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Abstract— To foster an immersive and natural human-robot
interaction (HRI), the implementation of tactile perception
and feedback becomes imperative, effectively bridging the
conventional sensory gap. In this paper, we propose a dual-
modal electronic skin (e-skin) that integrates magnetic tactile
sensing and vibration feedback for enhanced HRI. The dual-
modal tactile e-skin offers multi-functional tactile sensing and
programmable haptic feedback, underpinned by a layered
structure comprised of flexible magnetic films, soft silicone elas-
tomer, a Hall sensor and actuator array, and a microcontroller
unit. The e-skin captures the magnetic field changes caused
by subtle deformations through Hall sensors, employing deep
learning for accurate tactile perception. Simultaneously, the ac-
tuator array generates mechanical vibrations to facilitate haptic
feedback, delivering diverse mechanical stimuli. Notably, the
dual-modal e-skin is capable of transmitting tactile information
bidirectionally, enabling object recognition and fine-weighing
operations. This bidirectional tactile interaction framework will
enhance the immersion and efficiency of interactions between
humans and robots.

I. INTRODUCTION

Inspired by the multimodal sensory capabilities of bio-
logical skin, electronic skin (e-skin) has been meticulously
designed and developed to be affixed to the human epider-
mis [1], [2], prosthetic limbs [3], [4], or robotics [S]-[7] to
provide a range of sensing and feedback functions. Owing to
the excellent stretchability [8] and high biocompatibility [9],
e-skin has clearly demonstrated its advantages across multi-
ple fields, including biomedical engineering [10], healthcare
monitoring [11], and human-robot interaction (HRI) [12],
[13]. Furthermore, e-skin not only imitates the tactile sensory
capabilities of human skin but also provides diverse haptic
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Fig. 1. (a) Schematic diagram of dual-modal e-skin bidirectional tactile
interaction. (b) Picture of the fexible printed circuit board (FPCB) with
functions of tactile sensing and actuation and Bluetooth module. (c) Photo
of dual-modal e-skin.

feedback modalities, thereby enriching the immersive expe-
rience. Dual-modal e-skin, endowed with both tactile sensing
and haptic feedback capabilities, has substantially promoted
more natural and immersive interactions between humans
and robots, or humans themselves, laying the foundation for
more challenging collaborative tasks [14]-[16].

Unfortunately, current e-skin technologies often only have
single-function capabilities for either tactile perception or
haptic feedback. Through e-skin based on piezoresistive [17],
[18], capacitive [19]-[21], optical waveguide [22], [23],
triboelectric [24] and other mechanisms [25]-[27], external
stimuli can be converted into electrical signals or other
forms of data, thereby laying the foundation for abundant
tactile sensory perception. At the same time, e-skin can
also provide haptic feedback through mechanisms such as
mechanical vibration [28], [29], electrical stimulation [30],
[31], and temperature changes [32], [33]. These feedback
mechanisms can simulate tactile properties such as force,
vibration, and texture, allowing users to perceive virtual
touch in a more realistic way. However, because the working
mechanisms of the perception and feedback units cannot be
seamlessly combined, resulting in larger devices and higher
manufacturing costs, there are still huge challenges in the
development of e-skins that simultaneously achieve tactile
sensing and feedback.

In this study, we present an integrated e-skin that combines
magnetic tactile sensing with vibration feedback (as shown
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Framework diagram of bidirectional tactile human-robot interaction. The dual-mode e-skin is placed on the human arm and the gripper of the

robot respectively, and transmits tactile sensing and vibration feedback information bidirectionally and wirelessly.

in Fig. 1). Our goal is to provide a dual-modal tactile e-skin
that offers multi-functional tactile perception, programmable
haptic feedback, high scalability, and bidirectional wire-
less transmission of tactile information. These features are
achieved through a layered structure composed of flexible
magnetic films, silicone elastomer, an array of Hall sensors
and vibration motors, and a microcontroller unit. The e-
skin utilizes Hall sensors to detect the minute deformations
of the flexible magnetic films caused by mechanical press.
Haptic feedback is achieved through mechanical vibrations
generated by actuator array. By integrating our dual-modal
e-skin onto robotic or human skin, robots can acquire rich
tactile sensing information in complex tasks, while humans
can transmit commands through natural touch. The dual-
mode e-skin can provide a variety of mechanical stimuli to
the skin through programmable vibrations in the space and
time domains, while enabling the robotic gripper to com-
plete fine operations, such as fine and controllable metering
of particles or powders. This bidirectional transmission of
tactile information enhances the robot’s perception and re-
sponse capabilities, improving precise operation and efficient
collaboration.
The main contributions of this work are as follows:

o Proposing an integrated e-skin that achieves multi-
functional tactile sensing and programmable haptic
feedback, addressing the limitation of previous single-
modal e-skin.

o Designing experiments to demonstrate the scalability
of e-skin for applications in multiple fields, including
grasping recognition and programmable fine operation.

« Presenting a framework for bidirectional transmission of
tactile information between humans and robots, demon-
strating the potential for human-robot collaboration in
complex tasks.

II. METHODS AND DESIGN

A. System framework overview

The proposed bidirectional tactile interaction system be-
tween humans and robots is constituted by the deployment of

dual-modal e-skin on both the human and the inner sides of
the robotic grippers (as illustrated in Fig. 2). Composed of a
layered structure featuring magnetic films, silicone elastomer
layers, and a flexible printed circuit board (FPCB) containing
Hall sensor and an actuator array (4x4), along with a wireless
transmission unit, the dual-modal e-skin exhibits a compact
form factor with dimensions of 40x65 mm. The e-skin
system is made of flexible materials and can be easily
installed and integrated on human and robotic platforms.
The e-skins at both ends transmit tactile information during
the interaction process via wireless Bluetooth technology,
covering data from eight three-axis Hall sensors for magnetic
fields as well as vibration information from eight-channel
actuators. On the human end, tactile interactions with the
e-skin can wirelessly send motion control commands to the
robot. Concurrently, the array of actuators employs a variety
of mechanical vibrations to impose diverse stimulations on
the human skin. On the robotic end, grippers equipped with
the e-skin, utilizing magnetic tactile sensing amalgamated
with deep learning algorithms, can recognize objects in
real-time during grasping activities. Then the spatiotemporal
programmable vibrations generated by the actuators can be
transmitted to the terminal ends of the grasping tools, facili-
tating fine control mechanisms. The comprehensive human-
machine bidirectional tactile interaction framework, which
encompasses tactile sensing and programmable feedback
modalities, is poised to significantly enhance the efficiency
and immersion level of human-robot collaboration.

B. Working principle

The dual-modal e-skin system employs a staggered array
configuration, incorporating Hall sensors (QMC5883L) and
compact vibrators with dimensions of 8 mm in diameter and
3 mm in height. This arrangement minimizes the overall
system thickness to just 7 mm. The magnetized film within
the system is highly responsive to external mechanical pres-
sures and sliding motions. These external stimuli lead to
alterations in the magnetic field, which are detected with
high sensitivity by the three-axis Hall sensors. For ease
of system expansion and integration, these Hall sensors
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Fig. 3. (a-b) Working principle of the proposed dual-modal e-skin. (c) The
impact of motor vibration on a single three-axis Hall sensor.

communicate with a microcontroller (ESP32-PICO-D4) via
an Inter-Integrated Circuit (I*C) multiplexed connection. To
ensure the reliability and accuracy of the collected data, the
multi-channel sensor data are calibrated and zeroed before
being wirelessly transmitted through Bluetooth technology.

In the actuator section, the system utilizes low-cost vi-
bration motors that are notable for their small size, low
power consumption, and cost-effectiveness. Through the
implementation of multi-channel Pulse Width Modulation
(PWM) control, these motors can operate efficiently within
a supply voltage range of 0-3.7 V. Importantly, the actuators
are affixed to flexible substrates and encapsulated in flexible
materials, enabling their vibrations to be effectively conveyed
to any external objects they come into contact with.

In practical applications, the coexistence of magnetic
tactile sensing and vibrational units within a unified system
invariably amplifies design intricacies. This is particularly
salient when considering that the magnetic fields emanating
from the operational vibrational motors may engender pertur-
bations that compromise the accuracy of the Hall sensors. To
mitigate this challenge, we undertook rigorous experimental
assessments and investigative studies. We first selected a
Hall sensor as the test object, which was located near a
magnetized film with a magnetization intensity of 2 mT.
The experiment was divided into three stages to quantify the
impact of the magnetic field generated by motor vibration
on the Hall sensor. After careful testing and data analysis,
we found that the influence exerted by the magnetic fields
originating from motor vibrations on the Hall sensor was
notably less significant than that imposed by a 4 N vertical
pressure (Fig. 3(c)). Please note that the effective range of
the sensor is within 0-10 N. By optimizing the magnetization
intensity, we can more effectively reduce the interference
of the electromagnetic vibration motor, thus improving the
stability of the entire system.
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C. Dual-modal e-skin fabrication

As shown in Fig. 4, we successfully fabricated a dual-
mode e-skin with a flexible multi-layer structure. The mag-
netized film has a thickness of 1.5 mm, and it is paired with
a 4.5 mm-thick silicone layer (Shenzhen Hongye Silicone,
E600) to completely cover the FPCB. Furthermore, we tai-
lored the material’s elastic modulus through judicious adjust-
ment of the silicone-to-additive ratio, thereby customizing its
mechanical properties to meet the exigencies of individual
application scenarios.

Then we mixed liquid silicone and neodymium (NdFeB)
magnetic powders with a weight ratio of 1:1 and stirred
thoroughly to ensure that the magnetic powder was evenly
distributed in the silicone mixture. The mixture was then
injected into a pre-made mold printed from polylactic acid
(PLA) material and cured. In the curing process, we used
vacuum equipment to remove air bubbles from the mixture
and then allow it to solidify naturally.

The magnetization of the magnetized film was com-
pleted by a special magnetizing machine (PS-DTC60, Hunan
Paisheng Technology). After magnetization, we used a high-
precision magnetic field meter to perform array scanning
and visually analyze the magnetic field distribution of the
magnetized film. Then the FPCB with silicone layer was
coated with silicone adhesive (Sil-Proxy, Smooth-On) and
adhered to the magnetized film. After about 10 minutes of
curing time, the dual-mode e-skin is completed.

Finally, we conducted a series of flexibility tests on the e-
skin, including bending down and double-sided folding tests,
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and the results showed that it has excellent flexibility and
adaptability, and can be applied to various parts of the human
body and robots.

D. Device cost

Existing sensing and actuating array systems often require
complex wiring and expensive material preparation. Further-
more, the integration of too many rigid components further
inflates the cost and complicates the deployment process.
Compared to existing dual-modal e-skins, our proposed
device is more cost-effective while still maintaining ease of
fabrication and material flexibility.

Leveraging off-the-shelf electronic components reduces
manufacturing costs while enhancing system stability. Addi-
tionally, we utilized a three-dimension (3D) printer to create
the curing mold, at a cost of approximately one US dollar.
As can be seen in Table 1, the total cost of the device is less
than 26 US dollars, and it weighs less than 29 grams. This
highlights the system’s affordability and lightweight nature,
offering a significant advantage over conventional solutions.

TABLE I
COST AND WEIGHT DETAILS OF THE PROPOSED DEVICE

Number | Cost (USD) | Weight (g)
FPCB 1 20 4
Vibration motor 8 2.5 5
Silicone - 1 14
Magnetic powder - 1 4
Adhesive - 0.5 2
3D printed parts - 1 -
Total - 26 29

III. EXPERIMENT

Robots frequently encounter issues of obstructed vision
and low visibility when engaged in human-robot collabora-
tive tasks. Relying solely on visual information can make
object recognition and operation challenging. Additionally,
low-frequency mechanical motion at the end of the robot may
not be sufficient to perform some fine operations. To evaluate
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the capabilities of the dual-modal e-skin in tactile sensing and
programmable feedback, we systematically designed three
experiments: (1) A gripper equipped with the e-skin was
used to classify objects based on tactile information. (2) We
controlled the weighing process of particles at the end of a
spoon via a programmable vibrating array. (3) A bidirectional
tactile interaction was employed to facilitate human-robot
collaborative tasks.

A. Grasping recognition
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Fig. 6. Recognition results and evaluation. (a) t-SNE clustering results. (b)
Classification performance comparison.

To demonstrate the dual-modal e-skin’s ability to capture
subtle touch differences, we designed an experiment where
we used a robot gripper to classify various objects through
simple grasping (see Fig. 5 ). We equipped the gripper (PGE-
15-26, DH-Robotics) at the end of a UR3 robot arm to
perform repeated grasping tasks, while a dual-modal e-skin
was affixed to one side of the gripper for tactile sensing
and feedback. We chose 12 representative objects for the
experiment, including green beans, sugar cubes, hazelnuts,
and chestnuts, etc.

We defined the initial state where the gripper has not
yet made contact with any object as the zero state. The
gripper then slowly grasps each object from various angles
for 0.2s and releases it, pausing for 3s before initiating a
new grasp. For each object, we segmented the magnetic data
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Programmable fine operation. (a) The programmable vibration array controls the uniform fall of powders and particles from the end of the

clamping spoon. (b) Data comparison of weighing flour. (c) Difference curves and average resolution (RES) of weighed flour under different conditions (a
= 1). (d-e) Control the dumping of different particles by adjusting the tilt angle and vibration intensity (d: white sugar, e: sesame). These labels (1-9) are

identifiers for different curves on a graph, 1: tilting 30fand 2 motors vibrate,

from 8 channels into 200 samples. Finally, we randomly
divided all the data samples (2400, 24, 60) into 1680 training
samples and 720 test samples to train a classification model.
Representative data samples and the data processing pipeline
are shown in Fig. 5(c).

To achieve tactile-based object classification, we utilized a
Convolutional Neural Network (CNN) architecture to extract
features from tactile data, which resembles image-type data.
The CNN proved to be effective even with a smaller sample
size, achieving a training accuracy of 98.8% by the 5th
epoch. We used the t-SNE method to reduce the dimen-
sionality and visualize results, so as to have an intuitive
understanding of the distribution of recognition results. To
verify the efficacy and generalizability of our tactile data, we
conducted performance evaluations of the CNN model with
alternative methodologies, specifically the Residual Network
(ResNet), Long Short-Term Memory (LSTM) networks, etc.
This comparative analysis further substantiates the robustness
and versatility of using tactile data for object classification
across different methodologies.

B. Programmable weighing operation

In fields ranging from scientific research and industrial
production to pharmaceuticals, the precise weighing of pow-
ders and particles is of critical importance [34]. Existing
methods generally rely on either 1) rotating the spoon’s tip to
facilitate natural dropping of the powders and particles, or 2)
using other tools to scrape off the material. However, some
issues such as the formation of lumps make the operation
highly sensitive, leading to poor repeatability and precision
control.

To simulate this scenario, we selected three different
types of solids (flour, white sugar, and sesame seeds) as

2: tilting 30f and 4 motors vibrate, and so on.

the subjects for weighing. We designed an experimental
platform, as shown in Fig. 7(a). The gripper equipped with
dual-mode e-skin was used to grasp the spoon’s handle
during the experiment. The falling of solid particles was
studied by altering the vibrational state of the actuator array
and the horizontal angle of the spoon. An electronic scale
located below measured the weight of the falling solids in
real-time.

As shown in Fig. 7(b), we compared the flour weighing
process with varying levels of programmable vibration am-
plitude (strong and medium) as opposed to no vibration. Our
results indicate that without the implementation of e-skin for
vibration control, the weight of the flour experiences a rapid
increase during a 0-90f rotation. This can be attributed to
the flour’s tendency to clump in high-humidity environments,
thereby compromising weighing accuracy. When different vi-
bration amplitudes were activated, we observed varying rates
of weight change in the flour, signifying that programmable
vibrations can, to an extent, regulate weighing accuracy.

To quantify the change in mass over a given time interval,
we introduce a quantifying metric €, defined as follows:

1 N
€=5 Z‘T |miq —m;| where m;y, —m; #0,
i=
o &: Average change in mass, unit consistent with that of
mass m.

o m;: Mass at time point i, where i =1,2,...,n.

« a: Chosen time interval, a positive integer with a < n.

o N: Number of non-zero differences m;, —m;.

Our findings indicate that the average weighing resolution
increases from 0.2107 g to 0.0246 g when different pro-
grammable vibration amplitudes are used, amounting to an
improvement of nearly 8.5 times (see Fig. 7(c)).
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Furthermore, we examined the weighing impacts on white
sugar and sesame seeds under nine different combinations:
three rotational angles (30, 45, 50 degrees) and three vi-
bration amplitudes (initiated with 50% PWM for 2, 4, and
8 vibration motors). During weighing, intuitively, higher
vibration amplitudes and greater rotation angles shifted the
weight curve to the left and increased the speed, as shown
in Fig. 7(c-d).

C. Duplex human-robot immersion operation

Human-machine interfaces (HMI) have shown great ap-
plication potential in remotely operated robots, especially in
areas such as immersive gaming, prosthetic or exoskeleton
control, and high-precision operation. Although HMI sys-
tems and devices have advanced significantly, most are still
limited by bulky mechanical structures and rigid electronic
components, limiting the comfort and immersion of the
user experience. To solve these problems, we designed a
bidirectional tactile interaction system based on dual-modal
e-skin.

In our experiment (shown in Fig. 8(a)), two pieces of e-
skin were attached to the human arm and the robot gripper
respectively, and transmitted tactile data through wireless
Bluetooth. Operators can remotely control a robotic arm
equipped with a gripper and rely on real-time tactile com-
mands and feedback to complete high-precision weighing
operations. In Fig. 8(b), by performing different forms of
touch on the sensing area of the e-skin, such as pressing or
sliding, the operator can convert complex motion commands
into 8-channel tactile data, covering movement, grasping,
and various vibration data. The microcontroller in the e-skin
sends corresponding control commands to the PC controlling
the robot through the serial port wired method. Next, the
robot system executes the corresponding instructions. The
entire bidirectional tactile interaction process can be divided
into six stages, which include pre-setting a target weighing
weight, followed by the operator applying different touch
stimuli to the dual-modal e-skin to control the robot arm.
Meanwhile, when a collision occurs at the end of the robot
arm, the dual-modal e-skin detects it sensitively, and the e-
skin on the human side generates vibrations, supplementing
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Vibrate

s -‘_-\ii.brate
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Tactile perception and feedback experimental platform and bidirectional interaction process for immersive collaborative operations

traditional visual feedback. Furthermore, the operator can
effectively discern varying levels of vibration intensity and
combinations of vibration positions to receive distinct status
information.

In conclusion, by controlling a programmable vibration ar-
ray, the flour’s weighing weight achieved was 1.01 g, closely
approximating the target weight of 1.00 g. The experimental
results indicate that the system not only enhances the robot’s
ability to operate in complex environments but also greatly
improves the precision and reliability of operations through
real-time tactile feedback.

IV. DISCUSSION AND FUTURE WORK

In this study, we propose a wireless dual-mode e-skin
capable of tactile sensing and haptic feedback. The e-skin can
establish wireless bidirectional tactile interactions between
humans and robots simultaneously, aiming to enrich HRI
by providing an immersive and highly responsive interface.
In order to verify the performance of dual-mode e-skin,
we designed a grasping recognition experiment based on
tactile information to verify the validity and universality of
tactile data, and the object classification accuracy reached
98.88%. In addition, the programmable vibration feedback
array can control the speed of the fine-weighing process
of particles and improve the control accuracy (~0.0246 g).
Finally, we established a human-robot bidirectional tactile
interaction framework and system based on the proposed
dual-mode e-skin. Experimental results show that the e-skin
can effectively integrate multi-functional tactile sensing and
feedback, and also opens up new ways for human-machine
collaboration in complex tasks.

While our e-skin design has made promising strides,
there are still some unexplored avenues for further research
and enhancement. One immediate direction could be the
miniaturization of e-skin components to allow easier inte-
gration into compact robotic systems or prosthetic devices.
Interesting possibilities are to incorporate additional sensory
modalities, such as temperature sensing and auditory feed-
back, to provide a more comprehensive sensory experience.
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