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A Soft Crawling Robot That Can Self-Repair
Material Removal and Deep Lengthwise Cuts,

Actuated by Thin McKibben Muscles
Mengfei Xie , Yunhao Feng , Hiroyuki Nabae , Member, IEEE, and Koichi Suzumori , Senior Member, IEEE

Abstract—Soft robots are prone to damage when they come
into contact with sharp objects, decreasing their functionality.
Self-repairing soft robots have great potential to restore their func-
tionality after the damage has been repaired. However, for certain
damages wherein it is difficult to reconnect the cut surfaces, the ex-
isting self-repairing soft robots often require external intervention
to establish contact between the cut surfaces and achieve recovery.
Therefore, this letter proposes a novel self-repairing soft robot
composed of thin McKibben muscles and self-healing materials.
Experimental validation and mathematical model analysis have
demonstrated that this robot can self-repair the hard-to-reconnect
cut surface damages, such as material removal and deep lengthwise
cuts, by actuating the thin McKibben muscles in the designed
sequence. Furthermore, experimental evidence through bending
and crawling confirms that this robot exhibits robust self-repair
properties. Moreover, this can be achieved without external inter-
vention and shows potential to be extrapolated to other systems.

Index Terms—Damage closure, McKibben muscle, self-repair,
soft robot.

I. INTRODUCTION

SOFT robots have high shape adaptability, which makes them
suitable for use as manipulators [1], [2], [3] for grasping

objects of different structures and as locomotion robots [4], [5],
[6] in unstructured environments. However, a notable drawback
is their vulnerability to sharp objects, which can affect their
practical application. A promising approach to address this
vulnerability is the use of smart materials with self-healing
capabilities. Self-healing materials possess the remarkable abil-
ity to recover and restore their functionality through reversible
chemical bonds [3], [7], [8]. Consequently, soft robots with
self-healing capabilities have immense potential to recover their
functionality after the healing process [1], [7], [8], [9], [10], [11].

For relatively small-scale damages such as punctures [12],
[13], scratches [1], [14], and cuts [8], [9], [10] in self-healing
soft robots, the elastomeric properties of soft materials naturally
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Fig. 1. Schematic of a self-repairing soft robot exploring unstructured envi-
ronments. After suffering damage, the robot can autonomously fully repair itself
and complete the exploration task. This paper discusses two types of damage
modes: Material removal and deep lengthwise cuts.

reconnect the cut surfaces, making recovery easy. However,
for large-scale damages such as being split in half, material
removal, and deep lengthwise cuts, as shown in Fig. 1, naturally
rejoining the cut surfaces is difficult. When the robot has been
split in half, a common method is to manually compress the
two cut surfaces back together to achieve recovery [9], [13],
[14], [15]. A recovery method for closing cut surfaces without
manual assistance involved applying magnetic driving force
using a permanent magnet [16]. However, this method cannot
be performed at room temperature and must be done in an oven,
which requires a substantial amount of space. A fish-shaped
robot that was split in half can be magnetically closed and
repaired at room temperature [17]. However, a larger difference
in size between the two damaged pieces can cause lower healing
efficiency. Another self-healing soft robot embedded with shape
memory alloy (SMA) wires can repair itself when split in half by
contracting the SMA wires [18]. This robot can autonomously
generate heat to actuate the SMA wires, allowing it to close the
cut in the center without external aids. However, because of the
low contraction ratio of the SMA wires, the distance between
the two cut surfaces should not exceed 2 mm, and this robot
cannot recover from material removal or deep lengthwise cuts.
To expand the practical applications of soft robots, it is essential
that they are developed in such a way that they can autonomously
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Fig. 2. (a) Damage types. Type 1: Material removal. Type 2: Deep lengthwise
cuts. (b) Type 1 damage can be repaired by compression. Type 2 damage can be
repaired by gravity.

heal not only small damages but also more severe damages. One
promising method is the use of pneumatic artificial muscles,
which have high contraction ratio and ease of operation and
control [19]. Our group has previously developed thin McK-
ibben muscles that present unique characteristics; owing to their
narrow diameter, they remain flexible even when pressure is
applied [5], [20], [21], [22], [23].

In this study, a soft robot capable of repairing material removal
and recovering from deep lengthwise cuts without external
intervention is proposed. The robot comprises commercially
available self-healing materials and thin McKibben muscles
with cut-resistant properties. To the best of our knowledge, no
previous studies have achieved recovery from material removal
or deep lengthwise cuts without external intervention. Bending
and crawling locomotion tests were performed to evaluate the
self-repairing characteristics.

The remainder of this paper is organized as follows. Section II
presents the concept of our novel self-repairing soft robot, along
with a mathematical model. Section III describes the fabrication
process and setup of the locomotion control system for the self-
repairing soft robot. Section IV demonstrates the self-repairing
characteristics of the robot after recovery from material removal
and deep lengthwise cuts. Conclusions and future works are
presented in Section V.

II. DESIGN OF THE SELF-REPAIRING SOFT ROBOT

A. Concept for Self-Repair Damages

As illustrated in Fig. 2, this study proposes closing methods
for two specific damages: material removal and deep length-
wise cuts. For material removal, as shown in Fig. 2 (Type 1),
contraction is proposed to close the cut surfaces. For the deep
lengthwise cuts shown in Fig. 2 (Type 2), the robot’s own weight
was relied upon to close the cut surfaces.

Based on the self-repair method for these two types of dam-
age, a self-repairing soft robot (shown in Fig. 3) is proposed.
It comprises four thin McKibben muscles embedded within
self-healing materials in a specific order. The thin McKibben
muscle (SM40, s-muscle Co., Ltd) comprises an outer fiber
sleeve and an internal silicone rubber tube [21]. The outer sleeve
is made of Vectran, a material with cut-resistant properties,
ensuring the robot will not split in half. The self-healing material
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L 3

a b b

A
A

L

Thin McKibben muscle 3 Thin McKibben muscle 2

Thin McKibben muscle 4 Thin McKibben muscle 1

Fig. 3. Prototype of the novel self-repairing soft robot: CAD design and cross-
section. Here, b+ 2a = L2 + 2× L3 and 3b = L1 + 2× L3.
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(b)

Repairing
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Fig. 4. Schematic of the self-repairing soft robot recovering from material
removal. (a) Damage caused by material removal. (b) Apply air pressure to each
thin McKibben muscle to close the cut surfaces.
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Fig. 5. Recovery of the self-repairing soft robot from deep lengthwise cuts. Al-
though the cut surfaces are much closer, they have been enlarged for visualization
purposes. The self-repair process involves the following steps: (a) Determining
the damage caused by deep lengthwise cuts. (b) Muscle 3 is pressurized with air,
causing the first rotation. (c) Air pressure is removed to reach the equilibrium
state. (d) Muscles 2 and 3 are pressurized with air, causing the second rotation.
(e) Air pressure is removed to reach the repair state. Finally, the robot’s weight
causes the crack surfaces to contact each other and be repaired.

(WIZARD GEL, Yoshiro) is a commercial product that can be
easily produced by mixing the main and hardening agents. After
closing the cut surfaces, the healing process is initiated, which
involves recombining the host and guest gels [24], [25], [26]
at a microscopic level, allowing for macroscopic self-healing.
The self-healing material has a hardness of 40 point (CSC2
type) and can be stretched up to 10 times its original length. It
exhibits excellent mechanical properties with a tensile strength
of 0.24 MPa. Additionally, it only requires contact with the crack
surfaces after damage, without needing external triggers, and
achieves self-healing within 24 h at room temperature.

To repair material removal, air pressure is applied to all thin
McKibben muscles, as shown in Fig. 4, leveraging the high
contraction rate to close the cut surfaces. For recovery from
deep lengthwise cuts, pressure is first applied to thin McKibben
muscle 3, as shown in Fig. 5(b), causing the corresponding part



5032 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 9, NO. 6, JUNE 2024

x

yz z′
y'

B

B

L

Deep lengthwise cuts α

arctan c

π/4

π/4

abb

z

y

y'

z'

B-B

y
1

Cut surfaces
(a) Damaged state First rotation

x

yz z'
y'

C

C

Ω
1

Ω
2Ω

3

l

O
2

O
2c

P
P

c P
c

P'

'

x

yz z'
y'

Ω
1

x

yz z'
y'

Ω
2

D
D

x

yz z'
y'

Ω
3

z

y

z'

y'

Π
1

Π
2

Π
3

Ω
1

zcΩ1
'

ycΩ1'

C-C
Ω

2

x

z'

zcΩ2

r'

'
zcΩ1'

P

P
c

P
c

P'

'

O
2
(O

2c
)

D-D C-CΩ
3

z

y

z'

y'zcΩ3
'

ycΩ3
'

(b)

Equilibrium state

z y

x

z''

y''

E

E

a

b
b

y
2

E-E

y

z
z''

y''

Cut surfaces

(c)

x

z
y

z''

y''

FF

O
3

O'O

x

z''

r''

F-F

zc'' OO'

O

O
3

(d)Second rotation

x

y
z

z'''

y'''
G

G

z'''

y'''

z

y

G-G

α

a

b

b
Cut surfaces

(e) Repairing

Fig. 6. Analytical model of the self-repairing soft robot recovering from deep lengthwise cuts. (a) Damaged state, dimensional parameters of the robot (body
length of the robot L, cut length l), and its critical point for the first rotation (y1). (b) First rotation: The robot is divided into three parts (Ω1, Ω2, and Ω3). The
centers of gravity of the three parts are calculated to determine the overall center of gravity. The first rotation occurs when the entire center of gravity position
exceeds the critical point (y1). (c) Equilibrium state: Critical point for the second rotation (y2). (d) Second rotation: Calculating the center of gravity of the robot,
the second rotation occurring when it exceeds the critical point (y2). (e) Begin self-repair.

to lift. Consequently, the center of gravity of the robot shifts,
achieving the first rotation and reaching an equilibrium state,
as shown in Fig. 5(c). Next, pressure is applied to the thin
McKibben muscles 2 and 3, as shown in Fig. 5(d), which bends
the robot and changes its center of gravity. This results in a
second rotation that allows the robot to begin repairing itself, as
shown in Fig. 5(e), thereby helping the cut surfaces to connect
under their own weight. A mathematical analysis of this process
is presented in Section II-B.

B. Mathematical Modeling of the Self-Repairing Soft Robot
for Repairing Deep Lengthwise Cuts

The self-repairing soft robot repairs deep lengthwise cuts us-
ing the method shown in Fig. 5. The influence of the parameters
of the robot on achieving the first and second rotations was deter-
mined using mathematical calculations. Before the calculations,
the following assumptions were made: i) density for the robot’s
material is constant, ii) weight of the thin McKibben muscles
on the robot is ignored, iii) the cut surfaces are assumed to
be infinitely close. Additionally, two variables are defined as
follows:

c =
a

b
, α =

π

4
− arctan

a

b
(1)

where a is the length of the short side and b is the length of the
long side.

As shown in Fig. 6(a), the xyz coordinate system with its
origin at the center was established, and for ease of calculation,
this xyz coordinate system was rotated clockwise by α rad
about the x-axis, creating a new xy′z′ coordinate system. The
robot’s center of gravity must exceed the critical point at the
y-coordinate to achieve the first rotation; this critical value y1 in

the xyz coordinate system can be computed as:

y1 =

√
2

2
a cosα−

√
2

2
a

(
1 +

1

c

)
sinα (2)

The conditions for achieving the first rotation are shown in
Fig. 6(b). The entire robot is divided into three parts, denoted as
Ω1, Ω2, and Ω3, and their centers of gravity are calculated in the
xy′z′ coordinate system. Afterward, the position of the center
of gravity of the entire robot is derived in the xyz coordinate
system. It is important to note that this model rotates about the
x-axis; therefore, we only need to calculate the parameters y′c
and z′c in the xy′z′ coordinate system as follows:

y′c =

∑3
i=1y

′
cΩi

VΩi∑3
i=1VΩi

, z′c =

∑3
i=1z

′
cΩi

VΩi∑3
i=1VΩi

(3)

where y′cΩi
and z′cΩi

are the coordinates of the center of gravity
of part i in the xy′z′ coordinate system, and VΩi

is the volume
of part i. As shown in Fig. 6(b), it is assumed that Ω1 remains
in its initial state and that the center of gravity has the same
y′cΩ1

and z′cΩ1
for each cross-section, which can be obtained by

dividing one cross-section into three parts: Π1, Π2, and Π3, and
by calculating the center of gravity for each part individually:{

y′cΩ1
=

a
√
a2+b2 cosα+ 7

√
2

6 b2

2a+3b

z′cΩ1
=

√
2b2−a

√
a2+b2 cosα

2a+3b

(4)

The Ω2, part of the robot is assumed to move within the
xz′ plane. The arc length PP ′ is equal to the cut length l, and
the center of gravity of each section is on the arc PcP

′
c. Thus,

y′cΩ2
and z′cΩ2

can be calculated as:

y′cΩ2
= y′cΩ1

, z′cΩ2
= r′ − r′

(
r′ − z′cΩ1

)
l

sin
l

r′
(5)

where r′ is the radius of curvature of arc PP ′, which depends
on the applied air pressure. For Ω3, the values of y′cΩ3

and z′cΩ3
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can be derived based on the symmetry of Ω1.

y′cΩ3
= −y′cΩ1

, z′cΩ3
= −z′cΩ1

(6)

According to the geometric relations shown in Fig. 6(a), VΩ3

and the relations between VΩ1
, VΩ2

and VΩ3
can be derived as

follows:

VΩ3
=

1

2
(2a+ 3b) bL, VΩ1

=
L− l

L
VΩ3

, VΩ2
=

l

L
VΩ3

(7)

where L is the body length of the robot, and the robot’s volume
remains unchanged. From this, the condition for achieving the
first rotation is determined to be

y′c cosα+ z′c sinα > y1 (8)

By substituting (2)–(7) into (8), the condition for achieving
the first rotation determined by the dimensional parameters of
the robot can be derived. Note that y′c = 0 based on symmetry.

l

L

[
r′

a
−

√
2
c −√

c2 + 1 cosα

2c+ 3

]
×
(
1− r′

l
sin

l

r′

)

−
√
2
(
2c2 + c− 1

)
c (1− c)

> 0 (9)

As shown in Fig. 6(c), the critical value y2 of the center
of gravity of the robot in the xyz coordinate system can be
determined to achieve the second rotation.

y2 =
1

2
b (10)

For ease of calculation, the xyz coordinate system is rotated
clockwise by π/4 rad about the x-axis, creating the xy′′z′′

coordinate system. Assuming the robot moves within the xy′′

plane after being actuated, the center of gravity of each cross-
section is located on the arc OO′. The position of the center of
gravity (y′′c , z

′′
c ) in the xy′′z′′ coordinate system under the state

of Fig. 6(d) is given by:

y′′c = 0, z′′c = r′′
(
1− r′′

L
sin

L

r′′

)
(11)

where r′′ is the radius of curvature of arcOO′, which depends on
the applied air pressure. The condition for achieving the second
rotation is given by:

y′′c cos
π

4
+ z′′c sin

π

4
> y2 (12)

By substituting the relations in (10) and (11) into (12), the
condition for achieving the second rotation determined by the
dimensional parameters of the robot can be derived.

r′′
(
1− r′′

L
sin

L

r′′

)
−

√
2

2
b > 0 (13)

According to the analysis of the repair process shown in
Fig. 6, the robot will rotate 2 arctan c rad and will complete
the repair with the assistance of its own weight. Equation (9)
shows that if c ≤ 0.5, the robot cannot maintain its initial state
and will undergo the first rotation without actuation. By contrast,
if c = 1, the robot is a planar symmetrical structure, and it cannot
complete the first rotation under any conditions. According to

(e)
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Fig. 7. Fabrication process of the self-repairing soft robot. (a) Mix the main
agent and hardening agent. (b) Stir thoroughly to blend the agents. (c) Pour the
mixture into the mold. (d) Wait for solidification. (e) The photograph of the
self-repairing soft robot.

TABLE I
DIMENSIONS OF THE SELF-REPAIRING SOFT ROBOT

(13), the second rotation can more easily occur after completing
the first rotation. Therefore, ensuring that 0.5 < c < 1 when de-
signing a robot is crucial. The non-planar symmetrical structure
of the robot contributes to its rotation.

III. FABRICATION AND CRAWLING EXPERIMENT

A. Fabrication of the Self-Repairing Soft Robot

The fabrication process of the self-repairing soft robot is
shown in Fig. 7. First, the main and hardening agents of WIZ-
ARD GEL were mixed and stirred in a 100:3 ratio. Then, the
mixture was poured into the mold containing the pre-fixed thin
McKibben muscles. The mold was left at room temperature for
20–30 min to complete the fabrication process. In this study,
the total length of the self-repairing soft robot L was 100 mm,
with L1, L2, and L3 (defined in Fig. 3) set to 20, 16, and
5 mm, respectively. Based on the geometric relations of the
cross-section shown in Fig. 3, the short side a of the robot
is 8 mm, and the long side b is 10 mm. The dimensions of
the self-repairing soft robot are summarized in Table I. Based
on these dimensions, the variable c (defined in Section II) was
determined as 0.8, and α as 0.11 rad.

B. Crawling Experiment

The self-repairing soft robot was controlled using an air
pump (SLP-07EED), solenoid valves (KOGANEI025M10F),
a stabilized power supply (EX-750L2), and a microcontroller
(NUCLEO-F401RE). The detailed actuating mode is shown
in Fig. 8.
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Fig. 8. Actuation modes of the self-repairing soft robot. (a) In virgin state. (b)
Recovery from deep lengthwise cuts.

Fig. 9. Photograph sequence of the virgin self-repairing soft robot crawling
on the textured surface.

In Fig. 8(a), the actuation mode of the robot in its virgin state is
presented. It comprises four phases, each with a response time of
0.2 s. The crawling cycle T is 0.8 s. Fig. 8(b) shows the actuation
mode of the robot after repairing damage from deep lengthwise
cuts. It also has four phases, each with a 0.2 s response time.
The crawling cycle T is 0.8 s. The actuation mode differs from
its virgin state due to the rotation for damage repair, yet the
actuation methods remain the same in both states.

When a pressure of 0.4 MPa is applied to the robot in the
virgin state, it can crawl 14 mm within one crawling cycle (14%
of its body length). On the textured surface, it can crawl forward
at an average speed of 17.3 mm/s, as shown in the photograph
sequence in Fig. 9.

IV. SELF-REPAIRING CHARACTERISTICS

A. Self-Repair After Material Removal

Fig. 10 shows a section of the material removed from the
self-repairing soft robot in the crosswise direction of the thin
McKibben muscle. The width of the removed material is con-
sistent with b in Fig. 3. The depth is limited by L3 in Fig. 3.
The length parallel to the muscle direction is referred to as the
gap length. The robot can repair itself following the method
shown in Fig. 4. The experimental results indicate that un-
der 0.4 MPa air pressure, material removal of 1.5 mm gap
length could be closed. After maintaining this state for 30 min,
successful repair was confirmed. No bending was observed

Fig. 10. Process of the self-repairing soft robot recovering from material
removal. Here, a digital microscope (VHX-8000 series, KEYENCE) is used to
observe the cut surfaces. (a) Damage with a gap length of 1.5 mm. (b) Repairing
the damage. (c) Repair accomplished.

Fig. 11. The relationship between applied air pressure and contraction ratio in
thin McKibben muscles (black dashed line) and the self-repairing soft robot
(black solid line), and the maximum gap length (red triangles) that can be
repaired under different air pressure.

due to the removal of the material after the robot was deacti-
vated. This indicates that the robot can self-repair from material
removal.

As shown in Fig. 11, when 0.4 MPa air pressure was applied to
the robot, the contraction ratio of the virgin robot was 19%. The
maximum gap length it could successfully close was 1.64 mm.
This is because only the contraction of muscles near the gap
surfaces contributes to their closure. Moreover, the maximum
closed gap length varies with air pressure. In the case of material
removal, the maximum closed gap length is considered a crucial
indicator of repair performance. Therefore, it is necessary to
determine the maximum closed gap length that can be repaired
under different air pressures. For this purpose, we experimented
to measure the maximum closed gap length at different pres-
sures. To do this, we removed a section of the robot and repeated
the repair process three times at each specific pressure value.
The sealed gap was re-opened between each repair process. The
results of the experiment are shown in Fig. 11.

As shown in Fig. 12(a), a part of the robot with a width
of 10 mm, depth of 2 mm, and gap length of 1.64 mm was
removed. The robot’s locomotion performance was tested under
the damaged and repaired states. The actuation mode shown in
Fig. 8(a) was used for both states. In the damaged state shown
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Fig. 12. Photograph sequence of the self-repairing soft robot crawling on a
textured surface after material removal and repair. (a) Material removal with a
gap length of 1.64 mm. (b) Robot after repair.

in Fig. 12(a), the robot could crawl forward as in its virgin state.
Similarly, in the repaired state, it could also crawl forward, as
shown in Fig. 12(b). The crawling speeds in two states were
16.4 mm/s and 16.3 mm/s, respectively, which were close to the
robot’s virgin state speed. This indicates that material removal
did not significantly affect the robot’s locomotion performance.
As shown in Fig. 12(a), the locomotion test in the damaged state
started with a gap length of 1.64 mm, which enlarged to 2.51 mm
after a period of actuation. The locomotion performance test in
the repaired state shown in Fig. 12(b) shows that the cut surfaces
could maintain closure before and after actuation.

B. Self-Repair After Deep Lengthwise Cuts

Three self-repairing soft robots were subjected to deep length-
wise cuts with cut lengths of 25, 50, and 75 mm, respectively,
shown in Fig. 13. The robots were able to repair themselves by
following the method outlined in Section II-A. The experimental
results indicate that the robots could complete a two-process
rotation under an applied pressure of 0.4 MPa, recovering the
cut surfaces by bringing them into contact. After waiting 24 h at
room temperature, the recovery was confirmed. This shows that
the robot can self-repair from deep lengthwise cuts.

A bending experiment was conducted to demonstrate the
feasibility of the first rotation in Fig. 14(a). Based on the math-
ematical model of the first rotation proposed in Section II-B,
Ω2 moves only in the xz′ plane after actuation. However, as
indicated by the experiment shown in Fig. 13,Ω2 tended to move
along the y′-axis after actuation. To address this, we improved
the model by introducing a correction Kp in the y-coordinate
for Ω2. The function for determining the first rotation is defined

as:

f (r′) =
l

L

[
r′

a
−

√
2
c −√

c2 + 1 cosα

2c+ 3

]

×
(
1− r′

l
sin

l

r′

)
−

√
2
(
2c2 + c− 1

)
c (1− c)

+Kp (14)

where the radius of curvature in the first rotation (r′) and di-
mensions of the robot (l, L, a, c, and α) are consistent with the
definition in Section II-B. The bending experiments shown in
Fig. 14(a) were conducted under three different cut lengths (25,
50, and 75 mm) to obtain the mean and standard deviation of
the Kp values under different air pressures, shown in Fig. 14(b).
As an example, for a robot with a cut length of 50 mm, the
conditions for achieving the first rotation can be obtained by
substituting the robot’s dimensions shown in Table I and the
standard deviation of Kp at 0.15, 0.2, 0.3, and 0.4 MPa from
Fig. 14(b) into (14), as shown in Fig. 14(c). The robot with a
cut length of 50 mm required a pressure of 0.3 MPa or more to
complete the first rotation. The pressure needed to achieve the
first rotation for robots with cut lengths of 25 and 75 mm can be
similarly determined.

A bending experiment for the second rotation was conducted,
as shown in Fig. 15(a). The function for determining the second
rotation is defined as:

f (r′′) = r′′
(
1− r′′

L
sin

L

r′′

)
−

√
2

2
b (15)

where the radius of curvature in the second rotation (r′′) and
dimensions of the robot (L, b) are consistent with the definition
in Section II-B. By substituting the values from Table I into (15),
the conditions for achieving the second rotation can be derived.
As shown in Fig. 15(b), different r′′ under different pressures of
0.15, 0.2, 0.3, and 0.4 MPa were measured and compared with
(15). The second rotation can be attained when a pressure of
0.2 MPa or greater is applied to the robot. Based on the analysis
of the mathematical model described above, the second rotation
is achieved under the conditions for achieving the first rotation.
This is also consistent with the experimental results shown in
Fig. 13.

Through bending experiments shown in Fig. 15(a), we mea-
sured the crosswise displacement (d) of the robot in virgin,
damaged, and repaired states. The following relation can be
derived based on geometric relations:

d = r′′
(
1− cos

L

r′′

)
(16)

The theoretical d under different pressures can be calculated
by substituting the r′′ values computed at 0.15, 0.2, 0.3, and
0.4 MPa from Fig. 15(b) into (16). The results are presented in
Fig. 15(c), along with the experimental values for comparison.
The value of d for the robot increased with pressure in all
conditions. In the virgin state, the value of d reached a maximum
of 54 mm at 0.4 MPa. In the damaged state, the value of d
decreased significantly with increasing cut length. The value of
d for a cut length of 25 mm was 38 mm at 0.4 MPa. After repair,
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Fig. 13. Photograph sequence of the self-repairing soft robot recovering from deep lengthwise cuts. The cut length is (a) 25 mm, (b) 50 mm, and (c) 75 mm.

Fig. 14. (a) Bending experiment of the self-repairing soft robot to achieve first
rotation. (b) Correction values for different cut lengths under different pressures
were applied. (c) Condition for a robot with a cut length of 50 mm to achieve
the first rotation. The shaded regions show the experimental values of the radius
of curvature (r′) under different air pressures.

the value of d for cut lengths of 25 mm and 50 mm reached
44 mm and 45 mm, respectively, at 0.4 MPa. By contrast, the
value of d for a cut length of 75 mm was 38 mm. This proves
that the robot, after deep lengthwise cuts of 25 and 50 mm, has
good repair properties.

Ten locomotion tests were conducted for each of the three
robots shown in Fig. 13 in both their damaged and repaired
states. As shown in Fig. 16(a), in its damaged state, the robot
with a cut length of 50 mm cannot crawl forward as it does
in its virgin state (see the actuation mode in Fig. 8(a)). This is
mainly because the damaged part cannot effectively contribute
to the forward crawl upon actuation. The actuation mode for
the repaired robot shown in Fig. 16(b) is shown in Fig. 8(b).
Comparing the two sequences, it is evident that the robot can
crawl forward again as in its virgin state. In particular, after
repairing the cut lengths of 25 and 50 mm, the cut surfaces were
aligned in most directions, and their crawling speeds reached
13.8 mm/s and 12.1 mm/s, respectively. After repairing a cut

Fig. 15. (a) Bending experiment of the self-repairing soft robot to achieve
second rotation. (b) Experimental radius of curvature (r′′) was measured under
different air pressures. Additionally, the condition required to achieve the second
rotation and the theoretical displacement values were determined for different
radii of curvature. (c) Displacement under different conditions.

Fig. 16. Photograph sequence of the self-repairing soft robot crawling on a
textured surface. (a) Robot with a cut length of 50 mm. (b) Robot after repair.
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length of 75 mm, the cut surfaces could not be aligned in most
directions, and its crawling speed was reduced to 5.6 mm/s.
Therefore, the locomotion performance of a repaired robot is
affected by the alignment of its cut surfaces in all directions:
fewer parts aligned post-repair results in decreased locomotion
performance.

V. CONCLUSION

This letter investigated the ability of soft robots to repair
material removal and deep lengthwise cuts self-repair. A novel
self-repairing soft robot actuated by thin McKibben muscles was
proposed. In the material removal, the robot closed the gap in
cut surfaces with a maximum contraction ratio of up to 19%.
The experimental results showed that the robot recovered from
a maximum gap length of 1.64 mm when maintaining an air
pressure of 0.4 MPa for 30 min. To repair deep lengthwise cuts,
the robot can rotate in 2 arctan c rad such that the cut surfaces are
closed under the robot’s own weight. For lengthwise cuts of 25,
50, and 75 mm, recovery was achieved following a two-process
rotation and allowing to bound for 24 h. For lengthwise cuts of
25 and 50 mm, the changes in bending ability after repair were
small compared with those in the virgin state, considering the
displacement during the damaged state. Correspondingly, the
crawling speed in the virgin state reached 17.3 mm/s, whereas
after repair, it was 13.8 mm/s. Thus, the proposed self-repairing
soft robot allows for material removal and deep lengthwise cuts
to be repaired without external intervention.

In the future, we aim to enhance the reliability of robots
following repairs involving material removal and deep length-
wise cuts. Various factors, such as surface roughness, weight,
and alignment, need to be explicitly considered in the robot’s
post-repair performance. Experiments should be performed to
investigate the types of damages the robot can self-repair, such as
cuts made at different angles and damages to the thin McKibben
muscles. This may involve considering new structures or replac-
ing the muscle’s inner silicone tubes with self-healing materials.
Building upon the findings of this study, we hope to achieve
an autonomously self-repair robot. This involves incorporating
sensing devices such as E-skin and optomechanical sensors, to
detect damage types and designing a feedback control system.
Autonomous self-repair robots are expected to be extrapolated
to other systems for a wide range of applications.
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