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Environmental Adaptability of Legged Robots with

Cutaneous Inflation and Sensation

Taekyoung Kim, Sudong Lee, Shinwon Chang, Saehui Hwang, and Yong-Lae Park*

In this article, a novel approach to enhance the maneuverability and adaptability
of legged robots in challenging environments is proposed. This approach
involves the integration of soft inflatable sensing skin, which provides additional
mobile modes and environmental adaptability. The inflated skin’s structural
properties, such as buoyancy, volumed shape, and physical compliance, enable
quadruped robots to extend their mobility to stable swimming and crawling
modes. The inflated skin also offers physical protection through cushioning and
backing effects, allowing robots to roll down stair-like structures. Furthermore,
the integration of tactile sensors provides the host robot with accurate and
intuitive contact information, enabling increased environmental adaptability and
responsive behavior. The robot can protect itself from impacts, detect and detour
obstacles, and dynamically interact with its surrounding environment. Overall,
the proposed approach offers a synergistic integration of soft inflatable sensing
skin and tactile sensors to enhance legged robots’ maneuverability and adapt-
ability in harsh environments. The integrated system enables robots to achieve
challenging missions, extending their capabilities beyond conventional loco-
motive modes. The proposed approach has significant potential applications
in fields such as search and rescue, surveillance, and exploration.

adaptability in dynamic and risky environ-
ments. In recent years, legged robots,
compared to wheeled or tracked robots,
have gained significant attention for their
environmentally adaptive maneuverability
in various terrains.®? In particular, quad-
ruped robots have achieved impressive
advancements in dynamic locomotion
modes (e.g., walking, running, jumping)
using sophisticated control strategies.!** %
For instance, ETH’s ANYmal and Boston
Dynamics’ Spot Mini have shown stable
walking and running performances in
diverse real-world environments, such
as uneven terrains, slippery surfaces, and
complex human-made facilities.[*>—*
MIT’s Cheetah 2 was able to jump over
obstacles during high-speed running under
indoor and outdoor ground condi-
tions.*'3?] More recently, Cheetah 3 show-
cased jumping in a static state and walking
on irregular terrain based on an expanded
range of motion.>*** Such impressive
feats from ANYmal and Cheetah have been
possible through optimization-based con-

1. Introduction

Mobile robots promise a safer and more efficient future for
humankind by performing demanding tasks in harsh conditions,
such as search and rescue in disaster sites, exploring rough envi-
ronments, and performing labor in industrial and agricultural
sites.'~”) To achieve such challenging missions, it is critical that
mobile robots are able to operate with high maneuverability and

trol strategies, such as model predictive control (MPC), allowing
for advanced locomotion while maintaining a stable state.*®! The
ETH team additionally applied deep reinforcement learning to
ANYmal to allow adaptive walking on various terrains.*’~*’!
Additionally, response skills have been applied to quadruped
robots, enabling them to adapt to environments by adding suit-
able hardware components or control strategies. For example, the
use of series elastic actuators enabled ANYmal to be more
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tolerant of external disturbances through increased mechanical
compliance.?****! The change in foot type (e.g., wheel and soft
feet) improved the applicability of ANYmal under various ground
conditions.******  Additional manipulators integrated with
ANYmal and Spot Mini enabled them to interact with environ-
ments, such as opening doors or moving obstacles.***]
Moreover, ANYmal’s and Spot Mini’s robotic arms contribute
to maintaining robot balance and recovery after falling.**
ANYmal is also able to recover from impacts and falling situa-
tions by employing machine learning techniques.***”!

To ensure high maneuverability of quadruped robots in even
harsher landforms, such as terrains with water, confined spaces,
and steep slopes, as many additional mobile modes as possible
are required to overcome the encountered challenging circum-
stances.[*¥] Furthermore, robots should have enhanced capabili-
ties, such as self-defense, autonomy, and dynamic interaction,
since robot stability is not always guaranteed in unexpected
real-world situations (e.g., falling, unexpected collisions, and
low- or no-light conditions).

In this article, we propose a synergistic approach using two
recently advanced technologies, which are inflatable sensing skin
and legged robots, to enhance the mobility and the environmen-
tal adaptive responses of legged robots. In addition, we demon-
strate the improved performances of legged robots equipped

www.advintellsyst.com

with the inflatable sensing skin in various realistic situations
(Figure 1 and 2a). When the skin is inflated, it provides structural
properties (Figure 2b), such as buoyancy and mechanical com-
pliance using its volumed form as well as protective effects from
physical risk factors. This extends the robot’s mobility without
adding complex control strategies. In addition, the embedded tac-
tile sensors provide information on the locations and magnitudes
of the contact forces (Figure 2c,d), which help the robot adapt to
environments by immediately detecting unpredictable disturban-
ces and physical interactions without requiring significant
computational costs.

There has been research on inflatable structures for human-
and environment-friendly robots.**! For example, Qi et al.
developed an entire robotic arm composed of only inflatable
chambers.” Ohta et al. proposed inflatable sleeves made of
heat-sealable polymer sheets designed to cover a robotic arm
using pneumatic artificial muscles.”*! However, these inflatable
structures did not have sensing functionalities to collect tactile
information directly. Kim et al. developed a soft inflatable sens-
ing module made of stretchable silicone elastomer with embed-
ded microfluidic tactile sensing integrated into a robotic arm to
detect contact locations and measure the magnitude of applied
external contacts.®* However, the high-density materials made
the structure heavy, and casting silicone into various shapes for

ii) Crawling Mode

i) Swimming Mode

\ Soft Inflatable Sensing Skin
equipped with Quadruped Robots

iii) Rolling Mode

vi) Dynamic Interaction

2}

v) Obstacle Detouring

N T

Figure 1. Multimode locomotion and environmentally adaptive responses enabled by cutaneous inflation and tactile sensation. i) Floating and swimming
with buoyancy and propulsion, ii) crawling with stable ground contact and friction, iii) rolling down from height with air cushions, iv) impact detection and
mitigation, v) obstacle recognition and detouring, and vi) dynamic whole-body interaction with surrounding.
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Figure 2. Design and functionalities of the soft inflatable sensing skin. a) Structural design of the inflatable sensing skin. b) Schematic illustration of the
tactile sensing structure. c) Functionality of the inflated skin based on its structural properties: i) sufficient buoyancy and propulsion on the water, ii) stable
contact and friction force with the ground, and iii) cushioning and backing effects from physical impact. d) Tactile sensing functionalities: contact

i) magnitude and ii) location estimation using machine learning.

3D robot structures was difficult and time consuming. To
address this, they proposed a lightweight inflatable sensing
skin composed of thermoplastic sheet layers that contained
fabric-based capacitive touch-sensitive pads and an air pressure
sensor.’> This reduced the weight significantly compared to
the silicone skin, and fabrication was simplified by using a
heat-sealing process. However, the capacitive touchpad could
only detect contact as binary states, and it was impossible to mea-
sure the magnitudes of pressures applied on each contact loca-
tion using a single air pressure sensor.

In this research, we improve the sensing performance of the
inflatable skin by incorporating a conductive fabric-based resis-
tive sensing structure that directly measures the contact force
magnitude. Previous works”>*>*! focused solely on human-robot
interactions for safety purposes through inflatables integrated
with a single robotic arm or leg. However, we demonstrate
the potential of inflatables covering the whole body of a
quadruped robot to enhance its functionalities and stability by
providing additional environmental adaptability. We validate
this through successful implementation of dynamic human—
robot—environment interaction scenarios.

In addition, there have been some efforts to enhance legged-
robot locomotion using tactile information in unstructured
terrains without vision sensors. Mobile robots commonly rely
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on light detection and ranging (LiDAR) sensors and
cameras.’®”] These sensors help robots obtain essential infor-
mation to recognize surrounding landforms and risk factors,
such as obstacles and collisions. However, LiDAR is unable to
detect objects outside of its horizontal, vertical, and distance
fields of view. LiDAR also requires computationally expensive
signal processing and is vulnerable to optical effects, such
as blooming. Cameras face challenges in blind spots and in
low-light environments. In such situations, tactile sensing can
provide intuitive information, especially in unstructured terrains.
Luneckas et al. demonstrated a hexapod robot overcoming com-
plex obstacles based only on the use of tactile sensors attached to
its legs.®® Mrva et al. proposed a hexapod robot that only utilized
the torque and position outputs of servo motors at the joints to
estimate the contact points of obstacles without extrinsic tactile
sensing.*®! While most studies on the tactile sensing capability
have focused on overcoming unstructured environments with
obstacles, our study using soft inflatable sensing skin addition-
ally demonstrates the potential for better impact mitigation and
dynamic human-robot-environment whole-body interaction by
accurately estimating force magnitude and location.

Using various structural properties and tactile information,
our inflatable robotic sensing skin synergistically works with
the host robot to implement additional mobility and enhance
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self-defense, autonomy, and interaction with environments. It
offers buoyancy and volumed forms, which allow for swimming
and crawling (Figure 1i(ii)). In addition, previously difficult tasks,
such as descending from large-height structures, are now possi-
ble through rolling down (Figure 1(iii)) using cushioning and
backing protection effects of the inflated skin. This additional
mobility allows the host robot to enlarge its operating domain
with simple control methods. Furthermore, the tactile sensors
integrated with the inflatable skin enable the host robot to take
actions quickly and accurately to defend itself and adapt in risky
situations (Figure 1(iv) and 1(v)). The tactile sensors are also used
to estimate the magnitudes of external forces and infer their
intentions, allowing the robot to interact with the environment
more dynamically (Figure 1(vi)).

We verify the effects of the proposed inflatable sensing skin
by equipping it to both a custom-built quadruped robot and a
commercial quadruped robot (Figure S1-S5, Supporting
Information). The custom-built robot with the inflated skin
was able to display unique mobilities that had been previously
difficult for conventional quadruped robots. We then integrated
the skin with a commercial robot to demonstrate that the skin
can be universally applied to any quadruped robot. The commer-
cial robot was used to show application scenarios in which the
tactile sensing capability enhances safety, autonomy, and
interaction.

2. Results

2.1. Enhanced Mobility Using Cutaneous Inflation

2.1.1. Floating and Swimming with Buoyancy

The development of legged robots has focused on robust walking
to enlarge the operable area on land.[%!"1371>:21,24-30.34,36-39]
However, for legged robots to be useful in various environments,
they must also be able to operate under aquatic conditions.
Various groups have conducted research on legged robots with
unique leg designs for operation in aquatic environments®*-%”!
but have had difficulty achieving high amphibious maneuverabil-
ity. Furthermore, unique design factors for swimming, such as
the position of leg joints, make it difficult to apply common con-
trollers for the latest quadruped robots, such as ANYmal, Spot,
and Cheetah.*#¢7%7) Other groups have developed robots that
walk underwater.®**? However, these robots required robust
waterproofing measures depending on the depth of the water.
Robots that operate underwater face depth-related problems,
such as communication delay and high water pressure. In con-
trast, legged robots that can float and swim on water are more
versatile and efficient across various landforms while reducing
water-related problems.

To extend operation to aquatic environments, we imple-
mented swimming capabilities for the custom-built legged robot
using the inflated skin. The skin to cover the whole body of the
custom-built quadruped robot has a light weight of approxi-
mately 400 g and a relatively large volume of approximately
5.14 L when inflated. Therefore, when the inflated skin is inte-
grated with the custom-built quadruped robot, it makes the aver-
age density of the robotic system (from 1.32 to 0.58 gcm™)
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much lower than that of water (1gcm ), allowing it to stably
float (Figure 3a). The total weight of the robot equipped with
the inflated skin is approximately 4.94 kg, and it is expected that
the robot will occupy a submerged volume of approximately
4.94 1.

We planned the robot leg forward movement and rotation
swimming trajectories based on the submergence depth of the
robot’s body. To swim forward, the robot starts by pushing its
underwater legs toward its back, as shown in Figure 3b and
S6a, Supporting Information. This creates drag forces, propelling
the robot forward. Then, the robot lifts its legs above the water
surface and moves them forward to return to their underwater
starting position. When rotating, only one front leg generates a
drag force, while the other legs are stretched to minimize rollover,
as shown in Figure S6b and S6c, Supporting Information.

Furthermore, during the swimming motions, since the
inflated skin has an effective cross-sectional area 3.88 times
larger in water than that of the bare leg frame, the inflated
skin generates sufficient propulsion with larger drag forces
(Figure 3c). This improves the swimming efficiency.
Figure 3d shows collected propulsion forces during the forward
swimming motion using a test setup with a pair of the front legs
(see more details in Note S1, Figure S7a, and Video S1,
Supporting Information). With the inflated skin, the maximum
force was 1.22 times larger than that in the case without the
inflated skin, resulting in dragging the leg structures forward
1.68 (AW, /dW,,) times further on the water (Figure 3d). This
result confirms that the increased effective cross-sectional area
by the inflated skin enables the planned swimming motion to
generate propulsion more efficiently.

To validate the swimming performance in the real environ-
ment, the robot was placed in a stream (see Video S1,
Supporting Information). The robot crawled from the bank into
the water and swam to the target points. The robot successfully
passed the target points by appropriately swimming forward and
rotating. Last, it crawled out of the water at the end of the course.
The path and target points are shown in Figure 3e. The swim-
ming stability was also demonstrated through long-distance
swimming of approximately 85 m over 7 min (Figure S8 and
see Video S1, Supporting Information).

2.1.2. Crawling with Stable Ground Contact and Friction

In unstructured environments, such as disaster sites, there exist
not only uneven terrain but also low-ceiling structures that can
only be passed by adjusting the height of mobile robots.*>¢%5!
For most quadruped robots to pass through such a scenario, they
create a gait motion while lowering their body height.”* In this
posture, the moment arm formed by the robot’s leg links
increases with respect to the rotational axis of each joint.
Therefore, the joint torque generated to support the robot’s body-
weight becomes significantly large, and more power is required
to create the gait motion while withstanding this load, limiting
the robot’s range and speed of motion. In addition, the gait in
this posture cannot make a minimum height equal to the robot’s
body height because it needs enough space underneath the body
for the leg motions, making the robot more easily unstable on the
uneven terrain.
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Figure 3. Floating and swimming on water environments. a) View of the custom-quadruped robot floating on the water. Inset shows the side view of the
floating robot with a submerged volume of 4.94 L. b) Leg trajectories for the forward swimming motion. The black line represents the robot body.
The purple, dark green, and light green lines represent the first, second and third leg links from the body, respectively. The blue line shows the surface
of the water, and the yellow and red dots represent the tip of the distal leg link (the third leg from the body). The light blue arrows indicate the direction of
the drag force. Figure S6A,B, Supporting Information show a top view of the leg trajectories for the forward swimming motion and leg trajectories for the
rotation-swimming motion, respectively. ¢) Cross section of the submerged area of the leg. The green and red diagonal lines represent the submerged
area of the leg and the inflated skin, respectively. d) Reaction (propulsion) forces measured by the loadcell while the robotic legs paddle the water with or
without the inflated skin in swimming motions (d,,: the maximum distance dragged by the swimming motion with the inflated skin, d,,o: the maximum
distance dragged by the swimming motion without the inflated skin). e) Snapshots of the swimming test in a real environment. The yellow dashed line
shows the path of the robot. The yellow, red, and blue buoys are the target points of the swimming scenario.
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We propose another type of stable crawling motion to address
these limitations by taking advantage of the volumed form and
compliance of the inflated skin. To create this motion, the body
structure first makes direct contact with the ground by letting the
legs spread out to the side. This removes the load on the motor
required for supporting the body weight and makes the legs
move freely, enabling the robot to respond more actively to
changes in the surrounding environment. While the robot is
in this basic posture, the volumed form of the inflated leg skin
provides a wide contact area with the ground (Figure 4a). In addi-
tion, the skin’s compliance allows for stable contacts to be made
with various types of surfaces. Therefore, a stable and sufficient
friction force between the leg skin and the ground allows the
robot to drag its body across the floor, creating an efficient
and flexible crawling motion.

The forward crawling motion is generated by dragging across
the ground with the inflated skin of all the distal legs. For this
motion, the leg trajectory is implemented to increase the contact
surface area of the inflated skin while considering the volumed
form of the skin, as shown in Figure 4b and S6d, Supporting
Information. Before the horizontal movement of the legs, the
vertical movement of the legs slightly lifts the robot’s body to
minimize the friction with the ground and to maximize the nor-
mal force applied by the inflated skin to the ground. Then, the
horizontal movement of the legs drags the body of the robot.
Rotation while crawling is realized by generating the same
type of forward motion trajectory using only two legs on one side
of the robot's body. In Figure S9a and S9b, Supporting
Information, the sensing signals from the fabric sensors facing
toward the ground also demonstrate that stable ground contact is
developed during the forward and rotation crawling motions,
respectively.

Figure 4c shows the contact force (Figure 4c-left) and distribu-
tion (Figure 4c-right) measured by a test setup using a single
robotic leg during the entire crawling motion with and without
the inflated skin (see more details in Note S2, Figure S7b, and
Video S2, Supporting Information). With the inflated skin, the
contact points with the ground were more concentrated in adjacent
areas and the area was 1.35 times wider while the magnitudes of
the contact forces were even 1.94 times lower than those in the
case without the inflated skin. However, despite the lower contact
forces, the reaction forces collected by the loadcell were 1.68 times
larger than those without the inflated skin (Figure 4d-left), result-
ing in dragging the single leg structure 2.31 (dW,,/dW,,) times
farther as shown in Figure 4d-right. Therefore, this result confirms
that the inflated skin enables the crawling motion to be efficient.

By combining forward and rotation crawling motions, we car-
ried out a test in which the custom-designed quadruped robot
passed through a low-ceiling structure with a height of
250 mm (see Video S2, Supporting Information). The robot in
the standing state first changed its posture in preparation for
the crawling motions (Figure 4e(i),(ii)) and then rotated while
crawling to turn toward a path without any interference from
obstacles (Figure 4e(iii)). After that, the robot crawled straight
under the structure (Figure 4e(iv)) and rotated again to avoid
collisions with the structure (Figure 4e(v)). Finally, the robot
crawled out from the structure (Figure 4e(vi)). Figure S10,
Supporting Information shows the output signals of the fabric
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sensors in contact with the ground during the presented course
of action.

2.1.3. Rolling Down from Heights with Air Cushions

Ascending or descending slopes is one of the most challenging
tasks for mobile robots.”*”! Existing slope-climbing robots
involve modifications of the locomotive mechanism form factors,
such as shape-adaptive tracks or transformable wheels.”*?! In
the case of legged robots, more complex control methods based
on highly accurate vision information must be implemented to
ascend and descend staircase slopes.**”*”?! Descending a slope
is generally a more challenging task than ascending a slope since
it requires more sophisticated control to avoid losing robot’s bal-
ance. Furthermore, there is a fundamental physical limit on the
height of the structure that a legged robot is able to descend
based on general gait motions available to the robot’s hardware.

This study presents a solution in which the protective effects
of the inflated skin in a structurally safe posture (Figure 5a) allow
legged robots to descend from slopes easily and safely with a
large height without complex control strategies. The inflated skin
provides two types of protective effects, a cushioning effect and a
backing effect. The cushioning effect refers to reducing the
impact by increasing the damping coefficient in a collision.
The backing effect refers to reducing the structural deformation
through the presence of supporting forces between rigid robot
bodies. The protective effects of the inflated skin are demon-
strated through two types of collision tests. One is a single-leg
collision test, and the other is a whole-body collision test
(see more details in Note S3, Figure S11-S13, and Video S3,
Supporting Information).

The single-leg collision tests were conducted in two cases: free
falling on a force plate and collision with an external object (see
more details in Note S3, Figure S1la,b, and S12, Supporting
Information). Figure 5b shows the mean and standard deviation
of knee joint torque with or without the inflated skin by the free
falling. In the absence of the inflated skin, the maximum torque
was 6.05 N m. With the inflated skin, the maximum torque was
2.58Nm, 57% smaller than the maximum impact torque
without the skin. These results confirm that the backing effect
between the two inflated chambers installed on the proximal,
and distal links can prevent harmful joint torque, which is useful
in preventing damage of the motor. The cushioning effect of the
inflated skin is leveraged to distribute the impact, by inducing
more bounces of the robotic leg, which results in a 31% smaller
peak impact force (Figure 5c). The peak force is 175.34 N without
the inflated skin and 120.88 N with the inflated skin. Figure 5d
shows the results of the collision test by an external object. The
inflated skin can reduce the peak impact force (50.95 N) by 48%
compared to the peak impact force (99.31 N) without the skin.
For the whole-body collision test, only the free-fall test was
conducted since the result of the external object collision test
is expected to be similar to that performed on a single leg.
Note 3, Figure S1lc, and S13, Supporting Information present
detailed analysis and results.

Our custom-designed quadruped robot was able to descend a
staircase slope with a large step height through rolling (see Video
S4, Supporting Information). Since the stairs shown in Figure 5e
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Figure 4. Crawling through confined space. a) Contact with the ground in cases with and without the inflated skin. Insets show the contact area with
(right) and without (left) the skin. b) Leg trajectories for the crawling motion. The black line represents the robot body. The purple, dark green, and light
green lines represent the first, second, and third leg links from the body, respectively. The brown line shows the ground, and the yellow and red dots show
the center of the distal leg link (the third leg from the body). A top view is depicted in Figure S6d, Supporting Information. c) Maximum ground contact
pressures measured by the force pad while the crawling motion with or without the inflated skin (left) and ground contact pressure distributions mea-
sured by the force pad while the entire crawling motion (i) with or (ii) without the inflated skin. d) Reaction forces measured by the loadcell by dragging the
ground in the crawling motion (left) and maximum dragged distances by the crawling motions (i) with or (i) without the inflated skin (d,,: the maximum
distance with the inflated skin, dy.: the maximum distance without the inflated skin). e) Snapshots of the crawling scenario: i) starting posture, ii) sitting
down in preparation for crawling, iii) right-turn crawling motion, iv) forward crawling motion, v) left-turn crawling motion, and vi) forward crawling motion
to arrive at target point.
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Figure 5. Rolling down from a steep stair-like structure. a) Safety effects (backing and cushioning) in the rolling mode. b) First impact torque results in the
single-leg free-fall test. c) First impact force results in the single-leg free-fall test. d) First impact force results in the collision test with an external object.
e) Setup of the staircase and snapshots of the robot while rolling down. The subfigure on the right shows how each sensor was labeled. f) Outputs of the
fabric and pressure sensors during rolling down the stair-like structure.
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have maximum and minimum step heights of 306 and 191 mm,
respectively, it is impossible for a quadruped robot with a maxi-
mum body height of 300mm to descend using general gait
motions. However, by rolling in a crouched posture, the robot
was able to safely descend the structure (Figure 5e). This result
confirms that the inflated skin successfully protected the robot
from several collisions while rolling down. The skin’s ability
to reduce the excessive torque externally applied and harmful
to the joints and to alleviate structural deformation allowed
the robot to decrease damage to the motors. Moreover, the
inflated skin prevented stress concentration, which helped to
block physical damage to the robot hardware. Furthermore,
the robot equipped with the inflated skin was able to bounce after
each collision with a forward momentum sufficient to keep the
rolling motion to descend stairs to the end without stopping. In
addition, Figure 5f shows the tactile sensing signals from the fab-
ric and the air pressure sensors caused by multiple collisions,
which are useful in estimating the collision locations during
descent.

2.2. Enhanced Adaptability to Surroundings Using Cutaneous
Sensation

The proposed inflatable skin obtains tactile information using
two different types of sensors: one is fabric-based touch sensors
attached to the surfaces of the inflatable skin; the other is air
pressure sensors connected to the air chambers. According to
the characterization results (Figure 6a—c and see more details
in Note S4, Figure S14-S16, and Video S5, Supporting
Information), the two sensor types have different sensing char-
acteristics that are complementary to each other. In the low force
range (under 2.5 N), the high sensitivity and linearity of the fabric
sensors can compensate for the insensitivity of the air pressure
sensors. After the low force range, the linear and sensitive sens-
ing signal of the air pressure sensors supplements the saturated
and highly nonlinear fabric sensor signal. Therefore, the fabric
and air pressure sensors complement each other in terms of sen-
sitivity and linearity. Tables S1 and S2, Supporting Information
summarize the nonlinearity, error, and sensitivity of each
loading and unloading force range from ON to 2.5 N and from
2.5N to 31N, respectively.

2.2.1. Impact Detection and Mitigation

We implemented impact mitigation scenarios in which the quad-
ruped robot detected impacts with tactile information from a
fabric-based touch sensor (see Video S6, Supporting
Information). Most commercial quadruped robots already
possess embedded control strategies to maintain stability and
balance from external disturbances. For example, impedance
control and disturbance observer-based control enable robots
to endure disturbances and maintain stable postures.”¢5
However, these control methods are inadequate when robots rap-
idly lose their balance due to a large impact force. Some quadru-
ped robots recognize imbalances using sensors, such as IMUs
and foot pressure sensors, and then move to a new capture point
(CP) through compensatory walking steps.*”#5¢) However,
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these control methods only respond after stability is broken,
and the reaction may be too slow.

On the other hand, tactile sensors can be used to provide intu-
itive information to the controller. By accurately and immediately
measuring small contact forces through fabric sensors, they
allow the robot to respond quickly to impacts. A short response
time allows the robot to perform mitigative behaviors before los-
ing its balance and reaching its hardware limit. To demonstrate
these benefits, we conducted two experiments in which impacts
were applied to the quadruped robot using a robotic arm
(UR3, Universal Robots), as shown in Figure 6d. In both scenar-
ios, the quadruped robot utilized the same controller, which pri-
oritized the emergency restoration of the robot’s body balance
(Figure S4b, Supporting Information). Additionally, the robot’s
functionality was enhanced by incorporating a mitigation action
based on signals from tactile sensors. Whenever the sensor sig-
nals surpassed a predetermined threshold, the leading PC issued
commands to the robot, directing it to walk in the opposite direc-
tion of the impact, such as executing a side step. This behavior is
depicted in Figure S4b and S4c, Supporting Information. The
two experiments were for the impacts applied to a leg equipped
with and without the inflated sensing skin.

The test results are shown in Figure 6d and S17 and S18,
Supporting Information. The robot with the inflatable sensing
skin reacted approximately 2.88 times faster than the robot with-
out the skin. This result demonstrates that the fabric-based tactile
sensor allowed the robot to mitigate impacts within a shorter
response time and avoid detrimental situations, such as falling
down or losing balance. The fabric sensor in the inflatable skin
was able to detect low force impacts (up to 2.5 N) without any
buffer effect. However, the initial impact was still noticeable
despite the presence of a buffer effect from air dynamics within
the inflated chamber. This was overcome through the combined
use of two sensing mechanisms within the skin. The robot with
the inflatable skin received an approximately 33% smaller peak
impact force resulting from the short response time and from the
damping and cushioning effects. In addition, both the maximum
side velocity and the change in the first case were smaller than
those in the second case. These results indicate that a robot with
tactile sensing is able to safely adapt and maintain better stability
during impact. This can also be inferred from the changes in the
foot contact forces and the z-axis foot position of each leg, as
shown in Figure S17, Supporting Information. As the robot took
compensatory steps to the side, the foot contact force changed
more significantly in the second case than in the first case.
This shows that the tactile sensing allows the robot to take an
earlier evasive reaction so that the load from the impact can
be mitigated, ensuring the robot’s stability. To demonstrate
the effect of the tactile sensing more clearly, we conducted an
additional test in which an impact was applied to the skin with
the sensors disconnected (Figure S19, Supporting Information).
In this case, only the maximum impact force was decreased by
damping and cushioning. The maximum velocity, the change in
the foot contact force, and the change in the z-axis foot position
were similar to those of the robot without the inflated sensing
skin, as shown in Figure S18, Supporting Information. This
means that the tactile sensing plays a more important role in
managing impacts than the cushioning effect does.

© 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 6. Enhanced safety and autonomy using tactile sensation. a) Fabric-based touch sensor output. b) Air pressure sensor output. c) Comparison of
the outputs from the fabric and the air pressure sensors during one cycle. d) Reactions of impact with and without inflated sensing skin: i) Results due to
impact forces, fabric sensing data, and robot moving velocity when the impact force is applied to the inflatable sensing skin. The purple dashed line shows
the time when the impact starts, and the first navy line shows the time when the robot starts to respond. The tactile sensor signal allows the robot control
to respond in a shorter timeframe (0.08 s). ii) Results due to impact forces and robot body moving speed when the impact force is applied without
the sensing skin. e) Sensor outputs (left) and snapshots (right) of collisions applied to various parts of the robot: i) head collision, ii) side leg collision, and
iii) top body collision. The left figure shows fabric and air pressure sensor signals and the robot velocity. The right figure shows the map and snapshots of
each collision.
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2.2.2. Obstacle Recognition and Detouring

We also implemented a scenario to demonstrate the obstacle
avoidance ability of a robot equipped with the proposed skin
(see Video S7, Supporting Information). When physical contact
occurs, the robot uses its fabric-based touch sensors to recog-
nize obstacles and correct its path. More specifically, when the
sensors on the front and top of the robot detect obstacles, the
robot goes back a few steps and moves sideways to detour the
obstacles. When the sensors on the side of the robot detect
obstacles, the robot moves in the opposite direction of the
contacts.

Figure 6e shows the test environment with obstacles. The first
obstacle caused a head-on collision with the robot, and the robot
moved backward to avoid the obstacle, as shown in Figure 6e(i).
Then, the robot detoured to the left and collided with the second
obstacle, as shown in Figure 6e(ii). Next, the robot moved slightly
to the right and passed between the two obstacles. Finally, when
the head of the robot was in contact with the third obstacle, as
shown in Figure 6e(iii), the robot slightly moved back and arrived
at the target line by detouring to the right.

2.2.3. Dynamic Interaction with Surroundings

The tactile sensing plays an important role not only in the per-
ception of the surrounding environment and the assessment of
risk factors but also in the interaction with humans or other
robots. In other words, the robotic skin with tactile sensors ena-
bles a quadruped robot to collaborate better with humans or
other robots. In particular, when a robot threatens the safety
of people around it or even itself, it can physically and intuitively
control the robot to escape from emergencies since the tactile
sensors can serve as control touchpads to directly guide the
robot’s motion or posture. Furthermore, the robot can logically
infer the intention and choose appropriate reactions, such as
physical interaction or evasion, by estimating the magnitudes
or directions of contact forces using the tactile sensors.
Therefore, tactile sensing increases environmental adaptability
in a wide variety of situations. To demonstrate this capability,
we implemented three test cases. In the first case, the quadruped
robot inferred the intention of the contacts and reacted differ-
ently according to the types of forces. In the second case, an oper-
ator guided the robot by touching the tactile sensors on the skin.
In the third case, the quadruped robot physically interacted with a
commercial robotic arm while maintaining a target level of con-
tact force with the robotic arm.

For the first case, the quadruped robot classified the applied
forces as either friendly or harmful contacts using the skin fabric
sensor based on the threshold force level (see Video S8,
Supporting Information). When the applied force was lower than
the threshold, the applied force was classified as interactive
touch, and the robot rotated slightly clockwise then counterclock-
wise about the yaw axis, as shown in Figure 7a(i). When the
applied force was higher than the threshold, it was classified
as destructive impact, and the robot avoided the impact by pivot-
ing forward, as shown in Figure 7a(ii). This case demonstrates
that the skin can be used to determine the intention of external
forces and appropriately respond to them.
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In the second case, the fabric sensors located on various parts
of the body were used as control pads to allow human touches to
guide the quadruped robot (see Figure S20 and Video S9,
Supporting Information). The robot changed its posture, moved,
or rotated based on the contact location. The three fabric sensors
at the top of the body were used to change the posture while
standing. For example, when a human operator touched the cen-
ter pad, the robot lowered its body height. When the front or rear
pad was touched, the robot changed the height and pitch angle
simultaneously, as shown in Figure S21a(i),(ii), Supporting
Information. The robot rotated to avoid contact when touched
on the leg, as depicted in Figure S21lafiii),(iv), Supporting
Information. When the front, rear, or side was touched while
walking, the robot moved in the opposite direction of the contact,
as shown in Figure S21b(i),(ii), Supporting Information. Figure
S21b(iii), (iv), Supporting Information illustrate the angular accel-
eration about the yaw-axis of the robot when it avoided a touch to
the leg. This case shows that a robot with the sensing skin inter-
acts more fluidly with humans by interpreting the operator’s
physical contacts as commands.

As shown in the previous scenario, basic contact localization
was possible in discrete areas where the fabric sensors are
embedded by placing the fabric sensors to cover as much of
the skin surface as possible to maximize contact localization
capability. However, fabric sensor dead zones, the areas that
are not covered by the sensors, exist on small and curved
areas of the skin. When external forces are applied to the dead
zones, only the air pressure sensors provide meaningful signals.
Therefore, we used artificial neural network (ANN)-based
machine learning to approximately localize the contacts only
from the air pressure sensor data (Figure 2d(ii) and see more
details in Note S5 and Figure S22a, Supporting Information).
Figure S23a, Supporting Information shows different output pat-
terns of the air pressure sensors depending on the location of the
applied external force. In general, when a force is applied to a leg,
the air pressure sensor closest to the leg measures the largest
increase in pressure. When an external force is applied to the
body, all the air pressure sensors respond simultaneously. As
shown in Figure S23b, Supporting Information, the ANN-based
model was able to successfully localize the contacts among
five areas (one body and four legs, Figure S24, Supporting
Information) from only the air pressure data, with high accura-
cies of more than 94%. This demonstrates that contact localiza-
tion is possible through the use of air pressure sensors and an
ANN, despite the unavoidable fabric sensor dead zones.
Furthermore, the ANN model trained the nonlinear effect of
the delay between the impact and the response from the buffer
effect of the air chamber.

In addition, calibrating using ANN-based machine learning
can take advantage of the compensatory relationship of outputs
from fabric and air pressure sensors to efficiently extend the
range of tactile force sensing and to estimate the contact force
magnitude more accurately (Figure 2d(i) and see more details
in Note S5 and Figure S22b, Supporting Information). When
a network was trained using both fabric and air pressure sensor
data, the root-mean-square errors (RMSEs) were 0.75N and
0.47 N in the loading and unloading phases, respectively. The
accuracy was higher than those of cases where a network was
trained with only fabric or only air pressure sensor data
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Figure 7. Dynamic interaction with surroundings. a) Classification of external force intention: i) the external force is under the threshold, and the robot
creates a friendly interactive motion, ii) the external force is above the threshold and is classified as harmful. The robot creates a motion to mitigate
damage. Force estimation results with b) both fabric and air pressure sensor datasets, c) only the fabric sensor dataset, and d) only the air pressure

sensor dataset; and e) interaction with a robotic arm. The yaw angle of the
robotic arm.

over the entire range of force magnitudes, as shown in
Figure 7b-d (see more details in Note S6 and Table S3,
Supporting Information summarizes the RMSEs of each calibra-
tion case).

Therefore, in the third case, the tactile sensors were first cali-
brated with an ANN-based machine learning method (see Video
S10, Supporting Information). The calibration result is shown in
Figure S25, Supporting Information, and the RMSE of the

Adv. Intell. Syst. 2023, 2300172 2300172 (12 of 16)

quadruped robot was controlled to maintain a constant force (5 N) with the

estimated force was approximately 0.79 N. According to the hor-
izontal displacement of the interacting robotic arm, the quadru-
ped robot rotated its body about its yaw axis. To maintain the
target contact force of 5N, a simple proportional-integral-
differential (PID) controller was implemented to the robot.
The PID controller was used to derive the trajectory of the
yaw angle of the robot so that it maintained the target force with-
out losing its stability, as shown in Figure 7e (see Video S10,
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Supporting Information). This case shows that the estimation of
the contact force helps the robot interact safely with other robots.

3. Conclusion and Future Work

This study presents a synergistic combination of two recently
advanced technologies: inflatable sensing skin and legged robots.
Although existing legged robots are already highly advanced
using stable control methods, high-power actuators, and accurate
optical sensing, the inflatable sensing skin can be easily
applied to any legged robot to further enhance mobility and envi-
ronmental adaptability. The use of this skin does not require
complex control algorithms or significant modification of the
hardware design. The cushioning and backing effects of
the inflated skin prevent damage to legged robots by reducing
the impact force and minimizing the structural deformation.
Based on this newly provided protection, a robot can roll and fall
from tall structures with less concern for damage. In addition,
through the new type of crawling motion enabled by the volumed
form and compliance of the inflated skin, a robot can stably and
efficiently pass through structures with a low height while
minimizing the loads on the motors. The low-density volume
and form of the inflated skin enable sufficient buoyancy and
increased drag force on water, respectively. As a result, a legged
robot will float stably on water and swim efficiently with simple
leg motions. To the best of our knowledge, the quadrupedal
robot’s ability to perform these locomotion modes is unprece-
dented, and it was made possible by the comprehensive imple-
mentation of the inflatable sensing structure across the robot’s
entire body.

Furthermore, the tactile sensors integrated with the inflatable
skin enable a host robot to overcome obstacles in unstructured
environments without visual information. When an unavoidable
impact occurs, the robot can immediately detect the impact and
take adaptive and protective actions more agilely before losing its
stability. Unlike vision sensors, tactile sensors do not require
high postprocessing computational costs. Therefore, the inflat-
able sensing skin efficiently increases the host robot’s environ-
mental adaptability from unpredictable external disturbances by
improving robot safety, autonomy, and interaction skills.

To increase the usability of the inflatable sensing skin, there is
still room for further improvement. One of the most important
issues is durability for practical applications in harsh environ-
ments. In particular, air leakage from punctures is the most
problematic. Unfortunately, it is almost impossible to prevent
skin damage altogether. However, self-healable fabrics that
instantly recover from damage are actively being developed
using nanotechnology.®”~"! In addition, some elastomers con-
tain self-healing capabilities when placed under a particular
range of temperatures.”'®* Therefore, the leakage problem
can be addressed by using self-healing fabrics as the skin mate-
rial or by laminating elastomers onto the thermoplastic sheet
layers. Furthermore, recently developed flame-retardant materi-
als can be coated onto the self-healing layer for the implementa-
tion of a heat-resistive, durable skin.

Another area for future work is improving the spatial resolu-
tion of tactile sensing. The current fabric-based sensors only
cover a total of 27 discrete locations. To implement an increased
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spatial sensing functionality, the detection of continuous contact
distribution is necessary. Electrical impedance tomography is a
promising sensing method for acquiring continuous contact
location data. This sensing technique measures the continuous
distribution of the electrical impedance between fabric electro-
des, which correlates with the force distribution from external
contact.>7101

In addition, fabric sensor dead zones, where fabric sensors are
not installed, inevitably exist on small and curved areas of the
inflated skin surface. This is a critical issue to be addressed
for maximizing the skin’s sensing coverage. In the sensor per-
formance section, we suggested that contact locations could be
approximated by analyzing the output patterns of the air pressure
sensors through ANN-based machine learning. Meanwhile, it is
worth noting that other types of sensors are often already built
into legged robots, such as IMUs, foot pressure sensors, and
joint torque sensors, providing different sensing signal patterns
depending on the contact locations. Adding such data to the
training of a machine learning model is a promising way to
improve the localization accuracy and spatial resolution.

In the future, we would also like to implement an accurate
method for estimating the directions of the contact forces and
use this information for robot control. While external contacts
are applied in various directions in a real environment, the pro-
posed inflatable sensing skin measures only the force compo-
nents in the direction normal to the skin. The most direct
approach to measure the direction of force is to integrate
three-axis force sensors onto the skin surface. However, few
sensors can be robustly attached to a curved and deformable
skin surface and would require significant modifications to
the design. Therefore, a more realistic approach is fusion of
the datasets from the tactile sensors with existing embedded
sensors on mobile robots, such as joint torque sensors and foot
pressure sensors. Most existing quadruped robots can already
detect the presence of external contact from motor current
signals."*%!%) Unable to find the exact contact location, these
robots assume that the contact is applied around the foot and
estimate the force magnitude and direction from its kinematic
information. Therefore, if the contact localization from the
inflatable sensing skin and the various force direction estimation
techniques of built-in sensors are combined, the location,
magnitude, and direction of applied forces can be accurately
identified. This will allow for more efficient motion planning
in response to external forces.

4. Experimental Section

Soft Inflatable Sensing Skin: One of the important considerations when
designing an external skin for a legged robot is the weight, since an addi-
tional weight caused by the skin may significantly affect the locomotion
performance of the host robot. In particular, increasing the mass of
the system or changing the center of mass may require upgrading the actu-
ator performance or modifying the control strategy. To avoid this problem,
structures for inflatable sensing skin were developed using only light-
weight materials, such as plastic sheets and fabrics. The inflatable skin
structure was composed of outer and chamber layers made from thermo-
plastic sheets (Figure 2a). The space between the chamber layers served as
an air chamber that can be actively inflated when supplied with com-
pressed air. On the middle layer, fabric-based touch sensors were attached
and covered with an outer layer that protects them from external hazards.
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The inflatable sensing skin was fabricated using only simple laminating
and heat-sealing processes. In addition, the skin was highly conformable
to quadruped robots with various shapes through folding and sleeve struc-
tures using structural constraints introduced by the heat-sealing process.
When the skin was inflated, the inner layer expands inward, compressing
the structure of the host robot and allowing it to be adaptively and tightly
fixed to the robot. To avoid a situation in which the volume of the inflated
skin interrupts the motion of the host robot because of physical interfer-
ences between the robot and skin structures, it was necessary to estimate
the shape of the fully inflated skin. Shape estimation was possible using
modified modeling that obtains the maximum contraction rate of a
pouch motor with inextensible zero-thickness layers.'% "% Note S7
and Figure S26-528, Supporting Information explain more details about
estimating the final shape of the inflated skin depending on structural con-
straints. Additionally, fabric rubber bands were inserted into both ends of
the leg skin close to the joints to reduce the radius and avoid interrupting
the motion of the host robot. The fabricated skin withstands a pressure up
to 23.11 kPa, providing a sufficient protection effect even for heavy robots
(Note S8, Supporting Information).

For the sensing capability of the inflatable skin, the fabric-based touch
sensors had a four-layer sandwich structure (Figure 2a). The top and bot-
tom layers were composed of stretchable conductive fabric serving as low
impedance electrodes. A piezoresistive fabric layer placed between the two
electrodes is integrated with a meshed layer on top of it. The meshed layer
provided space between the topmost electrode and the piezoresistive fab-
ric layer to minimize unwanted electrode contact when the sensor is not
pressed. The thickness and opening size of the meshed layer determined
the sensitivity of the sensor."”! When mechanical pressure was applied to
the sensor's surface, the top conductive fabric was stretched and
formed contact with the piezoresistive fabric layer through the
openings of the meshed layer. This decreased the electrical resistance
across the electrodes as the contact area between the top and the piezor-
esistive fabric layers increased. Furthermore, a thin plastic plate was
placed beneath the sensor to minimize curvature, preventing unwanted
sensor output changes when the chamber was inflated. The air pressure
sensors were off-the-shelf products. They measured the initial internal air
pressure of the chamber inflated by an air pump and detected changes in
the pressure using external contacts.

Other Details: The details of the fabrication processes (Note S8 and S9,
Supporting Information), the hardware and control systems of the robot
(Note S10-S13, Supporting Information), In summary, the inflatable
robotic sensing skin was produced through lamination of thermoplastic
sheets and fabric-based touch sensors. The custom-designed quadruped
robot was prepared by assembling 3D-printed components and integrating
the control, the sensor readout, and the air supply systems. To waterproof
the robot, we took several steps. First, we covered the hip and knee joints of
each leg with plastic sheet sleeves. Next, we sprayed water-resistant material
on the surface of the entire robot. Additionally, we covered the cables for
power supply and communication with waterproof tape and the same water-
resistant material used on the robot’s surface. The commercial quadruped
robot was used with integration of the inflatable sensing skin, the sensor
readout circuits, and the air supply systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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