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Abstract— Conventional approaches in robotics for perceiv-
ing the environment and signaling the robot’s state or intention
for human-robot interaction involve the use of separate sensing
and signaling systems. This can sometimes result in high costs
and complex system installations. In this study, we propose an
alternative approach, integrating both robot sensing and signal-
ing mechanisms into a single utility module (called S-BUN, Soft
Bifunctional Utility module for robot sensing aNd signaling).
Soft material (Ecoflex 00-10 silicone) is used to form its bun-
like structure with a central cavity filled with a NaCl solution.
Inspired by honeycombs, the module’s surface incorporates a
hexagonal pattern to enhance structural robustness. The design
of S-BUN enables it to function as a sensor for both non-
contact proximity and touch sensing, utilizing the NaCl solution.
Additionally, it serves as a signaling mechanism to indicate the
robot’s state through the active inflation and deflation dynamics
of the module, simulating lifelike breathing patterns. Through
our experiments, we present S-BUN’s capabilities in proximity
and touch sensing, including its ability to discern various touch
intensities. Finally, we demonstrate the application of S-BUN in
the context of reactive behavioral control for a crawling robot
and human-robot interaction scenarios.

Index Terms— Robot Perception, Soft Sensors, Bio-inspired
Design, Hexagonal Pattern, Capacitive Sensing, Robotic Breath-
ing Mechanism

I. INTRODUCTION

Sensing is a critical feature of robots, enabling them to
perceive and interact with their surroundings effectively.
As the field of robotics has advanced, the limitations of
traditional perception methods, primarily relying on rigid
materials (like metals or semiconductors) along with their
specific functionalities, have become increasingly apparent
[2]. For example, conventional (rigid) touch sensors, while
reliable in controlled settings, are inflexible and often lack a
sense of softness for soft human-robot interaction [3], [4].

To address this shortcoming, there has been a growing
interest in the development of soft touch sensors [2]. In
response, the field of materials science has played a pivotal
role in advancing soft touch sensor technology. One area
of exploration is the use of conductive threads, which show
promise for creating flexible, textile-based soft touch sensors
[5]. These threads are valued for their adaptability; however,
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Fig. 1: S-BUN installed on an inchworm-inspired crawling robot (iCrawl)
[1]. It is used for reactive behavioral control of the robot, enabling the robot
to react to human touch. Additionally, it can signal the robot’s state through
its breathing motion (see www.manoonpong.com/SBUN/video.mp4). Three
inset images expand the dynamics of S-BUN and provide magnified views
of the hexagonal pattern on the surface of S-BUN. The left inset shows the
inflation and deflation dynamics (breathing) of S-BUN, increasing in height
during the inflation phase and decreasing in height during the deflation
phase. The middle inset shows a zoomed view of the pattern at the edge,
illustrating the pattern size concerning the overall S-BUN size. The right
inset shows the detailed hexagonal pattern of the silicone.

they face limitations in terms of stretchability. Unlike other
elastic materials, such as silicone, conductive threads have
a restricted capacity to stretch. Stretching them beyond a
certain point can compromise their conductivity, leading to
increased resistance or even breakage. This limitation is
a significant concern, particularly in applications requiring
high elasticity.

An alternative approach relies on carbon materials, known
for their conductive properties. They have also been utilized
in soft touch sensor development, particularly for detecting
changes in pressure [6], [7], [8]. However, these materials
face their own set of challenges. One significant issue is
their sensitivity to environmental noise, which can result in
the detection of unintended signals, especially in variable
and unpredictable settings [9]. Additionally, their long-term
stability is at risk when exposed to certain chemicals or high
humidity, leading to drifts in sensor readings over time [10].

One of the most advanced soft touch sensors is electronic
skin (e-skin), inspired by human skin [11]. It is based on
a semiconducting polymer-based material and can perform
multimodal sensing, detecting temperature variations and
a wide range of pressures ranging from gentle to strong
touches. Additionally, it is also flexible and stretchable, en-
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abling attachment to the human body [2] or soft robots [12].
However, while these soft sensors demonstrate advanced
features in terms of flexibility, adaptability, and versatility,
they typically function solely as a sensing system and lack
the functionality to signal or indicate the state of the systems
or robots.

Recognizing that while sensing is crucial, understanding
the robot’s state is equally important as another dimen-
sion for human-robot communication, interaction, and even
anticipation [13], [14]. From this point of view, besides
conventional signaling mechanisms, pneumatically actuated
soft robotics technology has recently been employed to
create signaling systems for transmitting robot information
to humans as nonverbal communication [15], [16], [17].
For instance, [15] developed a pneumatically actuated soft
robotic sleeve (called WISARD or Weight Informing Soft
Artificial Robotic Dermis) and applied it to a traditional
robot arm. The soft sleeve emulates tensed muscles, enabling
humans to anticipate the approximate object weight lifted by
the arm. This soft nonverbal signaling mechanism can facil-
itate nonverbal robot-human interaction during a handover
task. A biomorphic soft robotic skin (called BioMORF)
is introduced for a hexapod robot in [16] The skin with
respiratory-like motions (breathing) can increase the biomor-
phic characteristics of the robot and enable nonverbal human-
robot communication. While this soft robotics technology
can indicate the robot’s state, it has not yet been integrated
with a sensing mechanism.

From this perspective, we propose here for the first time
the Soft Bifunctional Utility Module for Robot Sensing and
Signaling (S-BUN, Fig. 1). It integrates a soft (touch) sensing
system and a soft (nonverbal) signaling system [16] into a
single versatile system or module. The special design of S-
BUN leads to both non-contact proximity and touch sensing,
utilizing a NaCl solution. The NaCl solution is preferred
over other media, such as foam, due to its conductive and
flexible properties. This conductive medium enhances the
module’s capacity to detect touch and proximity by altering
the electric charge distribution. Consequently, the module
can respond to human interaction, including proximity sens-
ing without physical contact. As an object, like a human
hand, approaches S-BUN, its presence induces changes in
the electric charge distribution across the air gap, enabling
proximity detection. S-BUN also serves as a signaling mech-
anism through the active inflation and deflation dynamics
of the module, simulating breathing patterns. The breathing
patterns are designed to enhance human-robot interaction by
creating a more lifelike appearance, focusing on nonverbal
communication and engagement rather than augmenting the
sensing capabilities of S-BUN. The module surface inte-
grates a honeycomb-inspired hexagonal pattern. This pattern,
known for its high strength, shear rigidity, and excellent
energy absorption, enhances the module’s stretchability and
durability [18], [19], [20]. The hexagonal structures are made
from the same silicone material as the S-BUN skin, molded
with an indented pattern to maximize air inflation ability
while ensuring durability through a thicker hexagonal design.

S-BUN is designed to address current challenges, including
the high cost, complexity, single-function limitations, and
lack of versatility and adaptability/scalability, as follows:

• Cost-effectiveness and simplicity: It addresses the fi-
nancial and operational barriers often associated with
advanced robotic sensor systems. By being affordable,
simple, and straightforward to use, S-BUN makes sens-
ing technology more accessible and practical for a
diverse range of users and applications.

• Multifunction: It serves as a touch sensor, proximity
sensor, and robot state indicator1. This multifunctional-
ity directly tackles the issue of single-function sensors,
providing a more comprehensive sensing solution. This
enhances the robot’s ability to interact with and under-
stand its environment in a more integrated and nuanced
manner.

• Scalable design: The scalability of S-BUN to various
robotic platforms, from small wearable devices to larger
industrial robots, addresses the need for versatile and
scalable sensors. This scalability ensures that the tech-
nology can be effectively utilized in a wide range of
contexts and applications.

II. MATERIAL METHODS

A. S-BUN System Overview

This study focuses on designing and implementing a
versatile module to enhance both robot perception and state
indication during close human-robot interaction. This effort
has led to our Soft Bifunctional Utility Module for Robot
Sensing and Signaling (S-BUN), consisting of three primary
components: i) a pneumatically soft actuator with a conduc-
tive solution (referred to as a multi-functional soft module),
ii) an air regulation system, and iii) an electronic circuit
(Fig. 2). Each of these components is described in detail
below.

Fig. 2: The S-BUN system comprises three main components. The first is
a multi-functional soft module made of silicone with a hexagonal surface
design to ensure soft and robust expandability for our signaling mecha-
nism. This module is infused with a NaCl solution to provide electrical
conductivity for our sensing mechanism. The second component is an air
regulation system equipped with a pump and valve responsible for the
inflation and deflation mechanism of the soft module. The final component
is an electronic circuit built around the core ESP32 board.

1In this study, ’state’ specifically refers to basic robot situations, including
standing, crawling, and stopping, as these are the states tested.
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1) Multifunctional Soft Module: Constructed from
Ecoflex 00-10 silicone, the module serves as the primary
interface for non-contact proximity and touch interactions.
It is embedded with a NaCl solution, specifically chosen
for its proficiency in proximity and touch sensing. The
module design includes an air pocket that can either inflate
or deflate, simulating a breathing function. This function
can be utilized for signaling or indicating the robot’s state.
Figure 2 shows how the soft module part connects to the
air regulation system. The figure also depicts the direction
of airflow for inflation and deflation (robot breathing-based
state indication), managed by the air pump and valve. The
output signals from the GPIO points (GPIO18 and GPIO19)
of the ESP32 board are transmitted to control the air pump
and value for the breathing function. The output pin of the
soft module is connected to a capacitive touch sensor pin
(GPIO13) on the ESP32 board for proximity and touch
sensing.

2) Air Regulation System: It consists of an air pump and
air valve, crucial for managing the inflation and deflation of
the soft module. The airflow directions (Fig. 2) support the
module’s unique “breathing” characteristic, which can act as
a robot state indicator, enhancing its adaptability to different
interaction scenarios.

3) Electronic Circuit: The circuit includes the ESP32
board and transistors (Fig. 2) to detect non-contact proximity
and touch information and generate output signals for robot
breathing as well as robot reactive behavioral control. When
an object (e.g., a human hand) approaches or makes contact
with the module, it receives information through the NaCl so-
lution and the capacitive touch sensor channel of the ESP32.
The capacitive-based proximity/touch sensing information is
further pre-processed using a low-pass filter before being
transmitted to control the robot over serial communication
(RS485), enabling it to respond to the feedback. For instance,
if the robot is touched through the soft module, it can react
by halting to prevent injury to humans or potential damage
(see the Experiments and Results section). Additionally, we
can program the ESP32 board to control the air regulation
system, regulating the breathing motion of the soft module
to indicate the robot’s state (see the Experiments and Results
section).

B. Multifunctional Soft Module Design

Among the components of S-BUN described above, a key
contribution of our study is the design of the soft module.
This module consists of three key elements (Fig. 3a): i) a soft
sandwich part (skin with outer and inner layers filled with a
NaCl solution between the layers) for non-contact proximity
and touch sensing, ii) a base part for the installation of
the module on a robot, and iii) a cavity part for simulating
breathing through the inflation and deflation of air.

To attain non-contact proximity and touch sensitivity, it is
necessary to determine the skin layer thickness (t, Fig. 3a)
of the soft module. It is an important design parameter that
affects the capacitive sensing performance of the soft mod-
ule. To investigate this, we evaluated the capacitive sensing

Fig. 3: S-BUN with a hexagonal surface pattern and without any pattern.
(a) A graphical representation illustrates the structure and section of the soft
module of S-BUN, highlighting “t” as the thickness of the upper silicone
layer with the hexagonal pattern and “d” as the module’s diameter. (b)
A comparison of the capacitive sensing across different silicone thickness
levels (t = 1 mm, 2 mm, 3 mm, and 4 mm) under different conditions,
including no touch, hover, light touch (pressed for 1 newton using a force
gauge), and hard touch (pressed for 5 newtons using a force gauge). It
should be noted that for the test, S-BUN has a diameter of d = 50 mm.
(c) A comparison of the air capacity, in milliliters, for the module with a
hexagonal pattern (structured surface) and without the pattern (flat surface),
emphasizing the enhanced performance of the hexagonal surface design. It
should be noted that for the test, the sizes of the S-BUN parameters are d
= 50 mm and t = 1 mm.

characteristics at different thickness levels (1 mm, 2 mm, 3
mm, and 4 mm) under various conditions (no touch, hover
(non-contact proximity sensing), light touch (low-pressure
sensing), and hard touch (high-pressure sensing)). The result
in Fig. 3b shows that the 1 mm silicone layer displayed
significantly different capacitive values between no touch
and touch conditions, particularly when compared to the
thick one (4 mm variant). The improved performance of the
thinner layer leads to decreased signal attenuation, a denser
concentration of capacitive elements within the material, and
a quicker response time. Accordingly, we designed our soft
module with a layer thickness of 1 mm.

However, with the thin layer, the skin can be easily broken
after some cycles of inflation and deflation. Consequently, we
applied a honeycomb-inspired hexagonal pattern (Fig. 3a) to
the S-BUN’s skin (or surface). Hexagons, with their six equal
sides (each measuring 1 mm in length), ensure uniform stress
and strain distribution, leading to resilience and durability.
This geometric design not only adds an aesthetic dimension
to the soft module but also bolsters its structural integrity,
as demonstrated in (Fig. 3c). Under a 5 LPM capacity air
pump, the structure with no pattern could withstand the air
pressure for 35 seconds, equivalent to approximately 290
millimeters of air (Fig. 3c), before breaking. In contrast, the
hexagonal-patterned structure exhibited superior endurance,
enduring the air pressure for 42 seconds, equivalent to ap-
proximately 350 millimeters of air (Fig. 3c), before breaking.
The increase of 58 milliliters, or approximately 20 percent, in
capacity observed in the hexagon-patterned structure empha-
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sizes the role of the hexagon in fortifying material robustness
and making it more resilient to mechanical stresses. It is
important to note that S-BUN’s capacity was not measured
directly but inferred from air pump readings to demonstrate
the hexagon pattern’s benefits. This resilience is especially
crucial in robotic applications involving dynamic motions
(i.e., breathing function) and varying pressures, positioning
the hexagon pattern as the preferred choice for the S-BUN
skin.

III. EXPERIMENTS AND RESULTS

This section presents the four main experiments conducted
to assess the performance of S-BUN. The first experiment in-
vestigated the expansion dynamics (signaling) of S-BUN and
its sensing response during breathing motions. The second
experiment examined the scalability of S-BUN at various
sizes and their sensing responses. The third experiment
evaluated the sensing performance and cost-effectiveness
of S-BUN across several conductive materials. Finally, we
demonstrated the use of S-BUN for reactive robot behavioral
control and human-robot interaction.

A. Experiment 1: S-BUN Expansion Dynamics

In addition to the sensing capabilities of S-BUN, it was
integrated with a signaling mechanism utilizing a robotic
breathing mechanism, which operates based on expansion
dynamics through inflation and deflation. Breathing, a natural
and organic process, imbues robots with a more lifelike and
relatable presence. This humanization of robots can enhance
trust and improve soft human-robot interaction [14], [16].
S-BUN’s ability to inflate and deflate allowed it to mimic
a rhythmic breathing pattern, adding to its lifelike qualities
(Fig. 4). S-BUN was programmed with a breathing (inflation
and deflation) cycle at a frequency of approximately 11
beats per minute (BPM)2. The cycle was designed based
on the frequency range of a soft robot’s breathing (7–12.5
BMP), potentially influencing human perceptions of effective
human-robot interaction as suggested by [14], [16].

Figure 4a illustrates the inflation and deflation dynamics
of S-BUN, emphasizing the increase in height (H1 = 20 mm)
during Phase I (inflation), the reduction in height (H2 = 15
mm) during Phase II (deflation), and the maintenance of the
H2 height during Phase III (stabilization). This three-phase
breathing cycle was efficiently managed by the synchronized
functioning of a single pump and valve. Figure 4b presents
the on/off (1/0) status of the pump and valve during the 10-
second inflate/deflate cycle, demonstrating the specific on/off
pattern of the pump and valve in each stage. The pump was
engaged to fill the structure with air, inflating S-BUN, while
the valve remained closed to keep the air inside. During
deflation, the pump was turned off, and the valve opened
to let the air out. Both the pump and valve were inactive
during the stabilization phase, keeping S-BUN’s height at
H2.

211 BPM can be translated to a pattern of 1.5 s for inflation, 2 s for
deflation, and a 2-s stabilization, closely mirroring typical human breathing
patterns.

Fig. 4: Expansion dynamics of S-BUN as a signaling mechanism. (a) S-BUN
during inflation and deflation, highlighting the increase in height (H1) during
Phase I (inflation), the decrease in height (H2) during Phase II (deflation),
and the maintenance of the H2 height during Phase III (stabilization).
(b) The on/off (1/0) status of the pump and valve during the 10-second
inflate/deflate cycle. (c) A sine wave pattern of the S-BUN sensing value
throughout the breathing cycle under normal conditions (no touch). It should
be noted that for the test, S-BUN has a diameter of d = 50 mm and a
thickness of t = 1 mm.

Figure 4c illustrates the capacitive readings of S-BUN
during the breathing cycle. S-BUN exhibited a capacitive
sensing response resembling a sine wave pattern following
the breathing cycle, displaying higher values during the
inflation phase and a decrease during deflation, followed by
a rise during the stabilization phase. This waveform, with
a frequency of 0.18 Hz, effectively demonstrates S-BUN’s
consistent ability to reliably detect and respond to its state
of expansion or contraction.

B. Experiment 2: S-BUN Scalability

Although, in principle, S-BUN has the potential for scala-
bility to different sizes, its diameter (d) would directly impact
its capacitive sensing performance. To determine the optimal
size and scalability potential of S-BUN, we evaluated three
different sensor diameters: 25 mm, 50 mm, and 100 mm
(Fig. 5a). All sizes maintained the same hexagonal pattern
(Fig. 3a) and features, differing only in size, enabling a direct
comparison of capacitive sensing efficiency across different
sizes.

Figure 5b reveals that the 50 mm S-BUN (medium) size
provides an ideal balance between surface area and capacitive
precision. This dimension ensures a robust capacitive sensing
signal without compromising the compactness of the S-
BUN module, making it suitable for robotic applications.
Conversely, the 25 mm S-BUN (small) size, while advanta-
geous for its compactness, exhibited a constrained capacitive
sensing spectrum. This limitation diminishes its utility in
applications requiring detailed touch differentiation due to
its smaller surface area, narrowing the range of capacitive
values. For the 100 mm S-BUN (large) size, while being
capable of distinguishing between no touch, light touch,
and hard touch, it encountered difficulties in distinguishing
hover from other variations. This challenge arises from the
overlapping capacitive values caused by its extensive surface
area picking up noise from the environment, indicating a
trade-off in capacitive clarity with increased S-BUN size.
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Fig. 5: Scalability of S-BUN. (a) Three tested sizes: 25mm, 50mm, and
100mm. Each retains the same features and hexagonal pattern dimension,
with the only variation being the overall module size. (b) A graph illustrates
the capacitive sensing capabilities of all sizes under various conditions: no
touch, hover, light touch (pressed for 1 newton using a force gauge), and
hard touch (pressed for 5 newtons using a force gauge). It should be noted
that for the test, all S-BUN sizes have the same thickness, with t = 1 mm.

However, it is noteworthy that the large size retains the
essential capability to identify basic operations (no touch,
light touch, and hard touch), suggesting its applicability in
scenarios where touch differentiation suffices without the
need for detecting approaching objects (hover).

This investigation of the effect of S-BUN size on capac-
itive sensing performance identified a scalability-trade-off
dynamic. While the S-BUN size can be scaled, it affects
capacitive sensing clarity, especially for hover interactions.
Scalability in this context means that S-BUN can scale in size
to accommodate different robot sizes without compromising
performance. It does not imply enhanced capabilities with
increased size.

C. Experiment 3: Different S-BUN Setups

Since conductive materials are commonly used for soft
touch sensors [5], [6], [7], [8], Fig. 6a displays a list of con-
ductive materials tested for S-BUN sensing. The examined
materials were conductive carbon ink (Liquiwire), a mixture
of carbon powder and water, a mixture of graphite powder
and water, pure carbon powder, pure graphite powder, con-
ductive gel for active electrodes (g.tech g-GAMMA Gel), and
a saltwater (NaCl) solution. These materials were evaluated
for suitability in terms of their sensing performance and cost-
effectiveness.

Fig. 6b presents the cost of each material per S-BUN unit
in USD, offering insight into the economic viability of each
option. Fig. 6c presents the capacitive performance of each
material, providing a comparative analysis under different
conditions such as no touch, hover, light touch, and hard
touch. As can be observed, the conductive carbon ink (I)
showed stable capacitive responses and had a moderate cost.
The carbon powder and water mixture (II), though affordable,
exhibited overlapping values between light and hard touch
conditions, likely due to uneven carbon distribution. The
graphite powder and water mixture (III) exhibited a balance
between its sensing performance across touch conditions and
cost-effectiveness. Conversely, the pure carbon powder (IV),

Fig. 6: Comparative analysis of different S-BUN setups with various
conductive elements. (a) Examined conductive materials embedded within
S-BUN with all other aspects remaining consistent except for the internal
conductive material. The materials include (I) conductive carbon ink from
Liquiwire, (II) a carbon powder and water mixture at a 10:2 (water-to-
carbon) ratio, (III) a graphite powder sourced from pencils and water
mixture at a 10:2 (water-to-graphite) ratio, (IV) pure carbon powder, (V)
pure graphite powder, (VI) conductive gel for active electrodes from the
g.tech, and (VII) a saltwater (NaCl) solution at a 10:2 (water-to-salt) ratio.
It should be noted that the choice of the ratio was empirically set. (b) The
cost (USD) of each material from (a) for a single S-BUN piece (3g). (c)
The capacitive sensing capabilities from the conductive materials and their
respective capacitive sensing under different conditions: no touch, hover,
light touch (pressed for 1 newton using a force gauge), and hard touch
(pressed for 5 newtons using a force gauge).

despite being the most expensive, did not demonstrate a
significant performance improvement compared to the others.
The pure graphite powder (V) encountered challenges in
achieving uniform distribution within the silicone (observed
during the experiment), thereby affecting its effectiveness.
The g.tech g-GAMMA gel (VI) exhibited inconsistent re-
sults, particularly for light touches, despite its moderate cost.
It also had trouble distinguishing between light and hard
touches. Among all these, the saltwater solution (VII) stood
out because it provided acceptable and consistent capacitive
sensing in all conditions. It also provided the distinct (high-
est) no-touch value and outstanding cost-effectiveness.

Taken together, while each material presents unique advan-
tages and limitations, the saltwater (NaCl) solution excels
as the most balanced choice in terms of performance and
cost. Due to its exceptional cost-effectiveness, along with
consistent performance metrics, it is a suitable candidate for
S-BUN sensing, ensuring reliable functionality and offering
low-cost benefits for practical use in soft robotics.

D. Experiment 4: S-BUN Application

To demonstrate the application of S-BUN for robot
behavioral control and human-robot interaction, we im-
plemented it on the pipe crawling robot iCrawl [1],
where S-BUN served as the soft bifunctional utility
module for the sensing and signaling of iCrawl (see
www.manoonpong.com/SBUN/video.mp4). This implemen-
tation involved placing two soft modules (S1 and S2, Fig. 7a)

10935



of S-BUN, one on each leg of iCrawl3.

Fig. 7: The S-BUN setup on the iCrawl robot for robot behavioral control
and human-robot interaction. (a) Two S-BUN soft modules (S1 and S2)
on iCrawl. (b) Integrated S-BUN and iCrawl system overview. S1 and S2
indicate the S-BUN soft modules, each of which is controlled by one pump
and value. (c) S-BUN-driven escape behavior of iCrawl. When S-BUN
senses an approaching human hand, it starts to crawl away from the hand
to a safe distance. (d) S-BUN capacitive sensing values with the breathing
function activated during different iCrawl states (i.e., standing still, crawling,
and stopping states). i indicates the inflation phase of S-BUN, d indicates
the deflation phase of S-BUN, and s indicates the stop or stabilization phase
of S-BUN (see also Fig. 4).

Fig. 7b presents a system overview of the circuit board
integrating the S-BUN and iCrawl systems. The S-BUN
signal processing (low-pass filter) and iCrawl control (state
machine) were implemented on the microcontroller ESP32
of the circuit board. The microcontroller transmitted the
iCrawl control outputs (motor commands) to the iCrawl servo
motors via an RS485 module (RS485 serial communication)
and to the electromagnetic feet via magnet control channels.

The integration of S-BUN into the iCrawl enhanced the
robot’s signaling and sensing capacity for human-robot inter-
action. As depicted in Fig. 7c, initially, the robot was pow-
ered on and remained stationary (standing still) while S-BUN
performed breathing to indicate the robot being in operation
mode (robot state indication). When the robot detected an
approaching human hand, it reacted by performing escape
behavior (crawling in the opposite direction to maintain a
safe distance, thereby avoiding being caught). Once the hand
was no longer detected, the robot stopped crawling and
resumed its stationary position. Furthermore, in situations
where the robot experienced direct contact (S-BUN being
touched), it was designed to immediately stop all operations

3The robot has two legs linked by one active body joint for unidirectional
crawling. In total, it has five degrees of freedom (DOFs), with two DOFs
for each leg and one DOF for the active body joint. Each DOF is driven
by a Dynamixel XM430-W350-R servo motor. Additionally, each leg is
equipped with an electromagnet foot for metal pipe surface adhesion. The
robot’s body measures 56 cm in length and 4 cm in width. It has a weight of
1.53 kg. The robot pipe crawling gait is generated by a state-machine based
controller with IMU and hall sensor feedback, see [1] for further details on
iCrawl.

as a protective measure, preventing potential damage to its
body and motor components.

During each phase of iCrawl’s behavior, the S-BUN ca-
pacitive sensing signal constantly changed, as depicted in
Fig. 7d. The S-BUN (S1) signal exhibited a rhythmic pattern
while the breathing function was active. In the absence of
any detected object, the rhythmic pattern oscillated between
a high value of 55 during inflation and a lower value of 45
during deflation. However, upon detecting an approaching
object, such as a hand, the pattern consistently decreased to
a lower range between 52 and 42 throughout the breathing
cycle. This change in pattern triggered the robot’s escape
crawling behavior. When a touch was detected, the pattern
decreased further to a range between 35 and 26, varying with
the phase of the breathing cycle and the touch pressure. In
such cases, the robot responded by coming to a complete
stop. It should be noted that we applied a simple moving
average low-pass filter to obtain a smooth S-BUN signal for
robot control and a threshold mechanism to switch between
robot behavioral modes. The experimental results suggest
that incorporating S-BUN into a robot could significantly
enhance robot perception and safety during human-robot
interaction.

IV. DISCUSSION AND CONCLUSION

The field of robotic perception has undergone a significant
transformation with the advent of soft sensors, which offer
a more sophisticated and nuanced approach to interaction
with the environment. Our research on the Soft Bifunc-
tional Utility Module for Robot Sensing and Signaling (S-
BUN) represents a contribution to this evolving landscape.
The module’s design, drawing inspiration from the natural
hexagonal pattern found in honeycombs, not only adds
an aesthetic dimension but also confers structural benefits,
particularly in terms of stress distribution. This choice of
a bio-inspired design underscores the broader potential of
nature as a source of inspiration for addressing contemporary
engineering challenges.

By using a holistic approach, our work with S-BUN
addresses research gaps in terms of high cost, complexity,
single-function limitations, and the lack of versatility and
adaptability/scalability of soft sensors. The module excels
in mechanical resilience, thanks to its hexagonal pattern
[18], [19], [20], and demonstrates superior capacitive sensing
capabilities. It also has a signaling mechanism based on bio-
inspired breathing for nonverbal human-robot communica-
tion [16]. The dual sensing and signaling functions of S-
BUN set it apart from existing sensor designs. Nonetheless,
comprehensive assessments of the system’s durability, with
and without hexagonal structures, as well as its lifespan
under repeated use, are essential for future development
and require further investigation. Additionally, variations
observed in Fig. 6 highlight the need for more consistent
and reliable proximity sensing values. Potential methods
to improve consistency include optimizing the distribution
and mixture ratios of conductive materials within the S-
BUN module and employing signal processing techniques
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to minimize environmental noise and enhance signal clarity.
A notable aspect of our development is the consideration

of environmental sustainability in material selection. The
use of a water and salt mixture, chosen for its impressive
performance metrics, represents an environmentally friendly
approach compared to traditional chemical-based sensors.
This choice not only aligns with the growing need for
sustainable practices in technology development [21] but
also demonstrates the feasibility of using simple, non-toxic
materials in advanced applications. However, it is important
to acknowledge that while the saltwater component is en-
vironmentally benign, the silicone part of the sensor may
not be as eco-friendly. This dichotomy presents an area
for future research, with the aim of enhancing the overall
environmental sustainability of the module. Alongside these
environmental considerations, further research is necessary
to address concerns regarding the S-BUN module’s long-
term resilience and adaptation in a variety of settings. These
aspects of our research open up new avenues for future
studies, particularly in the realm of material science within
soft robotics, where the balance between performance, sus-
tainability, and adaptability is crucial.

Our practical application of the S-BUN module on the
iCrawl robot demonstrates insights into its real-world per-
formance. While these experimental results show promise,
further tests of the module’s effectiveness are required to
assess its adaptability and compatibility across a diverse
range of robotic systems, including soft robots.

In conclusion, the research on the S-BUN highlights
the potential of soft sensors in robotic perception system.
The module’s bio-inspired design, mechanical resilience,
and dual sensing and signaling functions set it apart from
existing sensor designs. Additionally, the environmentally
friendly material selection and practical application of the
iCrawl robot demonstrate the module’s potential for real-
world performance. However, further research is needed to
address long-term resilience, adaptability, and compatibility
across different robotic platforms. Additionally, exploring the
integration of S-BUN in soft robotics is a promising area for
future research to fully illustrate its benefits.
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