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Abstract: Humanoid walking planning is a complicated task because of the high number of degrees of free-

dom (DOFs) and the variable mechanical structure during walking. In this paper, a planning method for 3-

dimensional (3-D) walking movements was developed based on a model of a typical humanoid robot with 12

DOFs on the lower body. The planning process includes trajectory generation for the hip, ankle, and knee

joints in the Cartesian space. The balance of the robot was ensured by adjusting the hip motion. The angles

for each DOF were obtained from 3-D kinematics calculation. The calculation gave reference trajectories of

all the DOFs on the humanoid robot which were used to control the real robot. The simulation results show

that the method is effective.
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Introduction

Humanoid robot research has been a popular research
topic in the robotics field for decades. Humanoid ro-
bots possess higher mobility and flexibility than con-
ventional wheeled robots. Robots have to be able to
adapt to complicated environments, such as rugged ter-
rain, sloped surfaces, and steep stairs. The humanoid
robot control systems need to provide high perform-
ance mobility, behavioural robustness, behavioural
complexity, control of high degrees of freedom (DOFs)
systems, etctY.

Much work has been devoted to the synthesis of rea-
listic walking gaits for humanoid robots. Reference tra-
jectories are needed for each DOF to control waking of
a real humanoid robot, so the design of reference tra-
jectories for walking gait is important. Vukobratovic et
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al.l adopted a two-stage control synthesis approach.
In the first stage, the control synthesis ensures the sys-
tem’s stability in the absence of any disturbance along
the exact reference trajectories calculated in advance.
In the second stage, external perturbations are added to
the system. The nominal gait is realized by assistance
from an additional control force. Shih® *! proposed a
gait synthesis for ascending and descending stairs for
his 7-DOF biped. The efficiency of the gait synthesis
was supported by the biped implementation. However,
his method was only applicable to his specific human-
oid with variable length legs and translatable balance
weight in the body. Miyazaki and Arimotol® divided
biped locomotion into a slow mode and a fast mode.
Joint motion trajectories were obtained in the two
modes. They used the inverted pendulum model to ap-
proximate the biped global locomotion. Their control
algorithm was verified by computer simulations.
Chevallerau and Aoustin®® gave a method to generate
cyclic joint reference trajectories for walking and run-
ning of humanoids.

The optimization objectives of the gait included the
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maximum advance velocity, minimum torque, and
minimal energy. Furusho and Sano!” achieved smooth
3-dimensional (3-D) walking with a sensor-based con-
trol on a biped with nine links. They considered the
motion in the lateral plane as a regulator problem with
two equilibrium states. In the sagittal plane, where the
walking control was based on the body speed in the
forward direction, they made the body movement close
to the desired smooth speed by controlling the ankle
torque of the support leg. The sole and ankle driving
actuators underwent a force/torque feedback control
based on the sensor information. An inverted pendu-
lum mode was adopted for the robot dynamic model.
Mita et al.”®! used a linear optimal state feedback regu-
lator to control a seven-link biped. Their work proved
the usefulness of typical modern control theory for
studies on biped locomotion. Miura and Shimoyama®®
approximated the biped motion of the single support
phase as an inverted pendulum, and gave a trajectory
planning and stability analysis. Their methods were
implemented on their two biped robots. Zheng and
Shen™ developed a biped robot, SD-2, which could

climb sloping surfaces using static stabilization criteria.

A force sensor underneath the foot was able to detect
the transition of the supporting terrain from a flat floor
to a sloping surface of up to 10° . They were the first
to propose a biped walking algorithm on a sloped sur-
face. Huang et al.™! presented a practical method for
humanoid robot trajectory planning using the third-
order spline interpolation method. However, their
walking planning was limited to humanoid motion in
the sagittal plane.

Most current humanoid motion gait synthesis meth-
ods are based on a simplified model, such as inverted
pendulum model™ or decomposition of the motion into
two independent planes’®*), which leads to difficult
implementation in real robots. This paper describes a
walking gait synthesis method based on a 3-D model
of a humanoid robot. The method uses a 12-DOF
model of the humanoid robot, a typical lower body
structure. The novelty of this work lies in the adoption
of the 3-D model for the walking planning. The refer-
ence trajectories of the 12 DOFs generated by the
method are accurate, because there is no kinematic
simplifications involved. As a result, real robots can be
controlled by using these reference trajectories. Unlike
the work of Vukobratovic et al.”? or Miyazaki and
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Arimoto®!, this work focuses on high level path plan-
ning for humanoid walking gait synthesis. This paper
extends the walking planning method from 2-D to 3-D.
Robot motions in both the sagittal and frontal planes
are taken into consideration. In addition, the method is
valid for a typical class of humanoid robots with 12
DOFs on the lower body, not just for a specific robot.

1 Humanoid Robot Structure

The humanoid robot Robo-Erectus (Fig. 1) is used in
our experiments. The robot was developed by the Ad-
vanced Robotics and Intelligent Control Centre
(ARICC) at Singapore Polytechnic. The current re-
search considers only the lower body for robot balance.
Each leg has six DOFs with three DOFs at the hip, one
at the knee, and two at the ankle. The robot is 50 cm
tall and weighs 4 kg. The robot sensor system consists
of a vision system, range sensors, electric compass, gy-
ros, and force sensors.

| Robo Ere _'.l.-l.S_

L W
g=

Figl Robo-Erectus

The robot control structure is diagrammed in Fig. 2.
The hierarchical control structure is decomposed into
an offline level, a high level, a middle level, and a low
level. The simulation software generates many kinds of
humanoid motions such as walking at different speeds,
kicking, and turning. These motions are represented as
sets of trajectories for each DOF, which are used as
reference trajectories for the robot control. The walk-
ing planning is accomplished in this level. Because this
process is done offline, time consuming intelligent
techniques, such as GAs, neural networks, and ma-
chine learning can be implemented to optimize the
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humanoid motion planning. However, because it is im-
possible to simulate the complete dynamics and kine-
matics of the robot, the motion generated offline may
need to be revised through actual running on a real ro-
bot. The high level control does path planning, which
generates a path from a start to a goal based on sensor
information. To follow the path generated by the high
level control, the robot needs to accomplish different
kinds of motion, walking, turning, sometimes walking
faster and sometimes more slowly. These decisions are
made by the middle level control. The low level con-
trol is closely related to the robot hardware, which tries
to minimize the error between the reference angles and
the actual angles of the robot DOFs.

Optimal
motion set

Path Gait Joint Humanoid .
planning [ | synthesizer[? ™| controller robot Low§
I : level :
f i 1 J control :
Global |: :| Local :
motion : motion R L R PEERS EDRPTPTPS PR
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Fig. 2 Schematic diagram of the hierarchical control
system

Simulation software was developed for humanoid
motion planning based on the Robo-Erectus, which can
generate trajectories for each robot DOF in both Carte-
sian space and Joint space. The torque on every DOF
and zero moment point (ZMP) is also obtained. These
two kinds of information are used to evaluate the robot
motion performance.

2 Humanoid Robot Dynamics

The mechanical structural model of the humanoid ro-
bot varies during walking™™. In the single support
phase, the humanoid robot can be analyzed as a
mechanism composed of several open kinematic
chains. In the double support phase the robot can be
analyzed as closed kinematic chains. Therefore, the
dynamic equations for the two walking phases differ.
The single support phase can be described by
7=D(9)§+C(q.d)+9(q) @)

where q is the nx1 vector of the generalized joint
displacements, z is the nx1vector of the applied
generalized forces, D(q)is the nxm mass matrix,
C(q,q) is the nx1lvector of the centrifugal and Corio-
lis terms, and g(q)is the nxlvector of the gravity

terms.
The dynamics of humanoid robots during the double
support phase were studied by Mitobe et al.l'?
7=D(Q)F (§, — Kb —K,,0.) +C'2, +D(@)¢+h  (2)
where ¢, is the desired robot trajectories, g is the er-

ror between the desired trajectory and real trajectory,
A, represents the constraint forces, C'A, represents

the torques at each joint due to the constraints, K, and
Kpq are diagonal matrices of the positive gains ¢ is the
inertial force, and h is the gravitational, centripetal,
and Coriolis term.

3 Kinematic Constraints

A humanoid robot with 12 DOFs has many possible
gaits in 3-D space. A feasible walking gait needs to
identify the constraints between these DOFs (DOFs
definitions given in Fig. 3).

(1) DOFs 2, 3, and 4 constitute a plane S;. Plane S,
passes through DOF 1 and is parallel to the foot print
plane. The intersection between Sy and S is line L;.

(2) The angle of DOF 1 is the plane angle between
S and S,.

(3) DOF 5 and the hip link constitute plane Ss;. The
angle of DOF 5 is the angle between S; and Ss.

(4) DOF 5 and DOF 6 constitute plane S4. The angle
of DOF 6 is the angle between S; and S,

(5) The angles of DOFs 2, 3, and 4 form a triangular
relationship in plane S;.

The walking gait planning assumes that S is parallel
to S3 and the ground.

With these 3-D kinematic constraints, the angles for
each DOF are calculated as follows.

(1) DOF 1: the plane angle between line L; and
plane Sy;

(2) DOFs 2, 3, and 4: triangular relationship in plane
S1;

(3) DOF 5: angle between S; and Ss;

(4) DOF 6: angle between S; and S;.

The angle between the two planes can be calculated
by the following equations.
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(a) Schematic of the lower body of the humanoid robot
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(b) Planes defined by the DOFs of the humanoid lower body

Fig. 3 The robot motion in the three planes

B: A4x+By+Cz+D, =0,
P A4x+B,y+C,z+D, =0,
o=
amcos[ AA, + BB, +CC, J 3)
JAA + BB, +CC,\4,4, + B,B, + C,C,
where P; and P, are two planes.

4 Planning of Humanoid 3-D
Walking

The humanoid robot movements require the trajecto-
ries of all joints. The trajectories should have first-
order and second-order derivative continuity. The first
order derivative continuity guarantees smoothness of
the joint velocities, while the second order continuity
guarantees smoothness of the acceleration or torque on
the joints.

4.1 Ankle joint trajectory generation

Walking planning consists of trajectory generation for
the ankle, hip, and knee in the Cartesian space. Refer-
ence trajectories in the joint space are obtained with 3-
D kinematic constraints. The ankle joint trajectories are
defined by the step length (Lg), walking cycle (7T¢),
double support time (7,), and maximum swing height
of the swing leg (Hsy). A third-order spline function is
used to generate ankle joint trajectories. The ankle
joint trajectory is defined once the foot trajectory is

generated, which is given by the footstep planning™™*!

to follow a global path generated by the humanoid
navigation system.

A typical walking cycle is given in Fig. 4. The walk-
ing cycle starts from the k-th step, where k7T.+ Tp, cor-
responds to the point when the foot of the swing leg
reaches its highest point, where the swing height is Hy,
the length relative to the support foot is L,,. Figure 3
shows the robot motion in the three planes. The motion
in the transverse plane gives the desired robot ZMP
trajectory.

4.2 Hip joint trajectory generation

The mass distribution of the humanoid robot is mainly
in the upper body. The hip motion mainly determines
the trajectory of the center of gravity (COG) or the
ZMP of the robot. The humanoid model has a left hip
joint and right hip joint with a hip link between two hip
joints. The center of the hip link is the pelvis. The pel-
vis trajectory is adjusted so that the ZMP is always
kept in the foot support area.

The planning method assumes that the hip height is
constant during walking. The objective of the pelvis
trajectory is trying to follow the desired ZMP trajec-
tory with ZMP in the foot support area. The hip link is
parallel to the line determined by the two feet’s projec-
tion in the x-y plane.
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As shown in Fig. 5, Line p,p,p,p, is the pelvis

trajectory projection in the x-y plane. The adjustment
of L, makes sure that the ZMP of the robot is always in
the support area. 4, B, and C are the centers of the foot
support areas. During the double support phase, the
pelvis moves from p, to p,. During the left-leg
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Fig.5 Pelvis trajectory
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Fig. 4 Walking cycle

support phase, the pelvis moves from p, to p,.

During the second double support phase, the pelvis
moves from p, to p,. The two hip joint trajectories

can then be obtained from these constraints.

4.3 Knee joint trajectory generation

After the foot trajectories and hip trajectories have
been generated, the next step is to get the knee trajecto-
ries. Once the hip and ankle joint trajectories are given,
the knee joint trajectories are defined by the robot Kki-
nematic constraints. The two knee trajectories can be
obtained by solving

X=X _ V= (4)
Xy =X Yo — W
X=X _Z75 5)

Xy =X Zp T
z=1z, (6)
(%, _xk)2 +( _)’k)2 +(z, _Zk)z :Lthz (7
(=2 )+ (0, =0+ (2, —2) =L, 8
x=x,=(y-y)tan g ©9)
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where the unknowns are (x, y, z) which is the point
where the line from DOF 4 to DOF 5 intersects line ;.
The (xx vk z«) is the knee position. (xp, yn, zp) is the hip
position and (x,, v, za) is the ankle position. Foot walk-
ing direction, g shown in Fig. 6 is obtained from the
foot position. Ly, and Lg, are the robot link parameters
shown in Fig. 3.

/G

Fi‘g. 6 Robot walking direction

Equations (4)-(9) are the humanoid kinematic con-
straints in 3-D space. Under the constraint 1, planes .Sy
and S, always intersect on the line L,. Therefore L, and

the line from DOF 4 to DOF 5 must intersect at (x, y, z).

Equations (4)-(6) represent the intersection point of the
two lines. Equations (7) and (8) are the kinematic con-
straints and Eq. (9) is the relation between the walking
direction and line L.

5 Simulation Results

The simulation software was developed from an earlier
platform™!. OpenGL was integrated to give a 3-D dis-
play of the humanoid robot. The software generates
joint trajectories for each DOF of the humanoid robots.
The reference trajectories of humanoid walking have
been implemented on a real robot!*® to verify the ef-
fectiveness of the method.

The walking direction 8 was set as 60°, the double
support time Ty was 0.2 s, the time of the maximum leg
swing height T, was 0.6 s, the walking cycle period Tt
was 1 s, the step length Lgwas 5 cm, and the leg maxi-
mum swing height H, was 1.5 cm.

The 12 reference trajectories for two walking cycles
are shown in Figs. 7-10. These 12 reference trajectories
were used to control the 12 DOFs of the real robot. The
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ZMP trajectory shown in Fig. 11 demonstrates that the
ZMP is always kept in the foot support area. 3-D simu-
lations are shown in Fig. 12. The 3-D simulation gave
five robot postures for the humanoid robot during

walking.
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Fig. 12 3-D simulation of humanoid walking

6 Conclusions and Future Work

The planning of 3-D humanoid walking has been ex-
tensively studied. Most plans have only considered the
robot movements in one plane or in two independent
planes. Our proposed walking planning method identi-
fied the humanoid 3-D kinematic constraints, which
allows precise conversion from the Cartesian space to
the joint space. The simulation software calculates the
reference trajectories of the 12 DOFs to control the ro-
bot. The robot balance is ensured by controlling the
key parameters (L,) of pelvis trajectory. The final
walking gait given in this paper is not yet optimal. A
trial-error procedure is needed to keep the robot from
falling down and the energy consumption and ZMP er-
ror are not taken into account when planning the hu-
manoid walking gait. In our present work™, GAs and
neural networks have been used to generate a near-
optimal walking gait which minimizes the energy con-
sumption and the ZMP error.

Humanoid robots have remarkable flexibility to
adapt to complex environments compared with
wheeled robots. Currently, the humanoid robots are able

to realize many kinds of motion, such as walking™¥,

turning™*®), and kicking™. Intelligent techniques will
be integrated into humanoid robots in our future re-
search. With this learning capability, the robot will be
able to wisely combine different motions to realize
more complex motion and more human-like  behav-
ior.
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Wu Jianping Elected Chairman of APAN

Tsinghua Professor Wu Jianping, recently elected Chairman of the Asia-Pacific Advanced Network (APAN), offi-
cially assumed his new post on August 31, 2007. This is the first time a Chinese scientist has become chairman of
an international internet academic organization.

APAN, a non-profit international consortium established on June 3, 1997, was designed and created as a high-
performance network for research and development of advanced next generation applications and services. APAN
provides an advanced networking environment for the research and education community in the Asia-Pacific region
and promotes global collaboration.

(From http://news.tsinghua.edu.cn, 2007-09-03)



