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Abstract

Bionic robots are generally driven by motors. As robots driven by pneumatic artificial muscles
(PAMs) have the advantages of light weight, good bionics and flexibility, more and more research-
ers have adopted PAMs to drive bionic robots. A kind of bionic leg driven by PAMs for hopping is
proposed in this work. A 3-DOF bionic leg driven by 4 PAMs is designed by analyzing the biological
structure and movement principles of frog legs, and 3 kinds of leg configuration with different PAMs
arrangement is proposed. One biarticular muscle is used to increase the joint rotating range. The
bracket pulley and PAMs for driving joint can effectively increase its rotating range. The rotating
range of hip and knee joint driven by a biarticular muscle is simulated. The simulation results show
that the biarticular muscle can transfer the movement of the hip joint to the knee joint and increase
the rotating range of the knee joint. The greater the contraction of PAM, the greater the rotating

range of joint. The bionic leg can perform planned step distance and step height of hopping.

Key words: bionic leg, pneumatic artificial muscle ( PAM ), biarticular muscle, bionic

hopping, trajectory planning

0 Introduction

Compared with wheeled or tracked robots, the leg-
type hopping robot has greater flexibility, obstacle
avoidance capability and autonomy. With the develop-
ment of bionic technology, hopping robots such as hu-
manoid robot, bionic kangaroo, bionic scorpion and
bionic frog, have emerged''!. Deng et al'*’ studied the
take-off principles and hopping planning as well as the
optimization of a hopping robot, parameterized the joint
space trajectory by adopting the Fourier primary func-
tion, and optimized the take-off performance. For the
underactuated constraint formed between the sole and
the ground during the hopping process of frog-like
hopping robot and the specific hopping task, Hu et
al™ proposed a path planning control to achieve the
given take-off task in the task space to improve system
performance. Partial feedback linearization is used to
linearize the nonlinear part of the take-off dynamics of
the frog-like hopping robot, design sliding mode varia-
ble structure controller, track and control the centroid
trajectory of the frog-like hopping robot. Wang et al'*’
simplified the single-legged jumping robot to a 3-bar
model, studied the motion trajectory of each joint dur-

ing the robot hopping, and used a parametric optimiza-
tion method to realize trajectory planning in the joint
space. Gao et al'”! established a single-legged kine-
matics model of a hydraulically driven 4-legged robot,
determined the driving function by the inverse kinemat-
ics, and used the virtual prototype technology to simu-
late the vertical jumping gait and verify the accuracy
and rationality of the gait planning. Wang et al'®’ es-
tablished a frog-like hopping robot, analyzed the joint
trajectory of the hind limb during its jumping move-
ment, the important influence of the foot and the sup-
porting role of the forelimb on the body by the biologi-
cal observation and kinematic. Chen et al'”! proposed
a rigid-flexible coupling hopping mechanism inspired
by locusts’ hopping and analyzed its kinematics. The
results show that the proposed bionic mechanism has
good kinematics performance and can provide a basis
for robot design and motion planning. Chen'® analyzed
the kinematics of the jumping process of locusts by u-
sing a high-speed photography to obtain jumping pa-
rameters of locusts, used the virtual prototype technolo-
gy to build a locust-like model to analyze the displace-
ment, velocity, acceleration and force of locust during
the jump process. Chen"’’ analyzed the movement pos-
ture and joint size of the leg of the athletes during jump
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by high-speed camera, built a simplified model of
hopping robot, and analyzed changing of the angular
displacement of the hip, knee and ankle joints, which
lay a theoretical foundation for developing the human-
oid hopping robot. Niiyama et al'"®' developed Mowgli
which was a 2-legged robot driven by 6 pneumatic arti-
ficial muscles ( PAMs) , including biarticular PAMs.
The experiments showed that Mowgli could jump up to
1.5 times its height and could land smoothly. Narioka
et al'""" developed Ken which was a small 4-legged ro-
bot driven by PAMs. It provided power for high fre-
quency and wide stride movements. Hosoda et al''*’
imitated the structure and role of the human leg to de-
sign a biped hopping robot driven by PAMs through an-
alyzing the human leg skeleton. The biped hopping ro-
bot was driven by 9 PAMs, three of which were biartic-
ular muscles. The experiments showed that when the
knee or the hip was stretched out, the biarticular mus-
cles could effectively coordinate the movements of the
joints. The extension of the ankle joint does not pro-
duce coordinated movements. The results can be used
not only for robotics, but also for studying on the adap-
tive human mechanisms. Yamada et al'® developed a
quadruped musculoskeletal robot with biological realis-
tic morphology and a nervous system, which deepens a
comprehensive understanding of how the body and
nervous system jointly produce animal movements.
Nishikawa et al'™*' proposed a bionic quadruped robot
driven by PAMs. The robot was designed with an an-
gle-dependent moment arm ( ADMA) with biased piv-
ot, which could expand the range of postures effective-
ly that robots could take during dynamic motions.
Zhang et al'"’ established 3 different leg mechanism
models based on the physiological structure and re-
search status of the locust legs, performed kinematics
and dynamics analysis of the legs. The performance in-
dex of maximum buffer distance, energy absorption ca-
pacity and mechanical properties were obtained. Nish-
ikawa et al''® proposed a torque-angle relationship
control system ( TARCS) for musculoskeletal robots,
tested its static properties, and used TARCS to improve
the performance of the robot. They studied the hopping
ability by simulation. It was found that the TARCS in a
biarticular muscle determined the general shape of the
jumpable range. Waycaster et al''”’ developed an a-
bove-knee prosthesis driven by PAMs, and demonstra-
ted the PAM actuation’ s capability in generating suffi-
cient torque output to meet the locomotion needs. A
model torque control algorithm based on the synovial
control method was designed to restore the motion func-
tion. Ryuma et al'"™® developed a kind of musculoskel-
etal robot for biomechanical research. The robot could

hop vertically and the hop height could reach 1 m. Sato
et al'"! found biarticular muscles could play an impor-
tant role. A bionic leg driven by a biarticular muscle
was developed. The experimental results showed that
the biarticular muscle could improve the performance of
hopping and landing of the leg effectively. Kazama et
al'® developed a bionic leg driven by a spring and a
biarticular muscle to improve the dynamic movement
performance of the robot like a creature. They found
the hind legs driven by a biarticular muscle played an
important role in hopping.

The bionic leg driven by PAMs is studied in this
work. Three different leg configurations with different
PAM arrangements are proposed. The kinematics of the
bionic hopping is analyzed. The geometric method is
adopted to analyze the leg with 3 PAM arrangements.
The optimal configuration of leg is determined accord-
ing to the joint rotating range. The centroid trajectory
is calculated according to the hopping planning of the
bionic leg with a variable quintic polynomial. It is
shown that the joint angle obtained according to the
PAM arrangement can achieve the planned step dis-
tance and step of hopping.

1 Bionic hopping kinematics

According to the constraint relationship between
foot and ground, a hopping process of the bionic legs
can be divided into take-off phase, flight phase and
landing phase, as shown in Fig. 1.

285958,

1 the leg in the initial state; 2 the stretching posture of the leg under the
action of biarticular muscles; 3 the leg in the state of the toe will leave the
ground; 4, 5 and 6 the leg in the flight phase; 7 the leg tiptoe touches
the ground; 8 the leg in landing state; 9 the bionic leg returns to the ini-
tial state.

Fig.1 Hopping processes

1.1 Bionic leg configuration and PAM arrange-
ment

The bionic leg configuration is shown in Fig.2(a).
There are 2 types of PAMs. One is the Mckibben PAM
from Japan, the other is the Festo PAM from Germany.
Considering the mechanical configuration of the bionic
leg, joint size, contraction rate and PAM installation,
the DMSP-PAM from Festo company is selected in this
paper, as shown in Fig.2(b). It has a shrinkage of



410

HIGH TECHNOLOGY LETTERSIVol.25 No.4|Dec. 2019

25% . Compared with MAS-PAM from Festo company,
the DMSP-PAM does not require extra accessories and
can be connected. PAMs are lighter in weight and has
the advantages of small interface size. Under the same
muscle length conditions, there is a relatively large
amount of contraction.

(a) Bionic leg configuration (b) PAM
1 the body; 2 the thigh skeleton; 3 the calf skeleton; 4 the foot end skeleton
Fig.2 Bionic leg configuration and PAM

According to the bionic leg configuration, three
different PAM arrangements are proposed, as shown in
Fig.3. In Fig.3(a), monoarticular muscle Gmax-B is
used to drive the hip joint; biarticular muscle K-BM is
used to drive the hip and knee joints; finally monoar-
ticular muscle AM is used to drive the ankle joint. In
Fig. 3 (b), 2 monoarticular muscles Gmax-A and
Gmax-B are used to drive the hip joint; biarticular
muscle K-BM is used to drive the hip and knee joints;
the single joint muscle AM is used to drive the ankle
joint. In Fig.3(c), 2 monoarticular joint muscles
Gmax-A and Gmax-B are used to drive the hip joint;
monoarticular joint muscle K-BM is used to drive the
knee joints ; monoarticular muscle AM is used to drive
the ankle joint.

Fig.3 Leg configuration with different PAMs arrangement

1.2 Kinematics of leg during take-off stage
Assuming that there is no relative sliding between
the foot and the ground,the foot end is equivalent to a

passive joint due to the presence of a passive ankle.
D-H coordinate method is used to analyze the kinemat-
ics of bionic hopping. Homogeneous transformation ma-
trix is used to describe the pose relationship between
adjacent links. The D-H coordinate system of each link
is established on the simplified model of the bionic leg.
As shown in Fig. 4, where 6,, 6,, 6, and 6, are foot
joint variables, ankle joint variables, knee joint varia-
bles, and hip joint variables respectively. I, [,, [,
and [, are body length, thigh skeleton length, leg skel-
eton length and foot end length respectively.

Vs

o
70N

Fig.4 D-H coordinate systems of leg during take-off stage

The general transformation formula using the post-
coordinate system | ' T is

e, —sO.ca; sOsa;, ach,
iy s0,  cBca;, - cOsa;  «;s0; (1)
! =
0 sa; co; d,
0 0 0 1
wherei =1,2,3,4, 0, =, ¢, = cosh,, sO, = sinf,,
a; =0, ca; = cosa;, sa; = sing;.

1.2.1

Positive kinematics of leg is that the variables of

Positive kinematics

each joint is known to solve the position and pose of
D-H coordinate system. The transformation matrix § T of
D-H coordinate system relative to the base coordinate
system is obtained by multiplying each link transforma-
tion matrix:

3
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(2)
It is a function of 6, , 6,, 6, and 0,.
1.2.2

Inverse kinematics used matrix ST of the body co-

Inverse kinematics

ordinate system relative to the base coordinate system to
solve joint variables 6, , 6,,0, and 6,.
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Given:

n;\f 09( aY px
0 — n)’ o, a, p)
T = ) )

nZ OZ aZ PZ

0O 0 0 1

1T(6,) < T(6,) - 3T(6;) - 3T(6,) (3)

The inverse kinematics of the leg during take-off

stage by inverse transformation method is

VY v
6, = 2arctan B+ C

p,(con, +5,n,) +p,(s,n, —cn,) + s,
-p.(eyn, +5,n,) +p,(s;n, —e;n,) =l = e,

6; = arctan

Lysys + psy — Pty t+ 8315

=y = licys = poey ~ PySaz — A

6, = arctan

(4)
where A, B, C are
A ==-2l;(Lin, +p,)
B =2L(lin, +1; +p,)
C=0-6~-n, +p) = (n, +1, +p)*
where ¢, = cos6,, s, = sinf,, c;; = cos(f, +6;), sy

= sin(6, + 6;).
2 Joint angle and PAM length

For the proposed 3 configurations of the bionic leg
as shown in Fig.3, the relationship between PAM
length and joint angle is analyzed by the geometrical
method. Different driving systems of the hip joint mus-
cle system, hip and knee joint muscle system and an-
kle muscle system are analyzed respectively.

2.1 Muscular system of hip joint

For the hip joint muscle system, comparison is
carried out by simulation for muscle layout in
Fig.3(a) and muscle layout in Fig.3(b). For muscle
arrangement in Fig.3(a), only PAM Gmax-B is inflat-
ed. For situation in Fig. 3(b) , the PAM Gmax-A is in-
flated after the contraction of the PAM Gmax-B reaches
the maximum.

The non-pulley support muscle system of the hip
joint in Fig.3(a) is shown in Fig. 5.

The length of muscle Gmax-B is set as [, then

lp = x5 + %6 + 2, + x4 (9)

The distance between 2 pulleys is calculated ;

l, = /& +d (10)
thus;

vno= = (r-n) (11)

According to the geometric relationship, x5 can be
calculated as

<y NN §

x

Fig.5 PAM Gmax-B connection of the hip joint

xs = /f it -1 (12)
From the angle a; in Fig.5, x4 can be calculated
as
Xy = ray (13)
where
1 Xs
a; = T + 0, — arctan — — arctan —
f r

X7

— arctan — — arctan
c r—r,

From the geometric installation size, x is

—2dr3 + JAd*rs +45 (P v dP -2eg + &) (P + g8 —2cg - 1)

2(P +d* -2cg +g%)

x =
therefore

. x

B, = arcsin —

T

r—-r

2 c
o, = m — 3, — arctan — arctan "

Xq

It can be obtained from the geometric relationship

that ;
 rlg—c~ /rn-x)
X

For the leg configuration shown in Fig.3(a), the

(14)

Xg = I0y

pulley and PAMs of hip joint is shown in Fig. 6. Given
the length of the PAM Gmax-A is [, , according to the
geometric relationship, then
I, =2, +x, +x; +2, (15)
The distance between the 2 pulleys is
L= /. +7,
where
{xa a + bsing, + ¢

y, = d — bcosf,
x5 is obtained ;

xy = /1, - (r, _"2)2 (16)

For the solution of x, and x, :
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{% = /Xty TN (17)
%, =1

where

a + bsing, — fcosf, — hsing,

y, = fsinf, + bcosh, — hcosb,

Xy,

r,=r,
@, = arccos ]
Vi Y Xy
B, = 2w — &, — arctan — — arctan = — arctan —
Xy X, T
h
xl
S
rl a]
N a b
= 4 g
/] C
1d
¥, \ x4
Ay 2 e

x

Fig.6 PAM Gmax-A connection of hip joint

The value of x and «, obtained by the geometric
method is

- 2dr5 +

4d2rg +4r§(c2 +d> -2 + ) (P +g° -2cg —r%)
2(* +d* -2cg +8%)

rn—n Xy X
] — arctan — — arctan —
Yo r

x =

a, = T — arctan

then
r,(d +x)

(18)

X, =To, +
4 20 5 5
r, =X

g-c-
2.2 Muscular system of hip joint and knee joint

For hip and knee muscle arrangement, two cases of
Fig.3(b) and Fig.3(c) are analyzed and compared. One
is to use a monoarticular muscle to drive the knee joint,
the other is to use a biarticular muscle to drive the hip
and knee joints.

For the muscle arrangement shown in Fig.3(b), the
biarticular muscle system of the hip and knee joints is
shown in Fig.7. The length of the muscle K-BM is 1, ,

Ly = %9 + 21 + 21 (19)

From the cosine theorem of the triangle function, the
distance between the 2 pulleys is

I, = /i +n° +m’ = 2Amcos®,

X = /l§_<r_73>2 (20)

Fig.7 Biarticular muscle connection of knee joint

Through geometric calculation, x4 and x,, are

{xg = /K +n —r§ + rya; (21)
x, = /¢ +17 +rd,

where the angles are

2, 2 2
K +n -n
as = 2m — @ —arctan ——————

T3
y r—r;
Qg = 5 — + arctan
6 2 B? Xy
A .
B; = 2m — arctan P arctan ]; - B,

j2+nz+l§—m2

20, /7 +n

n
m — 0, — arctan —
J

B, = arccos

D,

l§+m2 —jz—n2

2l,m

r
T + 0, — arctan — — arccos

S
1l

For the muscle arrangement shown in Fig.3(c),
the monoarticular muscle system of the knee joint is
shown in Fig. 8.

Fig.8 Monoarticular muscle connection of knee joint

Given the length of the muscle K-BM is 1, , then
gy = %9 + 2 (22)
From the geometric relationship, x,, and x,, are
{xlo = /s +r (23)
X, =1+ /g -1
where

r r
@®, = 7 + 6, — arccos — — arccos —
s

2.3 Muscular system of ankle joint
The ankle joint muscle system is shown in Fig. 9.
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Given the length of muscle AM is [,,,, the following can
be obtained from the geometric relationship.

Ly = /p2 -7+ rds + 2 - (24)

where

s

z
™ + 6, — arccos L arccos =
r r

Fig.9 PAM connection of the ankle joint

3 Centroid trajectory planning

Analyzing the centroid trajectory of bionic leg
hopping is one of the main contents of hopping motion
planning. To ensure that the bionic leg centroids have
a certain initial velocity at the moment of leaving the
ground and that the bionic leg can hop smoothly and
cross an obstacle of a certain height, it is necessary to
plan the centroid motion of the bionic leg. Variable
quintic polynomial is used to compare the centroid mo-
tion of the bionic leg. The variable quintic polynomial
is tunable parameters with added additional items based
on quintic polynomial, so that the variable quintic pol-
ynomial cannot satisfy the motion constraint condition
only, but also adjust the shape of the curve. The cen-
troid trajectory of leg during the take-off stage is
planned as

w () = Y at +u (0= 1)" (0= 1)"
i=0 (25)

5
y (1) = Z}biti + uz(t - t‘s)/\s(t _tf)M

where x,(t), y,(t) are the coordinates of the bionic
leg centroid in the x-direction and y-direction of the
foot-end coordinate system at the time of . a; and b,
are polynomial coefficients. u,, u,, A;(i=1,2,3,4,
A;=3) are curve tunable parameters. ¢, and ¢, are the
initial and end time of the jump phase respectively.

At the initial time of the take-off stage, the motion

constraint condition of the bionic leg centroid is

X =, =
v, =0, ») =0 (26)

x

s _ ts
a, =0, a; =0

where x,, v, are the center-of-mass coordinate of the
bionic leg in the initial phase of the take-off phase.

These 2 parameters are determined according to the
specific configuration of the bionic leg. As the bionic
leg is in stationary state at the initial time of the take-
off stage, the speed and acceleration of the bionic leg
centroid are zero.

At the end time of the take-off stage, the motion
constraints of the bionic leg centroid are

xlif = X, yllf =N

v =y, 0 = vy, (27)

¥
if

a; =0, a; = - g
where x, and y, are the center-of-mass coordinates of
the bionic leg at the end time of the take-off phase.
These 2 parameters are determined by the stretching of
the bionic leg at the end of the take-off phase. v, and
v,, are the velocities of the bionic leg centroids in the x
and y directions of the foot coordinate system at the end
of the take-off stage. These 2 parameters are height h
of the obstacle and horizontal distance s from the foot
end of the bionic leg to the obstacle, as shown in
Fig. 10. As the movement of bionic legs after the flight
can be regarded as the oblique projectile motion of the

bionic leg, then v,, and v, are

“«

y2x =
2h (28)
g

v, = /2gh

7 7 7 7 v
./ ¥ / Vi o o .'” / .-', i ./ /

Fig.10 Step distance and height of leg hopping
4 Simulation

The simulation analysis on the hopping of the
bionic leg driven by PAM is carried out to determine
the centroid trajectory simulation fitting planning at the
take-off stage. The hopping step parameters are set as
step distance s =100 mm, and step height A =100 mm.
The initial value of joint angles are set as 6, = —27/3,

0, =51/12, 0, = =3m/4.

4.1 Simulation of muscular system

Based on the relationship between the changes in
muscle length and the joint angle given by Eqs(9),
(15), (19), (22) and (24), the joint angles of the

bionic leg can be obtained by inverse solution. For 3
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different PAM arrangements, the change of joint angle
obtained by Matlab/Simulation according to the con-
traction of the pneumatic muscle is shown in Fig. 11 —
Fig. 13.

It can be seen from Fig. 11(a) that the variation
range of @, is 60.3113°. According to the initial value
of @,, its rotating range is from —120° to —59.6887°,
which is the rotating range of the hip joint with muscle
arrangement shown in Fig.3(a).

6, as function of /,
250 .

240 |

180 d
630 635 640 645 650

I;(mm)

(a) Variation range of joint angle 6, driven by PAM Gmax-B

It can be seen from Fig. 11(b) that the variation
range of 0, is 17.9181°, and then combined with the
rotating range of joint angle 6, caused by PAM Gmax-
B, the final rotating range is from - 120° to
—41.7706°, which is the rotating range of the hip
joint with the muscle arrangement shown in Fig.3(b).

Comparing and analyzing the data in Fig. 11 (a)
and (b), it can be found that the rotating range of the
hip angle is enlarged by adding a pulley system.

6, as function of /,
54 r T T T

52
50 |
48 ¢
46

44 r

0,(°)

4t
40t
38 | -
36 | -

34 . . . .
635 640 645 650 655 660
/,(mm)

(b) Variation range of joint angle 6, driven by PAM Gmax-A

Fig. 11 Relationship between hip joint angle and PAM length

It can be seen from Fig. 12(a) that the variation
range of 0, is 57.2958°. According to the initial value
of #,, its rotating range is from 75°to 132. 2958°,
which is the rotating range of the knee joint with the

6, as function of /,

=340

=350

=360

=370

6,(°)

-380

-390

-400 |

-410 d . .
410 415 420 425 430
1 ,(mm)
(a) Variation range of knee joint angle 6; driven by a
biarticular muscle K-BM

muscle arrangement shown in Fig.3(b).

It can be seen from Fig. 12(b) that the variation
range of 0, is 49.8224°. According to the initial value
of 6, , its rotating range is from 75° to 124.8224°,

6, as function of [, ,

600

590

580
E; 570
<

560

550

540 : - ‘
410 415 420 425 430

!¢y (mm)

(b) Variation range of knee joint angle §; driven by a

monoarticular muscles K-BM

Fig.12 Relationship between knee joint angle and PAM length
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which is the rotating range of the knee joint with the
muscle arrangement shown in Fig.3(c).

Comparing and analyzing the data in Fig. 12 (a)
and Fig. 12(b), it can be found that greater rotating
angle of knee joint can be obtained using a biarticular
muscle. At the same time, it is found that the more the
PAM contracts, the greater the rotating range of joint.

It can be seen from Fig. 13 that the variation range
of 6, is 45.8366°. According to the initial value of 6, ,
its rotating range is from -135° to —89.1634°.

6, as function of /,,,

)

8 (°

316 318 320 322 324 326 328 330 332 334 336
1,,,(mm)

Fig. 13 Relationship between ankle joint angle and
muscle AM length

4.2 Centroid workspace and trajectory
For the bionic leg shown in Fig.3(b), the work-
space and trajectory of the bionic leg centroid are ana-

lyzed.
x Xo
Y= (29)
z 2,
1 1

where {T is the transformation matrix of the positive ki-
nematics of bionic leg. x,, y, and z, are the initial co-
ordinates of the centroid, respectively. x, y and z are
the instantaneous coordinates of the centroid, respec-
tively.

The centroid workspace of the bionic leg in the
foot-end coordinate system can be calculated by
Eq. (29), as shown in Fig. 14. According to the ini-
tial values of the centroid coordinates, the centroid
trajectory can be calculated by Eq. (25), as shown in
Fig. 14.

It can be seen that proposed hopping planning
with given hopping parameters can ensure the centroid
trajectory location within its workspace.

900

800 |

700

400

300

00t | — Centroid trajectory

B Centroid workspace

100 * . : * ; .
-1200 -1000 -800 -600 -—400 -200 0 200
X(mm)

Fig.14 Centroid trajectory and workspace
5 Conclusions

The hopping planning of the bionic leg driven by
PAMs is studied. Firstly, according to the configura-
tion and geometric relationship of the bionic leg, the
relationship between the PAM length and the joint an-
gles of the bionic leg is analyzed. The joint rotating
range is compared with three different PAM arrange-
ments. It is found that the pulley and PAM system can
extend the rotating range of the hip joint. Secondly, by
analyzing the range of hip and knee joint driven by a
biarticular muscle, it is found that the biarticular mus-
cle can transmit the movement of the hip joint angle to
the knee joint angle and increase the rotating range of
the knee joint. The greater the PAM contracts, the lar-
ger the joint rotating range. Finally, the centroid traj-
ectory of the bionic leg is planned as a variable quantic
polynomial during the take-off stage of bionic leg,
which can be completely located within the centroid
workspace formed by changing the joint angles, which
shows that the proposed bionic leg with PAM arrange-
ment can achieve the planned hopping motion.
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