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Abstract–The evolution of a dynamic walking
gait of biped robot is presented in this paper. The
gait is generated for a biped robot to walk on
flat ground and climb up stairs. For the trajectory
based gait generation, various parameters satisfy
ZMP criterion and can realize continuous walking.
The evolutionary algorithm is used to choose the
parameter combinations. Simulation studies show
that the algorithm successfully achieves desired
performance in dynamic walking. The RoboSapien, a
17 DOF biped robot is built to apply and verify the
walking algorithm.
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1 INTRODUCTION

There are various algorithms to generate walking
gait for humanoid robot. Trajectory based gait gen-
eration is simple to use and achieve desired perfor-
mance. Static walking can be achieved by Center of
Gravity (CG) control [1]. The Zero Moment Point
(ZMP) trajectory control [2], [3] can realize stable
dynamic walking. The ZMP is the point on the ground
around which the sum of all the moments of the active
forces equals zero. In order to achieve stable dynamic
walking, the ZMP must be kept inside the support
region. This criterion ensures that the support foot is
stationary on the ground in single support phase. Under
such circumstances, the biped robot can be considered
as a traditional manipulator for analysis purposes.

In recent years, a lot of biped robots have been
developed [4-7] and many researchers [8-20] have
focused their research on biped walking control.

The walking cycle is divided into single supported
phase and double support phase. In the single support
phase, cubic polynomial is used to generate the hip and
swing foot trajectories which satisfy the ZMP criterion.
The swing foot should follow a desired trajectory to
avoid obstacles and to satisfy the landing constraints.
In the double support phase, the robot transfers the
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weight from the support foot to the landing foot. This
is the weight acceptance phase [21].

From the biological point of view, human walking is
also based on the memory of the gait. After learning,
humans utilize the gait with the one that has the best
performance. Various parameters are used in the gait
generation for the robot. Normally the parameters are
tuned manually. Although continuous dynamic walking
can be realized, the best performance can not be
achieved always.

Evolutionary algorithms (EA) [22] are stochastic
search techniques based on natural selection and the
survival of the fittest. Nature produces a population
with individuals that fit the environment better. By
mimicking this concept, EA are successfully used in
various fields. In EA, each individual represents a
search point in the space of potential solution of a given
problem. Descendants of individuals are generated by
randomized processes intended to model recombina-
tion and mutation. Recombination exchanges infor-
mation between two or more parent individuals and
mutation corresponds to an erroneous self-replication
of individuals. To evaluate the performance of each
individual, a fitness value is assigned to individuals.
The probability of the individual to be selected as a
parent depends on the fitness value. The individual
with a better fitness value has more chance to be
selected. This ensures that good quality is inherited
by the following generation.

Evolutionary algorithms are also useful to generate
optimal robot walking sequences. Some applications
[23], [24] on robot motion control are very success-
ful. This paper describes an evolutionary algorithm
for planning motion patterns for the biped robot.
Evolutionary algorithm is utilized to search for the
combination of parameters that can result in the best
performance.

The paper is organized as follows. The biped robot
is introduced in Section 2. In Section 3, the trajectory
based algorithm for gait generation is proposed. Evolu-
tionary algorithm is described in Section 4. Simulation
and experimental results are provided in Section 5.
Section 6 concludes the work.



2 BIPED ROBOT: ROBOSAPIEN

RoboSapien (Fig. 1) is a fully autonomous humanoid
robot designed and built in the Mechatronics and
Automation laboratory of National University of Sin-
gapore. The objective of the RoboSapien project is to
design and build a research platform to investigate the
humanoid robot walking motion and the use of artificial
intelligence tools. The robot can achieve static and
dynamic walking on flat ground avoiding obstacles. It
can climb up and down stairs. RoboSapien also has the
ability to locate and kick a ball into a goal. The robot
is 47 cm tall and weights 2 kg.

Fig. 1. RoboSapien

The joint configuration of RoboSapien is shown in
Fig. 2. Table I lists the specifications of RoboSapien.

TABLE I

SPECIFICATIONS OFROBOSAPIEN

length mass
Trunk 0.14 m 0.8 kg
Thigh 0.08 m 0.3 kg
Shank 0.08 m 0.2 kg
Foot 0.043 m 0.1 kg

The control system structure of RoboSapien is
shown in Fig. 3. The system is divided into two
parts: a high level control part and a walking control
part. Digital Signal Processors (DSP) are used as the
controller (Motorola 56F805 and 56F807) in the two
parts. The two controllers communicate through Serial
Peripheral Interface (SPI). The high level controller
receives the video camera signals via serial port. The
camera provides the position information of an object
within a specified color range. The controller reads the
IR sensor’s signal to obtain the distance and position
information of obstacles. The controller also receives
the signal from a digital compass. The compass pro-
vides the directional information and navigates the
robot. According to the information received from the
sensors, the high level controller makes decisions and

Fig. 2. Joint configuration of RoboSapien

commands the low level controller. The high level
controller also controls the DC sevo motors to drive
the camera (up-down and left-right) and IR sensor (left-
right).
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Fig. 3. Control system configuration

Based on the information from the tilt sensor and
eight force sensors, the walking motion and other
actions are generated according to the high level com-
mand. The high level controller commands the DC
servo motors via PWM generator. After the desired
positions are generated by the walking control algo-
rithm, the position information are sent to the DC servo
motors.

3 GAIT GENERATION

The walking motion of the biped can be determined
by the hip and foot trajectory. Predetermined trajecto-
ries are used for the gait generation. The hip and swing
foot trajectories are generated by cubic polynomial.



ZMP criterion is used to ensure the stability of dynamic
walking. As shown in Fig. 4, if the initial and final
states are known, the trajectory can be generated by a
cubic polynomial. If the trajectory satisfies the ZMP
criterion, the robot can achieve continuous walking.
Only sagittal motion is discussed in this work.
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Fig. 4. Hip and foot trajectory

3.1 Derivation of the hip height

After careful observation of human walking, a gen-
eral rule is derived to determine the optimal hip height
for walking. The hip is lifted to a maximum height
when walking up stairs. When walking down stairs,
the hip is lowered down to enable the foot to reach the
lower stair. This rule is represented by:
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Fig. 5. Determine the height of hip

where� and�	 are respectively the possible and
maximum hip heights for the support leg, 
 and
	
are respectively the possible and maximum hip height
for the landing leg as shown in Fig. 5. Equation (1)
is valid for various ground conditions, no matter what
the terrain is: flat ground, rough or stairs.
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Fig. 6. Walking cycle

3.2 Hip trajectory generation

As shown in Fig. 4, hip trajectory can be generated
by cubic polynomial if the initial and final states are
known for single support phase. Generally, the initial
state is known. The final state includes hip position
����� ����

 and hip velocity������ ����� . The desired
hip velocity ������ �����

 is specified. For any given
��, ��� can be derived using (1). Consequently��� is
derived.

Since the initial and desired final states are known,
the hip trajectory for single support phase can be
generated. The initial and final constraints associated
with a cubic trajectory for� direction ����� can be
described as:
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where� is the period for a single step and��� is
the period of the single support phase.

The parameters of the cubic polynomial,

������ ��� ������� �� ������� ��� ������� ��� (4)

can be derived based on the initial and final constraints.
The cubic trajectory for� direction����� is divided

into two parts: between����� � and���������� and,
between����� � ���� and����� � ����. ��� is the
time point, measured with respect to kT, at which the
hip is vertically above the ankle joint. The constraints
for ����� can be described as:
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where �� is the specified initial acceleration. The
parameters of a polynomial trajectory can be derived
using the constraints in (5).��� and��� in a walking
cycle are shown in Fig. 6. It is supposed that the initial
acceleration and final speed are specified carefully
such that a hip trajectory which satisfies the physical
constraints can be generated.

3.3 Swing foot trajectory

Cubic polynomial is used to generate the swing foot
trajectory of single support phase. At the starting
and ending points, the following position and speed
constraints must be satisfied:

����
���

�� ��� � ��� t=kT
�� ��� � ��� t=kT+���
�� ��� � ��� t=kT
�� ��� � ��� t=kT+���

(6)

����
���

��� ��� � � � � ��

��� ��� � � � � �� � ���
��� ��� � � � � ��

��� ��� � � � � �� � ����

(7)

where��� � ����	��, ��� � ����	��. As shown
in Fig. 4,�� is the step length and�� is the stair height.

While climbing stairs, the steps are considered as
obstacles. Such an obstacle is at a distance of�� (the
step width) and has a height of�� (the step height).
In order to avoid colliding with the obstacle the height
of the swing foot should be larger than�� at � � ��.
The associated constraints can be described as:
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(8)

Given the start and end positions on� and� direc-
tions, and the height of the obstacle��, a smooth foot
trajectory���� � ��� ���� �� ����

 can be generated with
a cubic polynomial.

The joint position of hip and knee of the swing leg
can be derived by inverse kinematics. Suppose the hip
and swing foot positions in the sagittal plane at time�

are��� � ������� ������
 and���� � ��� ���� �� ����

 ,
then the inverse kinematics of the swing leg can be
derived as follows:
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As shown in Fig. 4,�� � �� � �	 and�� � 	�	. ��
and�� are the hip and knee joint angles respectively.
The thigh and shank are of the same length��.

For different parameters, the hip and foot trajectories
are generated. ZMP can be derived from the ankle
torque:

���� �
���

�	����� � ��
� (9)

where���� is ZMP, �� is the ankle torque.

4 GAIT EVOLUTION

In the gait generation algorithm, introduced in the
previous section, there are various parameters to tune
to. This process is complicated and normally the best
performance can not be achieved. This part introduces
an evolutionary algorithm for turning the parameters.

In evolutionary algorithms, strings and characters
are used to simulate chromosomes and genes. An
evaluation function or fitness function� ��� is defined
to evaluate the performance of each gene combination.
The ideas of population, generations, reproduction,
crossover and mutation are also used to simulate a
natural system. The reproduction genetic operation is
based on the Darwinian principle of reproduction and
survival of the fittest. In order to keep the best individu-
als, the fittest are copied to the next generation without
any change. The genetic operation of crossover creates
new individuals through the recombination of the genes
from the previous generation. Two independent parents
are selected based on the probability determined by
the fitness. A mutation point in the string is chosen at
random and the single character at that point is changed
randomly. The changed individual is copied to the new
generation.

A set of strings is used to represent the population
and each string is evaluated by the fitness function.
Another generation is created according to the perfor-
mances of individuals of the current generation. During
the formation of the following generation, the genetic
operators of reproduction, crossover and mutation are
utilized.

The process of the evolutionary algorithm is outlined
below: [22]

Input:�� ��

�
��
��
�

Output:��, the best individual found during the run,
or
� �, the best population found during the run.
1 �� �;
2 � ���� initialize(�);
3 � ����evaluate(� ���� �);
4 while (��� ����

� true do
5 � ����� recombine (� ����
�);
6 ������ mutate (� �����
�);
7 � ���� evaluate (������ �);
8 � ��� ��� select(������ � ���� ��
�);
9 �� �� �;
where � and � denote the parent and offspring

population sizes.� ��� characterizes a population at
generation�. Parameter sets
��
� and
� are used
to represent the characteristics of recombination, mu-
tation and selection.



In the gait generation algorithm introduced in the
previous section, there are various parameters to tune.
Four of the parameters (��, ���, ��� and ���) which
affect the performance greatly are optimized through
EA. The walking performance is evaluated from the
ZMP trajectory. The associated fitness function is:

� �
�����

� �������
�� ������
���

Table II lists the parameters used in the evolutionary
algorithm.

TABLE II

PARAMETERS OF THE EVOLUTIONARY ALGORITHM

Parent size� 20
Offspring size� 40

Generation 100
Crossover Ratio 0.7
Mutation Ratio 0.15

Reproduction Ratio 0.05

5 SIMULATION AND EXPERIMENTATION

5.1 Simulation

A 12-DOF biped model in Yobotics [25] is
used to verify the developed algorithm. Proportional-
Differential (PD) controller is used on each joint. The
biped model has the same parameters as that of the
biped robot RoboSapien. The parameters utilized in
the simulation study are listed in Table III.
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Fig. 7. Fitness changing with generation

As shown in Fig. 7, both the maximum fitness and
average fitness converge after about 100 generation. In
this evolutionary algorithm, the best individual in each
generation is replicated to the next generation.

Fig. 8 and 9 show respectively the ZMP trajectory
before and after the evolution. Fig. 10 shows the
simulation of the biped robot climbing up stairs.
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Fig. 8. ZMP before evolution

TABLE III

PARAMETERS OF WALKING SIMULATION

Parameter value
step length 0.115 m

walking speed 0.1 m/sec

5.2 Implementation

The developed algorithm is implemented on the
biped robot RoboSapien and stable walking is
achieved.

6 CONCLUSION

In this work, an evolutionary algorithm based biped
robot walking gait generation is presented. A 12-DOF
biped robot is simulated in Yobotics to verify the
performance. The performance is also validated by
implementing the algorithm on a 17-DOF biped robot
RobpSapien.

REFERENCES

[1] Ching-Long Shih, Ascending and Descending Stairs for a biped
robot IEEE Trans. Syst., Man, Cybern., vol. 29, no.3 (1999).

[2] M. Vukobratovic and D. Juricic, Contribution to the synthesis
of biped gait,IEEE Trans. Bio-Med. Eng., vol. BME-16, no.1
(1969) 1-6

[3] M. Vukobratovic, How to control artificial anthropomorphic
systems,IEEE Trans. Syst., Man, Cybern., vol. SMC-3, no.5
(1973) 497-507

[4] K. Hirai, M. Hirose, Y. Haikawa, and T. Takenaka, The devel-
opment of Honda Humanoid robot,in Proc. IEEE Int. Conf.
Robotics and Automation (1998) 1321–1326

[5] Philippe Sardain, Mostafa Rostami and Guy Bessonnet, An an-
thropomorphic biped robot: dynamic concepts and technological
design,IEEE Trans. Syst., Man, Cybern., vol. 28, no.6 (1998)

[6] Noriyuki Kanehira, Toshikazu Kawasaki, Shigehiko Ohta,
Takakatsu Isozumi, Tadahiro Kawada, Fumio Kanehiro, Shuuji
Kajita and Kenji Kaneko, Design and experiments of advanced
leg module (HRP-2L) for humanoid robot (HRP-2) develop-
ment, in Proc. 2002 IEEE-RSJ Int. Conf. Intelligent Robots
Systems EPFL, Lausanne, Switzerland (2002) 2455–2460.

[7] Atsushi Konno, Noriyoshi Kato, Satoshi Shirata, Tomoyuki
Furuta, Masaru Uchiyama, Development of a light-weight biped
humanoid robot,in Proc. 2000 IEEE-RSJ Int. Conf. Intelligent
Robots Systems (2000) 1565–1570.



0 10 20 30 40 50 60 70 80 90
−0.02

−0.01

0

0.01

0.02

0.03

0.04

0.05

time  (10 ms)

p
o

s
it
io

n
 i
n

 x
 a

x
is

 (
m

)

Actual ZMP trajectory
Desired ZMP trajectory

Fig. 9. ZMP after evolution

Fig. 10. Simulation of climbing stairs

[8] Y. Zheng and J. Shen, Gait synthesis for the SD-2 biped roobt
to climb sloped surface,IEEE Trans. Robot. Automat., vol. 6,
no.1 (1990) 86–96.

[9] W. T. Miller, III, Real-time neural network control of a biped
walking robot,IEEE Contr. Syst., vol.14 (1994) 41–48.

[10] T. McGeer, Passive dynamic walking,Int. J. Robot. Res., Vol.9,
no.2 (1990) 62–82.

[11] Shuuji Kajita, Tomio Yamaura and Akira Kobayashi, Dynamic
walking control of a biped robot along a potiential energy con-
serving orbit,IEEE Trans. Robot. Automat. vol.8, no.4 (1992)

[12] C.-L Shih, W. A. Gruver, and T.-T. Lee , Inverse kinematics
and inverse dynamics for control of a biped walking machine,
J. Robot. Syst., vol.10, no.4 (1993) 531–555

[13] J. Pratt, Chee-Meng Chew, Ann Torres, Peter Dilworth and Gill
Pratt, Virtual model control: an intuitive approach for bipedal
locomotion,Int. J. Robot. Res., Vol.20, no.2 (2001) 129–143.

[14] Jerry E.Pratt and Gill A. Pratt, Exploiting natural dynamics
in the control of a 3D bipedal walking simulation,Int. Conf.
on Climbing and Walking Robots, Portsmouth, UK, September
(1999)

[15] Shuuji Kajita and Kazuo Tani, Experimental study of biped
dynamic walking,IEEE Contr. Syst. (1996)

[16] A. Takanishi, M. Ishida, Y. Yamazaki, and I. Kato, The
realization of dynamic walking robot WL-10RD,in Proc. 1985
Int. Conf. Advanced Robotics (1985) 459–466

[17] K. Hirai, The Honda humanoid robot,in Proc. 1997 IEEE-RSJ
Int. Conf. Intelligent Robots Systems, Grenoble, France (1997)
499–508

[18] Q. Huang, Kazuhito Yokoi, Shuuji Kajita, Kenji Kaneko,
Hirohiko Arai, Noriho Koyachi and Kazuo Tanie, Planning
walking patterns for a biped robot,IEEE Trans. Robot. Automat.
vol.17, no.3 (2001)

[19] J. Furusho and A. Sano, Sensor-based control of a nine-link
biped, Int. J. Robot. Res., vol.9, no.2, (1990) 83-98.

[20] Jin’ichi Yamaguchi, Eiji Soga, Sadatoshi Inoue and Atsuo
Takanishi, Development of a biped robot-control method of
whole body cooperative dynmaic biped walking,in Proc. 1999
IEEE Int. Conf. Robotics and Automation, Detroit, Michigan
(1999) 368–374.

[21] Jong Hyeon Park, Impedance control for biped robot locomo-
tion, IEEE Trans. Robot. Automat. vol. 17, no.6 (2001) 870-882

[22] Kenneth De Jong, Lawrence Fogel, Hans-Paul Schwefel, Hand-
book of Evolutionary Computation,1997 IOP Publishing Ltd
and Oxford University Press.

[23] Gordon Wyeth, Damien Kee and Tak Fai Yik, Evolving a Locus
Based Gait for a Humanoid Robot,in Proc. IROS2003

[24] Dragos Golubovic and Huosheng Hu, A Hybrid Evolutionary
Algorithm for Gait Generation of Sony Legged Robots ,2002,
��

�� Annual Conference of the IEEE Industrial Electronics
Society, Sevilla, Spain (2002)

[25] http://www.yobotics.com


