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Abstract

This article proposes a novel pneumatic soft actuator, which can perform bending in different directions under positive or negative air
pressure. The actuators are composed of multiple airbags, and the design of the airbags is analyzed. A pneumatic soft robot based on these
soft actuators is designed and fabricated by 3D printing technology. This robot consists of three soft multi-bladder actuators, one soft sensor,
middle layer, bottom layer, front barb, front feet and rear feet. According to the different positive or negative pressure control of the three
soft multi-bladder actuators, the robot can perform both linear, crossing and climbing movements. The soft robot has excellent environ-
mental adaptability and can pass through complex environments by combining three modes of motion. Then, we establish the closed-loop
automatic control system using soft sensor. The soft sensor can be stretched and compressed as the soft robot’s movement. Finally, the
automatic control system is verified by linear, crossing and climbing movement experiments. Results indicate that the robot can pass
through complex environments under the closed-loop control system.

Keywords: soft multi-bladder actuator, 3D printing, soft robot, soft sensor

Copyright © Jilin University 2020.

1 Introduction

Nature has long been the source of inspiration to
make new kind of machines. Learning from the soft and
body compliance of creatures, a new class of machine,
called soft robot, has been developed, which is now the
hot spot and development frontier of robotics. Compared
with traditional rigid robots, the soft robots show good
environment adaptability and human-machine interac-
tivity. They can adjust their structures to adapt to envi-
ronment changes, and can be applied in the fields of
military, scientific research and medical treatment in the
future. At the moment, most of the bionic soft robots are
designed to adapt to the complex and varied natural
environment!"?.

The soft crawling robot is one of the main research
directions of soft robots. Many soft crawling robots are
capable of performing both linear and turning move-
ments, and some even have the ability of jumping, roll-
ing, and swimming[3’4]. Inspired by nature, scientists
have studied and designed a series of soft crawling ro-
bots in the last decade!). At present, the soft crawling
robots can be driven by different driving modes, such as

[7] [8]

pneumatics'”, dielectric elastomer, ionic polymer

*Corresponding author: Guoqing Jin
E-mail: gqjin@suda.edu.cn

metal composite, Shape Memory Alloy (SMA)™, and
responsive hydrogel[m]. Umedachi et al. designed a soft
crawling robot based on a 3D printed shell and an em-
bedded SMA actuator by studying caterpillar move-
ment!'. Wang et al. designed a crawl robot imitating the
inchworm!'?). The soft robot can crawling and turning by
equipping a memory alloy. Shepherd et al. developed a
multi-gait soft robot'"’!, which was fabricated by soft
lithography and was pneumatically actuated, capable of
sophisticated locomotion. Guo et al. designed an inch-
worm-like soft robot with omega-arching locomotion
and driven by pneumatics!"*, which is mimic the circular
and longitudinal muscles to perform telescopic locomo-
tion. Hu and Jin designed a multi-actuator soft robot
based on the detailed morphological and kinematic in-
vestigations of the young tiger beetle, which can achieve
the crawling, steering and occluding movement by
pneumatics[ls]. Duduta et al. designed a crawling soft
robots based on dielectric elastomer actuators, which is
created by a multilayer fabrication method'". Na-
kamaru ef al. designed a crawling soft robot driven by a
novel self-oscillating gel actuator'' "), Shi ez al. designed
a crawling soft robot controlled by a SMA wire!'®.

The above soft crawling robots are driven by dif-
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ferent actuators, and they only have one mode of
movement, crawling on flat ground, shown in Fig. la.
Fig. 1b shows the principle of the soft robots crawling on
a flat ground. In order to achieve crawling on the com-
plex ground, we designed a multi-motion modes soft
robot, and the crawling principle is shown in Fig. 1c. The
body structure of the soft robot is directly printed on the
3D printing platform by the silicone rubber material.
Under the control of the closed-loop system, it can
adaptively complete linear crawling movements, cross-
ing movements on obstacles and climbing movements
on step surfaces in complex environments.

The actuators are composed of multiple airbags,
and the design of the airbags is analyzed. In order to
analyze the motion characteristics of the soft actuator,
the theoretical analysis model between air pressure with
deflection angle and the simulation analysis of soft ac-
tuator are established. Then we design a multi-motion
modes soft crawling robot inspired by the inchworm’s
movement pattern. This robot consists of three soft
multi-bladder actuators, soft sensor, middle layer, bot-
tom layer, front barb, front feet, and rear feet. The soft
crawling robot has multi-motion modes, which can
perform linear movement in flat ground, crossing
movement in obstacle environment and climbing
movement mode in step environment, according to the
different control patterns. The three control patterns will
be presented late. Because the soft actuator can forward
bending and reverse bending, it can cross the obstacles
according to the different air pressure. Because of its soft
structure, it has the potential to be applied to the complex
natural environments. To realize the automatic control of
this soft crawling robot, we establish the pneumatic
control platform based on the soft sensor. Finally, the
ability of soft crawling robot to move in complex envi-
ronments is verified by experiments of linear, crossing
and climbing movements.

2 Methodology

2.1 The design of actuator
2.1.1 The design of different multi-airbags

At present, most soft robots are made up of pneu-
matic soft actuators, which are composed of rectangular
cavity multi-airbags. The bending of the actuator is
caused by inflating and deflating the airbags. When the

(a) Soft robots crawling on flat ground
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Fig. 1 Comparison of performance and crawling principle be-
tween the multi-motion modes soft robot and previous soft robots.

soft actuator is inflated, due to the expansion of each air
bag, the soft actuator generates the down warping.
However, due to the limitation of the rectangular cavity
of the airbag, the soft actuator can only bend downward.
To allow the soft actuator to bend upward on inhalation,
we changed the rectangular cavity to a trapezoidal cavity
(Fig. 2). The new soft actuator of trapezoidal cavity
multi-airbags can bend downward under positive pres-
sure and upward under negative pressure.

2.1.2 The simulate of the soft actuator

To verify the bending ability of the soft actuator, a
finite element simulation is carried out. In this paper,
Abaqus software is used to simulate and analyze the
multi-airbag soft actuator of rectangular cavity. Abaqus
is a professional simulation software that is applicable to
non-linear analysis. It can carry out gas-solid coupling
simulation analysis on the soft actuator and analyze the
deformation under different pressures. The multi-airbag
soft actuator is made of silicon rubber. The material used
in this paper was a clear, one-part oxime cure silicone
rubber (Dow Corning® 737) with density of 1.04 g-cm
and the viscosity of 62.5 Pa-s. It cures upon exposure to
atmospheric moisture and features a durometer hardness
of Shore 33A, a skin-over time of 3 min to 6 min, a
tack-free time of 14 min, and a cure to handling time of
24 hP!,

Reduced N-order silicone material models repre-
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sented by Eq. (1) were used to fit the tensile test data for
the silicone materials where the material was considered
incompressible and the strain energy potential U is in-

dependent of the second invariant'**':

U=Y"C,(1-3), (1)

I, is the first deviatoric strain invariant and Cj; is a ma-
terial specific parameter. The Ogden model (N = 3) was
also investigated, represented by Eq. (2) for the strain
energy potential U as a function of deviatoric principal
stretches A; and is represented by the following relation
for incompressible materials:

T NT - 1
U= Z ( LA+ 3—) ;3

lla i

- 2

where u; and a; are empirical parameters. The constitu-
tive equation Ogden was used to describe the properties
of silicon rubber during the analysis and the model pa-
rameters are shown in Table 11

The Finite Element Analysis (FEA) of the soft ac-
tuator is carried out in the case of ignoring the frictional
force and gravity, and the positive and negative pres-
sures of different sizes are filled in the air cavity. As
shown in Fig. 3a, the soft actuator can be bent down-
ward through expansion deformation under positive
pressure. As shown in Fig. 3b, the soft actuator can be
bent upward through contraction deformation under
negative pressure.

2.1.3 The design of the trapezoidal cavity multi-airbags

The multi-airbags actuator is made of cast silicon
rubber material, and we adopted the Yeoh model to de-
scribe the mechanical properties of the soft actuator
Base on the constitutive relation of rubber materials of
Yeoh model, we adopted the E to describe the strain
energy density function:

E=C/(1,-3)+C,(1,-3), 3)

.7 and 1,
are the strain in variants. /; =/, = tr (w), w is the Cauchy

where C; and C, are the material constants?

green strain tensor. I is the identity matrix, v is the
displacement of the airbag’s inflated and inhaled wall

[19,20]
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Fig. 2 Different multi-airbags soft actuators. (a) Rectangular
cavity soft actuator; (b) trapezoidal cavity soft actuator.

Table 1 The parameters of Ogden model®”

Constitutive Coefficient Coefficient Coefficient
equation u; a; D;
u; =2.3461x10 a;=1.7183 =3.2587
?Vg‘je;‘ = 6.6703x107° 4, =7.0679 D=0
u;=45381x10%  a3=-3.3659 D;=0

which is v = (v, vy, v;). To get the displacement of any
point in the inflated and inhaled wall, we study two
airbags of the soft actuator. In Fig. 4, where 4 is the
height of the wall, & is the width of the wall, d is the
thickness of the wall, s is the width between two airbags,
g is the width of the airbags, @, is the maximum dis-
placement of the airbag’s inflated wall, and a, is the
maximum displacement of the airbag’s inhaled wall.
Since the silicone material is incompressible, it is as-
sumed that there is no deformation in the width direction
when the soft actuator is inflated or inhaled. We assume
the coordinate of any point on the wall is (x, y, z), and
after inflating or inhaling the point can be expressed

as(x', y',z"):

(x,y.2")= (x + af(%}f[%j,y, Zj, (5)

where f'(x) is the monotonically decreasing function, and
the range of f(x) is between 0 and 1. So we can assume
the function /'(x) = 1 — x*. The function / (x) satisfies the
following conditions:

O =1, f(1)=0, f(0)'=0. (6)

By simplifying, we can get the following equation:

(v,.v,.)= (af[%j f(%jo,oj, )
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Fig. 3 The simulate results of the soft actuator. (a) Expansion and bending deformation at 0 kPa, 3 kPa, 6 kPa and 8 kPa; (b) shrinkage

deformation bending at 0 kPa, —1 kPa, —2 kPa and —4 kPa.

(a) Initial state (b) Inflating (c) Inhaling

Fig. 4 Cross section of two airbags in three separate states.
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Base on the virtual work principle, we can calculate

the functional relationship between the deformation a
and air chamber’s pressure p. The strain energy of the
inflated or inhaled wall equals to the work of the pres-
sure along the displacement of the X-axis:

dE(a) . dv(a)
” da=p ” oa, 9)
v(a)=ahg,f(x)dx, (10)
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Fig. 5 The explosive view of multi-motion modes soft crawling

robot.
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where g, represents the acceleration of gravity. Based

on the Eq. (11), we can find the deformation increased
with the pressure p, and the deformation a decreased
with the airbag wall 4 under fixed pressure p.

2.2 The design of the soft robot
2.1.1 The design of the multi-motion modes soft
crawling robot

The soft crawling robot consists of two parts, head
and body. The body consists of three soft multi-bladder
actuators, middle layer, bottom layer, front barb, front
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feet, and rear feet. As shown in Fig. 5, the multi-bladder
actuator consists of multi-airbags, a middle layer and a
bottom layer. The soft actuator is made of silicone rubber.
In Fig. 6, the function of the middle layer is to prevent
the expanding of the base board and enhance the resil-
ience, so it is made of no ductile flexible materials, such
as PVC slice. The trapezoidal cavity structure of the
airbags is different from the traditional rectangular cav-
ity structure. As shown in Fig. 4, the airbags can be bent
downward by expansion deformation under positive
pressure, while bent upward by contraction deformation
under negative pressure. The front and rear feet are used
as anchors when the soft robot’s body making a move-
ment. But when the soft robot’s head makes a linear
movement, the front barb and rear feet are used as an-
chors. The front barb is made of the rigid barbed struc-
ture, and the front and rear feet are a raised barb structure
made of silicone rubber.

The multi-motion modes soft crawling robot con-
tains three columns of multi-airbags, and each column is
an actuator. There are 6 airbags in one actuator. Each
trapezoidal airbag of one actuator is connected by the
gas slot which is in the bottom of the airbags. There are
three tubes, and each tube is inserted into the middle
airbag of the actuator. While inflating, the gas flows
through the tubes and reaches the middle airbag of the
actuator. Due to the expansion of each air bag, the soft
actuator generates the down warping motion. A PVC
slice is embedded in the bottom plate of the soft robot to
take advantage of the inextensibility of the PVC sliceto
limit the expansion during inflation of the airbag, and
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thus produces a bending down movement. While inhal-
ing, the air in the multi-airbag will be drawn out. Due to
the shrink of each air bag, the soft actuator generates the

up warping.

2.2.2 The design of the soft sensor

In order to realize the closed-loop control of the soft
crawling robot, a custom soft triboelectric tactile sensor
is designed. The tactile sensor is used to judge whether
the robot touches obstacle or not. It is an important me-
dium for the robot to perceive the external environment
and perceive the proximity between the robot and the
surrounding obstacles.

The soft tactile sensor is made of silicone rubber
and liquid metal. Silicon rubber is a kind of tribological
electronegativity material with excellent electronic af-
finity and tensile deformation ability, and it is quite fit
for making software sensors. Liquid metal has excellent
conductivity, taking liquid metal as the electrode, it has a
good deformation ability while maintaining good con-
ductivity.

The working principle of the soft triboelectric tac-
tile sensor is shown in the Fig. 6. In Fig. 6a, the electrons
move from the obstacle surface to the silicone surface
when the obstacle comes into contact with the tribo-
electric tactile sensor. In Fig. 6b, when the obstacle
leaves, two surfaces with opposite charges separate and
produce a potential difference, current and voltage out-
put. In Fig. 6¢c, the electron stops moving and achieves
static equilibrium when the obstacle is far away. In
Fig. 6d, the reverse electrons flow from the ground to the

(e) Voltage change

i 1 1 i I I I I i i

0o 1 2 3 4 5 6 7 8 9 1011
Time (s)

Fig. 6 (a—d) The working principle and (e) the voltage change of the soft triboelectric tactile sensor in the process of contacting obstacles.
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electrode and generate voltage in the opposite direction
when the obstacle approaches again.

As shown in Fig. 6e, it shows the voltage change of
the soft triboelectric tactile sensor in the process of
contacting obstacles. One of these cycles represents a
contact separation process between the tactile sensor and
the obstacle. In the closed-loop control system, we set
the voltage of 5 V as the threshold voltage. When the
voltage of the sensor reaches this value, the controller
controls the solenoid valve to open periodically.

2.3 Fabrication process
2.3.1 Materials

The list of material used in multi-motion modes
soft robot consists of silicone rubber (Dow Corning 737,
Eco-flex 0050), silicone air tube, polylactic acid (PLA),
rigid barb, PVC slice, liquid metal. The silicone rubber
is a hyperplastic and soft rubber with a small Young’s
modulus (65 kPa) and large Poisson’s ratio (0.49), it can
stretch easily and recover the original shape repeatedly.
The silicone rubber Eco-flex 0050 was mixed and curing
agent in a 1:1 ratio by volume.

2.3.2 Fabrication procedure
The whole fabrication process of the multi-motion

soft robot’s fabrication process is divided into three parts:

Fabricating three overall soft multi-bladder pneumatic
actuators by 3D printing technology; fabricating the soft
triboelectric tactile sensor; assembling the soft robot.
The detail of fabrication procedure of the soft robot is
shown in Fig. 7.

The three-dimensional (3D) model of soft robot is
designed in SolidWorks, which is a Computer Aided
Design (CAD) software package. After the 3D printing
software coverd the STL model and generated the
movement paths, the soft robot is manufactured by the
designed custom 3D printer using viscoelastic silicone
material loaded into the syringe. Finally, the manufac-
tured soft robot is cured in humidity environment at
60 °C for 24 h and a tube is embedded into the fabricated
structure to create the robotic system. The soft tactile
sensor is made of silicone rubber (Eco-flex 0050) and
liquid metal (E-Galn). The mold used to fabricate the
sensor is printed by the 3D printing platform named
MakerBot, and then the casting of the silicone and the

injection of liquid metal are carried out. After the soft
tactile sensor solidified, the wires were connected to the
Sensor.

In the last part, the PVC board is inserted into the
reserved hole at the bottom of the soft actuation after the
software robot body and the soft sensor had manufac-
tured. The surface of the multi-motion soft robot body is
further coated with silicone rubber (Eco-flex 0050) to
ensure the sealing property. Then, the soft triboelectric
tactile sensor and rigid barb structure are assembled to
the robot’s body. Finally, the silicone tube is connected
to the multi-motion soft robot.

2.4 Movement patterns

The multi-motion modes soft crawling robot can
not only perform linear movement in flat ground,
but also perform crossing movement in obstacle envi-
ronment and climbing movement mode in steps
the different control

environment, according to

patterns.

2.4.1 The linear movement pattern

Driven by pressured gas, the soft crawling robot
can achieve a stretched cyclical movement. In Fig. 8a, a
cycle of the process is divided into two parts: the in-
flatable process and deflated process. At the stage of
inflation, the air pump inflates the soft robot’s body. Due
to the expansion of each air bag, the soft robot will bend
at a certain degree. A rigid PVC slice is embedded in the
bottom plate of the robot’s body to take advantage of the
inextensibility of the rigid slice, so that the soleplate
does not expand during inflation of the airbag and thus
produces a corresponding bending movement. Due to
the soft robot’s body, the barb structure of the front and
back base was designed. The front base receives more
friction than that of the rear base when the robot body is
flexed, so that the rear part of the robot swings forward.
At the stage of deflation, the bevel of the rear base is in
contact with the ground, the bottom of the front base is
separated from the ground, and the friction of the rear
base is relatively high at this time, which further enables
the soft robot to extend forward. So that the pump pe-
riodically inflated and deflated, prompting the soft
crawling robot to achieve a prolonged cyclical forward
movement in the flat ground.
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Fig. 7 The soft robot’s fabrication process.

2.4.2 The crossing movement pattern

In Fig. 8b, the crossing movement is achieved by
the body linear movement, head lift movement and body
linear movement after the head lifting. The linear motion
of the body of the soft robot has been described. Then we
will describe the soft robot’s head lift movement and
body linear movement after the head lifting. The lifting
motion of the head of the soft robot is for avoiding the
obstacle encountered by the soft robot in the course of
linear motion.

When the head of the soft robot touches the obsta-
cle, the soft sensor attached to the head will send a signal
to the control system. Then the control system will con-
trol the air pump to pump the pressure air into the head
actuator, causing the actuator to bend up. Then the soft
robot’s body will continue the linear movement. The
front feet of the soft robot leaves the ground, and the

adhesive tape attached to the bottom of the robot will
alternately change the friction during the movement.
When the soft robot’s head crossed the obstacle, the
actuator of the head will return to its initial state.

2.4.3 The climbing movement pattern

The climbing movement is divided into three parts:
soft robot’s head lift movement, soft robot’s body linear
movement and soft robot’s head linear movement. The
soft robot’s head lift movement and body linear move-
ments have been described in the upper section. Then we
will describe the soft robot climbing movement.

In Fig. 8c, the movement process of the soft robot
climbing the first ladder is similar to the crossing
movement shown in Fig. 8b. After the soft robot’s head
is completely resting on the first ladder, the soft robot’s
head performs the linear movement. The head straight
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Fig. 8 The different movement patterns of the soft crawling robot under different environments. (a) Flat ground; (b) obstacle; (c) step.

movement is similar to the body straight movement.
During the linear movement of the head, the control
system will control the air pump to pump pressure air

into the head actuator, causing the actuator to bend down.

During the inflating process, the front barb will be fixed
on the step, and the soft crawling robot’s body will move

forward due to the swelling and bending of the head
actuator. During the deflating process, the rear feet are
used as anchors due to the larger static friction force. The
front feet move forward with the stretching of the ac-
tuators. When the head of the soft robot touches the
second ladder, the control system will control the soft
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robot’s head achieve the lift movement again. Then the
soft robot’s next steps climbing movement will repeat
the above process.

2.5 Control system

Based on the aerodynamic control principle of the
established the
closed-loop control system to control the linear move-

soft multi-airbags actuator, we
ment, including the crossing movement and the climbing
movement with the soft sensor. The purpose of the linear
movement control is to keep the robot moves in a
straight line at the fastest speed. The purpose of the
crossing movement control is to keep the robot can cross
obstacles in the linear movement. When the robot en-
counters an obstacle in the course of linear motion, it can
cross the obstacle and keep the linear movement. The
purpose of the climbing movement control is to keep the
soft robot crawling on the steps.

Fig. 9 shows the closed-loop control circuit of the
multi-motion modes soft robot, which mainly contains
power source (DC12V), air pump, getter pump, reduc-
tion valve, electromagnetic valves, microcontrollers
(Arduino UNO), electric relay, and the soft robot. We
use three independent pneumatic circuits to control the
inflation and inhaling of these actuators. Each pneumatic
circuit consists of two two-position three-way solenoid
valves, two two-position two-way solenoid valves, one
inflator pump and one getter pump.

3 Results and discussion

We perform these experiments on the rubber sheet sur-
face, the PVC sheet surface, and the glass surface, re-
spectively, and collect the linear experimental data as
shown in Fig. 10. Fig. 11 introduces the experimental
process of the linear, crossing and climbing motions. It is
done on the PVC sheet surface as an example.

3.1 Linear movement

Fig. 10d shows the soft robot linear motion inflat-
able control chart, in which the abscissa indicates the
inflation time, and ordinate 0 and 1 respectively. During
the cyclical exercise test in soft robots, we set inflation
time 1 s, and then deflated immediately after the end of
the inflatable. After 0.6 s deflation, the robot reaches the
initial straight state, and the entire period is 1.6 s.

Power wire
Is’r_leunilatl_c pipe
v ignal wire

0700 s

(/= iy o | s

Fig. 9 The closed-loop control circuit of the multi-motion modes
soft robot.

To verify the ability of the soft robot to crawl on
different material surfaces, the soft robot carried out
movements on three different surfaces: the polyvinyl
chloride (PVC) plastic (one grid is 10 mm), the rubber
sheet, and the glass. The crawl distance “d” over a period
of time on the different surfaces of the soft robot is
shown in Fig. 11.

Fig. 11a shows the linear locomotion process of
multi-motion modes soft crawling robot on the PVC
plastic surface. The distance of each grid on the ex-
perimental platform is about 10 mm. In linear movement
experiment, the second and third actuators of the robot
body are inflated and deflated synchronously. Fig. 11ai
shows the robot at the initial state. Fig. 11bii shows the
robot at the inflated state. Fig. 11ciii shows the robot at
the deflated state. Under the pressure of 0.6 MPa and
other given conditions, the average distance of robot’s
moving rightward in a cycle is d = 10 mm, and the av-
erage moving speed of soft robot is 6.25 mm-s . It is
mainly to prove that the original basic sports performance
can still be maintained after assembling multiple airbags.

3.2 Crossing movement

Fig. 11b shows the crossing motion process of
multi-motion modes soft crawling robot on the PVC
plastic surface. This experiment is to verify the head
automatic lifting ability when encountering obstacles,
and the crawling ability of the head after lifting. In this
experiment, we place a 100 mm long, 10 mm wide and
5 mm high obstacle, on the robot’s crawling path.
Fig. 11bi shows the robot at the initial state. Fig. 11bii
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Fig. 10 (a—) The motion modes of soft robot on three different surfaces and (d) sequence of inflation and deflation.

shows the inhaled process of the first actuator when the
head touches the obstacle. At this process, the bending
up of the first actuator is caused by the inhaled of the
getter pump. Fig. 11biii shows the inflated process of the
second and third actuator when the soft robot’s head has
lifted. The Fig. 11biv shows the deflated process of the
second and third actuator. Fig. 11bv shows the final state
after the whole crossing movement process.

3.3 Climbing movement

Fig. 11c shows the climbing motion process of
multi-motion modes soft crawling robot on the steps
surface. This experiment is to verify the soft robot’s
climbing ability of the soft robot when the robot crawl
stairs. In this experiment, we set a two-storey step with a
height of 5 mm to test the ability of the soft robot
climbing the steps. Fig. 11ci shows the robot at the initial
state. Fig. 11cii shows the inhaled process of the first
actuator when the actuator touches the first ladder.
Fig. 1l1ciii shows the inflated process of the second
and third actuators when the soft robot’s head has lifted.
Fig. 11civ shows the deflated state of the second and
third actuators after 3 times linear movement of the soft
robot’s body. The Fig. 11cv shows the head has com-
pletely rested on the first ladder. Figs. 11cvi and 11cvii
show the linear movement of the soft robot’s head. The
Figs. 1lcviii and 1lcix show the next climbing move-
ment process of the second ladder.

The above experimental results show that the
multi-motion mode soft robot can successfully complete

the crawling motion in a flat environment, the leapfrog
motion in an obstacle environment, and the climbing
motion in a ladder environment under the control of a
closed-loop system. It verifies the adaptability of the soft
robot in a complex environment.

4 Conclusion

In this article, a multi-motion modes soft crawling
robot is designed and fabricated. It is composed of three
soft multi-bladder actuators, one soft sensor, middle
layer, bottom layer, front feet, front barb, and rear feet.
This robot can perform multi-motion, according to the
different positive or negative pressure control of three
soft multi-bladder actuators. Linear movement pattern,
crossing movement pattern and climbing movement
pattern are presented. We establish the closed-loop
automatic control system, which use soft sensor to con-
trol the soft robot pass through the complex environment.
According to the experiment, this linear motion model
can keep the robot moving toward the same direction,
and the average speed of the linear locomotion is
6.25 mm-s ' on the PVC surface. In the above experi-
mental condition, the crossing obstacle movement
model has a high accuracy rate, and after fifteen cycles
of movement, the soft robot can pass through an obstacle.
In the above experimental condition, the climbing
movement is composed of the linear movement and
crossing movement, the soft robot climb up multiple
stairs by alternating linear motion with spanning motion.
Finally, the ability of a soft robot to traverse complex
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Fig. 11 The movement experiments of the soft crawling robot. (a) Flat ground; (b) obstacle; (c) step.

environments is verified by the complex environments
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