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Pneumatic artificial muscles (PAMs) have properties similar to a biological muscle, and
are widely used in robotics. A musculoskeletal leg mechanism driven by PAMs is
presented in this paper for a quadruped robot to achieve jumping movement with
relatively higher-speed. There is contact force between foot and environment of robot
with high-speed. In order to reduce the impact and improve the movement performance,
the joint stiffness is controlled in real-time with contact stiffness and motion speed so as
to reduce the impact due to contact force between the robot foot and the environment at
high-speeds and improve the movement performance. A synchronous control method for
position and stiffness is used. PID and BP neural network controls are developed for the
antagonistic knee joint. Experimental investigations, providing a comparative assessment
of performance of the PID and neural network approaches are carried out. A close match
is achieved between theoretical analysis and experimental results.

1. Introduction

The development of bionic robots take inspiration from natural biological
principles so as to achieve improved robot performance in terms of skeletal
muscle coordination, smart structure, movement style, joint variable stiffness etc.
[1]. As pneumatic artificial muscles (PAMs) have many desirable characteristics,
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such as flexibility similar to biological muscles, high power to weight ratio, high
power to volume ratio, and inherent compliance they are widely used in various
robotic systems [2]. In recent years, legged robots are developed using PAM as
driver instead of electric motor to achieve desired high-speed movement of the
legged robots [3, 4].

Quadruped robots have high load performance, are stable and have simpler
structure as compared to six-legged or eight-legged robots. Several quadruped
robots have been developed, and these are mostly driven by electrical motor or
hydraulic actuators, with movement styles ranging from static walking to
dynamic jumping and running [5-8]. The dynamic motion, such as jumping or
running of a quadruped robot is characterised by large instantaneous forces and
short durations. As PAM allows dynamic and agile movements for the robot
with the property of light-weight and large amount of energy converted in short
period of motion, some legged robots with musculoskeletal leg mechanism for
high-speed movement have been developed recently using PAM:s.

When a quadruped robot moves with high-speed, there is a momentary
contact force between the robot foot and the environment. Thus, the key
problem to solve is how to effectively reduce the impact so as to achieve soft
landing of the robot during jumping. To reduce the non-continuous contact force
between the foot and the environment, and for the robot to interact with the
environment in a flexible manner, a suitable control method is needed. This will
require controlling both the joint trajectory and joint stiffness so as to allow
changes in real-time dynamic contact stiffness and load, and lead to good
motion performance with high speed.

Tsujita et al. [9] have developed PAMs driven biped robot and joint
stiffness analysis in walking. They have studied the relationship between muscle
tone and locomotion performance. Nakamura ef al [10] have designed an
antagonistic bionic joint driven by PAMs. They have adopted mechanical
equilibrium model-based proportional-integral (PI) control method and have
carried out experimental study on the positon and stiffness decoupling control.
They have controlled the stiffness with a fixed value, and their joint position
control accuracy is relatively low. Wang ef al. [11] have developed a quadruped
robot driven by PAMs. They have adopted a basic position control method and
model-based position control method to control the joint positon. Their
experimental investigations show variation of joint stiffness with time. Kang [12]
has presented an antagonistic bionic joint driven by PAMs and has studied the
force control method. The experimental results show that the sliding mode
control algorithm could achieve better force tracking. But the joint stiffness
control has not been studied.
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A musculoskeletal leg mechanism driven by PAMs for quadruped robot is
presented. The jumping process is divided into three phases. The dynamics of
the bionic leg during one jumping cycle is derived. The stiffness of the
antagonistic knee joint driven by two FESTO PAMs is then obtained. A
synchronous control method for joint position and stiffness is developed with
proportional-integral-derivative (PID) and backpropagation (BP) neural network
(NN), and experimental investigations are carried out to verify the accuracy of
theoretical analysis and control algorithm.

2. Mechanical Configuration

According to the design principle that the robot should have simple mechanical
structure and better bionic characteristic, the robot’s leg mechanism is developed
so as to replicate the muscles arrangement of a quadruped animal, and its ranges
of joint displacement. The bionic robot leg is driven by four PAMs and has three
active joints and one passive joint, namely side-swing hip joint, hip joint, knee
joint and passive ankle joint. The side-swing hip joint is mainly used for
spinning gait of the quadruped robot, it has a slow response, and is designed
with one PAM and one spring. The hip joint is also driven by one PAM and one
spring. The knee joint is designed as an antagonistic joint driven by two PAMs,
as shown in Figure 1. The structural parameters of the antagonistic knee joint are
shown in Figure 2.

Side-swing hip joint PAMI1

Potentiometer
Hip joint
PAM2 .
Thigh
Thigh -
PAMA PAMEE—=2=
PAM3 —
Potentiometer\ 7 Knee joint — .
Knee join
Shank Shank G 1,
mg
Foot
Passive ankle joint - G
mg
Figure 1. Musculoskeletal leg mechanism. Figure 2. Antagonistic knee joint.

While the bionic leg jumps with high-speed, there is instant non-continuous
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impact force between the foot and the environment. Effective reduction of the
contact force to achieve soft landing constitute the key to high-speed movement.
In order to reduce the impact force between the foot and the environment, while
the joint position is controlled, it is required to control the joint stiffness.

3. Driving Torque and Stiffness Analysis of the Antagonistic Knee Joint

3.1. Driving Torque of the Knee Joint

The driving torque of the knee joint can be expressed as:
T =(ml, +myl,) gsin(z/6—-6)+F,d, ~Fd, (1)

where, T 1is joint driving torque vector. @1s joint angle. m,, m, are equivalent
masses of the knee joint and external load, respectively. /,/, are distances
from point O to the equivalent mass centre C; and external load acting point C,,
respectively. g is gravity acceleration. F; and F, are the output forces of PAM3
and PAM4. The PAM type used is MAS-10-180N-AA-MC-O from FESTO
Company, whose axial output force was determined experimentally as:

Fi :(a1 +a2pj>+(b1 +b2pi)gi -|-(c1 +czpi)e—043g‘ (2)

where, a, =-245.8,a, =109,b, =3.216,b, =-3.442,¢, =255.6,c, =—13.18.

p is the inner gas pressure of PAM. & is the contraction rate of PAM.
&=1-L,(t)/l,.L(t) is the real-time length of PAM. [, is the initial length of
PAM, [,=180mm . d,,d, are the force arms of F;, F, about point O
respectively.

r(H cos@+rsin) r(H cos@—rsinf)
dy = 2 2 dy = 2 2 ©)
\/(H+rsin¢9) +(r—rcos6) \/(H—rsiné?) +(r—rcos6)
Ly(6)=(H +rsin0) +(r—rcosd) —(L, +L,)
4

L,(t)=\(H~rsin@) +(r-rcos6)’ ~(L, +L,)

where, H,r are equivalent length and rotation radius of joint respectively;
H=370mm, r =30mm .

3.2. Stiffness of the Knee Joint

Suitable joint stiffness is the key to achieving high-speed dynamic movement of
the bionic leg. In order to obtain the desired joint stiffness for the bionic leg to



485

achieve the desired jumping movement, the relationship between the joint
stiffness and the gas pressure of PAMs needs be determined. The variation of
joint stiffness of the musculoskeletal leg mechanism with the gas pressure of
PAMs can be obtained from the dynamic model of the leg mechanism [11]. The
joint stiffness can be derived from the joint driving torque as:

ar  d((ml+myl,)gsin(z/6-0)+F,d, ~Fd,)
K, = == (5)
do do

where, K, is the knee joint stiffness. The negative sign indicates that the
torque is in the opposite direction with the joint rotating.

Let d;=d,=r then K,=(ml +m,l, )gcos(ﬂ/6—9)+r[%—%j (6)
where, dF, _dF, ds _ 0.3(c, +c,p, )e™ —(b +b,p,) dr, o
dg de do Ly do
K, =(ml +m,l,)gcos(z/6—6)+

r*(H cos @ +rsin0) 0.3(c, +¢,p;)e ™ —(b, +b,p,) L ®
\/(H+rsint9)2+(r—rcos«9)2 Iy

r*(H cos@—rsin6) 0.3(c, +¢,p,)e ™ —(b +b,p,)
\/(H—rsinﬁ)2 +(r—rcos@)’ ly

4. Experimentation

When the quadruped robot moves with high speed, there is a momentary contact
force between the foot and the environment. The key control requirement is to
effectively reduce the impact so as to achieve soft landing of the robot. To
reduce the non-continuous contact force, for the robot to interact with the
environment in a flexible manner, an effective control method needs to be
devised. Figure 3 shows the control structure for simultaneous joint trajectory
and stiffness control.
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Figure 3. Control system structure of antagonistic knee joint.
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The control system comprises traditional PID control and BP NN control
for synchronised control of the position and stiffness of knee joint. The control
system was implemented using the MATLAB Real-time Workshop. A
sinusoidal joint displacement reference was set up, and experiments were carried
out with constant and sinusoidal joint stiffness requirements. The experimental
results are shown in Figures 4 and 5.

Figure 4 shows joint trajectory tracking with the desired stiffness
represented as constant value or sinusoidal function. Figures 4(a) and 4(b) show
the results using PID control during the constant stiffness and sinusoidal
stiffness respectively. Figures 4(c) and 4(d) show the results using BP NN
control during the constant stiffness and sinusoidal stiffness respectively.

Figure 5 shows the error in joint position and stiffness. Figures 5(a) and 5(b)
show the angular displacement errors during the constant stiffness and
sinusoidal stiffness respectively. Figures 5(c) and 5(d) show the stiffness errors
during the constant stiffness and sinusoidal stiffness respectively. It is noted in
the experimental results that: when the desired stiffness was constant, the joint
position was relatively stable. In case of the desired stiffness given as a
sinusoidal function, the joint angular displacement was volatile with changes in
the joint stiffness.
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5. Conclusions

A musculoskeletal leg mechanism driven by PAMs has been presented for a
quadruped robot in jumping movement. The system dynamics have been derived
to determine the relationship between the joint driving torque and the PAM gas
pressure and further determining the joint stiffness. A PID and BP neural
network control method has been developed for controlling the position and
stiffness of the knee joint of the leg mechanism. The effectiveness of the control
algorithm has been demonstrated through experimental investigations. Future
work will focus on jumping planning strategies of trajectory and stiffness, and
the position and stiffness control of the hip joint and knee joint according to the
jumping movement planning strategy.
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