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With the advantages of high flexibility, multifunctional integration, and wearing comfort, flexible tactile sensors
hold great potential for application in the field of intelligent sensing system and human-computer interaction.
However, the high sensitivity acquisition and the issue of decoupling of complex tactile signals, and improving
compatibility of flexible tactile sensors in human-computer interfaces are still serious challenges in current
research. In this study, drawing inspiration from the body structure of an octopus, we developed a flexible three-
dimensional (3D) force sensor in which a CNT/Ecoflex conductive elastomer as the body of the bionic octopus-
like sensor could capture the normal component of 3D spatial force, meanwhile a laser-induced graphene sensing
film transferred to Ecoflex (LIG/Ecoflex) as the tactile wrists of the bionic octopus sensor could discern the
magnitude and direction of the tangential component of the 3D spatial force. The bionic sensor offered excellent
sensing and wearable characteristics, including fast and efficient response, cyclic stability, and flexible skin-fit
performance. The unique structural design of the sensor enabled spatial force sensing capability and precise
decoupling and output of 3D forces through the use of a multilayer perceptron (MLP) for mapping and cali-
bration. The octopus-inspired flexible 3D force sensors were further attached to the fingertips of human fingers
for successful extraction of handwriting minutia of wearer, showcasing their promising potential in areas such as
smart wearables, handwriting recognition, and interactive human-computer interfaces.

1. Introduction bending of fingers by monitoring the single and mutual resistance of

twisted fibers as a control interface for virtual shooting games.

Human-computer interaction (HCI) technology is rapidly advancing
in today scientific, technological, and engineering landscapes. Its core
aim is to enable more natural, efficient, and accurate interactions be-
tween humans and digital systems, enhancing work efficiency,
improving quality of life, and pushing forward the boundaries of science
and technology [1-5]. This requires advanced sensor preparation and
manufacturing technology. Flexible tactile sensors, with their high
adaptability, multi-functional integration, lightweight nature, and
comfort in wearables, hold immense potential in the field of smart
wearable devices and their associated human-computer interactions
[6-10]. For instance, Xu et al. demonstrated an ultrathin flexible tactile
sensor based on a few-layer graphene film, and developed a flexible
smart panel to successfully reproduce a two-dimensional touch path
[11]. Choi et al. demonstrated a smart glove by integrating fiber-based
tactile sensors [12], which could distinguish the strain, pressure, and
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In order to improve the sensitivity and authenticity of the flexible
tactile sensors in the process of recognizing and sensing human
behavior, significant progress has been made in the design of sensor
composition, structure and function [13-16]. Especially, biological lives
with micro-nano structure in nature always have ultrasensitive senses
due to the efficiently evolved structures and organizations [17-19].
Thus, natural world provides us an effective model for the developing of
high-performed tactile sensors [20,21]. For instance, Pang et al.
demonstrated a high-sensitive strain sensors based on interlocked
nanofiber arrays, by mimicking the wing-to-body locking microstruc-
tures in beetles [22]. Kang et al. developed a highly functional sensor
based on nanoscale crack junctions, inspired by the crack-like slit organs
in spiders [23]. Utilizing the structure-activity relationship of helix and
radial difference microstructures in spider webs as inspiration, Liu et al.
designed and printed graphene porous and dense stacked
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microstructures to integrate multi-resolution graphene tactile sensors
[24]. However, the aforementioned tactile sensors only enhance sensi-
tivity of external stimulus in one-dimensional (1D) force direction,
which may not suffice for practical complicated applications. For
instance, in the real writing process, the style and strength of writing has
individual differences [25,26]. Thus, the development of flexible tactile
sensors capable of three-dimensional (3D) force sensing for the precise
and accurate identification is a pressing necessity. Chen et al. reported
on a flexible 3D force sensor mimicking the interlocking structure of
human skin [27]. The sensor’s shear direction was achieved via an
in-plane triaxial structural arrangement, with a shear angle resolution of
less than 30° and a normal force sensitivity of 6.33 kPa~ 1. The study by
Zhou et al. succeeded in decomposing the 3D force onto the bottom
pressure-sensitive element, which could be equivalent to the 3D force
[28]. However, the design required a flat test surface, limiting its
application scope significantly. Zhao et al. designed a flexible
two-parameter pressure-strain sensor inspired by spider webs, capable
of simultaneously monitoring the magnitude and direction of the
applied force [29]. However, this work did not perform complete force
decoupling.

To satisfy the need of flexible tactile sensor’ s for high sensitivity
acquisition of complex tactile signals, accurate decoupling, and superior
compatibility in human-computer interfaces, we develop a flexible 3D
force sensor with bionic octopus-structure. As the octopus is a repre-
sentative of a highly evolved mollusk, it possesses a highly developed
and centralized nervous system, primarily composed of cerebral nerves
in the body and a secondary nervous system in tactile wrists. The
ingenious body structure and neuron distribution empower the octopus
to sensitively perceive and promptly respond to external stimuli, thereby
allowing it to adapt effectively to the complex and dynamic marine
environment [30-34]. Drawing inspiration from the octopus, we design
a CNT/Ecoflex conductive elastomer as the body of the bionic
octopus-like sensor, which can collect the normal component of the 3D
spatial force, meanwhile a laser-induced graphene sensing film trans-
ferred to Ecoflex (LIG/Ecoflex) as the tactile wrists of the bionic
octopus-like sensor, which can discern the magnitude and direction of
the tangential component of the 3D spatial force (Fig. 1a). Upon receipt
of an external force, capture electrical signals from the sensor’s eight tip
of the tactile wrists, and combining mapping and calibration with a
multilayer perceptron (MLP), this results in an effective decoupling of
the magnitude, position and direction of the 3D forces. To exemplify the
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concept of 3D force, we enveloped the bionic octopus-like sensor around
a fingertip during writing. The sensor effectively detected the real-time
force variations involved in the writing process. By leveraging the
microcontroller’s data acquisition and processing capabilities, eventu-
ally the written word can be reconstructed [35-37]. This demonstrates
its potential use in high-precision intelligent writing recognition
(Fig. 1b).

2. Experimental section
2.1. Synthesis of LIG/Ecoflex

The CO; laser marking machine (JTTS-ER, Jintai Laser Technology
Co., Ltd.) was employed to produce LIG on a polyimide (PI) film of
0.025 mm thickness. This process was executed at a scanning speed of
18 mm/s, with a frequency of 100 kHz, and a power setting of 3.2 W.
The laser’s path was planned and controlled using CAD software. The
aspect ratios of LIG strips are set to 20:1, 10:1 and 4:1 respectively, and
the corresponding sizes are 15 mm x 0.75 mm, 15 mm x 1.5 mm and
15 mm x 3.75 mm. After that, the Ecoflex (Ecoflex™ 00-50, Smooth-
On, Inc.), prepared at a mixing ratio of 1 A:1B, was gently and uni-
formly injected onto the LIG surface and the air was extracted from the
Ecoflex mixture, thus facilitating complete penetration of the viscous
Ecoflex into the 3D LIG network. The samples were then transferred to a
convection oven to undergo cross-linking at 80 °C for 1 h. After it was
completely cured, the LIG/Ecoflex was peeled off from the PI sheet
(Fig. S1).

2.2. Fabrication of the octopus-like flexible 3D force sensor

Referring to the structure of octopus, eight-striped LIG with different
aspect ratios was crafted using laser writing, followed by an Ecoflex
transfer, thereby assembling the tactile wrists of the bionic octopus-like
sensor (Fig. S2). Next, an annular mold featuring holes (inner diameter:
12 mm, depth: 3 mm) was placed at the center of the octopus tactile
wrist layer. Then the uncured CNT/Ecoflex elastic composite (Wenrs:
WEcoflex=5%:95%) was poured, and the mold was withdrawn after the
sample was cured. Each end of the eight LIG/Ecoflex tactile wrists was
coated with conductive silver paste and connected to a copper wire,
whereas the upper surface of the CNT/Ecoflex conductive elastomer was
also coated with liquid metal to connect a copper wire. Finally, the

Fig. 1. The design concept and operating principle of bioinspired tactile sensors. (a) The sensor consists of a component that mimics the tactile ability of an octopus’
body (centralized by the brain) and a component that mimics the tactile ability and shape of an octopus’ tactile wrist, and then deforms to fit the shape of the
fingertip for further tactile sensing. (b) Working principle of flexible 3D force sensor with biomimetic octopus structure for tactile sensing and recognition of

fingertip writing.
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sensor encapsulation was completed by using uncured Ecoflex to be
poured onto the sensor surface and thermally cured. A cutting step
subsequently leaded to the final bionic octopus-like flexible 3D force
sensor (Fig. S1).

2.3. Measurement and characterization

The microstructures of LIG/Ecoflex and CNT/Ecoflex were analyzed
using a scanning electron microscope (SEM, CARL ZEISS SMT PTE Ltd.)
with an extra high voltage of 3 kV. The component and structure
property of LIG/Ecoflex were analyzed by Raman spectrometer (Lab-
RAM HR Evolution, HORIBA France SAS), FTIR spectrometer (Nic-
olet™jS50, Thermo Scientific™) and X-ray diffractometer (XRD, D8
DISCOVER, BRUKER). XRD used Cu Ka radiation (A = 0.15418 nm) to
perform 20 scans from 10° to 80° in 0.2° steps. The force-electric test
system including a mechanical testing machine (HY-0230, Yiheng pre-
cision instruments) was assembled for 3D force testing with varying
degrees of incline. The resistance of the bionic octopus-like sensor under
different testing conditions was captured using a Synchronous AD cap-
ture card (USB_HRF4028, Heng rui feng Measurement and Control
Technology Co.).

2.4. Simulation

The strain distribution of the bionic octopus-like sensor was calcu-
lated using the finite element method (FEM). For the eight tactile wrists
and head of the bionic octopus-like sensor, uniaxial test data from LIG/
Ecoflex and CNTs/Ecoflex, respectively, were imported into the MatE-
ditor of ANSYS and the experimental data were fitted using Mooney-
Rivlin 2 parameter master model and Mooney-Rivlin 3 parameter mas-
ter model. Importing model of the bionic octopus-like sensor into
Simulation module of SOLIDWORKS, eight distal lower edges of the
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sensor tactile wrist were fixed and different loads were applied to the top
of sensor. Accordingly, stress-strain relationships were obtained and
finite element cloud maps were generated.

2.5. Neural networks

Two multilayer perceptron models were developed using Python in
the PyTorch framework, both models have four fully connected layers
and use rectified linear unit (ReLU) activation functions after each fully
connected layers. The regression model is an MLP with 8 input features
and 3 output features, which solves the decoupling of 3D forces and the
verification of the radial distance (r). A multiclassification model was
developed for the multiclassification problem. The multiclassification
model is an MLP with 8 input features and 8 output features. This model
uses a Softmax function after the final output layer which allows the
output to be interpreted as a probability distribution. The multi-
classification model is used to validate the parameters polar angle (6)
and azimuthal angle (¢).

3. Results and discussion
3.1. Microstructure of sensor

LIG is a top choice for creating flexible sensing materials, owing to its
excellent electrical conductivity, remarkable strain sensitivity, pro-
grammable patterning design, and low cost [38-41]. The optical image
of LIG, prepared via laser writing on PI, is displayed in Fig. S3a. The SEM
characterization reveals LIG’s unique 3D loose porous structure
(Fig. S3b and Fig. S3c). Upon transferring LIG onto a flexible Ecoflex
substrate (Fig. 2a), the SEM image demonstrates that the transferred LIG
retains its inherent porous structure (Fig. 2b) [42]. Furthermore, the
SEM cross-section image of the LIG/Ecoflex shows the tight bond
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Fig. 2. Characterization of LIG/Ecoflex and CNTs/Ecoflex. (a) Digital photographs of the LIG/Ecoflex. (b and ¢) SEM images of LIG/Ecoflex. (d) Digital photographs
of the CNTs/Ecoflex. (e and f) SEM images at different magnifications of CNTs/Ecoflex. (g) XRD diagram of the CNTs/Ecoflex and LIG/Ecoflex. (h) Raman diagram of

the LIG. (i) FTIR diagrams of the pristine Ecoflex, CNTs/Ecoflex and LIG/Ecoflex.
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between the Ecoflex and conductive LIG (Fig. 2c), contributing to LIG’s
flexibility and stretchability. The corresponding microcrack structures
on the LIG surface is visible to the naked eye with the LIG/Ecoflex
sample stretched to 100% (Fig. S4). When used as a flexible tactile wrist
for the bionic octopus-like flexible 3D force sensor, LIG/Ecoflex can
stretch up to 600% (Fig. S5). The LIG/Ecoflex tactile wrist effectively
combines the benefits of Ecoflex and LIG, where the addition of Ecoflex
improves the stretchability of LIG while maintaining the excellent con-
ductivity of LIG (LIG/Ecoflex square resistance of 110.53 Q cm).

CNT, which has excellent mechanical and electrical properties, is
compounded with Ecoflex and made into a cylindrical elastomer that
resembles the body of an octopus [43]. An optical photograph of the
CNTs/Ecoflex material, with a light mass of 1.03 g cm™3, is shown in
Fig. 2d. SEM images of CNTs/Ecoflex (Fig. 2e and f) illustrate that the
elastomers possess a wrinkled surface indicative of flexibility. The
CNTs/Ecoflex mixture was poured into the center of the LIG/Ecoflex
flexible tactile wrist layer within the constraints of the mold (Fig. S1),
ensuring that the resulting bionic octopus flexible 3D force sensor
maintains a robust electrical connection. The optical diagram of the fully
prepared bionic octopus-like flexible 3D force sensor is presented in
Fig. S6a, while the SEM characterization in Fig. S6b and Fig. S6¢
effectively demonstrates the connectivity between the body and tactile
wrist sections of the sensor. The XRD spectra of LIG/Ecoflex show a
prominent peak 26= 25.9° which corresponds to the (002) plane of LIG
[38]. According to the Bragg’s formula ni= 2Isind (4 = 1.54 A is the
X-ray wavelength, § = 12.95° is the incident contact angle, and n =1 is
the first-order diffraction), it can be concluded that the layer spacing of
the LIG is I=3.436 A, which suggests that the LIG transfered to the
surface of Ecoflex retained graphite structure. The Raman result of LIG
(Fig. 2h) also shows three prominent characteristic peaks (D, G, and 2D)
of graphene , and the D/G intensity ratio indicates a high degree of
graphene formation within the LIG film [44]. The XRD pattern of
LIG/Ecofelx (Fig. 2g) shows an intense peak centred at 20= 25.9°, giving
an interlayer spacing of ~3.4 A between (002) planes in the LIG, and it
also indicates the high degree of graphitization. The peak of LIG/Ecofelx
at 0 = 44° is a (100) reflection associated with the in-plane structure.
Influenced by slightly visible polymer background, the XRD pattern of
CNTs/Ecoflex shows that the characteristic peaks of CNTs around 25.9°
and 44° can still be distinguished after mixing of CNTs and Ecoflex, it is
demonstrated that CNTs retain the crystalline state and are uniformly
distributed in the Ecoflex matrix. In Fig. 2i, the FTIR spectroscopy of
Ecoflex indicating four characteristic peaks can be characterized: the
absorption peaks at 1010 em™?}, 1260 ecm™!, 783 em ™! and 3440 cm ™!
indicate the main chains of Si-O-Si, Si-CH3, Si-(CH3),, and -OH,
respectively [45]. When the CNTs are mixed into Ecoflex, the absorption
peak of -OH increases significantly and a peak near 1542 cm™" (vibra-
tional mode of the CNTs tube wall, which indicates the presence of the
graphitic structure of the CNTs) is introduced, which characterizes the
fabrication of a homogeneous mixture of CNTs/Ecoflex material. While
LIG is bound to the surface of Ecoflex, there is no chemical modification
of the substrate, so no new functional groups are introduced, which
allowes LIG/Ecoflex to maintain the excellent mechanical properties of
Ecoflex.

3.2. Sensing performance

As structure determines performance, we first explored the effect of
different aspect ratios of the sensor’s eight tactile wrists on the sensor’s
electromechanical signals, specifically using LIG/Ecofelx tactile wrists
with aspect ratios of 4:1, 10:1, and 20:1, respectively. As shown in
Fig. S7, the sensor exhibits a large strain range with a resistance change
of 60% when the aspect ratio is 4:1. However, the sensitivity is relatively
low. Conversely, when the aspect ratio increased to 20:1, the sensor
exhibited high sensitivity, but the effective strain range was limited to
less than 5%. The optimal balance between sensitivity and effective
strain range was achieved at an aspect ratio of 10:1. Hence, this aspect
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ratio was chosen for further experiments.

Strain range, sensitivity, and stability are three main indices to
evaluate the strain-sensing performance of the sensor. Fig. 3d illustrates
the electrical signal response of the LIG/Ecoflex flexible tactile wrists
under both tension and bending. When stretched, LIG/Ecoflex produces
a large number of microcracks with islands of conductive areas and
greatly reduced conductive paths, resulting in a sharp increase in
resistance (Fig. 3a). When bending, LIG/Ecoflex produces microcracks
in the surface layer, but the deep conductive paths remain open,
resulting in a much smaller change in resistance than when stretching
(Fig. 3b) [46]. Notably, the Gauge Factor (GF) at 8%— 10% tensile strain
measures at 573, emphasizing the high sensitivity of the LIG/Ecoflex
when employed as a flexible tactile wrist. At a 10% tensile strain, the
sensor exhibits a remarkable relative resistance change exceeding
2500%. In contrast, the impact on the electrical signal due to
compressive deformation is virtually negligible, providing evidence for
the effective decoupling of 3D forces. To assess the durability of the
LIG/Ecoflex, the sensor’s fatigue resistance is examined through 10,000
loading and unloading cycles, as depicted in Fig. 3e. The insets within
the figure offer magnified views of the electrical signals around 2000,
5000, and 9000 cycles, demonstrating the sustained longevity and sta-
bility of the LIG/Ecoflex tactile wrist contact’s electrical signals
throughout numerous load and unload cycles. Shifting focus to Fig. 3f,
the stress-strain curve of the LIG/Ecoflex is presented. Given the low
modulus of elasticity of Ecoflex, the LIG/Ecoflex sensor exhibits sus-
ceptibility to deformation, leading to a discernible change in the elec-
trical signal. This characteristic validates the source of the sensor’s
sensitivity. The response and recovery times (28 ms and 32 ms,
respectively) are depicted in Fig. 3g, ensuring synchronized monitoring
of external stimuli. Additionally, the reliable performance of LIG/Eco-
flex at low frequencies is evident from the results in Fig. 3h. From the
change in relative resistance of the CNTs/Ecoflex elastomers under
compression (Fig. 3i), the resistance of the elastomers decreases as the
compression intensifies, a phenomenon attributed to the increased
density of CNTs in the elastomers during compression (Fig. 3c), and
hence the increase in conductive pathways and decrease in resistance
[47,48]. Similarly, the CNTs/Ecoflex elastomers showcase excellent
stability and fatigue resistance properties during 10,000 compression
load-unload cycles (Fig. 3j). The stress-strain curve of CNTs/Ecoflex
(Fig. 3k) reveals that the elastomer is more susceptible to deformation in
response to external stimuli and possesses a certain capacity to transmit
loads [49]. This response successfully mimics the octopus body. Fig. 31
reports a response and recovery time (55 ms and 78 ms, respectively)
that is comparable to that of LIG/Ecoflex, thus ensuring the coordination
of signals between the two materials. The elastomer’s compressive strain
response is tested for 10 replicates at frequencies of 0.4, 0.33, 0.2, and
0.1 Hz. The response curves (Fig. 3m) demonstrate the sensor’s
commendable repeatability, with negligible interference from the
loading frequency.

The assembled bionic octopus-like flexible sensor was tested for
performance, as shown in Fig. S8. The sensor showed high sensitivity to
load (GF= -0.116 N’l) and fast response (29 ms) and recovery time
(72 ms). The cyclic characteristics of the bionic octopus 3D force sensor
in underwater operation were further explored (Fig. S9). The experi-
mental results showed that due to the packaging process of Ecoflex, the
sensor is guaranteed to maintain a high degree of signal stability and
durability after more than 3000 cycles underwater. The basic perfor-
mance of other flexible 3D force sensors was compared (Table S1),
which verified the superiority of the bionic octopus 3D force sensor [27,
50-54]. In addition, the effect of temperature change (from 20 °C to
60 °C) on the electrical performance of the sensor was also tested
(Fig. S10). The observed resistance change (~0.04 at 60 °C) indicates
the behavior of the sensor under temperature changing conditions.
Importantly, we emphasize that in practical applications, where the
ambient temperature generally does not exceed 40 °C, the correspond-
ing resistance change of the sensor remains below 0.02. This change is
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Fig. 3. Mechanical analysis and electromechanical testing of LIG/Ecoflex and CNT/Ecoflex sensor assemblies. (a) Schematic mechanism of LIG/Ecoflex uniaxial
stretching. (b) Schematic diagram of the mechanism of LIG/Ecoflex compression bending. (c) Schematic diagram of the mechanism of CNTs/Ecoflex compression. (d)
Relative resistance changes of LIG/Ecoflex sensors under uniaxial tensions in the linear stretching and linear bending. (e) Relative resistance variation with a cyclic
strain of 5% for 10000 cycles of LIG/Ecoflex sensors. (f) Stress-strain curve of LIG/Ecoflex sensors under linear tensile uniaxial tension. (g) Response time and
recovery time of LIG/Ecoflex sensors under linear tension uniaxial tension. (h) Relative resistance variation of LIG/Ecoflex sensors at different frequencies at 10%
cyclic strain. (i) Relative resistance changes of CNTs/Ecoflex sensors under linear pressure uniaxial compression. (j) Relative resistance variation of CNTs/Ecoflex
sensors with a cyclic compress of 25% for 10000 cycles. (k) Stress-strain curve of CNTs/Ecoflex sensors under linear pressure uniaxial compression. (1) Response time
and recovery time of CNTs/Ecoflex sensors under linear pressure uniaxial compression. (m) Relative resistance variation of CNTs/Ecoflex sensors at different fre-

quencies at 10% of cyclic compress.

negligible compared to the strain-induced change in the sensing signal.
In particular, the sensor has a unique structural design that can adapt to
complex environments and measure various complex curved surfaces,
opening up a new direction for multi-dimensional force sensors.

3.3. Recognition of three-dimensional force

The bionic octopus-like flexible sensor owes its 3D force sensing
ability to its unique bionic structure. When a force is applied to the
sensor’s body, it can precisely identify the magnitude, direction, and
location of the applied force by detecting the changes in the electrical
signals of its eight tactile wrists. To analyze the 3D force sensing

mechanism, we designed three different external force loading methods.
These methods included applying positive force to the body (Fig. 4a),
applying positive force to the tactile wrists (Fig. 4d), and applying 3D
force to the body (Fig. 4g). A mechanical testing machine was employed
to quantitatively load the pressure, while a 3D printed inclined table was
utilized for 3D force testing (Fig. S11). A Synchronous AD capture card
was used to collect data. The positive force was measured by directly
loading the corresponding force, and the 3D force was calculated by
applying transformations to the test results from the inclined table.
When a positive force of 1 N is applied to the top of the bionic octopus-
like flexible sensor (Fig. 4a), the corresponding static finite element
analysis cloud shows that the stress is concentrated in the sensor’s body.
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Fig. 4. Characteristics of the sensor response to positive force and 3D force. (a) Schematic diagram of positive force loading on the body of the bionic octopus-like
sensor. (b) Mechanical finite element simulation of positive force loading on the body of a bionic octopus-like sensor. (c) Waterfall plot of the relative resistance
change of the eight tactile wrists when positive force is applied to the body of the bionic octopus-like sensor. (d) Schematic diagram of positive force loading on the
leg of the bionic octopus-like sensor. (e) Mechanical finite element simulation of positive force loading on the leg of a bionic octopus-like sensor. (f) Waterfall plot of
the relative resistance change of the eight tactile wrists when positive force is applied to one tactile wrists of the bionic octopus-like sensor. (g) Schematic diagram of
3D forces loading on the body of the bionic octopus-like sensor. (h) Mechanical finite element simulation of 3D forces loading on the body of a bionic octopus-like
sensor. (i) Waterfall plot of the relative resistance change of the eight tactile wrists when a 3D force is applied to the body of the bionic octopus-like sensor.

The positive force induces compression of the CNTs/Ecoflex elastomers
and causes the tactile wrist’s cracks to expand upon receiving pressure.
This expansion results in an increase in electrical resistance, yet its
contribution to the overall change in sensor resistance is negligible
(Fig. 4b). The eight sets of sensor data obtained demonstrate a consistent
magnitude of change, showing a 12% reduction in relative resistance
(Fig. 4c). Conversely, in the control experimental group (Fig. S12a),
which used a sensor devoid of CNTs/Ecoflex elastomers, the application
of positive force yields a uniform 2% change in the electrical signals
across the sensor’s eight tactile wrists. This indicated that the positive
force provides homogeneous electrical stimulation to the eight tactile
wrists (Fig. S12b and c). Fig. S13a shows the electrical signals from one
of the tactile wrists when different positive forces were applied to the
sensor’s body. The changes in the sensor’s electrical signals progres-
sively increase with the intensification of the positive force. To analyze
the sensor’s perception of 3D force, we marked the sensor’s eight tactile
wrists as shown in Fig. S14. Fig. 4d presents a schematic of a 1 N positive
force applied to the bionic octopus tactile wrist #6. The cloud diagram
of the static finite element analysis of the sensor (Fig. 4e) shows that the
stresses are concentrated on the loaded tactile wrists, leading to a
localized strain in the pressure [55]. The crack expansion of this tactile
wrist results in a sharp increase in resistance, while no strain occurs in
the CNTs/Ecoflex elastomer. Fig. 4f shows the change in sensor resis-
tance during this load application, the resistance of the loaded tactile
wrist #6 contact changes, resulting in a 300% increase in resistance at
1 N, while the other tactile wrists essentially exhibit no signal change.

The 3D force sensing capability of the bionic octopus-like sensor
benefits from its unique bionic structure. As shown in Fig. S2, the

different aspect ratios of the 3D force sensor tactile wrist obviously affect
the sensor’s electromechanical signals When 3D forces are applied to
different sensors, increasing the aspect ratio increases the sensitivity of
the sensor but at the expense of signal sensitivity; decreasing the aspect
ratio results in a decrease in the sensitivity of the sensor. Therefore, the
aspect ratio was determined to be 10:1 in the experiment, which can
achieve the best balance between sensitivity and anti-interference
characteristics, ensuring the effectiveness and resolution of 3D force
decoupling. The bionic octopus-like sensor was examined for its ability
to effectively recognize the position of the tactile wrist where the
applied force is located. When a 3D force of 1 N is applied to the body of
the bionic octopus (with normal angle 6 = 30°, directed towards the
tactile wrist #6) as shown in Fig. 4g, the corresponding static finite
element analysis under this load reveals the generation of compressive
strain on the sensor’s body (Fig. 4h). As a result, the CNTs/Ecoflex
elastomer is compressed and the piezoresistive effect leads to a reduc-
tion in the resistance of the elastomer. However, the strain experienced
by the tactile wrist part of the bionic octopus-like sensor is primarily
oriented along the directions of tactile wrists #2 and #6. Tactile wrist
#2 undergoes tension, and the resulting crack expansion effect increases
the resistance. On the other hand, tactile wrist #6 experiences
compression and bending, which minimizes crack expansion and results
in a relatively small increase in resistance. The remaining tactile wrists
are symmetrically distributed around this direction, and the degree of
strain they experience results in varying levels of resistance increase
based on the amount of stress components (Fig. S12d-f). Fig. 4i illus-
trates the sensor’s electrical response during this loading, with the eight
sets of data variations symmetrically distributed around tactile wrists #2
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and #6. This results in a 30% increase in resistance at 1 N in the circuit
connected to tactile wrist #2, and a 10% decrease in resistance at tactile
wrist #6. The electrical signals associated with tactile wrist #2 were
evaluated by applying forces of 1 N, 2 N, and 3 N to the body of the
bionic octopus-like sensor in the same direction. This demonstrates that
the sensor shows a steady increase in the electrical signal change with
increasing applied pressure (Fig. S13b). This can be attributed to the
high strain sensitivity of both CNTs/Ecoflex and LIG/Ecoflex. Moreover,
we conducted control experiments under two different conditions: with
the same angle 30° but varying force application magnitudes (Fig. S15a
and b), and with a consistent force application magnitude but at
different tilt angles 45° (Fig. S15c and d). The eight sets of electrical
signals generated across the three sets of experiments present regular
variations. Taking the electrical signals of the maximally strained tactile
wrist #2 as an illustration, when the applied 3D force is halved, the
change in electrical signals from tactile wrist #2 also decrease by half.
Furthermore, when the angle of the applied force is increased (45°), a
shift in electrical signal from 30% to 50% is observed in tactile wrist #2.

Through the above modeling and analysis, we can derive several
conclusions. First, the azimuth angle "¢" can be deduced from the
alteration in the relative resistance of the primary strain direction of the
tactile wrist upon contact. Next, the intensity of the circumferential
force can be determined from the relative resistance change within both
the joint contact tactile wrist’s main strain direction and its symmetry
direction. Finally, this allows us to further calculate both the actual
magnitude of the radial distance "r" and polar angle "6".

To improve the accuracy of 3D force decoupling, we utilized MLP
model to train and decouple the parameters "', "¢" and "¢" of the 3D
force [56,57]. However, to facilitate the operation of the multilayer
perceptron model, we converted the 3D force parameters "r", "9" and "¢"

n=96 n=192 n=384
Confusion matrix

¢ 1st 2nd 3rd 4th 5th 6th 7th 8th
1st ojo(ojO0fO0O|O0]|0O
2nd| 4 1/1|0[(0]|0(0
3rd| 1 (0[9|(0(0(0(|0|0O
4h| 0 (0 [0 |98| 0 0|00
5th| 0 | 0 [ 0 | 2 0|0(0O
6th| 1 | 0 [ 0|0 (0 2 (0
7th{ 0 (0O ( O (O 0 (97| 1
8h| 0| 0|0 O 0
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from the spherical coordinate system to Fy, Fy, F, in the cartesian coor-
dinate system (Fig. S14). The sensor’s decoupling process using regres-
sion model is as follows: Firstly, the experimental calibration data was
biased, and a random selection of 80% of the data was used as training
samples, while the remaining 20% served as test samples. We then
constructed a column vector, comprising the electrical signals from the 8
sensing units, as an input vector. This column vector, F =[x y z] T,
consists of the corresponding Cartesian coordinate system parameters
acting on the sensor coordinate origin, serving as the sensor system’s
output vector (Fig. 5a). Given the nonlinear and coupled characteristics
of the 8-channel electrical signal, the hidden layer design required first
expanding the size of the 8-channel data, then reducing it to extract as
many hidden features from the input signal as possible [58,59]. We
maintained three hidden layers during experiments to strike a balance
between computational complexity and result accuracy. The hidden
layer’s size was set at 96, 192, 384, with a ReLU activation function
operating between layers. The root means square error (RMSE) was used
to quantify the output loss of the training sample, and the loss function
was optimized by the gradient descent method [60]. The findings
revealed that when the neural network underwent training for 200 steps,
the error margin was reduced to 10~° (Fig. 5b).

As a verification, we conducted multiclassification model training on
"¢" and "¢" respectively using the control variable method , conducted
regression model training on "r". The confusion matrix’s training results
validated that the bionic octopus-like sensor’s eight tactile wrists
correspond to the eight direction parameters "¢" with high accuracy
(Fig. 5¢). The biomimetic octopus-like sensor parameter "¢" confusion
matrix (Fig. 5d) demonstrated an experimental error below 2%. When
"0" was set to 30°, with regression model the training error curve for the
bionic octopus-like sensor parameter "r'" demonstrated that the error
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Fig. 5. ML for the bionic octopus-like sensor calibration. (a) Schematic diagram of multi-layer perceptron. (b) Training error curve of the bionic octopus-like sensor’s
3D forces. (c) Confusion Matrix of the bionic octopus-like sensor parameter "¢". (d) Confusion matrix for the bionic octopus-like sensor parameter "¢". (e) Training

error curve of the bionic octopus-like sensor’s parameter "r" when "0" is 30°.
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could be reduced to the 1072 level after merely 10 training cycles
(Fig. 5e). Similarly, for "¢" set at 45°, we observed a comparable effect
(Fig. S16). Consequently, multilayer perceptron model was leveraged to
authenticate the accuracy of the 3D force parameters, thereby effec-
tively facilitating the bionic octopus-like sensor’s 3D force decoupling.
This accomplishment significantly underscores the sensor’s potential
applicability in various domains such as robotics, wearable devices, and
human-machine interfaces.

3.4. Application of bionic octopus-like sensor for handwriting recognition

In order to validate the concept of 3D force perception, we explored
the potential application of the bionic octopus-like sensor in hand-
writing recognition (Fig. 6a). Referring to Fig. S14, the eight tactile
wrists of the sensor were marked with corresponding colors. We wrap-
ped the bionic octopus-like sensor around a fingertip and proceeded to
write on a paper surface. The electrical signals from the eight tactile
wrists were captured by a data acquisition card (at a frequency of
500 Hz), and the electrical response of writing was obtained by
normalizing the sampled data. The basic strokes of writing include
clockwise arcs, counterclockwise arcs, horizontal lines, vertical lines,
apostrophe and downstroke. As depicted in the Fig. 6b-g, the group of
eight electrical signals with the most substantial resistance change (the
color corresponds to the tactile wrists) indicates the current writing
direction. The variation of the negative electrical signal allows for
determining the magnitude of the force value, with a larger change in
the electrical signal signifying a larger force value. The writing process,
from the initial application of force, to the phase of uniform force, and
ultimately to the lifting of the finger (with no force application), exhibits
a characteristic trapezoidal pattern in electrical signal changes [61].

Following the established pattern, we conducted an experiment by

@
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writing four letters, "Z S T U" (abbreviating Zhejiang Science and
Technology University), and subsequently reconstructed their 3D dia-
grams (Fig. 6h-k). Taking the letter "U" as an example: the gray line
corresponds to the bionic octopus’s tactile wrist #8 sensing unit, signi-
fying a downward writing motion from the fingertip. The end of this
downward motion was overlaid by the electrical signal from the next
tactile sensing unit, which was tactile wrist #7 sensing unit (black),
indicating a rightward downward stroke from the fingertip. Then in
order, the blue color corresponds to tactile wrist #6 (signifying a right
stroke), the pink color corresponds to tactile wrist #5 (indicating an
upper-right stroke), and the green color corresponds to tactile wrist #4
(signifying an upward stroke). The reconstructed 3D map reveals a co-
ordination between the force-related variables and the strokes, and their
projections can intuitively and accurately reflect the content of the
writing. As a demonstration, we developed a human-computer interac-
tion system integrating a bionic octopus 3D force sensor and a micro-
controller. The microcontroller gathered changes in electrical signals
during the process of handwriting (Fig. S17), which were then compared
with the six basic strokes stored in the database. The results of the
handwriting recognition were then displayed in real time via the
MATLAB interface. Fig. 6l-o illustrates the application interface of the
bionic octopus-like sensor in handwriting recognition of "ZSTU", and
Video 1 demonstrates the dynamic, real-time display process within the
MATLAB interface when the bionic octopus-like sensor was utilized to
handwrite "ZSTU". Given that each individual possesses unique writing
habits and that the force and speed of writing differ from person to
person, the handwriting recognition system equipped with the bionic
octopus-like 3D force sensor was capable of accurately recognizing and
reconstructing the outcomes of the writing process. This system could
therefore be leveraged as a significant tool for identity recognition.
Supplementary material related to this article can be found online at

Write Capture
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Fig. 6. Sensors for handwriting recognition. (a)Flow chart of bionic octopus-like sensor for fingertip writing. (b) Relative resistance change of the bionic octopus-like
sensor when writing clockwise. (c¢) Relative resistance change of bionic octopus-like sensor when writing counterclockwise. (d) Relative resistance change of bionic
octopus-like sensor when writing horizontally to the right. (e) Relative resistance change of bionic octopus-like sensor when writing vertically downward. (f) Relative
resistance change of bionic octopus-like sensor when writing to the lower left. (g) Relative resistance change of bionic octopus-like sensor when writing to the lower
right. (h, i, j, and k) Relative resistance change of the bionic octopus-like sensor when writing "Z", "S", "T" and "U". (1, m, n, and o) Displays an optical image of the

writing result in real time.
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doi:10.1016/j.nanoen.2024.109357.

4. Conclusion

We rationally designed and prepared a bionic octopus-like flexible
3D force sensor and explored its application to handwriting recognition.
The material selection, the same Ecoflex substrate enables the material
to have excellent flexibility and component compatibility. The normal
and circumferential component forces are decoupled by an ingenious
structural design, and the structure is beneficial for excellent fit on
complex surfaces. The sensor’s 3D force sensing capability has been
demonstrated through testing, mechanical simulation and neural
network validation. Thanks to these desirable properties, the sensor can
successfully display handwriting content in real time and monitor
changes in force during handwriting. This work demonstrates the
application of sensors for 3D force monitoring, especially in the field of
handwriting recognition.
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