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Abstract

The pivot turning function of quadruped bionic robots can improve their mobility in unstructured
environment. A kind of bionic flexible body mechanism for quadruped robot was proposed in this pa-
per, which is composed of one bionic spine and four pneumatic artificial muscles (PAMs). The co-
ordinated movement of the bionic flexible body and the leg mechanism can achieve pivot turning
gait. First, the pivot turning gait planning of quadruped robot was analyzed, and the coordinated
movement sequence chart of pivot turning was presented. Then the kinematics modeling of leg side
swing and body bending for pivot turning was derived, which should meet the condition of the coor-
dinated movement between bionic flexible body and leg mechanism. The PAM experiment was con-
ducted to analyze its contraction characteristic. The study on pivot turning of the quadruped robot
will lay a theoretical foundation for the further research on dynamic walking stability of the quadru-

ped robot in unstructured environment.
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0 Introduction

Walking in the unstructured environment such as
barriers, trenches and so on, quadruped robots need
the function of pivot turning. Many kinds of quadruped
robots have been developed, which mainly include pe-
riodic gait, such as crawl gait'' and trot gait'>'. But it
is necessary to study the pivot turning gait for quadru-
ped robots suitable for the unstructured environment.

The super athletic ability of the four-legged crea-
tures provide a good biological template for developing
quadruped bionic robots, which is the collaboration of
the nervous, musculature and skeletal systems'*’. The
walking mobility and stability of the four-legged crea-
tures depend on their trunk property, whose spine is a
complex mechanical structure. The trunk spine of the
four-legged creature consists of vertebras, which are
separated by intervertebral discs. Therefore the trunk
of the four-legged creature has a flexible body proper-
ty, which can bend in two-dimensional direction for
adapting various complicated terrains. The coordination
movement between the flexible body and the leg mech-
anism of creatures can go across obstacles or pivot turn-
ing quickly.

In the unstructured environment, the terrain is
complicated and diversified. The mobility and stability
of the quadruped robot depend on the body mecha-
nism. The body properties of the developed quadruped
robots are generally rigid. The body role during dynam-
ic walking or pivot turning has been usually ignored"*’.
Some researchers have paid more attention to the flexi-
ble body structure since 2009. Remy'”’ proposed a new
mechanism to increase the adjustable quality on the
rigid body to change the centroid positions, which re-
flects the trunk properties of four-legged creatures dur-
ing dynamic walking. A kind of segmented flexible
spine was proposed for a humanoid robot to maintain its
A kind of bionic body

with variable stiffness was designed and the robot dy-

dynamic walking stability'®’.

namic stability of the flexible body structure was ana-
lyzed"”*'. A kind of variable viscoelastic body was de-
veloped and the coordinated movement between body
and leg mechanism was studied to achieve dynamic sta-
ble walk">"'®’. A method was proposed to add a joint in
the middle of the robot body to improve its flexibil-
ity[1)
body flexibility structure should not be ignored, which

. Therefore, for quadruped walking robots, the

plays an important role for quadruped robots dynamic
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stable walking in the unstructured environment. The
body properties directly affect the mobility and dynamic
stability of quadruped robots.

In this paper, a kind of bionic flexible body
mechanism driven by PAMs for quadruped robot is pro-
posed based on the biological principles of four-legged
creatures’ trunk properties. The gait planning of the
pivot turning is analyzed. Then the kinematics of pivot
turning is derived to determine the joints angular dis-
placement and obtain the relationship between PAM
and the body bending angle. The PAM experiment is
also conducted to study its working characteristic,
which will lay the foundation for developing quadruped
robot walking in the unstructured environment.

1 The biological principles

The movement of the creatures is the result of co-
operation and coordination of nervous, musculature and
skeletal systems, of which the nervous system controls
the movement of the muscular system to produce force
acting on the skeletal system. Then the skeletal system
drives the joints to rotate relatively and achieve a varie-
ty of movement’’.

The muscle of the creatures is a kind of special
structure,, which is composed of a large number of sar-
comeres, their series form muscle fibers, and muscle
fibers in parallel form muscle. When the nervous sys-
tem stimulates these sarcomeres, they can absorb the
chemical energy in the muscle and their length chan-
ges. Consequently the muscles begin contraction and
drive connected bones, and then complete a variety of
movement '

By observing the body properties of four-legged
creatures walking in the unstructured environment, we
can find that their flexible body plays an important
role, especially when creatures are in face of the obsta-
cles and they have to make a pivot turning. The crea-
tures’ body can bend at an angle so that they can fin-
ish pivot turning quickly'"®’ | as shown in Fig. 1.

Fig.1 The flexible body of four-legged creatures

One method to analyze the four-legged creatures’
walking pattern is to gather actual motion data. In or-

der to learn more about the pivot turn gait principle of
the creatures, and the coordinated movement between
the trunk and leg mechanism, the high-speed motion
capture experimental method can be used to study crea-
tures’ body bending and legs swing. The specific
method is as follows. Based on the principles of com-
puter vision, the optical motion capture and the analy-
sis system is used to monitor and track the specific
spots by the synchronization and calibration camera,
which are pasted along the creature flexible trunk and
on the leg joints. According to the collected data, the
motion decomposition can be done to analyze how the
creature keep dynamic stable when walking in the un-
structured environment. By analyzing the variable to-
pology configuration transformation of four-legged crea-
tures during dynamic stable walking, we can conclude
that the flexible trunk has the bending characteristic a-
long two different directions, and can obtain the kine-
matics parameters of coordination movement between
trunk and legs, which will provide valuable reference
for developing quadruped bionic robot.

2 The structure of the robot

A kind of bionic quadruped robot is presented as
shown in Fig.2. The robot is composed of four leg
mechanisms and one bionic body mechanism driven by
PAMs. Each leg has three rotary joints, which are side
swing hip joint, walking hip joint and knee joint. Each
joint of the leg mechanism is driven by a DC motor.
The leg mechanism and the body are connected by the
side swing hip joint. The bionic body is composed of a
forebody, a hind body, a bionic spine and four PAMs.
The forebody and hind body are connected by the bion-
ic spine and PAMs. The PAM can imitate the behavior
of biological muscle and achieve the relative motion of

the forebody and hind body.
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Fig.2 The quadruped robot
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The bionic body bending is driven by PAMs. The
PAM has remarkable muscle-like properties such as
softness and flexibility, which consists of thin rubber
tube covered by high strength braided fibers. One end
has a gas inlet/outlet and the other is connected with
the load. As 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 artificial spine consists of a number of bionic o > i o

. . L. . . . . K 1. Biomimetic vertebra; 2. Intervertebral disc; 3. Spring

spine units. Each bionic spine unit consists of biomim- Fi Lo .
) ) ; . ig.3 The bionic spine unit

etic vertebra, intervertebral disc and three springs, as

shown in Fig. 3. The intervertebral disc is designed be- 3  Gait planning of pivot turning
tween two biomimetic vertebras. Three springs pass

through the intervertebral disc and connect two adja- The sequence chart of pivot turning gait of the

cent biomimetic vertebras. The structure can obtain quadruped robot is shown in Fig. 4.

flexible spine and achieve body bending in two-dimen- (D The initial state, as shown in Fig. 4(a).
sional space.

Left fore leg

Right fore leg

Right hind leg

Left hind leg

0 L t t t, ts t

Swing phase m and supporting phase |:|
®)
Fig.4 Gait planning of pivot turning
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@) The left foreleg begins with the side swing and
finally the foot-end touches the ground, as shown in
Fig.4(b).

@ The right foreleg begins with the side swing
and finally the foot-end touches the ground, as shown
in Fig.4(c).

@) The two forelegs begins with the side swing
backward at the same time, and the body begins ben-
ding driven by the PAMs, as shown in Fig.4(d).

() The right hind leg begins with the side swing
and finally the foot-end touches the ground, as shown
in Fig.4(e).

(© The left hind leg begins with the side swing
and finally the foot-end touches the ground, as shown
in Fig. 4(f).

(D The two hind legs begin with the side swing
backward at the same time, and the body begins
straightly driven by the PAMs, as shown in Fig.4(g).

Thus a movement of pivot turning is completed.
During the pivot turning, the phase of each leg changes
between the swing phase and the supporting phase as
shown in Fig.4(h). Repeating the process above, gait
cycle one of pivot turning can be completed.

4 Kinematics analysis

When quadruped robot begins pivot turning, the
leg mechanism begins side swing as along as the bionic
body bends. The bionic body is driven by PAMs. So it
is necessary to analyze the coordinated movement rela-
tionship between bionic body and leg mechanisms.

4.1 Kinematics of leg mechanism
4.1.1 Forward kinematics

The Denavit-Hartenberg coordinate systems are
shown in Fig. 5. The coordinate system 0,%,7,z, is loca-
ted at the hip joint of the side swing. The coordinate
frame 0,x,y,z, is located at the foot-end.

Xo

CE y() yl
Xy \\ 11

o, 1o

Zz‘%{j &\\

X2

X4

Fig.5 The coordinate frames for kinematics modeling

According to the coordinate systems, the link pa-
rameters can be determined as shown in Table 1.

Table 1 D-H parameters
i a;_ Qi d 0;
1 0 0 0 0,
2 L 90° 0 0,
3 L 180° 0 a3
4 l 0 0 0

According to the homogeneous transformation ma-

trix
ct; = 50, 0 @i
S sOca;;  cBica,, —sa;,; —dsa,
l sOsa_y cBicay ca; dica;
0 0 0 1

the transformation matrix of each link can be cal-
culated as follows

¢, -5 00 ¢, —-s, 0 [
op —| S G 00’;T:O 0 -1 0’
0 1 0 S, €y 0 0
0 0 01 0 0 0 1
s —-s3 0 U, 1 0 0 L
> -s; —¢ 0 0 3T = 01 0 O
0 0 -1 0 001 0
0 0 0 1 0 0 0 1

The position and orientation of the foot-end with
respect to frame x,y,z, can be described by the homoge-

. .0
neous transformation matrix ,T.

0 0 1 2 3
,T = lT(el) : 2T(62) : 3T(03> -, T
1 1 1 1
n)( OI a.t pﬂ:
1 1 1 1
_|n o a p, (1)
1 1 1 1
nZ 0: al pZ
0O 0 0 1
1
N, = €;$,8; + €,C,C4
1
n, = §,8,8; + 8,C,C4
1
N, = 803 = €83
1
0, = €563 — €1Cy8;
I _
0, = 585,05 = $,Cy83
1
0, = 7 (03 = 5583
1 1 1
a, ==-s,a, =c¢,a, =0
1
P = Ly + I(eysys5 + cic65) + Leey
1
Py = Li(s5,55 +510063) + sy + 1ysicy

pi = sy = L(eys5-5,65)
where s, = sinf,, ¢, = cosf,,1 = 1,2,3.
4.1.2 Inverse kinematics
The forward kinematics equation has been derived

i

as Eq. (1). The inverse kinematics of leg side swing
for quadruped robot can be calculated by an inverse
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transformation method. The position and orientation of

the foot-end is known as the following matrix ;

n.\f OX a)( px
"T(9,) - 1T(6,) -T(6,) -iT =™ & @ P
nl OZ az pZ
0 0 1

(2)
Each side of the equation above is multiplied by
the matrix {T~'(6,), we then obtain

\T(6,) -3T(6;) - iT =

n)C Ox ax p,’(
T (o) | S P (3)
nZ OZ aZ pZ
0 0 0 1
Three joint angular displacements can be derived
as:
6, = arctan(p,/p,)
9, = arctan *% + arct (—/nz"'mz_hz)
, = arctan - = + arctan W (4)
—lys
0, =0, - arcsin]%
3

where m = 20,p_, n = 2L,p.c; +2l,p s, =201, h =
pier +pysi +2ppysic; = 2Lp,ey = 2Lipys; + 1+ pl +
E P

The sinusoidal function is selected as the foot-end
trajectory of the leg side swing. According to the length
of the leg mechanism in initial state, the foot-end traj-
ectory function is set as follows

-300 + hsin(%t)

P
(5)

p, = iTt, t e [0, T]

With the step height A =30mm, the step length
s =100mm and one side swing cycle T =10s, the foot-
end trajectory of leg side swing is calculated as shown
in Fig.6(a). Three links’ lengths are [, = 50mm,
[, =200mm and /; =150mm, respectively. Then three
joints’ angular displacements are calculated as shown

in Fig. 6(b).

4.2 Kinematics of body mechanism
4.2.1 The bending model of the bionic body

The bending model of the bionic flexible body is
shown in Fig.7(a). The layout of four PAMs is shown
in Fig. 7(b). When PAMs are filled with compressed
air, the bionic body starts to bend. The dash line indi-
cates the body state before bending, and the solid line
indicates the body state after bending. The bending ra-
dius of the bionic spine is R and the body bending an-
gle is @, then the angle between the forebody and the

hind body is 26.
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(a) Side swing trajectory of the foot-end
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Fig.6 Kinematics analysis results
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(b) Layout of four PAMs
Fig.7 Bending model of the bionic body
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The original diameter and length of the PAMs are
d, and [,. The diameters of the stretched PAMs and the
compressed PAMs are d, and d,.
4.2.2 Analysis results

The geometric method is adopted to analyze the
relationship among body bending angle, PAM length
and gas pressure.

The geometric relationship of the bending body
driven by the PAMS is shown in Fig. 8. The displace-

ment of the bionic spine endpoint E along two direc-

tions is s; and s,.
Bionic spine

Hind body

S
—

Fore body
P

Fig.8 Geometric relationship of the bending body

The relationship between body bending angle 6
and PAM length [ can be derived as
losind
S0
Eq. (6) represents that the relationship between

l

- 2asinf (6)

the body bending angle and the real-time length of
PAM is almost reversely proportional. The shorter PAM
length, the greater the body bending angle is. But the
body bending angle should be controlled within a rea-
sonable range, which can ensure the coordinated move-
ment between the body and legs and meet the stable
walking condition. According to Fig. 8, the displace-
ments of point E along two directions are

s, =1y = lyesin20 = 1, — 20l,sin20

Sy = lop — lppcos26 = 26l —20l,cos26

These two values should be equal to the foot-end

(7)

displacement of the leg side swing. So Eq. (7) also re-
presents the relationship between the body bending an-
gle and the foot-end displacement of leg side swing.
The coordinated movement of the leg side swing and
body bending should meet the dynamic stability condi-
tions in order to achieve pivot turning.

S Experimental results
The PAM is becoming increasingly popular be-

cause of its working characteristics similar to the animal
muscle. It has been used in various robots to enhance

strength and mobility """,

The pneumatic experimental system is designed to
study the working characteristic of PAM, and to deter-
mine the relationship between the real length and gas
pressure. The experimental system consists of PAM,
digital pressure sensor, displacement sensor and pres-
sure regulating valve, as shown in Fig.9(a). 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.

Digital Pressure

Displacement
P Sensor

Sensor

Pressure
Regulating VRE]N
Air Source /é§

(a) Contraction experiment of PAM

L o |

Terminal & Terminal

Rubber Rube
(b) The PAM used in the experiment
Fig.9 PAM experiment setup

The PAM ( MAS-20-200N-AA-MC-O) is shown
in Fig. 9(b), which is supplied by Festo company.
The initial length /; is 200mm and the initial diameter
dy is 20mm.

The experiment is conducted to verify the perform-
ance of PAM and its contraction characteristic. The ex-
periment is repeated for several levels of pressures in
the range from O to 7bar. The experimental data of
length and pressure are measured several times.

The contraction ratio of PAM can be calculated as
by =1

. (8)

where [ is the initial length, [ is the real-time measured

E =

length, and & is the contraction ratio.

The relationship between the length and gas pres-
sure, and the relationship between the contraction ratio
and gas pressure are shown in Fig. 10.

PAM exhibits non-linear characteristic, which is
related to the elasticity and the friction among the rub-
ber, the braid and the end constraints. The experiment
results show that the contraction characteristic and the
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p(bar)

(a) PAM length versus pressure

L L L L

3 4 5 6 7
p(bar)

(b) Contraction ratio versus pressure

L

0 1 2

Fig. 10 Experimental results

contraction length can meet the need of the pivot turn-
ing of the quadruped robot.

6 Conclusions

It is necessary for quadruped robots to have flexi-
ble body in order to adapt to the unstructured environ-
ments. A kind of bionic flexible body mechanism for
quadruped robot is proposed based on the mobility
principle of four-legged creatures, which is composed
of one bionic spine and four PAMs. Only with the coor-
dinated movement between the bionic flexible body and
the leg mechanism, the robot can accomplish a pivot
turning. The gait planning of pivot turning for quadru-
ped robot is presented, and the kinematics of leg side
swing and body bending are analyzed. The relationship
between the body bending angle and the inflated real-
time length of PAM is derived. The PAM experiment is
conducted to study the relationship between the PAM
length and the gas pressure. The experimental results
show that the selected PMA meets the need of the body
bending for robot pivot turning. The study will lay a
theoretical foundation for further study on dynamical
pivot turning behavior of the quadruped robot in un-
structured environment. The control system of the bion-
ic flexible body and pivot turning experiments of the
quadruped robot will be studied in the future.
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