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A Soft, Lightweight Flipping Robot With Versatile
Motion Capabilities for Wall-Climbing Applications
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Abstract—Soft wall-climbing robots have been limited in their
ability to perform complex locomotion in diverse environments
due to their structure and weight. Thus far, soft wall-climbing
robots with integrated functions that can locomote in complex 3-D
environments are yet to be developed. This article addresses this
challenge by presenting a lightweight (2.57 g) soft wall-climbing
robot with integrated linear, turning, and transitioning motion
capabilities. The soft robot employs three pneumatic bending actu-
ators and two adaptive electroadhesion pads, which enable it to flip
forward, transition between two walls, turn in two directions, and
adhere to various surfaces. Different motion and control strategies
are proposed based on a theoretical model. The experimental re-
sults demonstrate that the robot can move at an average speed of
3.85mm/s (0.08 body length/s) on horizontal, vertical, and inverted
walls and make transitions between walls with different pinch an-
gles within 180°. Additionally, the soft robot can carry a miniature
camera on vertical walls to perform detection and surveillance
tasks. This article provides a reliable structure and control strategy
to enhance the multifunctionality of soft wall-climbing robots and
enable their applications in unstructured environments.

Index Terms—Electroadhesion (EA), flipping locomotion, soft
climbing robot, versatile motions.

I. INTRODUCTION

ALL-CLIMBING robots have progressed rapidly over
U w the past few decades, finding applications in cleaning,
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inspection, maintenance, and monitoring [1], [2], [3]. However,
these robots often rely on rigid structures, such as wheels [4], [5],
tracks [6], feet [7], [8], and propellers [9], which have limited
ability and poor stability in rugged terrains and are complex
to control [10]. The emergence of soft robots has opened new
possibilities for wall-climbing robots. Compared with traditional
rigid robots, soft robots made of soft materials offer infinite
degrees of freedom, high adaptability and flexibility, and safe
human-robot interactions. Additionally, their simple structure
allows for more straightforward manufacturing and control [11],
[12].

For soft wall-climbing robots, climbing performance mainly
depends on the development of actuators and adhesion methods.
Pneumatic actuators are widely used due to their simplicity and
significant deformation [13], [14], [15], [16], [17]. Shape mem-
ory alloy (SMA) [18], [19], [20] and dielectric elastomer (DE)
actuators [21], [22], [23] are also popular owing to their lightness
and easy operation. Vacuum adsorption is a good choice for soft
wall-climbing robots that require a strong adsorption force [24],
[25]. Electroadhesion (EA), with its simple structure and good
surface adaptation [26], is more attractive for miniaturized and
lightweight robots [20], [22].

In addition to actuation and adhesion, the control strategies
also have a significant impact on performance. High-frequency
control voltages are widely used in soft robots with small de-
formation actuators (e.g., DE-actuated robots [21], [22], [23]) to
quickly switch the deformation of the actuators and the adhesion
state of the foot to achieve inchworm-type motion. However, this
control method is only suitable for simple, repetitive movements.
For pneumatically actuated soft robots, large deformations can
be achieved by controlling the pressure of the actuators through
air pumps and valves. It is also possible to use theoretical
models or sensors to make the pumps and valves operate in
an intelligent way [27], [28], enabling the robot to perform
adjustable inchworm-type [29] or flip motion [30] to cope with
various situations.

Moreover, soft wall-climbing robots have evolved beyond
their single climbing function to develop multiple motion
capabilities to meet the demands of working in unstructured
environments, building on the aforementioned actuation and
control methods [14], [31]. Some desired motion capabilities,
such as turning, can expand a robot’s workspace from a straight
line to a 2-D plane. For example, Gu et al. [32] developed a
wall-climbing robot that can turn by connecting two individual
units and moving them at different speeds. Qin et al. [33]
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TABLE I
COMPARISON OF THE PERFORMANCE AND CAPABILITIES OF DIFFERENT SOFT CLIMBING ROBOTS

ls.(‘))lﬁtoyall'dimbing Actuation method vsveelifg-h t (2) Wall climbing $L?dbmg ﬁ:)r(lig;e Transition g:g.:ig
(BL/s) turning
G. Guetal. [32] Dielectric elastomer 2 Vertical 0.75 No No No
Y. Guo et al. [35] Dielectric elastomer 12 Vertical 0.021 Yes No No
W. Pang et al. [36] LCE actuation 3 Vertical/inverted 0.018 No Yes Yes
Y. Tang et al. [25] Pneumatic 40 Vertical 0.026 No No No
L. Qin et al. [33] Pneumatic 43 Vertical 0.049 Yes No No
H. Fu et al. [30] Pneumatic 25 Vertical 0.062 No Yes No
Y. Zhang et al. [29] Pneumatic 33.33 Vertical 0.079 No Yes No
B. Liao et al. [34] Pneumatic 20 Only on rods 0.193 Yes No Yes
M. S. Verma et al. [37]  Pneumatic 98 Only in tubes 0.072 Yes No Yes
This work Pneumatic 2.57 Vertical/inverted 0.08 Yes Yes Yes

BL, body length; LCE, liquid crystal elastomer.

demonstrated efficient and fast turning motion in their versatile
soft crawling robot using two parallel pneumatic actuators.

In addition to moving along a single plane, soft robots face a
significant challenge in achieving transitioning motions between
walls. The ability to make transitions between different walls
can extend the soft robots’ workspace, enabling them to move
freely in 3-D environments. Fu et al. [30] designed soft robots
with two suction cups and a two-segment reinforced actuator
that can lift its own weight and transition to a vertical wall.
Inspired by the multimodal locomotion capability of inchworms,
Zhang et al. [29] developed a soft crawling-climbing robot with
three pneumatic artificial muscles. To transition from crawling
to climbing, artificial muscles lifted the front feet from the
ground to the vertical wall. Additionally, soft robots have been
developed to move on curved surfaces, such as pipes [31] or rods
[34] for expanding the workspace.

While existing soft climbing robots have various functions,
such as turning, transitioning, and climbing on curved sur-
faces, integrating these functions into a single soft robot is
still challenging, as shown in Table I. The difficulty in solving
this problem mainly lies in climbing stability and structural
simplification. Multiple motion functions require more actuators
and significant deformations, increasing the risk of the soft
robot falling off the wall. Therefore, it is essential to design
a lightweight structure and a stable adsorption method to cope
with various wall environments and the peeling force caused
by multiple motions. Different functions also require different
motions for implementation. For example, turning requires a
motion to change the angle of the front and rear foot, and
transition requires motions to lift the body and adjust the angle
of the foot. A suitable structure that is compatible with all
functional requirements without being complicated is necessary
to make the robot reliable and easy to control.

In this article, we developed a lightweight and versatile
soft wall-climbing robot with a simple structure consisting of
three actuators. The soft robot can perform versatile motion
capabilities, such as turning in two directions, transitioning

between two walls, moving on vertical and inverted walls,
and climbing on curved surfaces via flipping locomotion. We
also designed an adaptive footpad to achieve stable adhesion
and surface adaptability. Furthermore, we proposed a control
strategy based on a theoretical model for real-time control
of the soft robot under different conditions. The entire soft
robot only weighs 2.57 g. Our experiments showed that the
soft robot could move linearly on horizontal walls with an
average speed of 3.85 mm/s. Interestingly, it can also move
on vertical and inverted walls without compromising its speed
due to its light self-weight. The robot can turn in either clock-
wise or counterclockwise directions at an average speed of
2.23°/s and 2.97°/s, respectively. In addition, the robot can
carry a 1.2 g miniature camera to complete the horizontal-to-
vertical transition and climb on a vertical wall for surveillance
tasks.

This article presents two main novelties and contributions:

1) A novel and versatile structure for soft wall-climbing
robots that can adapt to multiple wall environments using
flipping locomotion. The structure provides a design con-
cept for integrating multiple functionalities into a reliable
and straightforward soft wall-climbing robot.

2) A new pneumatic control method based on theoretical
models for soft robots. By establishing a numerical rela-
tionship between actuators and syringe pumps, it provides
a simple and accurate approach to building pneumatic
soft robot control systems, eliminating the need for air
compressors and valves.

II. ROBOT DESIGN AND FABRICATION
A. Design of Actuators

Inspired by the bending actuators fabricated from asymmetric
beams and films [16], we redesigned two types of lightweight
pneumatic bending actuators for the forward and turning
motions of the soft robot. The soft robot includes three actuators,
including a turning actuator and two locomotion actuators fixed
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Design and fabrication process of pneumatic actuators. (a) Composition and dimensions of the robot. The robot consists of two locomotion actuators, a

turning actuator, and two adaptive EA pads. Unit: mm. (b) Schematic of the robot’s motion actuated by one of the locomotion actuators. (c) Fabrication process for
the locomotion actuator. The turning actuator is fabricated in the same way but with different dimensions. (d) Different states of the locomotion actuator determine
how the robot moves. (e) Different states of the turning actuator determine the direction of the robot’s movement.

at its two ends [Fig. 1(a)]. Each actuator consists of skeletons
made of polyvinyl chloride (PVC) flakes and a thermoplastic
polyurethanes (TPU) film. The skeletons are arranged in series
and encased in a thin film to obtain stable and controllable
bending deformations. Syringe pumps are used to control the
actuators via connected silicone tubes. When the internal air
pressure of the actuators is reduced, the pressure difference
drives the film to shrink inward, bending to one side under the
restraint of the skeletons.

The soft robot moves with the bending of the locomotion
actuators, as shown in Fig. 1(b). Each locomotion actuator
has four skeletons in the shape of regular triangular prisms,
which are parallel. The lower surfaces and upper edges of these
skeletons are bonded to the film so that the film’s length is fixed
between adjacent skeletons. The initial state of the actuator is
defined when the lower surfaces of the four skeletons are in the
same plane. At this point, the film between the upper edges of
the adjacent skeletons is an inwardly concave arc. When the
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internal air pressure of the actuator decreases, this part of the film
shrinks into the space between the skeletons so that the upper
edges of the skeletons approach each other and bend the actuator;
when the internal air pressure increases, the film expands out-
ward, and the actuator can bend slightly in the opposite direction
[Fig. 1(d)]. Compared to most other pneumatic actuators [15],
the hollow structure greatly reduces weight, while the triangular
skeletons ensure structural strength.

The turning actuator controls the angle between the two
locomotion actuators. The structure of the turning actuator is
similar to the locomotion actuators. Two symmetrically arranged
right-angled triangular prism skeletons are wrapped in a TPU
film. In particular, the turning actuator has additional skeletons
outside of the film. These extra skeletons allow the turning actu-
ator to align its end-connected locomotion actuators in a straight
line when bent to half of the maximum bend angle, a position we
call the turning actuator’s straight direction [Fig. 1(e)]. By this
structure, the soft robot can achieve two-directional turning with
a single turning actuator instead of using two parallel actuators
[32], [33].

B. Materials and Fabrication of Actuators

PVCisused to fabricate the skeletons of the actuators because
of its decent mechanical property and lightweight. A TPU film
covers the PVC skeletons as skin. TPU can be sealed at a high
temperature and is flexible enough for repeated bending. Since
the structures of the locomotion and turning actuators are similar,
the fabrication process of the locomotion actuators is mainly
described here [Fig. 1(c)].

A 10mm x 20 mm rectangle is cut from a 0.3 mm thick PVC
flake. The rectangular PVC is divided into four areas along the
long side by the scratches carved by the blade. In addition, holes
with a diameter of 1 mm are punched in the center of the two
central areas to allow air to go through. After that, the rectangle is
folded into a triangular prism along the scratches and fixed with
glue. The side length of the triangular prism skeleton is 5 mm,
and the edge length is 10 mm. Four triangular prism skeletons
are assembled to form one locomotion actuator.

The four skeletons are bonded straightly on a 0.08 mm thick
TPU film by double-sided tape, with a 1.5 mm gap between the
bottom edges of adjacent skeletons to facilitate the bending and
folding of the thin film. The TPU film is folded from one end of
the skeletons and covers all the skeletons. Then, the upper TPU
film is glued to the upper edge of each skeleton.

Remarkably, the film’s length between the edges of adjacent
skeletons is about 1 mm longer than the linear distance between
them. The two layers of the TPU film are sealed by a heat sealer at
130 °C. After trimming off the marginal TPU film, the remaining
hems are folded to the bottom and bonded with tapes. Finally,
a small hole with a diameter of 1 mm is punched into the film
at one end of the actuator, connected with a silicone tube, and
sealed with glue.

There are several differences in the fabrication of the turn-
ing and locomotion actuator. First, the shape of the skeletons
of the turning actuator is an isosceles right-angled triangular
prism with 5 mm right-angled sides and 10 mm edges. The two

3963

PVC flakes
Copper wire

Silicone tube Concave surface

Y

Insulation tape \ /
Ink electrodes
Polyimide film—\@

Silicone Iayer/

&7
7
<7

Adaptive
electroadhesion pad
Convex surface

Fig.2.  Structure of adaptive EA pad. The adaptive EA pad can adapt to concave
and convex surfaces due to two rotatable EA pads.

skeletons symmetrically adhere to the TPU film. Second, the
film’s length between the edges of the skeletons is equal to
their linear distance. Third, after heat sealing, an isosceles
right-angled triangular prism of the same size as the skeletons
and a 10mm x 10mm flat is glued to both ends of the actuator.
Finally, a silicone tube is attached to the bottom of the actuator.

Each locomotion actuator and the turning actuator are con-
nected by a quadrangular prism with a right-angled trape-
zoid cross-section (5 mm topline, 7.5 mm baseline, and 4.3 mm
height). The quadrangular prism is cut and folded from PVC
flakes. The actuators and the connecting parts are fixed by
double-sided tapes. The bending directions of the two locomo-
tion actuators are opposite and perpendicular to the bending
direction of the turning actuator.

C. Design and Fabrication of Adaptive EA Foot Pad

EA will enable the overall lightweight and miniaturization of
the robot due to its simple structure and decent adsorption per-
formance [38]. To improve the surface adaptability and motion
performance of the robot, we propose an adaptive EA foot pad
that can adhere to curved surfaces. As illustrated in Fig. 2, the
adaptive foot pad includes a backplane and two rotation shafts
under the backplane. These shafts allow the two attached EA
pads to rotate freely within a small range. When the adaptive
foot pad touches a surface, the EA pads can autonomously rotate
to the optimal contact angle to stably adhere to the surface.

An EA pad includes four parts: a polyimide substrate, a pair of
interdigital conductive ink electrodes, an insulating tape, and a
silicone film. When a high voltage is applied to the electrodes, the
contact surface is polarized by a strong electrical field between
the interdigital electrodes. The opposite charges in the polarized
surface and the EA pad attract each other, resulting in adhesion
force. The adhesion force can rapidly reduce within seconds
after the voltage is turned OFF. It is difficult to provide stable
adhesion force by a single EA for surfaces with rough or weak
polarization properties, so a layer of silicone film is added to the
EA pad to improve the adaptability. On the one hand, the EA
force provides a preload to the silicone film to create elastomer
adhesion to the contact surface; on the other hand, the elastomer
adhesion can provide better peel strength and enhance the normal
adhesion force, thus increasing the EA force [39].
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Theoretical modeling of the actuators. (a) Schematic of the relationship between the actuator bending angle and the volume change of the syringe pump.

(b) Analytical model of an actuator unit. Each unit consists of two triangular prism PVC skeletons and a part of TPU film connected between the two skeletons.

The adaptive foot pad is mainly made of PVC, the same as the
actuators. A large rectangle (10mm x 18 mm) and four small
rectangles (Smm x 10mm) are cut from a 0.3 mm thick PVC
flake, and two small rectangles are folded into a V shape along
the long side. On the other two small rectangular PVC flakes,
silicone tubes with a length of 10 mm are glued to the midline.
The tubes are passed through by copper wires slightly longer
than them. After that, the extra parts of the wires on both sides are
bent by 180°. Finally, the bending parts of the copper wires are
clamped between the large rectangular flake and the V-shaped
flakes and fixed with glue. The distance between the two rotating
shafts is 13 mm.

The EA pads are mainly made by silkscreen printing. First,
a silkscreen with a pattern of the electrodes is pressed on a
polyimide film used as the substrate. Then, the conductive ink
is repeatedly scraped across the silk screen with a squeegee so
that the ink can be penetrated by the electrode pattern and be
printed on the substrate. The width of the interdigital electrodes
and gaps is 1 mm, and the overall size of the electrodes is
11 mm x 12 mm. After drying in the air for 2-3 h, the electrodes
are covered with insulating tape. The other side of the polyimide
film is coated with Ecoflex-0030 silicone with a thickness of
0.25mm and cured in an oven at 60° for 30 min. Finally, the
EA pads are cut into a rectangle of 12mm x 13 mm. Each EA
pad is connected with the PVC flakes on the rotation shaft with
double-sided tape.

III. THEORETICAL ANALYSIS
A. Theoretical Modeling of Actuators

The relationship between the bending angle of the actuator
and the volume change of the syringe pump under constant
atmospheric pressure and temperature can be calculated by
building a theoretical model [Fig. 3(a) and (b)]. We decompose
one actuator of the robot into several units for analysis. Each unit
includes two triangular prism PVC skeletons and a part of TPU
film connected between the two skeletons. In a single unit, the

TPU film is glued to the lower surface and upper edge of each
prism skeleton without being fixed on the left and right sides.
At the same time, the TPU film at the lower surface is thicker
and has a larger elastic modulus due to the folding. We perform
the analysis with a section parallel to the bending direction and
ignore the effect of gravity to simplify the theoretical model.
Furthermore, the part of the film on the left and right sides
is ignored; the film on the upper side is modeled as a fixed,
inextensible film at both ends, and the geometry approximates
a parabola; the thicker film at the bottom is modeled as two
symmetrical cantilever springs.

In the initial state, the lower surfaces of triangular prism
skeletons are in the same plane. When bending occurs, the angle
between the lower surface of each prism and its initial position is
0. Assuming that the bending condition of each unit is the same
when the whole actuator is bent. The overall bending angle « of
the actuator is defined as the angle between the lower surfaces
of the prism skeleton at both ends, and the relationship between
it and € can be written as

a=2(N-1)0 (1)

where N is the number of skeletons that an actuator contains.

In the initial state, the internal pressure of the actuator is the
external atmospheric pressure. Since the interior of the actuator
and the connected syringe pump is a closed space, when the
internal volume of the syringe pump is changed, the equation of
pressure and volume change can be obtained by

PO (Vb + V;kelelon) =P (AV +V+ ‘/;keleton) (2)
P=Py— AP (3)

where Py is the internal pressure of the actuator in the initial state,
which can be regarded as the standard atmospheric pressure
here (Pg = 0.1 MPa). P and AP are the internal pressure and
pressure difference between internal and external after bending,
respectively. AV is the internal volume change of the syringe
pump. Vikeleton refers to the total volume of the interior space
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of the prism skeletons, which can be expressed as

1 .
‘/skelelon = NWSskeleton = §NWCL2 S @ (4)

where Sgeleton 18 the sectional area of the interior space of the
prism skeletons, W is the width of the skeletons, a is the side
length of the triangle, and ¢ is the basic angle of the triangle. V
represents the volume between the skeletons and the film after
bending, and Vj is the initial volume when the bending angle 6
is 0. V can be calculated as

V=(N-1)WS (5)

where S is the cross-sectional area between the prism skeletons
and the film in each unit, which can be approximated as the area
of the trapezoid St aperoid minus the area of a small triangle, the

Striangle
1 1
S = Strapezoid - Striangle = 5 (L + b) H — §Lh (6)

L =2acos(0 + o) +b (7
H =asin(f + ¢) (8)

where L is the distance between the upper edges of adjacent
skeletons, H is the height of the skeletons in the vertical direction,
and B represents the film’s length between the lower surfaces of
adjacent skeletons. The length of the sides of the triangle area
can be estimated as half of the film’s arc length C; hence, the
height % of the triangle can be calculated as

S CRON

Based on the parameters of a, b, and C determined in the man-
ufacturing process, the relationship between V and the bending
angle 6 can be derived as

(N-1)W
2
— (2acos (0 + ¢) +b)

((5) - (w04 3))

Static analysis for the actuator unit can be operated under any
bending angle. As the syringe pump changes its internal volume,
apressure difference is created between the inside and outside of
the actuator, causing it to bend. In equilibrium, each unit mainly
contains three forces in the horizontal direction

V= (2acos (0 4 ) + 2b) asin (0 + @)

[N

(10)

F+T,=F. arn

where F; stands for the thrust force generated by the pressure
difference AP acting on the section perpendicular to the bending
direction, T, is the film tension in the horizontal direction under
the action of the pressure difference AP, and F . is the elasticity
of the bottom TPU film due to bending force. F'; can be calculated
as

F, = APHW. (12)

3965
The film tension 7 can be determined by Laplace’s law
T =APRW (13)
T, =T cos B (14)
L
=cos ' — 15
B=cos o (s)

where T, is the component force of the tension 7'in the horizontal
direction, /3 represents the angle between the two directions, and
R is the radius of curvature of the film at the fixed position of
the skeleton’s upper edge. Since R can be eliminated from (13)
to (15), T, becomes

T, = %APWL. (16)

The elastic force F'. generated by the bending of the bottom TPU
film can be estimated by the cantilever spring model as

F.=kAl=Fk(lop—1) 17)
= 50039 (18)
3 3
k- EWt3 _ 2EI;Vt (19)
4(3) b

where [ is the projection of the length of the cantilever spring on
one side in the horizontal direction, and /j is the length of / when
the bending angle 6 is 0 (/o = b/2). The parameter  is the elastic
modulus of the TPU film at the bottom, E refers to its elastic
modulus, and ¢ is the thickness of the film. The elastic modulus
E can be approximated by calculating the ratio of the stress to
the strain rate of the film. Combining (11)—(19), the relationship
between the pressure difference AP and the bending angle 6 can
be written as

Et3 (1 —cos )
b2 (asin (0 + @) +acos (0 +¢) + 3)

By substituting (10) and (20) into (2), we can obtain the
relationship between the volume change AV of the syringe pump
and the bending angle 6, and then combine (1) to further obtain
the relationship between the overall bending angle o and AV.
The relevant calculation parameters of the theoretical models of
the locomotion actuator and the turning actuator are shown in
Table II. By using this theoretical model, it becomes possible
to calculate the required volume change of the syringe pump
required for each actuator to achieve the specified bend angle.
This allows for the decomposition of the motion control of
the robot into a combination of bend angle control of its three
actuators.

AP = (20)

B. Robot Workspace

The kinematic model of the soft robot can be established
by considering the midpoints of the TPU films connecting the
skeletons as joints. As shown in Fig. 4(a), the base coordinate
system and the coordinate system of each joint are established,
in which the joints of the two locomotion actuators can rotate
in the x—z plane, and the joints of the turning actuator can rotate
in the y—z plane. Assuming that the bending of each actuator is
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TABLE II
PARAMETER TABLE FOR THEORETICAL MODELING OF THE ACTUATORS

Parameter N W/imm  a/mm b/mm C/mm o/l° t/mm  E/MPa
Locomotion actuator 4 10 5 1.5 7.5 60 0.2 390
Turning actuator 2 10 7.1 1.5 11.5 45 0.2 390

Fig. 4.

Kinematic model of the robot. (a) Simplified robot kinematics model was obtained by considering the TPU films between skeletons as joints. (b) Workspace

of one robot’s end when the other end adheres to a wall. The set of blue dots indicates most of the accessible positions of the end.

uniform. The angles of the adjacent links between the joints are
01-07, and the overall bending angles of actuators are a1, ao,
and asg, respectively, which can be expressed as

Oy = 0y — 0y = 2L @1
3

04 = an (22)

95=96=97=%. (23)

The length of the links between the joints are a;—ag, where
aj;—as and ag—ag can be estimated from the geometric parame-
ters a and b of the locomotion actuators. Meanwhile, a4 and as
are determined by the parameters of the turning actuator and the
connecting parts between the actuators, where a4 = 17.75 mm
and a5 = 16.75mm. The parameters d;—ds stand for the dis-
tances between the links, where d1, d>, and dg—dg take O since
the adjacent links are coplanar. Apart from this, ds and d5 are
the offsets of the connecting parts between the actuators, taking
5.6 mm, and d, represents the width W of the turning actuator.
The D-H parameter table of the robot is shown in Table III. As-
suming that one end of the robot is adsorbed on a wall, the other
end can be shifted to the specified position by controlling the

TABLE III
D-H PARAMETERS

Link # 0 d; a; ai
1 /3 0 a+b/2 /2
2 o/3 0 a+b 0
3 /3 d3 a+b 0
4 o w as /2
5 as/3 ds as /2
6 o3/3 a+b 0
7 03/3 a+b 0
8 0 0 a+b/2 0

bending angle of each actuator to achieve moving or transition.
The base coordinate system is established with the fixed end as
the coordinate origin according to the known D-H parameters.
The coordinates of the terminal joint can be calculated through
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Fig. 5.
wall after turning 90°.

the forward kinematics. The transformation matrix from coor-
dinate system i—1 to coordinate system i can be expressed as

cost; —sinf;cosc; sinb;sina;  a;cosb;
i1 sinf); cosf;cosa; —cosb;sinq; a;sin6;
’ 0 sin ay; cos o d;
0 0 0 1
(24)

The coordinates of the terminal joint in the base coordinate
system can be expressed as

8

= Ii[é‘lj”

i=1

(25)

—= N e 8
-0 O O

On this basis, given the bending angle range of the three actu-
ators, the coordinates of many points that can be reached by the
terminal can be calculated. These points can be approximately
regarded as the robot’s working space [Fig. 4(b)]. The robot can
meet various work requirements in this workspace by moving,
turning, and transitioning.

In addition, the angle v between the fixed end and the other
end of the robot in the x-z plane can be calculated as

v=—-a;+a3 (26)

which provides a theoretical basis for the required bending an-
gles of the two locomotion actuators when transitioning between
walls with different pinch angles, since the robot needs to attach
its two end adsorption pads to the walls during the transition.

C. Adhesion Stability Analysis

The adhesion stability should be analyzed to ensure the soft
robot can climb in different directions on walls with various
inclination angles. Since the soft robot climbs by flipping, it is
analyzed when its body flips perpendicular to the wall.

As illustrated in Fig. 5(a), the soft robot adheres to a wall at
an inclination angle 1. G is the gravitational force on the robot.
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Free body diagram for adhesion stability analysis. (a) Soft robot adheres to a wall when its body is perpendicular to the wall. (b) Soft robot adheres to a

The distance from the center of gravity to the footpad, x., can
be approximated by the structural parameters of the soft robot.
And y refers to half the length of the EA pad. The maximum
normal adhesion stress o1 occurs at the top edge of the EA pad,
which can be calculated as

_ Gsin (V) wey n G cos ()

21 24 @7

g1

where /is the second moment of area of the EA pad cross-section
and A is the area of a single EA pad. Fig. 5(b) illustrates the
situation when the soft robot turns 90° in one direction. F 4 is
the adhesion force generated by the top EA pad, F' is the normal
force acting on the EA pad below, and z stands for the distance
between the central axis of two EA pads. In this case, the moment
balance equation can be expressed as

Faz = Gsin () z. + G cos (¢) (28)

[NCRIRN

Fy =054 (29)

where o refers to the normal adhesion stress on the top EA
pad. To ensure that the robot does not slip off the wall, its shear
adhesion force must satisfy

[ > Gsin(v)
fi+ fo>Gsin(¥)

(30)
3D

where f is the total shear adhesion force on the EA pad in
Fig. 5(a), and f; and f; are the shear adhesion forces on the
upper and lower EA pads, respectively, in Fig. 5(b).

The range of normal and shear adhesion stress required for the
soft robot to climb on a wall with an arbitrary inclination angle
can be obtained by (27)—(31). The adhesion stability of the soft
robot is ensured when the actual adhesion stress exceeds the
maximum value of this range.
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Fig. 6. Schematic of the control system. A dc power supply powers both the
syringe pumps and the EA pads. A controller board provides control signals to
the motors of syringe pumps and high-voltage relays to control the actuators and
the EA pads.

IV. EXPERIMENTAL SETUP
A. Control System

The soft robot is controlled in an open-loop manner, with the
control system depicted in Fig. 6. Each actuator is controlled by
a syringe pump consisting of a micro slide table with a stepping
motor, a syringe, and a 3-D-printed stand. The plungers of the
syringes are attached to the slide tables, allowing the volume
change of each syringe to be determined by the corresponding
displacement of the slide table. This establishes the relationship
between the flexure of the actuators and the slide tables. A high-
voltage converter module (EMCO E101, XP Power) amplifies
a 4 V dc voltage to 3 kV, which is then transferred to each
group of EA pads through two high-voltage relays (CRSTHV-
2A, CRST RELAY). The syringe pumps are supplied with 24 V
from a dc power supply (SPD3303X-E, SIGLENT), while the
high-voltage converter module is supplied with 4 V.

A commercial controller board (Arduino Mega 2560) is uti-
lized to provide the control signals. The Arduino sends signals
to control the movement of the stepping motors in the syringe
pumps and the opening and closing of the high-voltage relays.
For the known work scenarios, the robot’s movements can be
planned in advance, and the required actuator bending angles can
be determined for each movement. The corresponding volume
changes can then be derived from the theoretical model to deter-
mine the output signals from the Arduino to the syringe pumps.
A control pad with buttons is also connected to the Arduino to
manually activate control signals in complex scenarios.

B. Motion Mechanisms

Here, we introduce three motion mechanisms of the robot:
linear motion, transition motion between walls, and turning
motion.

IEEE TRANSACTIONS ON ROBOTICS, VOL. 39, NO. 5, OCTOBER 2023

Fig. 7(a) shows examples of forward and backward linear
motion on a vertical wall. This motion mode is also suitable for
horizontal walls, inverted walls, inclined walls of various angles,
and curved surfaces:

1) Steps of forward motion: In the first step, locomotion
actuator A is on top, locomotion actuator B is on the bottom,
and both are in a state of maximum bending. At this time, pad
A, connected to the locomotion actuator A, is activated, and
adsorbed on the wall. In the second step, the locomotion actuator
A begins to straighten gradually from the bent state, thereby
driving the robot to flip in the direction of movement. In the third
and fourth steps, pad B, connected to the locomotion actuator
B, contacts the wall and switches on the voltage to complete
the adsorption process. Then, the voltage of pad A is turned
OFF to achieve desorption. During this process, the locomotion
actuator B is extended to the maximum extent, creating a slight
arc toward the wall. This arc can ensure that the EA pad on the
upper end has complete contact with the wall and make the EA
pad on the lower end desorb easily after the voltage is turned
OFF. In the last step, the locomotion actuator A is bent to the
state it was in the first step. At this point, locomotion actuator B
is on the upper side, and locomotion actuator A is on the bottom.
Next, the robot completes a 180° flip motion in the direction of
linear motion and enters the next motion cycle.

2) Steps of backward motion: In the first step, locomotion
actuator B is on top, and pad B is activated. In the second and
third steps, the locomotion actuator A is straightened, and pad A
adheres to the wall when its voltage is switched ON. In the fourth
step, after disconnecting the voltage from pad B, the locomotion
actuator B extends slightly to allow pad B to detach from the
wall. In the last step, the locomotion actuator A is bent back to
its initial state, causing the robot to flip 180° backward and enter
the next motion cycle.

As for transitioning motion, we perform a transition between
two perpendicular walls as an example, as shown in Fig. 7(b).
In the first step, assume that the robot adheres to a horizontal
wall with the same state as in the first step of linear motion. In
the second step, the locomotion actuator A extends, flipping the
robot to the vertical wall until the upper edge of the EA pad
B contacts the vertical wall. In the third step, the locomotion
actuator B is slightly extended, and the angle of the EA pad
attached to it is adjusted to be parallel to the vertical wall.
Meanwhile, the vertical wall is adsorbed by pad B as the voltage
is turned ON. In the fourth step, the locomotion actuator A
extends to make pad A desorbed from the horizontal wall after
the voltage is turned OFF. Finally, the locomotion actuator A is
bent to the state in the first step, and the robot completes the
transition from the horizontal to the vertical wall. This motion
mode can be used for transitions between perpendicular walls
and walls with an included angle of less than 180°. Assuming
that the angle between the two walls is ¥ and combining (26),
the bending angles a; and a3 of the two locomotion actuators
in the third step can be determined according to the constraint
v =-ai+az =Y.

Turning motion is a combination of linear motion and motions
of the turning actuator, as shown in Fig. 7(c). In the first step, it
is assumed that the robot’s state is the same as the first step of
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actuator A actuator B actuator (voltage on) (voltage off)

Mechanisms of different motions. (a) Schematic of linear motion, including forward and backward motions, on a vertical wall. The same motion can also

be performed on horizontal walls, inverted walls, inclined walls of various angles, and curved surfaces. (b) Schematic of transitioning motion between a vertical
wall and a horizontal wall. (¢) Schematic of turning motion. Both clockwise and counterclockwise turning are achievable. The different colored rectangles in the
schematic diagrams represent the actuators of the corresponding color, and the black arrows indicate the air flowing into or out of the actuators.

the linear motion. In the second step, the turning actuator bends
to create a certain angle between the locomotion actuators A
and B. The bending direction and angle depend on the target
direction. The third to fifth steps of turning motion are the same
as the second to fifth steps of linear motion. However, due to the
bending of the turning actuator, the locomotion actuator B and
the connected pad B are turned to the target direction after being
turned over. In the final step, the turning actuator is adjusted
according to the direction of motion for the next cycle.

V. EXPERIMENTAL RESULTS

The use of EA provides a small-sized and lightweight ad-
sorption solution for the robot and enables the overall size and
mass of the robot to be controlled within a small range. During
motions, stable adhesion force can be generated by EA between
the robot and various surfaces. Meanwhile, the lightweight
structure of the robot can effectively prevent it from overturning
and falling off. These characteristics allow the robot to perform
various motions to achieve different functions.

First, characterization experiments were conducted on the
actuators and EA pads. Then, a series of experiments were
conducted to demonstrate the robot’s versatile motions, in-
cluding the linear motion on walls with different angles, the

transition between walls, turning in different directions, and the
combinations of the three motion modes. As mentioned above,
the voltage of EA was 3 kV in the experiment to improve the
service life and reduce power consumption. The airflow rate of
each syringe pump was kept at about 262.5 mm?/s, the maximum
rate the pump motor can output stably.

A. Characterization of Actuators

A simple experiment was conducted to characterize the re-
lationship between the syringe pump’s volume change and the
actuator’s bending angle [Fig. 8(a)]. Meanwhile, the theoretical
relationship can be obtained from (1) and (2). The comparisons
between the theoretical model and the experimental results of
the two actuators are shown in Fig. 8(b) and (c).

From the results, it can be concluded that our theoretical
model is in good agreement with the experimental results. For
example, the locomotion actuator achieved a bending angle
of about 178° when the volume change of the syringe pump
was 550 mm?, and the turning actuator achieved a bending
angle of about 78° with a volume change of 800mm?. The
discrepancy between the experimental results and the theoretical
model might be due to the folds created by the TPU film during
the bending of the actuator, which created additional drag and
blocked adjacent skeletons from further approaching each other.
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Fig. 8. (a) Schematic of the actuator’s bending experiment. The syringe
pump’s volume changes with the displacement of the push rod, thus changing
the bending angle of the actuator. The syringe pump’s volume change and
the corresponding bending angle of the actuator are recorded. (b) Comparison
of the theoretical model and experiment results of the locomotion actuator.
(c) Comparison of the theoretical model and experiment results of the turning
actuator.

B. Characterization of the EA Pad

Using a simple measurement platform, we measured the
normal and shear adhesion stresses of the fabricated EA pad
under different conditions, as shown in Fig. 9(a).

First, the adhesion stress of the EA pad with and without
silicone film was measured on a glass substrate under a series
of incremental charging times at a voltage of 3 kV. The exper-
imental results are illustrated in Fig. 9(b), showing that the EA
pad with silicone film generated higher shear and normal stress.
Furthermore, the adhesion stress of the EA pad without silicone
film reached saturation after about 1 s of charge and did not rise
much afterward, while the EA pad with silicone film continued
to increase its adhesion stress even after 8 s. It took time for
the silicone film to fully adhere to the substrate under the effect
of electrostatic force, which explains why the adhesion stress
continued to increase during this time.

Second, four common materials were selected as substrates
to measure the adhesion stresses, including glass, aluminum,

IEEE TRANSACTIONS ON ROBOTICS, VOL. 39, NO. 5, OCTOBER 2023

tile, and cardboard. Through a series of preliminary tests, three
voltages of 0, 3, and 4 kV were finally chosen under the condition
of ensuring a pronounced adhesion effect and no breakdown risk.
The charging time was 5 s for each test. As shown in the results
[Fig. 9(c)], when the voltage was turned OFF, the generated
normal stress of the EA pad on the four materials was around
0.2-0.3 kPa, while the shear stress on other materials except
cardboard was slightly larger than the normal force. The shear
stress on the cardboard was close to 0.5 kPa, which was more
than twice the normal stress since the surface of the cardboard
was rougher and softer than other materials. When a voltage
of 3 or 4 kV was applied, the normal stress could reach about
1.2—1.5 kPa, and the shear stress could reach about 2.1-2.5 kPa.
It can be seen from the measurement results that the normal
stress and shear stress of the EA pad at 3 kV were about 5-7
times that of the power-OFF state. The adhesion stress had a large
difference between the high voltage and power-OFF conditions,
which was beneficial to stable adsorption and desorption of the
robot during motion. The adhesion stress at 4 kV was only
about 10% more than that at 3 kV. Therefore, to reduce power
consumption and improve service life, 3 kV was usually used
when the robot was working. Fig. 9(d) illustrates the comparison
of the soft robot’s normal stresses on four materials under 3 kV
and the range of required normal stress, which can be obtained
from (27) to (29). In addition, from the results, it can be easily
concluded that the shear force is much higher than the robot’s
self-weight, satisfying (30)—(31). The adhesion capacity was
enough to support the soft robot to achieve stable motion on
horizontal, vertical, and inverted surfaces.

We also measured the normal adhesion stress on surfaces
with different curvatures to verify the EA pad’s curved-surface
adaptability. As shown in Fig. 10(a), a piece of cardboard was
attached to a 3-D-printed curved surface as the substrate. Convex
and concave surfaces with curvatures of 35, 10, 15, and 20 m™!
were used here. The results show that the adsorption stress of the
EA pad decreases with increasing surface curvature. As the two
adhesion films in the pad are flat and have limited rotation, the
EA pad has a limited range of curvature adaptability. Therefore,
if the curvature of the surface is greater than the adaptation range
of the EA pad, the effective adsorption area will be reduced,
resulting in low adsorption stress. Comparing the results with the
theoretical maximum required stress [Fig. 10(b)], the adaptive
EA pad could provide enough adhesion stress on convex surfaces
with curvatures from 5 to 15 m~! and concave surfaces with
curvatures from 5 to 20 m~!.

C. Linear Motion

Fig. 11 illustrates the two linear motions of the robot. We
assumed that the red locomotion actuator and the EA pad
connected to it were “locomotion actuator A” and “EA pad A,”
the black one on the other side and the EA pad connected to it
were “locomotion actuator B” and “EA pad B.”

1) Forward Motion: The timelines of the volume change of
syringe pumps and the voltage state of the two adsorption pads
are plotted in Fig. 11(a). It is demonstrated in Fig. 11(b) that the
robot moved forward on a horizontal wall and completed two
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motion cycles consecutively. Initially, the locomotion actuator
A was in front, and the EA pad A was adsorbed on the wall
under a voltage of 3 kV. Then, the robot completed a 180°
flip driven by the locomotion actuator A, thus moving a large
step forward. After that, EA pads A and B switched their
energized states so that A was desorbed, and B was adsorbed
to the wall after a 5 s charge. Finally, the locomotion actuator
A returned to its initial state. This motion cycle took about
13 s, and the two locomotion actuators worked alternately in

Curvature (m ")

(b)

(a) Adhesion normal stress measurement of the adaptive EA pad on curved surfaces. (b) Measurement results on convex and concave surfaces with

each cycle. The robot moved about 50mm in each motion
cycle, and the average moving speed was about 3.85mm/s
(0.08 body length/s).

As shown in Fig. 11(c) and (d), the robot also had the ability
to move on vertical and inverted walls. Due to the advantage
of light weight and stable adhesion, the robot could move in
precisely the same steps as on the horizontal wall in both cases,
resulting in no speed reduction. In addition, it can be observed
that the robot’s body sagged when moving on the inverted wall,
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Fig. 11. Demonstrations of linear motion, including forward and backward motions. (a) Timeline of the state of the control system for forward motion. The
locomotion actuators move alternately to complete two motion cycles. (b) Forward motion of the robot on a horizontal wall. (c) Forward motion of the robot on an
inverted wall. (d) Forward motion of the robot on a vertical wall. (e) Timeline of the state of the control system for backward motion. (f) Backward motion of the

robot on a vertical wall.

which was caused by gravity and the robot’s softness and had
no adverse effect on its motions.

With this flip-forward motion, the robot could move at a
similar speed with a lower motion frequency to the soft robots
with an inchworm-type motion [29], [33]. Our future article
aims to further increase the speed of the robot’s movement by
increasing the frequency of its flips.

2) Backward Motion: The flipping motion proved reversible
and beneficial to the robot’s flexibility. The timelines of the
control system for backward motion are potted in Fig. 11(e).
Fig. 11(f) presents the backward motion of the robot on a
vertical wall. In the initial state, the voltage of EA pad B was
ON and the robot was adsorbed on the wall. The locomotion
actuator A was straightened to allow EA pad A to touch the
wall. After the EA pad A had reached stable adsorption, a
certain amount of air was injected into the locomotion actuator
B to generate a peeling force for the EA pad B to peel off the
wall.

Finally, the locomotion actuator A bent and flipped the robot
180° to complete a backward motion cycle. The average back-
ward speed was about 2.78 mm/s (0.058 body length/s).

D. Transitioning Motion

The robot can transition from one wall to another to expand
its reachable space. This transitioning motion is achieved by
flipping the robot’s body, which is similar to linear motion.

Fig. 12(a) and (b) illustrates the timeline of the control system
and the experiment results of the robot transitioning from a
horizontal to a vertical wall. Initially, the robot was close to
the corner between the two walls. The locomotion actuator A
was then expanded until the EA pad B touched the vertical wall,
at which point the bending angle of the locomotion actuator
A reached about 73°. Afterward, the voltage of the EA pad
B was switched ON, and a small amount of air was injected
into the locomotion actuator B to make the bending angle reach
about 163° so that the EA pad B was parallel to the vertical wall
according to the constraint y = —a; +a3 = 90°. In the next step,
under the combined effect of the EA forces and the expansion of
actuator A, the EA pad B completely adsorbed the vertical wall.
Meanwhile, the EA pad A was separated from the horizontal
wall. Finally, the locomotion actuator A was bent to the initial
state after 4-5 s of charging. The transitioning motion from the
horizontal to the vertical wall took about 15 s.
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Demonstrations of transitioning motion. (a) Timeline of the control system state when the robot transitions between two mutually perpendicular walls.

(b) Transitioning motion of the robot from a horizontal wall to a vertical wall. (¢) Transitioning motion between walls with an included angle of 45° and 135°,
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Fig. 13. Demonstrations of the robot turning in two directions. The minimum
turning radius and speed are different in the two cases. (a) Turning motion
in a clockwise direction. (b) Turning motion in a counterclockwise direction.
(c) The experimental results of the turning angle in two directions as a function
of time.

The robot can also accomplish transitions between walls
with other angles within 180°. The experiments of transitioning
between walls with an included angle of 45° and 135° were
carried out, respectively. As shown in the top figure of Fig. 12(c),
the bending angles of the two locomotion actuators were about
98°and 143°, following the constraint v = —a;+as = 45°. And

the bending angles of the two locomotion actuators were about
45° and 180° in the lower figure of Fig. 12(c), which followed
the constraint v = —a;+ag = 135°.

By controlling the bending angle of the two actuators in real
time, the soft robot can readily make quick transitions between
different surfaces in unstructured environments.

E. Turning Motion

The turning motion of the robot in the specified direction is
achieved by adjusting the bending angle of the turning actuator
before each motion cycle. Due to the asymmetric structure of the
turning actuator, the minimum turning radius and corresponding
turning speed of the robot are different in two directions.

To measure the minimum turning radius and speed, the robot
performs three motion cycles on a wall with the maximum
expansion and bending state of the turning actuator, respectively.
It is shown in Fig. 13(a) and (b) that the soft robot turned clock-
wise when the turning actuator was in the maximum expansion
state, the minimum turning radius Ry was about 85mm (1.77
body length), and the average turning speed was 2.23 °/s; the
soft robot turned counterclockwise when the turning actuator
was in the maximum bending state, the minimum turning radius
R5 was about 52 mm (1.08 body length), and the average turning
speed reached 2.97 °/s.

F. Application Demonstration

Some potential applications of the robot based on the com-
bination of the various motion capabilities described above
are demonstrated in Fig. 14. Fig. 14(a) shows that the robot
successfully moved from a horizontal wall to the ceiling through
linear and transitioning motion. The addition of the turning
function further expands the reachable space of the robot.
As shown in Fig. 14(b), the robot accomplished a series of
motions on three perpendicular walls. The robot transitioned
from a horizontal to a vertical wall and completed a 90° turn
on the vertical wall. After that, it transitioned again to move
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Fig. 14.

Motions of the robot in complex environments. (a) Moving from a horizontal wall to the ceiling through linear and transition motions. (b) Moving on

three perpendicular walls with linear, transitioning, and turning motions. (c) Climbing on vertical walls made of glass, aluminum, tile, and cardboard. (d) Climbing

on a convex surface and a concave surface, respectively.
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Fig. 15. Demonstration of the robot carrying a miniature camera to climb a vertical wall for inspection. The robot completes a transition motion and then climbs

on a vertical wall, capturing the word “CQUMVE” on the card.

to another vertical wall and continued with a turning mo-
tion to return to the horizontal wall. The experiment results
prove that the robot has an excellent ability to move in a 3-D
space.

A sequence of experiments illustrated the robot’s climbing
ability on different walls. In Fig. 14(c), the robot climbed verti-
cally on a piece of glass, tiles, an aluminum plate, and cardboard.
The results demonstrated that the robot could smoothly adsorb
and desorb on these materials with the same climbing speed. In
addition, the robot can also climb on curved surfaces, which is
difficult for most soft climbing robots. As shown in Fig. 14(d),

the robot achieved stable climbing on a convex surface with a
curvature of ~5.7 m~! and a concave surface with a curvature
of ~5.2 m™!, respectively.

Finally, we mounted a miniature camera (1.2 g) on the robot
to capture images while in motion, as illustrated in Fig. 15. A
card with a width of 120 mm and a height of 70 mm was fixed on
the vertical wall. The robot started from the horizontal wall, then
transferred to the vertical wall, and performed a linear climbing
motion with a horizontal distance of about 90 mm from the card.
When the robot climbed to a certain height, the camera fixed on
its side captured the word “CQUMYVE” printed on the card in its
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entirety. This proves that the robot has the ability to carry small
equipment such as cameras for transportation, reconnaissance,
and detection tasks in unstructured environments.

VI. CONCLUSION

This article presented a multifunctional soft wall-climbing
robot capable of moving, transitioning, and turning over various
materials and angles of surfaces. Two models of pneumatic bend-
ing actuators were designed, respectively, to enable the robot’s
moving and turning motions. In addition, a simple open-loop
control strategy was proposed based on the theoretical analysis
model of the robot. Adaptive EA foot pads were also designed
to provide controllable adhesion force on different surfaces,
especially curved ones. The overall weight of the soft robot
was only 2.57 g by using lightweight materials and structures
for the actuators and adhesion units. The experimental results
demonstrated that the robot could move at an average speed
of 3.85mm/s (0.08 body length/s) on horizontal, vertical, and
inverted walls and make transitions between walls with different
pinch angles. It was also illustrated that the robot could turn
clockwise at an average speed of 2.23 °/s and counterclockwise
at an average speed of 2.97 °/s. Moreover, the robot could
also move in multiplanar environments and carried a 1.2 g
camera to transition and climb on a vertical wall. Thus, with its
unique structure and locomotion, this soft wall-climbing robot
has great potential for detection and surveillance in unstructured
environments.

Although our robot has demonstrated the ability to move
flexibly between multiple walls, many aspects still need further
study. For example, adding bending and haptic sensors will
provide feedback for the control of the robot and make the robot
more intelligent. The robot’s structure will be further optimized
to reduce the overturning torque during motions and improve
locomotion efficiency. In addition, the adhesion units will be
theoretically analyzed to select a suitable size and shape to
enhance the adhesion force and the load capacity.
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