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Abstract 

An implemen ta t ion  of a biped robot which  as ca- 
pable of dynamic  walking by a s imple  nonl inear  con- 
trol algorithm. i s  presented. Four  D.C. servo mo tors  
actuate the  knee and ankle jo in t s  of the  legs of t he  
robot. T h e  biped i s  constrained to  the  sagital p lane ,  
and the  m o t i o n  generation is reduced to  a problem of 
controlling the  pos i t ion  and  velocity of the  robot’s cen- 
ter  of gravity. T h e y  are controlled by a nondinear feed- 
back con,troller, based o n  a simple feedback lineariza- 
tion, m?ethod. Several design issues including mechan-  
ical structure,  leg actuation,, and control s y s t e m  of the  
robot are discussed. Exper imenta l  results demons tra te  
the effectiveness of the  algorithm. 

1 Introduction 

This paper presents an implementation of a biped 
robot which is capable of dynamic walking by a simple 
nonlinear control algorithm. Control of biped walking 
robots requires efficient motion generation of walking 
gaits which ensure stable movement of the robot’s cen- 
ter of gravity. Since the motion of a biped robot with 
many degrees of freedom is governed by a high order 
nonlinear differential equation, significant simplifica- 
tion of the dynamical equation is required to generate 
the control inputs in real time. For example, Miyazaki 
and Arimoto [2] reduced the order of the dynamical 
equation by the singular perturbation method, and 
Mita, et.a1.[3] linearized the equation around the com- 
manded position of the robot. On the other hand, in 
many approaches to ensure the stable movement of 
the robot’s center of gravity, the dynamic model of 
the roljot’s single leg support phase is reduced to the 
dynamic model of an inverted pendulum, so as to con- 
trol the robot’s center of gravity based upon a simple 
robot model. However, the inverted pendulum is in- 
herently an unstable system, and hence the trajectory 
of the robot’s center of gravity depends significantly on 
the initial conditions of each single support phase. To 
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maintain the stable walking gait, the timing of switch- 
ing the support leg must be determined strictly liy 
the dynamic model. It is difficult to vary the walk- 
ing speed during walking, because the walking cycle 
of the robot is determined by the natural frequency 
of the inverted pendulum. To overcome this difficulty, 
Sano and Furwho[ 11 controlled the angular momen- 
tum of the robot around the ankle of the supporting 
leg, Kajita and Tani[Q] fixed the vertical height of the 
robot’s center of gravity to obtain the linear inverted 
pendulum mode. 

In this paper, the motion generation is reduced to a 
problem of controlling the position and velocity of the 
robot’s center of gravity. By this reduction, walking 
gait of the robot is generated efficiently without lin- 
ear approximation or order reduction of the dynamical 
equation. The position and velocity are controlled by 
a nonlinear feedback controller, in which the measure- 
ments of the position and velocity are nonlinearly fed 
back to  obtain the motor torque inputs. This control 
law provides a stable trajectory of the robot’s center 
of gravity in the single support phase of the walking. 

The biped is constrained to  tlie sagittal plane. Four 
D.C. servo motors actuate the knee and ankle joints 
of the legs of the robot. Several design issues includ- 
ing mechanical structure, leg actuation, and control 
system of the robot are discussed. 

2 Controller structure 

This paper considers a biped robot consists of a 
torso and two legs. Each leg has two degrees of free- 
dom. The robot is modelled as Fig.l(a), where tlie 
following simplifying assumptions are made. 

Al .  The movement of the robot is restricted to the 
sagittal plane. 

A2. The pitch angle of the torso 85 is fixed while walk- 
ing. 

A3. The contact between the foot of the support leg 
and tlie ground is realized by the full foot. 
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In the experiments, the mechanical structure of the 
robot is designed so as to  satisfy these assumptions. 
For example, to satisfy the assumption A2, each leg is 
constructed by using a pair of parallel links. 

By the assumption A2, the movement of the torso is 
pure translational movement, and hence the angular 
moinentum of the torso can be ignored. Then, the 
motion of the robot obeys the dynamical equation of 
a rigid robot: 

M(q)i + C(q, 414 + G(q) = 7, (1) 

where q = (el, 82,83, 84)T. Vectors, C(q, q)q, G(q) 
and 7 E R4x1 represent the centrifugal and Coriolis 
terms, gravitational ternis, and joint inputs, rcspec- 
tively. M ( q )  E R4x4 represents the inertia mat.rix. 

Precisely, to satisfy the assumption A3, longitudi- 
nal distribution of tlie pressure on the foot of the sup- 
port leg must be considered[5]. However, for simplic- 
ity, we assume the condition without detailed discus- 
sion. 

The origin of the world frame 0 is defined in each 
single support phase at the point where sripport leg 
contacts to the ground. In the world frame, position 
of the joint at the bottom of the torso, ( See Fig.l(a)) 
is expressed in terms of the joint angles as 

z1 = sin,(el) + i2sin(e2), (2) 
y1 = IlCOS(81) + IZCOS(82), (3) 

where I 1  and 12 represent the link parameters defined 
as Fig.l(b). Since the robot's center of gravity is ex- 
pressed as ( q , y 1  + us),  the point (z1,yl)  can be re- 
garded as the robot's center of gravity. In the following 
sentences, (21, y1) is referred to as the position of the 
robot's center of gravity. 

For the control of the lifted leg, a frame 0', with tlie 
origin fixed at the robot's center of gravity, is defined 
as Fig.l(a). In this frame, the position of the lifted 
foot is expressed as 

2 2  = I2sin(83) + Ilsin(84), 

y2 = / ~ C C J S ( ~ ~ )  + zlcos(e4). 
(4) 

(5 1 
The  dynamical equation (1) can be rewritten in terms 
o f a  vector 2 (= ( 2 1 , y 1 , ~ 2 , 9 2 ) ~ )  as 

M(q)J- ' (q ) i  
+ {C(% i) - m?) J - 1 ( q ) 4 q ,  4)ki 

+ G(q) = 7, (6) 

i = Jq.  (7) 

where J is the Jacobian matrix defined by 

If the matrix MJ-' is nonsingular, by clloosing the 
control input T as 

7 = M J - l u  + {C - M J - ' j } i  + G, (8) 

eq.(G) is reduced to 

2 = U, (9) 

where U is a new input to the system. For the trajcc- 
tory tracking, U is given as 

U = Xd + I i ; ( i d  - i) + I L P ( Z d  - z), (10) 

where Zd represents a desired trajectory for z: tlic 
position of robot's center of gravity and the foot of 
the lift,ed leg. The tracking error e = z d  - z satisfies 
the following error equation. 

e + ICuS + K P e  = 0. (11) 

I i ,  and IC, are positive matrices, chosen sucli that  
eq.( 11) is an exponentially stable differential equatioii. 
The block diagram of the control system is shown in 
Fig.2. 

0 xl x2 X 

Fig.l(a) Model of the biped robot 
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Fig.l(b) Link paxameters 

front view U 1/ 

I K p I  

D.C. motor 

Fig.:! Controller for the support leg Fig.3 Mechanical structure of the robot 
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3 Mechanical design and control law 

Practical implementation of t~lie control law (8) re- 
quires precise measurement of the parameters in the 
dynamical equation (1). This requirement, however, 
is difficult to satisfy because of the unavoidable mea- 
surement errors. Especially, inertia moments of each 
link and the actuator gains are difficult to obtain pre- 
cisely. In this paper, this difficulty is avoided by clioos- 
ing other link parameters properly, as well as reducing 
tlie mass of the legs of the robot, so that the control 
law does not contain the value of inertia moment nor 
tlie actuator gains. 

All D.C. motors for tlie act.uation of each joint are 
located in tlie torso, so as to reduce the mass and in- 
ertia of other links. By assuming that the mass and 
inertia of the legs are sufficiently small compared to  
the mass of the torso, the lift,ed leg in the single sup- 
porting leg can be ignored. 

Moreover, if we choose tlie length of tlie upper and 
lower leg equivalent, 11 = 12 = I ,  the second term in 
tlie right hand side of (G) is equal to 0. Then the 
control inputs to tlie support leg reduce to 

where r1 and 3-2 represent the input to the ankle and 
knee joint of the support leg. The merit of this sim- 
plification is that  the matrix in the right hand side of 
(13) contains no link parameters. Although the con- 
trol law contains m3 and 2 ,  these parameters are not 
required to be known precisely, because the stability 
of the whole system can be guaranteed when m3 and 
1 are positive, and this condition is always true. As- 
suming eq.(12), by using (13), (z1,yl)  satisfies 

5 ,  = U l ,  

j;, =uz. 

To track a desired trajectory ( q d ,  yid), the new inputs 
(‘111, 112) are determined as 

where k l l ,  k12, kz1, k22 are positive constants, so that 
21 and y1 converge to ~ l d  and ~ 1 ~ 1  respectivcly. 

To realize a constant walking speed with i~ fixed 
vertical lieight of the robot’s center, tlie inputs (111, ( 1 2 )  

can be simplified as 

where is the reference for tlie walking speed and 
h r e f  is the reference for the lieiglit of tlie robot’s ceii- 
ter. In this case, the motion of the support leg is gen- 
erated simpler than tlie case of eq.(lG), because the 
reference input is given hy only and I i V e f ,  instead 
of a desired trajectory. Moreover, the walking spcctl 
can be easily varyed by changing the value of I I , . ~ ~ .  

Although double support phase is known to ex- 
ists in tlie liuman gait, in this paper, we assiiiiie that 
the support leg switches instantaneously so that every 
moment of tlie walking belong to the single support 
phase. Experiinental results show that this assump- 
tion does not destroy the stable walking, because tlic 
control law eq.(lG) or eq.(17) provide a stable trajec- 
tory of the robot’s center of gravity. 

t’ 
Walking I 

Fig.4 Trajectory of the lifted leg 

Table 1 Basic specifications of the 
experimental biped 
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Fig.5(a) Response of the robot’s center of gravity for 

the control law (16) 

Time [sec] 

Fie.G(a) Rrsnonse of the robot’s center of gravity for 

Walking direction . 

Fig.5(11) Stick diagrain of the siippolt 
for the control law(1G) 

Walking direction 
I I 

Fig.F(b) St,ick’diagrai;i of the supportj leg 
for the control law(17) 

Walking direction 

Fig.7 Stick diagram of the support leg 
Y \ I  - - 

the control law (17) for the control law(17) 
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4 Experimental results 

Mechanical structure of the biped robot is illus- 
trated in Fig.3. The robot includes four D.C. servo 
motors which actuate tlie joints of the legs. The knee 
and ankle joints are driven by the motors through re- 
duction gears and timing belts. Each joint angle is 
iiieasured with the rotary encoder attached a t  each 
joint. To reduce the weight of the legs, we selected a 
sinall size eiicorder with lOO[P/R] resolution, which is 
not sufficient to derive tlie measurement of the angular 
velocity through a conventional F /V converter. The 
angular velocities of each joint is detected by mea- 
suring the pulse width of tlie encoder signal. Basic 
specifications of the experimental biped are shown in 
Table 1. 

In the experiments, tlie biped robot is colitrolled 
to  walk a t  a constant speed with a fixed height of 
the center of gravity, whereas the reference trajectory 
for tlie lifted foot is given as Fig.4. The step length 
isl40[inm] and the length of tlie foot is 50[1nm]. 

In tlie first experiment, the support leg is controlled 
using tlie control input eq.(lG). Fig.5(a) shows the re- 
sponse of the robot’s center of gravity (XI, y1) and the 
reference trajectory (qd, yid). Small tracking error 
remaining in each single support phase is considered 
to be the effect of the frictional forces existing in the 
niotors and reduction gears. Fig.5(b) shows the stick 
diagram of tlie support leg traced from tlie video tape 
of the experiment. This result shows that a stable gait 
can be accomplished by controlling tlie trajectory of 
tlie center of gravity. 

In tlie next experiment, the support leg of the robot 
is controlled using tlie control input eq.(17). Fig.G(a) 
shows tlie response of (z1, yl).  Fig.G(b) shows tlie stick 
diagram of the experimental result. 

While walking, the knee joint angle 4 of the support 
leg (See Fig.l(a)) remains less than  rad], and con- 
sequently, tlie walking gait is similar to that of birds. 
However, this is not a result from the control algorithm 
eq.(lG) or eq.(17), because the same control law is also 
possible to generate a human-like gait by setting tlie 
initial condition of tlie knee joint angle greater than 
 rad]. Fig.7 shows another experimental result using 
tlie control law eq.(17), where the knee joint angle re- 
mains greater than  rad]. In this case, the walking 
gait looks like a human gait. In Fig.7, the trajectory 
of the lifted foot is indicated by the dotted line. 

Small oscillation observed in the experimental re- 
sults is considered to be an effect of ignored mass and 
inertia momentum of the lifted leg. It does not pre- 
vent tlie walking at this walking speed, however, for 
the smooth walking in various speeds, the mass of tlie 

legs should be included in tlie consideration of tlie con- 
trol law. 

5 Concluding remarks 

An iiiiplementation of a biped robot which is capa- 
ble of dynamic walking by a simple nonlinear control 
algorithm is presented, where the walking gait of the 
robot is generated by controlling the trajectory of tlie 
robot’s center of gravity. 

After tlie control law is developed using a simple 
feedback linearization method, tlie relationship be- 
tween the control law and mechanical design is coii- 
sidered. The control law is simplified by the proper 
choice of the link parameters, as well as reducing the 
weight of tlie legs. 

Experimental responses demonstrated tlie effectivc- 
ness of the algorithm. A merit of this method is sim- 
plicity of the command signals. For instance, it is pos- 
sible for the walking velocity to be varied by changing 
the higher level command, with a fixed lower level con- 
troller. 

Designing tlie optimal trajectory for tlie lifted leg 
is left for further investigation. 
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