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Abstract

Pneumatic artificial muscles (PAMs) have properties similar to biological muscles, which are
widely used in robotics as actuators. It is difficult to achieve high-precision position control for robot-
ics system driven by PAMs. A 3-DOF musculoskeletal bionic leg mechanism is presented, which is
driven by PAMs for quadruped robots. PAM is used to simulate the compliance of biological muscle.
The kinematics of the leg swing is derived, and the foot desired trajectory is planned as the sinusoid-
al functions. The swing experiments of the musculoskeletal leg mechanism are conducted to analyse
the extension and flexion of joints. A proportional integral derivative ( PID) algorithm is presented
for controlling the flexion/extension of the joint. The trajectory tracking results of joints and the PAM
gas pressure are obtained. Experimental results show that the developed leg mechanism exhibits good

biological properties.

Key words: musculoskeletal leg mechanism, swing, bionic joint, trajectory tracking, propor-
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0 Introduction

Four-legged creatures have advanced mobility in
natural environment, which is the long-term evolution
result of the biological adapting to the natural environ-
ment. Better mobility mainly depends on the structure
of flexible body and legs, which is a musculoskeletal
system, and the muscles and skeletal could move coor-
dinatedly to adapt to different locomotion velocity and
terrains' '/

Various bionic leg mechanisms have been devel-
oped for quadruped robots worldwide. The biological
structure consists of many bones connected with mus-
cles and ligaments that work antagonistically and syner-
gistically. A musculoskeletal system is required to pro-
duce animal-like motions, and researchers have carried
out investigations >'. PAM has been widely adopted as
an actuator in musculoskeletal system, and similar to a
biological muscle in shape and working principles,
thus can meet the relevant flexibility requirements.

PAMs have many desirable characteristics, such
as flexibility similar to biological muscles, high power
to weight ratio, high power to volume ratio, and inher-

ent compliance therefore have been widely used in vari-
ous robotic systems'*'. Hosoda"”' developed a biped
robot with a bio-mimetic muscular-skeleton system
driven by McKibben PAM which realises stable bounc-
ing. Takuma'® presented a bipedal robot and a feed-
forward controller to achieve multi-modal locomotion by
tuning appropriate leg compliance on individual loco-
motion. The rotational joints were driven by McKibben
pneumatic muscles. Niiyamam presented a pneumati-
cally actuated bipedal robot called “Mowgli”, with an
artificial musculoskeletal system consisting of six McK-
ibben pneumatic muscle actuators. The robot could
Aschen-
beck'®' developed a canine-inspired quadruped robot in
which PAMs were used to actuate the robot. Kenichi'”’
developed a quadruped robot with the minimalistic and

achieve vertical jumping with disturbance.

light-weight body for achieving fast locomotion and
McKibben PAMs were used as actuators to provide high
frequency and wide stride motion, and also to avoid
problems of overheating. A central pattern generator-
based open loop controller was adopted to realise the
bouncing gait of the robot. Andre'"’ presented a
hopping mechanism driven by seven PAMs. The
hopping direction of the robotic hind-limb could be
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controlled by using a non-linear curve fitting from ex-

" developed a one-leg

perimental results. Keisuke
jumping robot driven by 9 PAMs that could mimic the
muscular and skeletal system of a human leg. Two
kinds of muscles: mono-articular type and bi-articular
type were adopted. Motion experiments were conducted
to verify the effectiveness of the mechanism and the

21 presented a robot with an

control system. Niiyama
artificial musculoskeletal system driven by PAMs. The
structure of the robot was similar to an animal for bio-
mechanics study. The robot could achieve vertical
jumping, soft landing and postural control during
standing. Wang, et al. ™' developed a quadruped
robot driven by PAMs who adopted a basic position
control method and model-based position control meth-
od to control the joint positon. Their experimental in-
vestigations showed the variation of joint stiffness with

1. ' presented a lower limb mechanism

time. Xie, et a
driven by PAMs. Based on analyzing the output force
model of PAM, a proportional integral derivative
(PID) control algorithm was adopted.

A kind of antagonistic joint driven by two PAMs is
presented, and an adaptive recurrent neural networks
(ARNN) controller is designed. The joint position
control is studied by the experiment and simulation
with three different load cases of 0.5kg, 2kg and
10kg, which tracking error is very small less than
+0.5° for a load of 0.5kg and less than +2° for a
load of 10kg''®’. A bionic joint driven by PAMs is
presented, where a classic PI controller, an enhanced
PID controller, a robust controller and sliding-mode
controller are designed. The position control experi-
ments of the bionic joint are performed. Experimental
results show that the average trajectory tracking error is
less than +1°'"7'. One-dimensional manipulator actu-
ated by two PAMs is presented. A Takagi-Sugeno fuzzy
model-based controller is designed. Experimental re-
sults show that the proposed controller can achieve ex-
cellent tracking performance under different disturb-
ance. The tracking error of the T-S fuzzy model-based
control is maintained within 2°'"*),

Based on the biological principles of the skeletal
and muscle coordinated movement, a musculoskeletal
three degrees of freedom (DOF) leg mechanism driven
by PAMs for a quadruped robot is proposed in this pa-
per. The configuration of three rotating joints of the leg
mechanism is different from other leg mechanisms,
which can achieve side swing, forward and backward
swing. The kinematics of the leg mechanism is derived
to determine the relationship between the joint angular
displacement and the foot positon. The foot trajectory is
planned as the sinusoidal function. A PID control algo-

rithm is adopted to control the swing of the leg. The
experiment on the musculoskeletal leg mechanism is
performed to evaluate and assess the performance of
joint movement and the control algorithm.

1 Musculoskeletal leg mechanism

Based on the design principles of the light weight
and bionic, from the point of the mechanism, drive
and motion bionic, with reference to biological leg
muscle arrangement, elastic tendons, antagonistic
drive bionic design concept, using the PAMs similar to
biological characteristics of muscle, the musculoskele-
tal leg mechanism is innovatively designed, which re-
flects the biological flexible, multi-muscle coordinated
movement, and the PAMs are reasonably arranged to
achieve large enough rotating range of the bionic leg
joints.

The configuration of the muscles is compatible
with four-legged animals. The musculoskeletal bionic
leg is based on quadruped animals, such as, dog or
cheetah. For the joint rotating range of the hind limb of
the cheetah, spine-hip joint has a range of 145 de-
grees, and the knee joint has a range of 104 degrees,
the ankle joint is 95 degrees'"’.

The leg has three DOFs. FESTO-type PAMs are
used to provide the non-linear properties of biological
muscles. The 3-DOF musculoskeletal leg mechanism is
presented in Fig.1, where PAMs play an important
role in realising coordinated movements of joints. The
leg mechanism has three rotational joints driven by
PAMs, and these are side-swing hip joint, forward-
swing hip joint and knee joint. The axis of the first
joint is perpendicular to the axis of the second joint.
The axes of the second and the third joints are parallel,
which can increase the motion range of the foot. The
2-DOF hip joint can achieve side-swing and forward/
backward swing. The ranges of motion of the joints are
designed similar to those of quadruped animals.

Four muscles are arranged for the leg mechanism.
The flexion/extension of the side-swing hip joint or the
forward-swing joint are driven by one PAM. The flex-
ion/extension of the knee joint is driven by two PAMs
in order to increase its range of rotation. PAM has the
tendency of contracting and is hard to elongate. These
characteristics are considered in the design of the mus-
culoskeletal leg mechanism to avoid interference of
PAMs during rotation of the joints. For the PAMs used
in the knee joint, when one is charged with gas, the
other end can be moved by the mechanical stretch

structure.
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Fig.2 D-H coordinate system
Table 1  D-H parameters of the leg mechanism
Link No. Link length  Link angle Offset t]omt
. o variable 6,
4 a; (mm) o (°) d; (mm) (°)
1 1,72 0 0 -90
(a) Mechanism structure 2 L 0 0 0,

3 I 0 0 0,

PAM 1
—_

Side-swing hip joint
Spring 1
Forward-swing hip joint
PAM 2

Spring 2
Knee joint

PAM 3 \

Passive ankle joint

PAM 4

(b) PAMs arrangement
Fig.1 Musculoskeletal leg mechanism

2 Kinematics

2.1 Forward kinematics

Kinematics is not concerned with forces, either
internal or external. Swing is the event when the foot is
in the air. The kinematics of leg mechanism in the
swing phase is analysed here, using the Denavit-
Hartenberg ( D-H) convention, as shown in Fig.2.
The link parameters are shown in Table 1.

The position and orientation of the foot with re-
spect to frame {0} can be described by a 4 x4 homo-
geneous transformation matrix ;

S23 ¢y 0 lysy + Lysy
L
T = | ~ s S» 0 - Ly = L T (1)
0 0 1 0
0 0 0 1

where s, = sinfl,, ¢, = cosf,, s,; =sin(0, +6;), ¢y

= cos(8, +6,).

2.2 Inverse kinematics

According to the planned foot trajectory, angular
displacement of each joint can be determined through
inverse kinematics of the leg mechanism.

The joint angles 0,,60,,60; can be determined as
below using the inverse transformation method.

0, =0
C+0.50)  +p  -L+ D
02 — arccos( _ (p) ]) px 3 2)
2L, /(0.50, +p,)* +p;
px
—arctan(oi. 51, +Py)
(p, +0.50,)° +pi —l§ -B

0, = arccos(

)
(2)

20,1,
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2.3 Foot desired trajectory

For the musculoskeletal leg mechanism presented
above, the rotating range of each joint has been deter-
mined by the PAM length. The side-swing hip joint
can reach 23°, while the forward-swing hip joint rea-
ches 10° and the knee joint reaches 55°. According to
the rotating range of the forward-swing joint and the
knee joint, the foot trajectory is planned with the sinu-
soidal function.

The foot trajectories along the x-axis and z-axis are
planned as sinusoidal functions. The side swing of the
leg mechanism is not considered, hence the foot trajec-
tory along the y-axis is 0. The planned trajectory of the
leg mechanism is as follows

_g 1 2m

w sw

0<s:t<T

Sw

3
p, = Hsin ;,l, 3)

Sw

0s:<T

S

p. =0
where S is the stride length, H is the step height, T, is
the swing cycle, and p., p,, p. are displacements of
the foot along coordinate axes directions.

3 Dynamics

For musculoskeletal leg mechanism swing, the
contact force between the foot and the environment
does not need to be considered. So the leg can be con-
sidered as a series manipulator. Lagrange’ s formula-
tion is used here to derive the dynamics of the nonlin-
ear system. Firstly, the PAM isn’ t considered, the
dynamics of the leg swing can be derived in the joint
space in the following form .

T =M(q)§ +C(q, ) +G(q) (4)
where 7 is a 3 X 1 vector of joint torques. 7 =
(0 =
alized coordinates, angular velocity and angular accel-
6;)". M(q)is3
x 3 inertia matrix of the leg. C(q, ¢) is 3 x 1 vector

)", q, ¢, are 3 x 1 vectors of the gener-
eration, respectively, ¢ = (6, 6,

of centrifugal and Coriolis terms. G(¢q) is 3 x 1 vector
of gravity terms.

Taking the knee joint as example, the relationship
between the joint driving torque and the PAM output
force can be derived. Meanwhile, the PAM output
force is related to the inner gas pressure. The structure
parameters and the force analysis of the antagonistic
knee joint are shown in Fig. 3.
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Fig.3 Force analysis of antagonistic knee joint

The relationship between the joint driving torque
and the PAM force can be expressed as

T, = (m;l3 +mel3)gsin(%—9) +F,d, - Fid,
(5)

where 7, is the knee joint driving torque. m, is the

e

equivalent mass of the external load. m_g is the equiv-
alent gravity of the external load. F,, F, are the PAM
output forces. d,, d, are the force arms of force F, and
F,, respectively.

The structural and gait parameters are shown in

Table 2.

Table 2 Structural and gait parameters

No. Variable Value Unit
1. Body height 153 mm
2. Thigh skeleton length 363 mm
3. Shank skeleton length 257 mm
4. Body mass 2.40 kg
5. Thigh mass 0.43 ke
6. Shank mass 0.28 kg
7. Stride length S 100 mm
8. Step height H 50 mm
9. Swing cycle T, 10 s

10. Equivalent mass m, 0.3 mg

4 Leg swing experiments

The swing experiments of the musculoskeletal leg
mechanism are conducted to analyse the extension/
flexion of joints and the leg performance. A PID algo-
rithm is adopted to control the flexion/extension of the
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joint.

4.1 Experiment system

According to the planned foot trajectory of the leg
swing, the trajectory tracking experiments of the for-
ward-swing hip joint and the knee joint are performed.
The experiment is conducted as shown in Fig. 4.

g B i Computer
1. . Data acquisition card

| Forward-swing hip joint

i v |
M oo it |

Fig.4 Experimental platform of the leg swing

The trajectory tracking of the leg mechanism in
swing is considered as the basis of performance criteria
to demonstrate the accuracy and effectiveness of the
proposed control algorithm. Experiments of the muscu-
loskeletal leg mechanism are conducted to analyse the
extension and flexion characteristics of the leg mecha-
nism, and to assess the range of motion of each joint
and the control algorithm.

The experimental system (see Fig.5) is composed
of the leg mechanism, industrial PC, data acquisition
card , pressure regulating valve, proportional pressure

valves, pressure sensor and potentiometer. The hard-
ware used in the experiment is shown in Table 3.

The NI PCI-6281 data acquisition card is used to
obtain the joint position signal and the PAMs gas pres-
sure by real-time collecting. These data are imported
into computer. After the control program calculating,
the control voltage signals are outputted and imported
into the proportional pressure valve, and thus output
gas pressure of the proportional valves are regulated
and imported into the PAMs. The inner gas pressure of
PAMs are controlled within 0. 1Mpa and 0. 6Mpa.

4.2 Experimental results

Precise position/angle control of PAM is not suit-
able. Instead the force/torque can be controlled rela-
tively with ease by controlling the gas pressure which
results in high-precision dynamic real-time compensa-
tion for the traditional PID controller. A proportional
pressure valve is used to control the inner pressure of
the muscles. The pressurized gas is exported by the air
compressor and is supplied to the PAMs through the
pressure regulating valve and proportional valve. The
pressure regulating valve is used to change the system
pressure, and the proportional valves are used to trans-
form analogue input signal into a corresponding gas
pressure. The proportional valve can be dynamically
controlled by the controller, and the gas pressure is
controlled at a certain value. A non-contact rotary po-
sition sensor is fixed on each joint, and a pressure sen-
sor is used for measuring the gas pressure. Each PAM
is supplied with one proportional valve. The maximum
shrinkage of the PAMs is 20% of the initial length.
The maximum pressure used was 0. 6MPa, and the
sampling frequency was 100Hz.

Table 3 Hardware used in the experiment

No. Name Model Company
1. Pressure regulating valve LFR-1/8 FESTO
2. Pneumatic FRL LFR-1/8-D-MINI-MPA FESTO
3. Micro mist separator AFD20-01-A SMC
4. Industrial Personal Computer IPC-610MB-L ii:lan-
5. Data acquisition card PCI-6218 NI
6. Proportional pressure valve ITV0050-3ML SMC
7. PAM 1 MAS-10-82N-AA-MC-O FESTO
8. PAM 2 MAS-10-80N-AA-MC-O FESTO
9. PAM3 and PAM4 MAS-10-180N-AA-MC-0O FESTO
10. Angular displacement sensor WDH221.-2410-W360-04 SENTOP
11. Terminal box SCB-68A NI
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Compressed gas to PAMs

Filter Regulating valve

Air compressor

r
1

... \.-.. Proportional valve

Control signal

3355

i || Pressure signal Angle signal
(1111 s i .
“ s = D/A Terminal box
Computer and DAC =
A/D Terminal box
Fig.5 Experiment system of the leg swing
The proposed control method was experimentally ~ 257
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From Fig.7, the rotating range of the forward-
swing joint is 10°, and the knee joint is 15°. As PAMs
has highly nonlinear and time-varying behavior, it is
difficult to achieve excellent tracking performance. For
the musculoskeletal leg mechanism, the trajectory
tracking error of joint should be controlled within 2°. It
is noted that better effectiveness of the joint trajectory
tracking is achieved. The tracking errors are within
+1°. At the beginning position of the leg swing, there
is a relatively larger error. This is due to the instanta-
neous action of the proportional valve and thus leading
to the pressure mutation of the PAMs. The experimen-
tal results show that the PID controller can be imple-
mented in controlling the swing movement of the mus-
culoskeletal leg mechanism, and the bionic leg could
achieve stable swing according to the planned foot traj-
ectory.

Fig.7 Swing of the musculoskeletal leg mechanism

5 Conclusions

A musculoskeletal leg mechanism driven by PAMs
is presented, which can be applied to a quadruped ro-
bot to improve the flexibility and mobility of the robot.
The kinematics of the leg mechanism are derived to de-
termine the angular displacement of joints due to the
planned trajectory of foot. The swing experiments of the
musculoskeletal leg mechanism is conducted to evalu-
ate its movement performance. A PID control algorithm
is used for join trajectory tracking of the leg mecha-
nism. The experimental results show that the required
range of joint rotation and the planned movement of the
leg mechanism can be achieved. Future work will focus
on the jumping planning and control of the musculo-
skeletal leg mechanism.
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