
Chapter 2 

Literature Review and Problem Statement 

2.1 Literature Review 

The first biped robot to be successfully created and use dynamic balance was developed by 
Kato in 1983 [4]. While this robot largely used static wafking, it was termed quasi
dynamic due to a small period in the gait where the body was tipped forward to enable the 
robot to gain forward acceleration and thus achieve a forward velocity. This achievement 
has largely been cited as the defining moment where the focus of research shifted from 
static to dynamic walking. 

Since this time, progress has been somewhat sluggish. The same research group produced 
the WL-10RD robot which walked once more with quasi-dynamic balance in 1985[5]. The 
robot was required to return again to static balance after the dynamic transfer of support to 
the opposite foot. However, Miura and Shimoyama [6] abandoned static balance entirely 
in 1984 when their stilt biped BIPER-3, which was modeled after a human walking on 
stilts, showed true active balance. Simple in concept, it contained only three actuators; one 
to change the angle separating the legs in the direction of motion, and the remaining two 
which lifted the legs out to the side in the lateral plane. Since the legs could not change 
length, the slide actuators were used to swing the leg through without scuffing the foot on 
the walking surface. An inverted pendulum was used to plan for foot placement by 
accounting for the accelerating tipping moments which would be produced. This three 
degree-of-freedom robot was later extended to the seven degree-of-freedom BIPER-4 
robot. 

Another approach had been taken by Raibert[7], who developed a planer hopping robot. 
This robot used a pneumatically driven leg or the hopping motion and was attached to a 
tether which restricted the motion to three degrees of freedom (pitch motion, vertical and 
horizontal translation) along a radial path inscribed by the tether. A state machine was 
used to track the current progress of the hopping cycle, triggered by sensor feedback. The 
state machine was then used to modify the control algorithm used to ensure the stability of 
the machine. A relatively simple control system was used which modified three parameters 
of the hopping gait, namely forward speed, foot placement and body attitude. The success 
of this research motivated Raibert to extend the robot and control system to hopping in 
three dimensions, pioneering the area of ballistic flight in legged locomotion. 

Continuing through the years, a dynamic running robot was developed by Hodgins, 
Koechling and Raibert [7],[8], extending the previous studies of one-legged hopping 
machines in two and three dimensions. This robot was constrained to two dimensions 
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(motion in the sagittal plane), and used a similar control method as for the hopping robot in 
two dimensions. This control system decoupled the three important control parameters of 
body height, foot placement and body attitude, controlling these three aspects of the 
running gait through the use of a state machine. The state machine switched states when 
certain key feedback events occurred, and the robot was controlled differently depending 
upon the current state of the system. 

Much early research around this time focused on intensely analytical techniques for de
signing and controlling robot motion. This had the tendency to produce complex equations 
governing the motion of the robot, which often had no solution and had to be approximated 
or linearised. Sometimes this approach was successful despite such shortcomings. Kajita et 
al [9] used this approach to control bipedal dynamic walking by restricting the movement 
of the centre of mass (COM) in an ideal sense to the horizonta1 plane only. This motion 
was termed a "potential energy conserving orbit" and could be expressed by a simple linear 
differential equation, which simplified the calculations involved. 

Other similar analytical approaches actually increased the complexity of the problem by 
introducing new links to the bipedal model. Takanishi et al. [10] used the robot WL-
12RIII with a control system which manipulated the zero moment point (ZMP) to achieve 
dynamic stability, even on uneven surfaces. This robot had seven links including a trunk or 
upper torso link with two degrees of freedom, thus allowing it to pith and roll relative to the 
forward direction of the robot. As an extension to this work, Yamaguchi et a/.[11] used the 
robot WL-12RV in a similar fashion, adding the feature of a yaw-axis movement to the 
trunk motion. This allowed compensation for yaw moments occurring about the foot in 
contact with the ground, eliminating the unwanted behaviour of the robot to tum at higher 
velocities. This addition allowed the robot to travel 50 percent faster than previous efforts 
had achieved. 

A different analytical approach examined how mechanical design contributes to robot 
performance. McGeer[12] showed that a correctly designed biped walker with no actuation 
and no control could walk down gentle slopes. His research showed that passive dynamic 
walking is possible1

. The slope allowed the robot to regain through gravity energy lost 
through friction and impulse collisions. Garcia et al. [13] also showed this using the 
simplest purely mechanical model possible-a double pendulum. This work highlighted the 
fact that mechanical design is equally, if not more important, than the control method used. 
This suggests that more effort spent on ensuring a correct mechanical system design will 
simplify the complexity of the control system required. 

A third approach to bipedal dynamic walking has only recently emerged in the last few 
years. Analysis using the dynamic equations of motion can be complex, non-linear and 
may have no closed form solution. Artificial neural networks are well suited to this type of 
control problem having the advantage that they can learn and adopt the behaviour of the 
system to a desired state, even if this state is not clearly defined. The benefits of this 
approach is that complex dynamics and kinematic equations need not to be known, or 
greatly simplified version may be used instead. The result is that neural networks may be 

1 The term passive here refers to the fact that actuation is not present in this walker 
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used in real-time to adapt the walking gait on-line, a problem which previous control 
methods have not been able to significantly address. 

Doerschuk et al. [14, 15] applied an intelligent learning approach to control the legs of a 
simulated biped robot while in ballistic flight. They used a Cerebellar Model Articulation 
Controller (CMAC) neural network to impose a previously generated gait onto a simulated 
seven link biped robot. A more impressive use of neural networks can be seen in the 
research of Miller and Kun[16,17], who used three CMAC neural networks in an attempt to 
produce a control system which could operate in a wider range of environments by 
adapting various parameters of the walking gait such as step length, step height and step 
period. One network was used to learn the required motions to achieve side balance in the 
sagittal plane, one performed forward/backward balance in the lateral plane, and the last 
network learned the closed chain kinematics in order to keep the~feet parallel to the ground 
via actuated ankles. While not entirely successful, the robot did learn the required 
behaviour in order to start walking from a stationary position and later come to rest through 
variation of the parameters within a limited range. 

More recent research is being performed in the United Kingdom by the Shadow Robot 
Group who have developed the Shadow Walker prototype (see figure 2.1 ). Following an 
anthropomorphic design and using a wooden frame, they have constructed a biped robot 
using special ' air' muscles developed by the group. The pneumatic air muscle behaves in a 
similar manner to a biological muscle, contracting up to 40% of its length when actuated 
with a supply of air. The complaint muscle has a power to weight ration of approximately 
400:1, vastly outperforming conventional actuators. Twenty-eight air muscles(Fourteen per 
leg) actuate the eight joints in the robot. With twelve degrees of freedom, the muscle 
arrangement is designed to closely mimic the human leg muscles by placing the air
muscles in corresponding human muscle points. 

Another current research project is the W ABIAN Humanoid project at the University of 
Waseda in Japan. The aim of this research group is to develop anthropomorphic robot 
mechanism using bio-mechatronic techniques. This includes research on human motion 
dynamics, human-like mechanisms design, and mind analysis and synthesis. Based upon 
the previous work by Kato, Takanishi and Yamaguchi, with the WL series of robots, the 
project was established in 1992 to combine the fields of vision, information processing, 
brain modeling, mechanical design, active sensor integration (tactile, visual and sound), 
robot psychology, speech recognition and conversation. In an attempt to enable robots and 
humans to build common mental and physical spaces, the project comprises of over 50 full
time researchers. 
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Figure 2.1: A photograph of shadow biped robot 
(source-http://www.shadow.org.uk/) 

Figure 2.2: A photograph ofwabian robot 
(source http://www .shirai.info. waseda.ac.jp) 

15 



2.2 Problem Statement 

In this chapter, the necessity of this research is discussed and the dissimilarity from the 
other related researches is justified. A direct method to stabilize the robot, when it looses 
the stability, is one of the new and remarkable findings of this work. These contents are 
described under the following three sub topics. 

2.2.1 Preliminaries 

Most of the previous works in this field have focused on derivation of kinematics with the 
use of Artificial Intelligence. Vundavilli and Pratihar [2] have proposed a method for swing 
leg kinematics by using a neural network. It is not a direct~ application of robotics 
technology theories. The major difficulty of this method is building of neural network as it 
needs large number of data for training, called training cases. The accuracy of this method 
depends on the number of training cases used to train the neural network. Yamaguchi, 
Takanashi and Kato [11] have used trunk swing and yaw motions to increase the 
locomotion stability of a robot. This approach has applied only for walking on a flat 
surface. Agrawall [24] has proposed a method to identify joint motion of BIPED robots and 
derived the mathematical model but, has not solved the equations due to its complexity. 
Zerrugh and Radeliffe [25] have investigated the walking pattern for a BIPED robot by 
recording human kinematics data. This concept has been deeply studied and understood 
that it is very difficult to apply these data to practical BIPED robots. Because, the human 
leg consists of large number of degree of freedoms and having complex joints. 

2.2.2 Problem Identification 

When consider the previous work done in Bipedal walking we can identify that the latest 
topic as ramp walking. The latest developed robot Asimo can negotiate staircases only. It 
can not negotiate inclined surfaces as its legs have been designed for vertical and horizontal 
movements only. In ramp walking, stability is a problem than in staircase handling 
because, in ramp walking, the stance foot is in inclined surface and it touches the flat 
surface in staircase handling. By focusing with previous papers, it is noted that a limited 
papers were published in this field and no direct approach to derivation of kinematic 
model. Also it has not introduced a direct method in previous research studies to re
stabilize the robot if it is in an unstable zone. 

2.2.3 New suggestions 

In this dissertation the derivation of kinematic model, i.e. derivation of joint angle 
equations, is based on direct kinematics and inverse kinematics. Link transformation 
matrix, homogeneous transformation matrix and D-H notation are also utilized. 

The stability of the robot is analyzed by using ZMP criteria. To calculate ZMP, the 
individual link accelerations are needed. An iteration method is proposed to apply for this 
model to calculate link linear accelerations and to stabilize the robot when walking, a ZMP 
based method is proposed. 
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