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Abstract

As the pneumatic artificial muscle (PAM) has flexibility properties similar to biological muscle

which is widely used in robotics as one kind of actuators, the bionic mechanism driven by PAMs be-

comes a hot spot in robotics. In this paper, a kind of musculoskeletal leg mechanism driven by

PAMs is presented, which has three joints driven by four PAMs. The jumping movement is divided

into three phases. The forward and inverse kinematics of the leg mechanism in different jumping

phases is derived. Considering the ground reaction force between feet and environment, the dynamic

in different jumping phases is analyzed by Lagrange method, then the relationship between PAM

driving force and the joints angular displacement, angular velocity, angular acceleration during one

jumping cycle is obtained, which will lay a foundation for the jumping experiment of the musculo-

skeletal leg mechanism.
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dynamics

0 Introduction

From the biological movement, the bionic running
or jumping movement style is advantaged in the mobili-
ty and environmental suitability. The bionic robot is
one of the important researching directions, and the
bionic jumping or running robots have been paid more
attention in recent years:l:.

The jumping movement is characterized by large
instantaneous forces and short duration. For example,
the duration time for vertical jumping is about 2s. Mus-
culoskeletal system driven by PAMs can achieve jump-
ing movement. The pneumatic muscle allows dynamic
and agile movements for a robot with the property of
light-weight and large amount of energy converted in
short period of motion.

PAMs have been widely used in various robotic

2} The muscles were adopted to actuate the

systems
robot because of high power to weight ratio and proper-
ties similar to biological muscles.

In the musculoskeletal system, PAM is widely
adopted as an actuator for walking robots instead of the
electric servomotor. PAM is similar to biological mus-
cles in shape and working principles, which can meet

the flexibility requirements. PAMs have many desirable

characteristics, such as flexibility similar to biological
muscles, high power to weight ratio, high power to vol-
ume ratio, and inherent compliance and have therefore
been widely used in various robotic systems'?'.

The musculoskeletal system gives animals the abil-
ity to move in a huge variety of environments. Some re-
searchers have paid more attention to the musculoskele-
tal legged system. Niiyama presented a pneumatically
actuated bipedal robot “Mowgli” , whose artificial mus-
culoskeletal system consists of six McKibben pneumatic
muscle actuators. The robot can achieve vertical jump-
ing with disturbance. Mowgli can reach jump heights of
more than 50% of its body height and can land soft-
ly(ﬂ
skeletal system is presented. The configuration of the

. A kind of bipedal running robot using musculo-

muscles is compatible with the human. The muscle ac-
tivition of the musculoskeletal leg is determined by
measuring the muscle activity and kinetic data of hu-
man">’. Yamada developed a quadruped robot, which
was designed by simulating the musculoskeletal system
of quadruped animal. Different muscle configurations
were analyzed. Some experiments were conducted to
investigate emergent phenomena'*®'. A kind of quad-
ruped robot driven by PAMs is presented. The force
characteristic is studied. The PAMs are controlled
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using pulse-width modulation with closed-loop position
feedback'”*'. Hosoda"®' developed one kind of biped
robot, which has a bio-mimetic muscular-skeleton sys-
tem driven by McKibben PAMs to realize stable bounc-
ing. Kenichi'"”' developed a kind of quadruped robot
with the minimalistic and light-weight body for achie-
ving fast locomotion. The McKibben PAMs have been
used as actuators to provide high frequency and wide
stride motion, and to avoid problems of overheating. A
frog-inspired hopping leg driven by PAMs is presented
and the kinematic analysis is performed in landing and
airboren phase respectively. Vertical jumping simula-
tion is performed''""*'.

A kind of musculoskeletal leg mechanism inspired
by the running or jumping movement of animal is de-
veloped, which has 3 DOF driven by four PAMs for
running or jumping quadruped robot. The jumping
movement is divided into three phases, which are take-
off phase, jumping phase and landing phase. The for-
ward and inverse kinematics of the musculoskeletal leg
mechanism is derived. Considering the contact force
between foot and environment, the dynamic is derived.
The relationship between the PAM driving force and the
joint angular displacement, angular velocity, angular
acceleration is obtained. Meanwhile, the PAM driving

force can be determined.

1 Quadruped robot with musculoskeletal
leg mechanism

The quadruped robot system is designed by inspir-
ing from the quadruped animals, such as, dog, chee-
tah, which is composed of one bionic flexible body and
four legs, as shown in Fig. 1

Fig.1 Quadruped robot

PAM plays an important role in realizing coordina-
ted movement of joints. There are four PAMs in the leg
mechanism. PAM can imitate the behavior of biological
muscle. The musculoskeletal leg mechanism is de-
signed as shown in Fig.2. The leg mechanism has

three rotational joints, which are side-swing hip joint,
walking hip joint and knee joint. The side-swing hip
joint is driven by one PAM, the walking hip joint is
driven by one PAM, and the knee joint is driven by
two PAMs'".

side-swing hip joint pAM1

Fig.2 Musculoskeletal leg mechanism

The movable range of each joint is designed simi-
larly to those of quadruped creatures. The movable
range of the side-swing hip joint is 15°, the walking
hip joint is 10° and the knee joint is 60°, respectively.

The hip joint’ s flexion/extension is driven by two
muscles. The hip joint can achieve side-swing and for-
ward/backward-swing. The knee joint’ s flexion/exten-
sion is driven by two muscles, in order to increase the
rotate range of the knee joint. PAM has the character-
istics ; tending to contract, and hard to elongate. This
characteristic is considered to arrange the PAMs for
driving the knee joint. So the mechanical stretch struc-
ture is designed at the upper end of the PAM, which
can compensate the lack of the PAM elongation.

2 Kinematic of leg mechanism
Kinematic is to determine the relationship between
the joint varieties and feet pose. One jumping cycle is

divided into three phase, which are takeoff phase,
jumping phase and landing phase, as shown in Fig. 3.

Takeoff phase

Fig.3 One jumping cycle
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2.1 Takeoff phase or landing phase

During the takeoff phase and landing phase, be-
cause the movement of leg mechanism is the same, the
kinematic of leg mechanism in takeoff phase and land
phase can be analyzed with the same method.

When the robot is in turning gait or spinning gait,
the side-swing hip joint is mainly used to assist the
body to achieve turning movement, so it needs not to
be considered in the jumping kinematics analysis.

During the takeoff phase and landing phase, if
there is not relative slippage between the feet and the
ground , the movement of foot relative to the ground can
be looked as passive rotary joint. The fixed reference
frame system is located at the foot-end, and the hip
joint is looked as the end of the open chain. The kine-
matic of the leg mechanism in the takeoff phase is to
express the special positions of hip joint relative to the
foot-end. The leg mechanism can be looked as an open
chain with 3DOF.

The Denavit-Hartenberg method is adopted to ana-
lyze the kinematics. The D-H coordinate systems are
shown in Fig.4. The coordinate system {0} and {1}
are located at foot-end. The coordinate system {2} is
located at knee joint, and the coordinate system {3} is
located at forward walking hip joint.

3

Fig.4 Coordinate frames of leg in the takeoff phase

According to the D-H coordinate systems, the link
parameters can be determined as shown in Table 1.

Table 1  D-H parameters of the leg mechanism
Link Link length  Link angle Offset J(Tmt
o variable
No. i a; (mm) (o P ( ) di (mm) °
6; (°)
0 0 0 0,

I, 0 0 0,

The position and orientation of frame {3} with re-
spect to frame {0} can be described by the 4 x4 hom-

ogeneous transformation matrix

Cly =88y~ Osy — S0y 0 Loy + ey

ng = | 283 F 820 Gl — S8y 0 lysy + sy
0 0 1 0
0 0 0 1

(1)
where s, = sinf,, ¢, = cosf,, s, = sinf,, ¢, = cosl,,
sy = sin(@; +6,), ¢, =cos(6; +86,).

nlx olx alx plx

0 n,. 0. a,. .

Let {T, = 1y ly iy Py
n, 0y, a, Pz

0 0 O 1

According to the expected trajectory of the frame
{31, the joint angular displacement can be derived by
the inverse kinematics as

1T_

0. = T -0, -0,
2 ) .
0; =- arccos(p“ +py, - - lz)
21,1,
2 5 .,
' +p7 + 01 -1
b, = arctan 22 4 arCCOS(plx Piy T 2)

b 2L, /pi, + by,
2.2 Jumping phase

During the airborne jumping phase, the movement
of the leg mechanism can be seen as the resultant
movement of the motion of the center of mass and links
motion relative to the center of mass. So the fixed ref-
erence frame system is located at the center of mass,
and the D-H coordinate systems are shown in Fig. 5.

L5

6, B

X2 13 y3

X3

T

Fig.5 Coordinate frames of leg in the jumping phase

According to the D-H coordinate systems, the link
parameters can be determined shown in Table 2.
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Table 2 D-H parameters of the leg mechanism

Link Link length  Link angle Offset J(fmt
variable
No. i  a; (mm) o (°) d; (mm) o
6, (°)
1 171 0 0 90
2
2 L 0 0 0,
IS 0 0 0,

The position and orientation of the foot-end with
respect to frame {0} can be described by a 4 x4 hom-

ogeneous transformation matrix ;

Sy €y O Lys, + L5y
T, = | ~ % S 0 - licy =L, - %
0 0 1 0
0 0 O 1
(2)
Ny 0y Gy Doy
Let (3)T2 _ | My 0y ay py
Ny, 0y Gy, Do,
0O 0 O 1

The joint angular displacement can be derived by
the inverse kinematics as follows

l
(poy + 50" 412 — L+ 13
0, = arccos( — l )
21, /(21 +p2},)2 +P§x
- arctan(#)
b,
L, 2 2
(Pz)‘ + ) ) +p - L -1
0, = arccos( )

20,1
(3)

3 Dynamics of leg mechanism

The dynamics of the robot manipulator driven by

"1 The jumping dynamics of the

PAMs is nonlinear
musculoskeletal leg mechanism in different phases can
be derived by the Lagrange method. As the jumping
movement of the leg mechanism is not related with the
side-swing hip joint, the leg can be simplified as one

2DOF mechanism.

3.1 Takeoff phase or landing phase

The dynamic of leg in the takeoff phase and the
landing phase are the same. There are ground reaction
forces between feet and environment, which can pro-

vide thrust force to move forward to maintain the pos-
ture. The dynamics of the leg can be described in the
joint space, which has the following form .

Tuer = M(q)§ +C(q,q) +G(q) +7 (4)
where 7,,..¢ 18 2 X 1 vector of joint torque. 7,.x =
(7, 75]", where q,4,§ are 2 x 1 vector of the gener-
alized coordinate, angular velocity and angular acceler-
ation, respectively.

g =10, 6,]".

M(q) is 2 x2 inertia matrix of the leg. C(q,q) is2 x 1
vector of centrifugal and Coriolis terms. G(¢q) is 2 x 1
vector of gravity terms.

7r is the vector of contact forces mapped to the
joints by transposed Jacobian matrix. The mapping re-
lationship between the contact forces and the joint
torques can be expressed by Jacobian matrix .

Tr = JT(‘I)F (5)
where
lyssers = L3syy = lysyses = Lysyy
= 1583853 = Lyeyy = Lyeseyy = Lyey
J = 0 0
0 0
0 0
1 1

The generalized ground reaction force F consists
of force component and moment component at the con-
tact point between foot and environment.

F=1[f f f n n n]
wheref. =0,n, =0,n, =0

According to the moment principle of leg mecha-
nism, the component of force is

3
d( Z mao,,)
_ i=1
I = dt

fo=—a

3.2 Jumping phase

The dynamic of leg in jumping phase is different
from the takeoff phase.

Ty = M(q)§ +C(q,4) +G(q) (6)
where M(q) is a robot inertia matrix. C(q,§) is 2 x 1
vector of centrifugal and Coriolis terms. G(¢q) is 2 x 1
vector of gravity terms.

4 PAM driving force

According to the joint driving torque, the needed
PAM force for driving joint movement can be derived
by the geometric method.
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4.1 PAM driving force of walking hip joint
The force analysis of walking hip joint is shown in

Fig. 6.

Fig.6 Force analysis of the walking hip joint

According to the geometric relationship, there is
the static equilibrium equation

7, = F.d, - Fd, (7)

Since the antagonistic force F, generated by the
PAM is smaller, which can be neglected, so the driv-
ing force of joint 2 is;:

7
F. = %
2 d2
where
n, + R,cos[ 6, + arctan(%)]
n, + L, i
- L, + R,sin[ 9, + arctan(hfz) ]
d, = : 22
n, + R,cos[ 6, + arctan(hfz)]
1+ 2

- L, + R,sin[ @, + arctan(}%) ]
2

4.2 PAM driving force of knee Joint
The force analysis of knee joint is shown in
Fig.7.

PAM3 K

Fig.7 Force analysis of the knee joint

7 = F,d, - Fyd, (8)
When PAM4 drives the joint 3, the antagonistic
force F, that is generated by PAM3 is smaller, which

can be neglected, so driving force of joint 3 is;.

Fy= 7
4
~ Rysin(6, + %) - L,
L, - R,
Rycos( 0, + %) - R,
where d, = -
- Rysin(6; + %) - L,
1+
Ricos(6; + %) - R,
Similarly, F, = :%
3
L, - Rysin(6, + %)
L, + R,
- R, + Rycos( 6, + %)
where d; =
L, - Rysin( 0, + %)
1+

- R, + Rycos(0; + %)

5 PAM inner pressure

For the musculoskeletal leg mechanism driven by
PAMs, it is necessary to analyze the relationship be-
tween the PAM inner pressure and the PAM driving
force.

Generally, it is difficult to obtain the precise posi-
tion control of the robotics system driven by PAMs. In
contrast, the force/torque is relatively ease to be con-
trolled by controlling the PAM gas pressure.

For PAM, the relationship between PAM force,
inner pressure and contraction ratio can be derived,
and for different PAM, there are different express form
and coefficient. The PAM force can be expressed as a

function of total pressure p and contraction ratio & >,

Fleop) = p(T0) (B (1 =2) =) (9)

where p is the inner pressure of the PAM.

B, and B, are constants related to the PAM parame-
3 1

ters. B, = > B =
tan"q, sin” o,

.« is the initial braid
angle, which is defined as the angle between the PAM
axis and each thread of the braided sheath before ex-
pansion. g is the contraction ratio expressed as & =
ly -

Ly

. 1, is the initial length and d,, is the initial diame-
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ter of the PAM.

6 Analysis results

The structural parameters of the musculoskeletal

leg mechanism are shown in Table 3.

Table 3 Structural and gait parameters

No. Variables ( Unit) Value
1. Length of link 1/, (mm) 153
2. Length of link 2 [, (mm) 363
3. Length of link 3 /; (mm) 257
4. Mass moment of inertia of link 1 J, (kg +m’)  1.34e4
5. Mass moment of inertia of link 2 J, (kg - m*)  1.61e-3
6. Mass moment of inertia of link 3 J; (kg - m’)  5.80e4
7. Mass of link 1 m, (kg) 0.0623
8. Mass of link 2 m, (kg) 0.143
9. Mass of link 3 m, (kg) 0.102
10. Jumping cycle T(s) 1.8
11. Step length S(mm) 200
12. Step height H( mm) 75
13. n,(mm) 35
14. L,(mm) 76
15. R,(mm) 197
16. r,(mm) 51
17. h,(mm) 190
18. L;(mm) 323
19. R;(mm) 30

The PAMs from Festo company are selected as ac-

tuators, whose maximum shrinkage amount is 20% of

the initial length. The structure parameters are shown

in Table 4.
Table 4 PAM parameters
Length Diameter Angle
No. Model

(mm)  (mm) ()
PAM1 MAS-10-82N-AA-MC-0O 82 10 30
PAM2 MAS-10-80N-AA-MC-O 80 10 30
PAM3 MAS-10-180N-AA-MC-O 180 10 30
PAM4 MAS-10-180N-AA-MC-O 180 10 30

One jumping cycle is set as 1. 8s. The foot-end

trajectory during one jumping cycle is determined as

shown in Fig. 8 (a). Then the joint angular displace-

ment, angular velocity and angular acceleration of the

leg mechanism can be calculated as shown in Fig. 8

(b) ~(d).

Angular velocity (rad/s) Angular velocity (rad/s) Angle (°) Y (mm)

Angular acceleration (rad/s?)

80r
70~
60+~
50+~
40+
30
20
10

0 1 L 1
0 50 100 150
X(mm)

(a) The foot-end trajectory

30
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20
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40 N
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-60 f
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-80 ‘ ‘ ‘ ‘ ‘
0 0.3 0.6 0.9 1.2 L5
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(b) Joint angular displacement

1.2 1.5

=

1.8

0.3 0.6 0.9 1.2 1.5
Time(s)
(¢) Joint angular velocity

1000

500+ A

1.8

-500 §

-1000, 03 0.6 0.9 12 15

Time(s)
(d) Joint angular acceleration

Fig.8 Kinematic results during one jumping cycle
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The jumping dynamics results of leg during one
cycle can be calculated.

The ground reaction forces are shown in Fig.9(a)
~(b). As the jumping is analyzed in this paper, and
the jumping is only related to joint 2 and joint 3, so the
driving torque of joint 1 is zero. The joint torque is
shown in Fig. 9(c). The driving forces of PAMs are
shown in Fig.9. (d) ~ (f).

307
201 ’,,"\‘
8 10, A R —
0
-1 | | I I I )
00 0.3 0.6 0.9 12 1.5 1.8
Time(s)
(a) Ground reaction force
2 L
—n,
2 0
52
g
= 4}
-6 . | L L L |
0 0.3 0.6 0.9 12 1.5 1.8
Time (s)
(b) Ground reaction torque
5 &
g ol
é ________________________
Q
g
g -9y ]
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-10 : : L ‘
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(d) PAM2 driving force
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(e) PAM3 driving force
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g 100+
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Time (s)
(f) PAM4 driving force

Fig.9 Dynamics results during one jumping cycle
7 Conclusions

This paper focuses on the kinematics and dynam-
ics of the musculoskeletal leg mechanism. A kind of
musculoskeletal leg mechanism driven by PAMs is
presented, which can be implemented to the quadru-
ped robot. The jumping movement is divided into three
phases. The kinematics of the leg mechanism in differ-
ent phases are analyzed to determine the relationship
between the joint angular displacement and the foot
trajectory. The ground reaction force between feet and
environment is considered to derive the dynamics. The
future work will focus on the control algorithm and con-
tinuous jumping experiments of the musculoskeletal leg

mechanism.
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