupling. The BPNN demonstrated effective mapping
when the number of training samples accounted for

approximately 70% or more of the total samples (Fig. 4b).
Furthermore, as depicted in Fig. 4c, the training error steadily
decreases with an increase in the number of iterations. Upon
completion of 1000 iterations, the error decreases to 1073, as
illustrated in Fig. 4d. Furthermore, a comparison between the
response times of the sensor system utilizing theoretical
decoupling (Supporting Information Note 1) and BPNN
decoupling (Fig. S13) reveals that the computation time for
BPNN decoupling (92 ms) closely matches that of theoretical
decoupling (92.5 ms), indicating that the utilization of BPNN
decoupling does not significantly impact the sensor's response
speed.
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Fig. 6. Flexible capacitive 3D force sensor monitors the gripping strength and sliding status of the manipulator. (a) Control the
gripping status of the manipulator. (b) The target object produces 3D force curve of the sensor output when sliding along the + X
axis, -X axis, -Y axis, + Y axis, respectively. (c) Sensors monitor the gripping force of the manipulator. (d) Using glass rod

simulated the control of the sliding b manipulator.
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D. 3D force test and the error analysis

The specific steps of the 3D force test are as follows: Initially,
ABS (acrylonitrile-butadiene-styrene copolymer) is selected as
the 3D printing material, and slopes with inclinations of 30<
45< and 60<are fabricated using 3D printing technology.

Subsequently, each sensor is securely affixed to different
slopes and connected to the test circuit. Finally, with the slope
serving as the reference point, the electrical signals outputted
by the sensor are recorded, and this process is repeated 10 times.
The test outcomes reveal that when the sensor is subjected to
spatial pressures at 30< 45< and 60 <inclinations, the maximum
relative capacitance changes for each sensing unit output are
approximately 230, 190, and 160, respectively (Fig. S14).
These results are then fed into theoretical formulas and BPNN
models for decoupling. Using MATLAB, this work generated
an error matrix depicting the components of the upward forces
in the X, Y, and Z directions for varying angles (Fig. S15).
Upon applying a 3D force at the same inclination, the error
order for theoretical decoupling is approximately 10%, whereas
for BPNN decoupling, the error order is around 103, This
indicates that after employing BPNN for decoupling the 3D
force, the sensor exhibits high linearity and precise dimensional
separation. As a result, the spatial 3D forces acting on the
sensor can be more accurately discerned.

E. Application of flexible capacitive 3D force sensor

PET film and sandpaper were selected in the experiment to
evaluate objects with different surface roughness. The SEM
images of the PET film and sandpaper are presented in the inset
of Fig. 5a and 5d. The PET film exhibited a smooth surface,
whereas the sandpaper displayed a coarse texture. The
procedure involved the manipulator gripping the material and
moving it along the X axis at a speed of 150 mm/s.
Subsequently, the value of the relative capacitance change
outputted by each sensing unit of the sensor was recorded. After
decoupling the results using BPNN, the experimental outcomes
are depicted in the Fig. 5b and 5e. Notably, the tangential forces
(Fx and Fy) outputted from the sensor exhibit smoother curves
when gripping PET (Fig. 5c). Conversely, when the
manipulator grasped the sandpaper, the shear curve output from
the sensor displays distinct sawtooth peaks (Fig. 5f). This
phenomenon indicates that the friction generated when the
sensor moves on rough materials is greater than that on smooth
materials. This provided strong evidence of the flexible
capacitive 3D force sensor's excellent recognition capability.
Further experiments involved manipulating objects of various
shapes with a manipulator equipped with the flexible capacitive
3D force sensor (Fig. 5g-i). Simultaneously, the curves
depicting the 3D force output of the sensor were captured (Fig.
5j-1). The results revealed that when the manipulator grasped
different objects, the waveform of the corresponding 3D force
curve varies. Consequently, the shape of the gripped object can
be discerned based on the distinctive characteristics of the 3D
force curve.

Through programmed control, the manipulator emulated the
process of manually gripping plastic bottles and output the
corresponding 3D force information, as illustrated in Fig. 6c.
When the force exerted by the manipulator is approximately 2.5
N, there is no discernible changed in the plastic bottle. However,

at around 3.5 N, the plastic bottle exhibits slight deformation.
When the manipulator applied a force of roughly 4.5 N, the
plastic bottle undergoes significant deformation and may even
be subject to damage. This underscores the high sensitivity
touch perception and real-time monitoring capabilities of the
flexible capacitive 3D force sensor.

Given the ability to capture force information in real-time,
the robot can effectively prevent issues such as overloading or
damage to the target object. To validate the sensor's capacity to
discern sliding behavior when the manipulator is grasping an
object, the sensor is affixed to the manipulator for grasping a
3D printed cube. Subsequently, transient forces were applied to
the object in both the +X, -X, +Y, and -Y directions, and the
resulting 3D force curves from the sensor were recorded. As
illustrated in Fig. 6b, when the manipulator securely griped the
object, the output curved corresponding to the axial force
undergoes a sudden change in signal regardless of the direction
in which the target object is subjected to force. This is attributed
to the static friction and pressure acting on the sensor in a
steady state. When the object in question slides, both the static
friction and pressure on the sensor change, consequently
altering the signal of the force output by the sensor.

To address this, a feedback regulation closed-loop system
was devised (Fig. 6a). This system aids the robot in adjusting
the force when it grasps and slides a target object. The system's
degree of adjustment allows the manipulator to securely grip
the object with minimal critical force, preventing slippage. As
depicted in Fig. 6d, a glass rod was affixed to the manipulator.
When the glass rod slides, the sensor provided feedback in the
form of three-dimensional force signals to the manipulator,
which then increased its grasping force to counteract the sliding
motion of the glass rod.

V. CONCLUSION

In summary, a composite incorporating
1-butyl-3-methylimidazolium bromide ionic liquid [BMIM/Br]
was employed as the dielectric layer to fabricate a flexible
capacitive 3D force sensor. The integration of microstructure
within the dielectric layer and the capacitive effect of the EDL
were pivotal in augmenting the sensor's normal sensitivity,
achieving a notable 38.3 kPal. Moreover, the sensor
demonstrated commendable hysteresis within a pressure range
of 0-0.2 kPa, and maintained robust stability over 2500 cycles
of normal forces and 1500 cycles of tangential force during
load-unloading. To mitigate the influence of nonlinear factors
on decoupling outcomes, BPNN was employed to refine the 3D
force decoupling process of the sensor, reducing the error
magnitude to 1073, This refinement satisfied the demands of
high-precision 3D force decoupling in practical applications.
As a demonstration of the application, the sensor not only
identifies the shape and surface roughness of the target object,
but also effectively monitors the robot's grasping status,
including the force exerted during object manipulation and
prevention of slipping. Thus, this work believes flexible
capacitive 3D force sensor demonstrating potential applications
in the domains of human-computer interaction and artificial
intelligence in the foreseeable future.
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