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Abstract: The body of quadruped robot is generally developed with the rigid structure. The mobility of quadruped robot depends on the
mechanical properties of the body mechanism. It is difficult for quadruped robot with rigid structure to achieve better mobility walking
or running in the unstructured environment. A kind of bionic flexible body mechanism for quadruped robot is proposed, which is
composed of one bionic spine and four pneumatic artificial muscles(PAMs). This kind of body imitates the four-legged creatures’
kinematical structure and physical properties, which has the characteristic of changeable stiffness, lightweight, flexible and better
bionics. The kinematics of body bending is derived, and the coordinated movement between the flexible body and legs is analyzed. The
relationship between the body bending angle and the PAM length is obtained. The dynamics of the body bending is derived by the
floating coordinate method and Lagrangian method, and the driving force of PAM is determined. The experiment of body bending is
conducted, and the dynamic bending characteristic of bionic flexible body is evaluated. Experimental results show that the bending
angle of the bionic flexible body can reach18°. An innovation body mechanism for quadruped robot is proposed, which has the
characteristic of flexibility and achieve bending by changing gas pressure of PAMs. The coordinated movement of the body and legs can
achieve spinning gait in order to improve the mobility of quadruped robot.

Keywords: quadruped robot, bionic flexible body, PAM, spinning gait, dynamics

experiments!®!.

1 Introduction

Most of quadruped robots were developed with rigid
body, and they usually walk with the periodic gait. Actually,
Four-legged creatures are characterized by their mobility
and dynamic stability walking in unstructured environment.
The trunks of many quadruped animals are not rigid, such
as tigers and lizards. The trunk of these animals have
flexible spine so as to bend on one side with their
articulated spine when they are in turning, which can make Fig. 1. Body 'f’ending_ of four-legged animal
turn faster or more stable, as shown in Fig. 1. with flexible trunk

On the other hand, when the animals walk in
unstructured environment they usually adopt turning gait to
avoid obstacle or to change walking directions.

On the other hand, their body can bend when they are in
galloping gait or running gait, such as dog, horse tiger or
cheetah, their body can remains flexion or extension
because they have elastic spine, as shown in Fig. 21!, The
spine bending of different animals were evaluated by

In order to improve the mobility of quadruped robot
walking in the unstructured environment, the body structure
and its bionic characteristic should be considered. Walking
robot should be developed with the adaptability to various
unstructured terrains. The bionic flexible body mechanism
can play an important role for quadruped robot. It should
have the flexible property for different terrain environment,
such as flexible body mechanism for turning gait, spinning
gait or gait transition.
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Fig. 2. Body bending of dog with flexible trunk in galloping gait

TSUJITA, et al developed a kind of quadruped robot
with bionic flexible body. They presented that the mobility
and stability of locomotion strongly depends on the
mechanical properties of the body mechanism'®. The
flexible spine with some joints was designed based on the
human’s which is used to achieve
human-like motion™. A kind of segmented flexible spine
was put forward for a humanoid robot to maintain its
dynamic walking stability!®. The dynamic locomotion
stability of walking robots depends on their body
mechanism. The relationship between the running speed
and the dynamics of body pitching was investigated!”. A
kind of bionic body with variable stiffness was conceptual
presented by using the changeable elasticity of the
pneumatic actuators’® ). A kind of robot with changeable
body stiffness using pneumatic actuators was developed to
adapt to the changing environment'”. A kind of flexibility
body contained one articulated spine joint was presented'').
REMY!"? proposed to increase the adjustable quality on the
rigid body to change the centroid positions, which reflects
the trunk properties of four-legged creatures during
dynamic walking. A spinal structure with variable
viscoelasticity and multiple joints was presented and a
quadruped robot with this kind of body was developed, and
the relationship between the gait pattern of the legs and
viscoelasticity spine was analyzed!’!. LEESER, et al'*],
developed a planar quadruped robot with articulated spine.
The spine and trunk can provide three functions: increasing
the effective leg length, storing/transferring energy, and
providing auxiliary power to legs. The spine, as central
element of the vertebrate’s body, is used to enhance
locomotion and to absorb shocks, which can achieve
life-like locomotion or to receive a higher mobility. The
spine’s role varies in different vertebrates, depending on
the body shape, weight and type of locomotion. The rigid
connection between the front and rear body is replaced by
an elastic and actuated spinal column to improve the
mobility, and the use of elastic elements can protect the
system against hard and abrupt movements or vibrations!').
A salamander-like robot driven by 10 DC motors is
presented, which actuate 6 hinge joints for the spine. The
locomotion gaits related to vertebrate are analyzed, which
are generated by a Central Pattern Generator''®. The
cheetah robot is developed by MIT with the differential
actuated spine!' ],

Some of the flexible bodies are in the stage of the
conceptual design. Some of them are relatively simple and
are difficult to achieve the flexible bend similar to the
quadruped creatures.

About the gait of quadruped robots, which are generally

spine structure,

classified into periodic and non-periodic!'”. The straight
forward gait, such as crawl gait and trot gait are periodic,
which have been widely studied. A kind of quadruped robot
with parallel-leg was presented. The dynamic steady trot
gait was planned and inspired by Central Pattern Generator
to produce the rhythmic movement!”’.

One limitation of periodic gaits is that they are
ineffective on irregular terrain, such as a hole or a vertical
edge on irregular terrain'”. Non-periodic gait can change
the support points of the walking robot so that the robot can
walk in the unstructured environment. Non-periodic gaits
usually provide good mobility and high stability. The
discontinuous turning gait belongs to non-periodic gait. The
turning gait of quadruped robot should be studied in order
to improve its mobility. The turning gait of quadruped robot
with rigid body was presented' **. Compared with the
flexible body, the turning speed of the quadruped robot
with rigid body is relatively slower.

The bionic flexible body of quadruped robots should be
developed by imitating the trunk structure of creatures to
improve the mobility. PAMs have many desirable
characteristics, such as properties similar to biological
muscle, high power/weight ratios and inherent compliance.
PAMs have been used in a wide variety of applications in
robots!> 61,

A kind of bionic flexible body mechanism driven by
PAMs for quadruped robot was proposed based on the
principle of four-legged creatures’ mobility and stability,
and the role of the flexible body for the spinning movement
was analyzed. The kinematics of bionic flexible body and
the leg side-swing was derived. The bending dynamics of
the rigid-flexible coupling body mechanism was analyzed
by the moment of momentum theorem. And the gas
pressure of PAM for bending the body was derived. The
dynamic bending experiment of bionic flexible body was
conducted. The results show that the bionic flexible body
has the muscle-like property, which can be used as the
musculoskeletal body for quadruped robots. The study in
this paper will lay the foundation for the quadruped robot
dynamically stable walking in the unstructured
environment.

2 Structure Model

2.1 Configuration of quadruped robot

If quadruped robots are developed with the flexible body,
they can achieve variable posture to improve their mobility
and stability in the unstructured environment.

The quadruped robot with bionic flexible body is
presented as shown in Fig. 3. The robot is composed of
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four leg mechanisms and one bionic flexible body
mechanism. Each leg is designed with three rotational
joints, which are side-swing hip joint, hip joint and knee
joint. Each joint is driven by PAM. The bionic flexible
body is composed of one bionic spine, four PAMs, fore
body and rear body. The fore body and hind body are
connected by the bionic spine and PAMs.

Cylinder

Link 1
Hip joint
Link 2
Leg2
Knee joint
Link 3

Side swing
hip joint

Fig. 3. Quadruped robot with bionic body

The bionic body bending is driven by PAMs. The PAM
has remarkable muscle-like properties such as soft and
flexible, which consists of thin rubber tube covered by high
strength braided fibers. One end has a gas inlet/outlet.
When the PAM is supplied with compressed air, the inner
bladder expands in the radial direction and the PAM
contracts or shortens to create a force in the longitudinal
direction. The PAMs imitate the behavior of biological
muscle and drive the fore body or rear body to achieve the
relative motion.

Four muscles are arranged symmetrically along the
bionic spine, and the spine can achieve upwards/
downwards or leftwards/rightwards bending. When two
upper/below muscles are inflated, the spine can bend
upwards/downwards. When two left/right muscles are
inflated, the spine can bend lateral. One cylinder is installed
each end of PAM, which is used to compensate the
changing of the PAM length.

2.2 Bionic spinal unit and bionic flexible body

The creature spine consists of a number of spinal units,
which is composed of vertebrae and intervertebral disc, as
shown in Fig. 4(a).

The bionic spine mechanism for the quadruped robot is
designed with 10 bionic spinal units, which is composed of
biomimetic vertebra, intervertebral disc and three springs.
The bionic spinal units connect each other and form 9
passive joints. The intervertebral disc is located in the
middle of two biomimetic vertebrae. Three springs pass
through the intervertebral disc and connect two adjacent
biomimetic vertebrae, as shown in Fig. 4(b).

The bionic flexible body is composed of fore body, rear

body, one bionic flexible spine unit, four PAMs and eight
cylinder component. Each cylinder component is composed
of one double-acting cylinder and one slider. Two PAMs
are arranged at the left side of the body, and the other two
PAMs are arranged at the right side of the body, as shown
in Fig. 4(c).

Disc. @
(a) Actual spinal units

Biomimetic vertebra

(b) Bionic spinal units

Bionic spine

Slider 1
Cylinder 1

Cylinder3 Cylinder 4

(c) Bionic flexible body

Fig. 4. Spinal unit and bionic flexible body

3 Kinematics

3.1 Spinning gait

The spinning gait planning of quadruped robot with
flexible body aims to determine the duty factor S, and leg
phase ¢ (i =1,2,3,4) . We derive the landing position of the
swinging leg and the lifting position of the supporting leg
from the motion speed while the legs are limited within
their reachable range.

Duty factor g, is the ratio of ith leg in stance phase

time 7, to the walking cycle 7, is given by

L

=" (1)

Leg phase ¢, be the ratio of time interval from the leg
begins to move to the ith leg begins to move to the walking
cycle. ¢, is the time when the robot starts moving time,
and ¢, is the time when the ith leg begins to move time.
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The leg phase can be expressed by

¢ =(t;—1,)/T (0<¢ <1). )

Suppose one spinning gait cycle is divided into six
sections shown in Fig. 5.

Stance phase [ Swing phase

Leg4

Leg3

Leg2

Legl

to 4 t, 1 1y 15 ls

Fig. 5. Stance phase and swing phase

during one spinning gait
The phases of the legs are
¢ =(ty—1,)/ 15 =0,
(t,—1) /1, =1/6,

(t3_t0>/t6 =1/2,
(ty—1y)/ts=2/3.

€)

2
9,
4

For quadruped robot, the gait formula can be expressed
asg =[5 55 Bi; 8.9, ¢;,8,], which describes lift and
fall action sequence of each leg, and also describes the
interval time between adjacent legs. The spinning gait
planning can be expressed as

“)

3.2 Kinematics of the bionic flexible body

The coordinate systems of robot for kinematics are
shown in Fig. 6. The kinematics of the robot can be
represented in the world coordinate frame {/#'}. The body
initial coordinate of quadruped robots is {B}, whose
coordinate origin is in the center of body. The coordinate
systems of hip joints for side-swing are {H,}, and the foot
coordinate systems are {F;}(i = 1,2,3,4).

The body bending angle is @, then the angle between the
fore body and the rear body is 26. The positions and
orientations of hip joints with respect to body can be
expressed by the homogeneous transformation matrix:

1 0 0 a
0 1 0 &b
B
T= ,
& 0 0 1 0
0 0 0 1
1 0 0 a
0 1 0 —b
B
T= ,
H2 0 0 1 0
0 0 0 1

(a) Body bending and leg swing

2a
Rear bod
Y Yy
H; | Bionic spine H,
F:| y Ny X
A N H—>
ﬁ | ! B X ! ! :
T
| Yy
o 7 < n
R ——— - —~— x
H.l I—‘ X B’ A
Yy
A ~ X \Q?y\
/H;\\ iy
Fore body 3 ~J3

PAM
(b) Bionic body bending

Fig. 6. Bionic body bending of quadruped robot

1 0 0 —a
0 1 0 b
B
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0 0 0 1
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B
T: ’
e 0 0 1 0
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cos20 —sin28 0 a—bsinzg_asmze
=[sin20 cos26 0 bc0529—3+000520
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—|sin26 cos260 O —bcosZﬁ—%+a00529
0 0 1 0
0 0 0 1
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According to Fig. 6, the relationship between the
real-time length of PAM and the body bending angle can be
derived:

loan = 2[%—b]sin¢9—2s, (6)

where a—Half of the body length,
b—Half of the body width or the mounting size
of PAM,
s—Length of the pipe head for mounting
the PAM.

3.3 Kinematics of leg in stance phase

While the body bends, the leg in stance phase begins to
swing with body.

The kinematics of leg in stance phase is derived as
follows:

cos¢y —singy 0 O
0 sing,  cos¢y 0 0
I = ’
0 0 1 0
0 0 0 1
cos, —sing, 0 IA
| 0 0 -1 0
2T = N B
sind, cosd, 0 0
0 0 0 1
cos¢; —sind; 0 A
2y | —SING; —cos@ 0 0
Tloo o -1 of
0 0 0 1
cos@, —sing, O I
5 0 0 -1 0
4T =1 . .
sing, cos@, O 0
0 0 0 1

3.4 Coordinated movement of body and legs

The robot walks with the spinning gait, the body bending
and legs swing should keep coordinated movement. The
coordinated movement of body and legs should meet the
dynamic stability conditions. The angle of the body
bending and leg swing angle should be controlled within a
reasonable range in order to implement the coordinated
movement. It is necessary to analyze the movement range
of the hip joint in leg and body.

3.4.1 Movement range of hip joint in leg

When the robot walks with the spinning gait, the leg in
stance phase begins to swing with body, as show in Fig. 7.
The position and orientation of hip joint in leg with respect
to foot can be expressed by the homogeneous

transformation matrix:

T ="T(6)T(6,)37(6;) 37 (6,), Q)

Fig. 7. D-H coordinate systems of leg in stance phase

When the leg in the initial state, the pose of foot with
respect to the hip joint is as follows:

-1 0 0 0
0 01 0
T = :
i 0 1 0 —h
0 0 0 1
(3
nx OX ax px
H, H, o F n, o, a, p,
o =" T = 7],

H’ [:l H’ nZ OZ aZ pZ
0 0 0 1

where

P, =—1,cos 6, cos(6; —6,)— 5 cos 6 —1, cos b cos b,
p, =1, sin6, —1 sin(6, —6,).
)

Eq. (9) is after leg swing, the position vector of hip joint
in leg with respect to the initial point in the plane of yoz.

3.4.2  Movement range of hip joint in body

The coordinated movement between the body bending
and legs swing is shown in Fig. 8. The broken lines indicate
that the robot is in the initial state, the solid lines indicate
that the robot is in the state after the body bending.

When the body bends as well as the leg in stance phase
begins to swing with body, the hip joint has a displacement,
as shown in Fig. 8.

Take leg 4 as an example, the movement range of hip
joint in body is derived as follows.

According to the homogeneous transformation matrix
w T and /T, then
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curve indicates that the bending angle of body is less than
H Bp—1, B °
HZT =pud T = 40°.
cos28 —sin26 0 P, 4 D .
. namics
sin26 cos20 0 p, y
0 o 1 of (19)
The dynamic modeling is to determine the relationship
0 0 0 1 between the body bending torque or PAM driving force and
where the body bending angle.
. asin26
P, =2a+bsin20— R 4.1 Driving force of PAM
4sin 20 (11 The musculoskeletal bionic flexible body is rigid-flexible

py:b—ccos29—%—|— )

Eq. (11) is after leg swing, the position vector of hip joint
in body with respect to the initial point in the plane of xoy.

2a

Fig. 8. Coordinated movement
between body and legs

3.4.3  Calculation results

According to the PAM length of leg mechanism, the
rotating range of each joint is 6, €[90°,120°],6, € [-5°,75°|,
0, €[8°,22°],6, €[0,30°].

The link length of leg is /[, =35 mm, /, =363 mm,
[, =257 mm.

In the horizontal plane, the movement range of hip joint
H,in leg can be calculated by Eq. (9), as the shadow
region shown in Fig. 9. The trajectory of hip joint H, in
body can be calculated by Eq. (11), as the green curve
shown in Fig. 9.

00 150
x/ mm

Fig. 9. Movement range of hip joint in body and leg

The intersection of the shadow region and the green

coupling. The bionic spine is composed of several
vertebrae units, and each vertebrae unit is composed of two
vertebrae and three springs, as shown in Fig. 10. The
floating coordinate method is adopted to analyze the
dynamic model of each vertebrae unit*”.

Fig. 10. Vertebrae unit

The kinematic energy and potential energy of ith
vertebrae unit can be expressed by

1 1
Ey = —mul +—=J 0],
2 2

o 2
E, = kAx},

(12)

where @, =8 /n,
k, —Spring stiffness,
J,;—Moment of inertia of ith vertebrae unit.
The dynamic of rigid-flexible coupling spine with »
vertebrae units can be expressed by

dai% 0> E, 0 E,
_ i=l __i=l 4=l

T ,
dt 04 0q 0q

(13)

where 7 —Driving moment for bending the body,
n—Number of vertebrae unit, =10,
q—Joint variable, g = 6.

The needed driving force of PAM for bending the body
can be derived by the moment of momentum theorem. The
forces acting on the body are shown in Fig. 11.

For the fore body, there is following equation according
to the moment of momentum theorem:
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d*o
- 14
7 (14)

= Z M (F),
where J;, —Moment of inertia of the fore body

about the central axis,
F.—External force acting on the body.

Fig. 11.

Force analysis of body

The total moment of all external forces is

ZME(E.):2prcos0—%. (15)

The needed driving force of PAM for bending the bionic

body should be
/(Zb cos ).
4.2 Gas pressure of PAM

The pneumatic muscle has elasticity and its elasticity can
be changed by operating inner pressure. PAM exhibits
non-linear characteristic, which is related to the elasticity
and the friction among the rubber, the braid and the end
constraints.

The force model of PAM should be analyzed. As the
PAM is made from viscoelastic material, it is a challenging
problem for determining the accurate model because of the
nonlinearity of PAM. Some force models have been
suggested, which can be used to analyze the characteristics
of the PAM, and determine the relationship between the
muscle contraction and force of PAM.

PAM can only exert a unidirectional pulling force. The
relationship among inner pressure, force and contraction
can be derived, and for different PAM, there are different
express form and coefficient. The force produced by PAM
can be expressed as a function of total pressure p and
contraction ratio & !*

(16)

P

2
F=,%9.7
a2

F(e,p)=1p

%’lg](ﬁl (1*8)2 *ﬂz)a

(17
b= & b=

=—,
tan” ¢

.2 H
sin” o

where p —Inner pressure of the PAM,
B, B, —Constants related to the PAM parameters,

o, —Initial braid angle, which is defined as the
angle between the PAM axis and each thread
of the braided sheath before expansion,

¢ —Contraction ratio, ¢ =1,—1/1,, [, isthe
initial length, d,, is the initial diameter of the
PAM.
Then the inner pressure of the PAM can be calculated:

5 Experiment

2
nd

4][ﬁ1 (1-2) —ﬂz}}. (18)

When the PAM of the body mechanism is supplied with
pressurized air, the relative rotating movement between the
fore body and the rear body is produced.

The bionic body can achieve bending along different
direction. On the one hand, it can bend along upwards or
downwards, which is helpful to the running or jumping gait.
On the other hand, the body can bend along leftwards or
rightwards, which is helpful to the spinning gait. As the
spinning gait is analyzed in this paper, so the experiment of
body lateral bending is only conducted.

5.1 Experiment system

The dynamic bending experiment of bionic flexible body
was conducted to study the working characteristic of PAM,
and to determine the relationship among the body bending
angle, PAM real length and gas pressure. The bending
experiment principle of bionic flexible body for quadruped
robot is shown in Fig. 12. The experimental system is
composed of one bionic artificial spine, PAMs from
FESTO Company, fore body, hind body, pneumatic control
system, NI data acquisition card, proportional valves,
pressure regulating valve, displacement sensor and pressure
Sensor.

Reversing 2 Gas to cylinder

Reversing 1 ‘ ‘
= I.--‘E:I Proportional
valve 1 ‘

e

Gas to PAM

PAM

Air

compressor Pre?sﬁ_rg Fropostiong]
regulating lve 2 i
i AV"“l ¥E Cylinder
o nalo
Digital quantit%/ Displacement
quantity sensor
g |-

Computer Length signal

Fig. 12. Experimental system
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One end of PAM is supplied with compressed air, and the
other end is mounted a displacement sensor, which is used
to measure the real length of PAM. Each PAM needs one
proportional valve to control inlet gas or outlet gas.
Proportional valve is a kind of digital switching solenoid
valve with rapid response performance, which is an ideal
interface element between the electronic and pneumatic
components. The most significant feature is the ability to
accept directly a digital signal to the fluid system pressure
and flow pulse width modulation, which can provide an
effective means to control PMA.

The experiment principle of bionic flexible body bending
is as follows: The pressurized air is exported by the air
compressor and is inputted into the PAMs through pressure
regulating valve and proportional valve. The proportional
valve is dynamically controlled through NI data acquisition
card and Labview software. The gas pressure is controlled
at certain value, and the PAMs length can change with
changing of gas pressure. The hardware used in the
experiment is shown in Table 1.

5.2 Experimental results

5.2.1 Experiment system
The bending experiment is conducted to evaluate the

control algorithm and the bending characteristic of the
musculoskeletal body. The PAM length should be
controlled within a reasonable range in order to obtain the
suitable bending angle of the bionic body.

Table 1. Main hardware used in the experiment
No. Name Model name Company

VPPM-6L-L-1-G18-

1  Proportional valve FESTO
OL6H-VIP-C1
SDE1-D10-G2-W18-

2 Pressure sensor FESTO
L-PU-M8

3 Reversing valve LFR-1/8 FESTO

4  Displacement sensor QL40 BOSO

USB-6212 Bus-Powered M
Series Multifunction DAQ NI

Device

5  Data acquisition card

Pneumatic artificial
6 MAS-20-200N-AA-MC-O
muscles

FESTO

The PID control algorithm is adopted to control the PAM
length. The control system is shown in Fig. 13.

Expected output le + e(k) — u(k) Uk p(k) Actual output /(k)
() Digital PID | D/A | ® I Proportional valve I I PAM |
Controller | | | l | |
I(k)
A/D Displacement
sensor
Fig. 13. Block diagram of body control

The compressed air is supplied through a ¢6mm tube
from the compressor to the valves and PAMs. The pressure
sensors are used to measure the air pressure. The data
acquisition card records the signal of pressure sensors and
input into the PC. The software Labview is adopted to
monitor and collect the data imported by the data
acquisition card.

The hardware used in the experiment system is shown in
Fig. 14. The biomimetic vertebrae are manufactured by 3D
printer.

Fig. 14. Experiment system of bionic flexible body

5.2.2  Tracking experiment of PAM length

The body parameters are as follows: « =160 mm,
b=80 mm, s =60 mm. The PAM initial length [, is
200mm and the initial diameter d, is 20mm. The initial
braid angle of PAM is 30°.

The expected length of PAM changes with time is set as

Loan = 200 —1.6¢> (160 mm </, <200 mm). (19)

The experiment results of PAM length tracking are
shown in Fig. 15. The parameters of PID are k, =3,
k=1 ky=1.

The experiment results show that the PID control
algorithm is feasible.

5.2.3  Body bending angle

The PID control algorithm is adopted to control the PAM
into different length. During the experiment, the minimum
length of PAM can be compressed to 140 mm. The PAM
length change from 200 mm to 140 mm, and the body
bending angles under different PAM length are measured.
The results of experiment and calculation by Eq. (6) are
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shown in Fig. 16.
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190
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Length /pyy /mm
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— Actual value

160
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o
[
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Time ¢ /s
(a) PAM length

800 -

600 [

400 |-

Pressure p/kPa

200 [

— Actual value i

Time ¢/s
(b) Length error

Expected value /

Fig. 15.

200

190

180 |

170 |-

160

PAM length I,y /mm

Time ¢ /s
(c) Gas pressure

Experimental results

—o6— Experiment
—— Theory

140

5 10 15 20
Bengding angle 6/(°)

Fig. 16. PAM length versus body bending angle

The body bending angle is related with the body length,
body width, PAM length and PAM mounting size. The

maximum bending angle of the bionic flexible body can
reach 18°.

6 Conclusions

(1) A kind of bionic flexible body driven by PAMs for
quadruped robot is proposed, which is composed of one
bionic flexible spine, fore body and rear body. The body
has the property of flexibility by changing PAM pressure.

(2) The quadruped robot can achieve the spinning gait by
the coordinating movement between the bionic body and
the leg mechanism together.

(3) The bending angle of the bionic body is related with
the body length, body width, PAM length and PAM
mounting size.

(4) The experimental is conducted to evaluate the
bending characteristic of the bionic flexible body. The PID
control algorithm is adopted and the bending feasibility is
investigated. The body bending angle is measured by
changing the PAM pressure. The maximum bending angle
of the bionic flexible body can reach 18°.
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