HIGH TECHNOLOGY LETTERSI Vol.23 No.31Sep. 2017 I pp. 229 ~237

doi;10.3772/j. issn. 1006-6748.2017.03. 001

Stability margin of the quadruped bionic robot with spinning gait®”
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Abstract
Spinning gait is valuable for quadruped robot, which can be used to avoid obstacles quickly for

robot walking in unstructured environment. A kind of bionic flexible body is presented for quadruped

robot to perform the spinning gait. The spinning gait can be achieved by coordinated movement of

body laterally bending and legs swing, which can improve the mobility of robot walking in the un-

structured environments. The coordinated movement relationship between the body and the leg

mechanism is presented. The stability of quadruped robot with spinning gait is analyzed based on the

center of gravity (COG) projection method. The effect of different body bending angle on the stabili-

ty of quadruped robot with spinning gait is mainly studied. For the quadruped robot walking with

spinning gait, during one spinning gait cycle, the supporting polygon and the trajectory of COG pro-

jection point under different body bending angle are calculated. Finally, the stability margin of

quadruped robot with spinning gait under different body bending angle is determined, which can be

used to evaluate reasonableness of spinning gait parameters.
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0 Introduction

Bionic robotic is inspiring from the biological prin-
ciples to imitate the structure, function and motion
principles, and design the robots similar to the biologi-
cal mobility.

As quadruped robots have several advantages,
such as bood load performance, environment adaptabil-
ity, less power consumption, having simpler structure
as compared with six-legged or eight-legged robots,
which have become a hot topic in the field of bionic ro-
bot.

For the quadruped robot, researchers have studied
the straight walking gait, such as crawl gait, trot gait.
Otherwise the terrain of the natural environment is
complex, there are obstacles, moat, and so on. The
quadruped robot should have spinning ability to avoid
obstacles to improve the mobility of walking in unstruc-
tured environment.

For the spinning gait, one kind of style is just the
leg swing. A rigid body is generally designed and does
not the play the role in steering which leads to the turn-
ing radius relatively large, thus turning speed is slo-
wer. Zhang''' presented a quadruped robot with mulii-

ple locomotion modes. The omni-directional walking
gait is analyzed. The simulation is performed to verify
the validity of the omni-directional walking gait. As the
rigid body is adopted, so its turning speed is slower.
Wang'?' controled quadruped robot steering by adjus-
ting the torque generated by the hip joint. The pitch
angle of body is used to judge the stability. Roy >
studied gait parameters of the hexapod robot turning in
the unstructured environments. The turning of the six-
legged robot is analyzed by coordination legs swing or-
der, which leads to the turning radius relatively larger.
The locomotion speed with turning gait is slower. An
energy stability boundary method is adopted to analyze
the stability of robot turning. Zhang">' presented that
the robot could achieve stable steering on a slope by in-
creasing duty factor,thus the center of gravity of quad-
ruped robot during the legs in the supporting phase
could be dynamically moved.

It is difficult for the quadruped robot with rigid
body to perform the spinning gait similar to the four-
legged creatures. Recently, researchers have pay atten-
tion to the effect of the body in the turning gait. The
rigid body is improved into a fore body and a rear
body, and the rotating joint is designed to connect the
two parts, which achieves relative rotating between the
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two parts. This kind of body helps to improve the steer-
ing speed. Park'®”’ presented a kind of quadruped ro-
bot with waist joint called ELIRO, which connects the
front body and rear body. The zigzag turning gait is an-
alyzed, and the turning gait plan and stability based on
the COG projection method was studied. Aoi'®' presen-
ted a kind of quadruped robot model whose front body
and rear body were connected by a roll joint. By chan-
ging the stiffness of the roll joint, the robot could
achieve gait transition. Kani"”' presented a kind of
quadruped robot named Fanari with flexible body,
which was inspired by the flexible trunk of the four-leg-
ged creatures. The effect of the spine flexibility on im-
proving the stability is studied by the experimental
method. A simulation model is also made in order to
corroborate the experimental results of the robot. It is
concluded that the robot with the spine that is flexible
in both outward and downward directions, has the best
stability, adaptability and fastest velocity in its gallop
action. Lei''""'") presented a kind of bionic body driven
by PAMs, which could achieve the laterally bending
and assist legs to perform the spinning gait of the quad-
ruped robot inspired by the four-legged creatures, so as
to improve the mobility of quadruped robot.

Compared with the traditional robot with rigid
body, the robots are designed by increasing the body
DOF to coordinate the leg mechanism and achieve the
rotating gait. The quadruped robot with waist-joint can
change the COG position by rotating the waist-joint.
Thus the mobility and stability of robot can be easily
guaranteed.

The quadruped robot should have the locomotion
style of spinning gait to avoid the obstacles quickly. Tt
is great significant to study the spinning gait of the
quadruped robot, which will improve the mobility of
the quadruped robot walking in the unstructured envi-
ronment.

A quadruped robot with bionic flexible body is
presented, which can bend and perform coordinated
movement with legs so that the quadruped robot can
achieve spinning gait. The kinematics of the body ben-
ding and the leg swing are derived, and then the coor-
dinated motion relationship between the body and legs
are analyzed. For the quadruped robot performs one
spinning gait, the supporting area and the trajectory of
the COG projection point changing with different ben-
ding angles of the flexible body are calculated.
Finally, the stability margin of the robot during the
spinning gait based on the COG projection method is
analyzed, which can be used to determine the reasona-
ble spinning gait parameters.

1 Biological body and bionic body

1.1 Biological body

The highly flexible biological body of four-legged
creatures plays an important role for its spinning gait,
high-speed running or jumping locomotion and the dy-
namic stability.

The body movement of the four-legged creature is
that of the spine driven by the contraction of paraspinal
muscles. The spine is composed of several rigid spine
vertebrae connected by passive ligaments, and there
are several intervertebral disc. The spine structure
makes the biological body have flexible bending prop-
erties with the terrain and locomotion speed.

1.2 Quadruped robot

The super athletic ability of the four-legged crea-
tures will provide a good biology template for develo-
ping the quadruped bionic robot, which is the result of
the work together with the nervous system, muscular
system and skeletal system. Generally, the trunk of the
four-legged creature is flexibility, which is obviously
observable while running.

The quadruped robot is composed of four legs and
one bionic flexible body driven by the pneumatic artifi-
cial muscles (PAMs). The structure of four legs is the
same. Each leg is designed with three rotating joints,
which are side-swing hip joint, forward-swing hip joint
and knee joint, as shown in Fig. 1.

Fig.1 Quadruped robot

1.3 Bionic flexible body

The biological body is a complex system. The ver-
tebrae are separated by the intervertebral discs.
Several rigid vertebrae are connected by the muscles
and ligaments. Thus the structure makes the trunk
have the characteristic of flexibility. The coordinated
movement of the trunk and the legs can achieve the
spinning gait of the creature. The biological structure
of trunk will provide reference model for developing the
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rigid-flexible coupling body of the quadruped bionic
robot.

Based on the dynamic bending principles of the
biological body for the four-legged creature adapting to
the unstructured environment, the rigid-flexible cou-
pling bionic body for quadruped robot is presented to
improve the traditional rigid body, which follows the
design principles of light weight and bionic. The body
is driven by PAMs, which could bend with different
stiffness to meet the need of spinning gait and high-
speed locomotion of quadruped robot.

Musculoskeletal bionic body mechanism of quad-
ruped robot is composed of front body, rear body,
bionic spine and four PAMs. The end of the PAM is
designed with a miniature cylinder to compensate for
the PAM contraction in the other side. The front body
and rear body are connected by the PAMs and the
bionic spine, where PAMs drive the bionic spine ben-
ding to produce the relatively rotating movement be-
tween the front body and the rear body.

The bionic spine of the body 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 pas-
sive joints. The intervertebral disc is located in the
middle of two biomimetic vertebrae. Three springs pass
through the intervertebral disc and connect two adja-

cent biomimetic vertebrae .

1.4 Bionic body bending for the spinning gait
The bionic body has the variable stiffness charac-
teristic by changing the inner gas pressure of the

PAMs, which could easily bend the body with different

angle. The coordinated movement between the body

e e

bending and the legs swing could achieve spinning gait
of quadruped robot.

2 Spinning gait

Some assumptions for analyzing the spinning gait
of quadruped robots are as follows;

(1) During the process of the spinning, the
height of the body and the ground keep unchanged.

(2) During the process of the spinning, when the
body bends, the length of the bionic spine centerline
keeps unchanged.

(3) During the process of the spinning, the slip
between the foot and the ground need not to be consid-
ered.

The spinning gait is a kind of the walking gait for
the quadruped robot. The diagram of the spinning gait
of quadruped robot is shown in Fig.2, and the se-
quence of the robot leg swing finishing one time spin-
ning counter-clockwise is 2-1-34.

Repeating the movement shown in Fig.2, the ro-
bot can achieve spinning gait with one cycle. Thus the
robot can achieve rotating around its center and an om-
ni-directional walking. The proposed spinning gait has
the following features

(1) The body bending and the leg swing should
be controlled simultaneously, thus, the spinning speed
could be improved.

(2) As there are three legs in the supporting
phase at the same time, it belongs to static gait. If the
gait parameters are reasonable, then the robot could
keep the stability in spinning gait.

(3) The center of the robot turning direction of
the robot is located in the center of the bionic body.
The robot turns direction around its center.
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(a) Initial state (b) Front body bending, leg 1,2 back-swing (c) Leg 2 side-swing (d) Leg 1 swing

(e) Rear body bending, leg 3 and 4 back-swing

(f) Leg 3 side-swing

(g) Leg 4 side-swing

Fig.2 Diagram of the spinning gait
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3 Coordinated movement of body and legs

3.1 Body bending and legs swing

When the quadruped robot walks with spinning
gait, the body bending and legs in side-swing or back-
swing should keep the coordinated movement so that
the robot could keep stability with the spinning gait.

After the body bending, the leg follows it and be-
gins to side-swing. While the leg finishes the side-
swing, it should keep the vertical state to the body, as
shown in Fig. 3.

Fig.3 Body bending and legs swing

Firstly, the range of the body bending and the leg
swing should be determined. The maximum bending
angle of the body is restricted by the following factors.

The minimum shrink length of the PAM. The
body bending angle is related to the PAM initial length
and its shrinkage rate.

The movement range of the hip joint with the sup-
porting leg back-swing.

The movement range of the leg side-swing. After
the body bending, the leg begins side-swing until the
leg keeps vertical with the body. The maximum move-
ment range of the leg side-swing or back-swing is deter-
mined by the structural parameters of the leg.

Thus the maximum bending angle of the body can
be determined.

3.2 Kinematics of the leg side-swing
The D-H coordinate systems of the leg side-swing

are shown in Fig.4. Two coordinate systems
[A (% Ya za) and {1} (% y z) are lo-
cated at Joint 1. The coordinate system

21 (% 7
Joint 2 and the Joint 3, respectively. 6,, 0,, 6, are

z,) and {31 (x; ¥; z) are located at

joint variables. [, , L, , [, are the length of link 1 of leg,
thigh leg and the shank leg, respectively.

Fig.4 D-H coordinate system of the leg side-swing

ST = MT(0,) - T(6,) - T(8,) -, T

C18;8;3 + € CC;  €18,C3 — CCy8;  — 8 Py
S18283 + 81CC3  8;8;C3 — §;C,83 Cy Piy
$,C3 — €8 — C,C5 — S,8; 0 Pi,
0 0 0 1

where, s, = sinf,, ¢; = cos0,.
Pu = lLiey + Lo (5585 + 0y05) + ey
Py = Lys, (8,85 + cyc3) + 1is, + 1ys,c,
Pi = Lsy = L;(es5 = 5565)

As the coordinate systems of side-swing hip joint
on the body and on the leg are different, so the posi-
tion and orientation between two coordinates systems
can be expressed as

00 -1 0
W |01 0 0
1 10 0 0
00 0 1

Then the position and orientation of the foot with
respect to the body is

By _ By A 2
FiT - AiT

NI A A

1 2

wl

FvT

3.3 Rotating range of the hip joint

On one hand, the side-swing hip joint moves with
the body bending. Meanwhile, the side-swing hip joint
moves with the back-swing of the leg in the supporting
phase. So the movement of the hip joint is restricted by
the maximum bending range of body and maximum
back-swing range of leg in supporting phase. There-
fore, the intersection of the movement range of the hip
joint in the body and the leg is the maximum movement
range of the hip joint.

Take leg 1 as example, the hip joint movement is
derived as follows.

3.3.1

Hip joint movement range with leg back-swing
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The leg is in the supporting phase and begins to
back-swing with the body bending, as shown in Fig. 5.

Fig.5 D-H coordinate systems of leg back-swing
j:T - f;T : iiLiTil
=5y ceos(0, —0;)  cysin(6; —60,) py,
— Cy S4 005(92 - 03) S4 Sin(93 - 62) Paiy
0 sin(6; - 6,) —cos(6, = 60;) pu
0 0 0 1
(2)
where

Pay = (L, cos(8, = 6;) + Ly +13)s,
Pa. = L sin(60; = 6,) + s,
Coordinate system {A’,} is the initial coordinate

{pfm = (I, cos(O; —0,) + L, +15)c,

system of the hip joint. The hip joint moves from point
A’ o A,

According to the coordinate transformation Eq. (2),
the position vector of hip joint A, in the leg mechanism
in the horizontal plane is

{PAIX == (Ll cos(0; = 6,) +lyc; +13)cy

Pay, = LsOy = 1;s(6, - 65)

As the bionic leg driven by PAMs, the joint rota-

ting range is restricted by the PAMs length and its

(3)

shrinkage rate. The rotating range of each joint is as
follows ;

6, € [0°,30°], 6, € [10°, 20°],

0, e [ -5°,75°], 6, € [90°, 120°].

According to the rotating range of the joints, the
movement range of the hip joint with leg back-swing
can be calculated by Eq. (3) :

Pae €0, 300]mm, p,, e[ 150, 0] mm.

3.3.2 Hip joint in the body
The body bending and the leg swing are shown in
Fig. 6.
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Fig.6 Hip joint moves with the body bending

The hip joint moves from point A', (%, , ¥, ) to
point A, (x,,, v, ) with the body bending.

The displacements of the hip joint along x-axis
and y-axis are

a sin260

0 (4)

Pay = b —bcos20 - % + @ CZSZG

According to Eqs (3) and (4), the movement of
the hip joint in the horizontal plane XOY is calculated

Pu. = 2a + bsin26 -

as shown in Fig. 7. The line indicates the trajectory of
the hip joint with the body bending angle at 10°. The
other line indicates the trajectory of the hip joint with
the body bending angle at 20°. The dark area indicates
the movement range of the hip joint with leg back-
swing.

0 50 100 150 200 250 300
Fig.7 Movement range of the hip joint

Considering the initial length and the shrinkage
rate of PAM, the move range of the leg side-swing and
back-swing, the body bend angle range, the maximum
bending angle of the body could reach 20°.

4 Stability analysis
About the study on the stability of walking robots,

many stability criteria have been defined, which is di-
vided into static stability and dynamic stability. The
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static stability methods include COG projection meth-

I, energy stabili-

od'"?" | longitudinal stability margin'"
ty margin (ESM) method'™*’ | normalized energy sta-
bility margin (NESM) method' "’ , and so on. The dy-
namic stability methods include zero moment point
(ZMP) method'"®’ | center of pressure method'"”’ | dy-
namic stability margin ( DSM) {81 and so on.

As the spinning gait planned in this work, the
spinning speed is slower, and the inertial force has less
influence on the stability. For the quadruped robot
walks with the spinning gait, there are three legs in the
support phase, so it belongs to the static stability.

4.1 Stability margin

The COG projection method is used to analyze the
stability of quadruped robot with spinning gait. When
the quadruped robot walks with spinning gait, the feet
in the supporting phase in the horizontal plane form a
supporting polygon. When the COG projection point G
of the quadruped robot locates inside the supporting
polygon, the robot is static stable, otherwise the robot
is unstable.

Definition: the vertical distance from the COG
projection point G to each side of the supporting poly-
gon, where the minimum distance is defined as the sta-
bility margin, expressed by S,. S = min(d,, d;, d,),
as shown in Fig. 8.

Fig.8 Stability margin

Setting the coordinates of the supporting feet as
Fi(wps Yoo 2p) s F/(xn’ YEjs ze.) s Fy(xp, v,
2 ) , and the COG projection point is G(x, v¢, 2z¢)-

During the quadruped robot walk in with the spin-
ning gait, the coordinate of the supporting feet can be
calculated by Eq. (1).

Assuming the shortest distance is from the COG
projection point to the side of F,F,, then the stability
margin is
S =

I (xp _xlv‘i>(y(} =¥m) = Y = ye) (g —yp) |

(xl-‘k _xl"i>2 + <yl~'k _xh')z

(5)

4.2 Coordinates of COG projection point

The quadruped robot is composed of the fore
body, rear body, bionic spine and four legs. The coor-
dinate of the front body centroid D(x,, y,) is

I _ asin2f

g 0
20526 — 1

v =a(0050 )

The vertebra number is w, whose centroid coordi-
nate J(x,, y,) is

[ l
x; = x, + (%sinﬁo - %sinﬁw)

L L,
y; = yp + (% cosf, — %00500)
After the rear body bending, the coordinate of the
rear body centroid E(x,, v,) is
a(f - sinf) N 2a cosf(cos(6 -28) - 1)

Xp =

0 260 - 28
_a(cosf - 1) +2af(sin(3 -28) - 1)
Ye = (20 -28)6

Then the coordinate of COG projection point G is

4 3
2 Z m,X, + MmpXp + Mexp + mx,;

_ n=1gq¢=1
Xe = 4 3
2 2 m, +m
n=1 ¢g=1
4 3
2 z mrbqynq + mpyp + mpyg + m;y;
a1 gl
Ye 4 3
2 2 m, +m

(6)
where, n is the nth leg of the quadruped robot, ¢ is the

link of the leg, m,, is the link mass. (x,,, y,,) is the

nq
center coordinates of each link. m,is the mass of front
body, and my is the mass of bear body,m, is the mass

of vertebra.

4.3 Supporting area and stability margin

When the quadruped robot walks with spinning
gait, the body bending angle is closely related to its
stability. The supporting area, the trajectory of the
COG projection point and the stability margin changing
with the body bending angle will be calculated, and
the stability will be analyzed comparatively under dif-
ferent body bending angle.

The structure and gait parameters of the quadru-
ped robot are shown in Table 1.
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Table 1 Parameters of quadruped robot
Parameter Symbol Value Unit
Length of link 1 L, 50 mm
Length of link 2 L 200 mm
Length of link 3 I 150 mm
Body length a 190 mm
Body width b 90 mm
Body height c 50 mm
Mass of link 1 m, 0.628 kg
Mass of link 2 m, 2.512 kg
Mass of link 3 m; 1.884 kg
Body mass m, 5.024 ke
Vertebra number w 10
Vertebra mass mi 0.01 kg
Gait cycle T 30 s
PAM initial length L, 200 mm
PAM installing size d 40 mm
200 — 9
—immy
’ P ®
100t s | ==
R, 2 i —0—@
E 0 .z : ——p
K Fl’ ,/’ o +F3
-100 === o= !
—————— FZ’
Fl
-200
200 <100 0 100 200
x(mm)
(a) Body bending angle is 5°
200 —
’ : _‘_v.®
T _——@
£ Ee6)
= O e F,| |[——®
E{ Fz; """ i Tk AT
> _100 : et
F, A
-200 =
Fl
-300¢t

-200 -100 0 100 200
x(mm)

(c) Body bending angle is 15°

According to the structural parameters of the
quadruped robot, the step distance is Omm ~ 140mm
and the step height is Omm ~ 100mm. For calculating
the trajectory of the COG projection point and the sta-
bility margin, the same step height 30mm is adopted
for different body bending angle. The step distance
changes with the different body bending angle. When
the body bending angle is 5°, 10°, 15°, 20°,the step
distance is 40mm, 60mm, 80mm and 100mm, respec-
tively.

For the quadruped robot performs one continuous
spinning gait, the supporting area and the trajectory of
the COG projection point under different body bending
angle of 5°, 10°, 15°, 20° are shown in Fig.9(a) ~
(d). Different colors are used to express the changing
process of the supporting area, the changing order is

OEHH O}

200 —0
-—@
F’ Fola P
100} 2 o |
et d - _O_©
= B e e s ——0
£ X T ,
= P A ol o
-100 === i p ,
Fly _—_——"-——- 3
2000 F,

-200 -100 0 100 200
x(mm)

(b) Body bending angle is 10°

200 -100 0 100 200
x(mm)

(d) Body bending angle is 20°

Fig.9 Supporting area and the trajectory of COG projection point during the quadruped robot spinning

For the quadruped robot performs one continuous
spinning gait, assuming the body bending angle is 25°,
the supporting area and the trajectory of the COG pro-
jection point are shown in Fig. 10. It can be seen that
COG projection point G falls outside the supporting

area, which indicates that the robot is unstable.

For the quadruped robot walking with the spinning
robot under different body bending angles of 5°, 10°,
15°, 20° and 25°, the stability margin changing with
time is calculated, as shown in Fig. 11.
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Fig.10 Supporting area and the trajectory of COG projection point changing during spinning of the quadruped robot
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Fig. 11  Stability margin changes with time under
different body bending angle

It can be concluded that the stability margin de-
creases with the body bending angle increasing. When
the body bend angles greater than 20°, the stability
margin is less than zero, which show that the robot is
unstable.

According to the structural parameters of the
quadruped robot, when the body bending angle is less
than 20°, which is in the motion range of the leg
mechanism, thus the body and the legs could keep co-
ordinated movement, and the robot could keep stable
spinning gait. Otherwise, when the body bending angle
greater than 20°, the robot couldn’t keep stable spin-
ning.

The bending characteristic of the flexible body can
improve the steering flexibility and rapidness, which is

helpful for the quadruped robot to avoid the obstacle
quickly.

5 Conclusions

The spinning gait of quadruped robot and its sta-
bility is studied to improve the locomotion mobility
walking in the unstructured environments.

The body bending angle is determined to achieve
stable spinning gait according to the structure parame-
ters and the coordinated movement between the body
and legs. The coordinate movement of the flexible body
and the legs for the spinning gait of quadruped robot is
analyzed. The kinematics of the flexible body bending
and the leg swing are analyzed, and then the movement
range of the hip joint in the body bending and the leg
swing can be determined. The maximum bending angle
of the body is determined. The stability of the quadru-
ped robot with the spinning gait is analyzed by the COG
projection method. For the quadruped robot performs
one time of continuous spinning gait, the supporting ar-
ea and the trajectory of the COG projection point are
comparatively analyzed under different body bending
angle. Finally, the stability margin change with time
during one spinning gait under different body bending
angle is obtained, which can be used to determine rea-
sonable spinning gait parameters and suitable body
bending angle.

Future work will focus on the variable stiffness
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characteristic of the bionic body, the influence of the
body stiffness on the stability of the quadruped robot,
and the experiments on the stability of the spinning
gait.
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