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Chapter 1 

Introduction 
1.1 General introduction to robotics 

Robotics has achieved its greatest success to date in the world of manufacturing industry. 
Robot arms, or manipulators, comprise a 2 billion dollar industry. Bolted at its shoulder to 
a specific position in the assembly line, the robot arm can move with great speed and 
accuracy to perform repetitive tasks such as spot welding and painting (Figure 1.1) [1]. In 
the industry of electronics, manipulators place surfac'e-mounted components with 
superhuman precision, making the portable telephone and laptop computer possible. 

Figure 1.1: Picture of auto assembly plant -spot welding robot of KUKA 

To sum up, machines that can replace human beings as regards to physical work and 
decision making are categorized as robots and their study as robotics. The robot technology 
is advancing rapidly. The industry is moving from the current state of automation of 
robotization, to increase productivity and to deliver uniform quality. Robots and robot-like 
manipulators are now commonly employed in hostile environment, such as at various 
places in an atomic plant for handling radioactive materials. Robots are being employed 
construct and repair space stations and satellites. There are now increasing number of 
applications of robots such as in nursing and aiding a patient. Micro robots are being 
designed to do damage control inside human veins. Robot like systems are now employed 
in heavy earth-moving equipment. It is not possible to put up an exhaustive list of robot 
applications. One type of robot commonly used in the industry is a robotic manipulator or 
simply a manipulator or a robotic arm. It is an open or closed kinematic chain of rigid 
links interconnected by movable joints. In some configurations, links can be considered to 
correspond to human anatomy as waist, upper arm, and forearm with joints at shoulder and 
elbow. At the end of the arm, a wrist joint connects and end-effector to the forearm. The 
end-effector may be a tool and its fixture or a gripper or any other device to do the work. 
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The end-effector is similar to the human hand with or without fingers. A robotic arm, as 
described above is shown in figure 1.2, where various joint movements are also indicated. 
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Figure 1.2: An industrial robot that least looks like a human 

1.1.1 What is and what is not a robot 

Automation as a technology is concerned with the use of mechanical, electrical, electronic, 
and computer-based control systems to replace human beings with machines, both for 
physical work and the process of intelligent information processing. Industrial automation, 
which started in the eighteenth century as fixed automation has transformed into flexible 
and programmable automation in the last 15 or 20 years. Computer Numerically Controlled 
(CNC) machine tools, transfer, and assembly lines are some examples in this category. 

Common people are easily influenced by science fiction and thus, imagine a robot as a 
humanoid that can walk, see, hear, speak, and do the desired work. But the scientific 
interpretation of science fiction scenario propounds a robot as an automatic machine that is 
able to interact with and modify the environment in which it operates. Therefore, it is 
essential to define what constitutes a robot. Different definitions from diverse sources are 
available for a robot. 

Japan is the world leader in robotics development and robot use. Japan Industrial Robot 
Association (JIRA) and the Japanese Industrial Standards Committee defines the industrial 
robot at various levels as: 
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lvfanipulator: a machine that has functions similar to human upper limbs, and moves the 
object spatia\\y. 

Playback robot: a manipulator that is able to perform an operation by reading off the 
memorized information for an operating sequence, which is learned beforehand. 

Intelligent Robot: a robot that can determine its own behavior and conduct through its 
functions of sense recognition. 

The British Robot Association (BRA) has defined the industrial robot as: 

··A reprogrammable device with minimum of four degrees of freedom designed to both 
manipulate and transport parts, tools, or specialized manufacturing implements through 
variable programmed motions for performance of specific manufacturing task." 

The Robotics Industries Association (RIA)of USA defines the robot as: 

''A reprogrammable, malfunctioned, manipulator designed to move material through 
variable programmed motions for the performance of a variety of tasks" 

The definition adopted by Internal Standards Organization (ISO) and agreed upon by most 
ofthe users and manufactures is: 

''An industrial robot is an automatic, servo-controlled, freely programmable, multipurpose 
manipulator, with several areas, for the handling of work pieces, tools, or special devices. 
Variably programmed operations make the execution of a multiplicity o tasks possible". 

Although there is a wide range of definitions exist, none covers the features of a robot 
comprehensively. The RIA definition lays importance on programmability, while the BRA 
definition succeeds minimum degrees of freedom. The JIRA definition is fragmented. As 
a result of these, still it is uncertain in distinguishing a robot from automation and in 
describing functions of a robot. To differentiate between a robot and automation, following 
guidelines can be used. 

For a machine to be called a robot, it must be able to respond to stimuli based on the 
information received from the environment. The robot must interpret the stimuli either 
passively or through active sensing to bring about the changes required in its environment. 
The decision-making, performance of tasks and so on, all are done as defined in the 
programs taught to the robot. The functions of a robot can be classified in to three areas as 
follows. 

"Sensing" the environment by external sensors, for example, vision, voice, touch, and 
proximity and so on, "decision-making" based on the information received from the 
sensors, and "performing" the task decided. 
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1.1.2 Laws of Robotics 

i ssac Asimov conceived the robots as humanoids, devoid of feelings, and used tern in a 
number of stories. His robots were well-designed, fail-safe machines, whose brains were 
programmed by human beings. Anticipating the dangers and havoc such a device could 
cause, he postulated rules for their ethical conduct. Robots were required to perform 
according to three principles known as "three laws of robotics", which are as valid for real 

robots as they were for Asimov's robots, and they are: 

1. A robot should not injure a human being or, through inaction, allow a human to 

be harmed. 
2. A robot must obey orders given by humans except when that conflicts with the 

First Law. ; 
3. A robot must protect its own existence unless that conflicts with the First or 

Second Law. 

These are very general laws and apply even to other machines and appliances. They are 

always taken care of in any robot design. 

1.1.3 Robot Anatomy 

The mechanical structure of a robot is like the skeleton in the human body. Therefore the 
robot anatomy is studying of the robot skeleton that means the physical construction of the 

manipulator structure. 

The mechanical structure of a manipulator consists of rigid bodies (links) connected by 
means of articulations (joints), is segmented into an arm that ensures mobility and 
reachability, a wrist that confers orientation, and an end effector that performs the required 
task. Most manipulators are mounted on a base fastened to the floor or on the mobile 
platform of an autonomous guided vehicle (AGV). The arrangement of base, arm, wrist, 

and end-effector is shown in figure 1.3. 
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Figure 1.3: The base, arm, wrist, and end-effector forming the mechanical structure 
of a manipulator 
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1.1.4 Robot applications 

Robotics has rapidly moved from theory to applications and from the research labs to 
industries over the last 20 years or so years. The mathematical models developed help in 
design of robots, calculating their motions, control them and plan or determine the 
trajectory and frame transformations required for performing specified tasks during the 
work cycle. 

One of the key features of a robot is its versatility. As a designer, developer, planner or 
user of this technology one has to be familiar with the various issues involved in the 
applications of robots. As the technology is new, the prospective user or buyer of robot 
technology, who is accustomed to buy conventional items, will find the robot applications a 
complex subject. .; 

The industrial application of robotics is going to be a prominent component of 
manufacturing industry, which will affect human labour at all levels, from managers of 
production to shop floor unskilled workers. i\ programmable robot with a number of 
degrees of freedom and different configurations can perform specific and diverse tasks with 
the help of the variety of end-effectors. On the industrial scene it can be reprogrammed and 
adapted to changes in process or production line. Robots are also finding many 
applications outside of the industry, in research, hospitals, space, supermarkets, service 
sector, farmhouses, and even in homes as pets. The applications outside of a factory are 
much more complex, diverse and are based on human imagination. 

When talking about robot applications in industry as well as other places, one needs to be 
concerned about the safety. After all, a robot, as it is today and going to be for decades to 
come, is a dumb machine, which is supposed to obey the commands. 

Although robots are becoming common in the workplace, it is important to remember that 
robots are not "super workers". They have some real shortcomings and are to be 
understood as tools or machine people use. 

Today's robots: 

• Are not creative or innovative 
• Can not react to unknown situations 
• Have no human feelings 
• Have not consciousness 
• Do not think independently 
• Can not make complicated decisions. 
• Do not learn from mistakes or otherwise. 
• Do not adapt quickly to the changes in their environment. 

The current day applications of robots can be categorized into two broad areas: industrial 
applications and non industrial applications. 

5 



0' I!Je robots in the world today about 90% are found in industries. These robots are 
rekr-red to as industrial robots and are regarded as "Steel Coller Workers". Of these more 
th,tn 50% are deployed in automotive industry. Robots are useful in the industries in many 
w~t\-, In today's economy, industry needs to be efficient to cope with the competition. 
ln-,talling robots in the industry is often a step to be more competitive because robots can 
d(• n:rtain tasks more efficiently than humans. 

S('llll..' of the tasks Robots can do better are: 
• Handling dangerous materials 
• Assembling products 
• Spray finishing 
• Polishing and cutting , 
• Inspection 
• Repetitive, backbreaking and unrewarding tasks 
• Tasks involving dangerous to humans or dangerous tasks 

Ruhnts offer and excellent means of utilizing technology to make a given manufacturing 
op.:ration more profitable and competitive. The main advantage offered for the industrial 
needs is the improved productivity and quality offered by the robots. However, the 
technology is relatively new on the industrial scene. Its use in the manufacturing processes 
is greatly limited for multiple reasons. 

Rohots applications in the industries today are primarily in four fields: 
• Material handling 
• Operations 
• Assembly 
• Inspection 

1.2 Robot locomotion 

A mobile robot needs locomotion mechanisms that enable it to move unbounded 
throughout its environment. But there are a large variety of possible ways to move, and so 
the selection of robot's approach to locomotion is an important aspect of mobile robot 
design. In the laboratory, there are research robots that can walk, jump, run, slide, skate, 
swim. f1y and, of course, roll. Most of these locomotion mechanisms have been inspired 
by their biological counterparts. 

There is, however, one exception: the actively powered wheel is a human invention that 
achieves extremely high efficiency on flat ground. This mechanism is not completely 
foreign to biological systems. Our bipedal walking system can be approximated by a 
rolling polygon, with sides equal in length d to the span of the step (Figure 1.4) As the step 
size decreases, the polygon approaches a circle or wheel. But nature did not develop a 
fully rotating, actively powered joint, which is the technology necessary for wheeled 
locomotion. 
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Figure 1.4: Approximated bipedal walking system 

Btological systems succeed in moving through a wide variety of harsh environments, 
Therefore it can be desirable to copy their selection of locomotion mechanisms. However, 
replicating nature in this regard is extremely difficult for several reasons. To begin with, 
mechanical complexity is easily achieved in biological systems through structural 
replication. Cell division, in combination with specialization can readily produce a 
millipede with several hundred legs and several tens of thousands of individually sensed 
cilia. In man made structures, each part must be fabricated individually and so no such 
economies of scale exit. Additionally, the cell is a microscopic building block that enables 
extreme miniaturization. With very small size and weight, insects achieve a level of 
rohustness that we have not been able to match with human fabrication techniques. 
Finally, the biological energy storage system and the muscular and hydraulic activation 
systems used by large animals and insects achieve torque, response time, and conversion 
etticiencies that far exceed similarly scaled man-made systems. 

Omng to these limitations, mobile robots generally locomote either using wheeled 
mechanisms, a well-known human technology for vehicles, or using a small number of 
articulated legs, the simplest of the biological approaches to locomotion (Figure 1.4). 

In general, legged locomotion requires higher degrees of freedom and therefore greater 
mechanical complexity than wheeled locomotion. Wheels, in addition to being simple, are 
extremely well suited to flat ground. On flat surfaces wheeled locomotion is one to two 
orders of magnitude more efficient than legged locomotion. The railway is engineered for 
wheeled locomotion because rolling friction is minimized on a hard and flat steel surface. 
But, as the surface becomes soft, wheeled locomotion accumulates inefficiencies due to 
rolling friction whereas legged locomotion suffers much les because it consists only of 
points contacts with the ground. 

In effect, the efficiency of wheeled locomotion depends greatly on environmental qualities, 
particularly the flatness and hardness of the ground, while the efficiency of legged 
locomotion depends on the leg mass and body mass, both of which the robot must support 
at various points in a legged gait. 
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1.2.1 Key issues for locomotion 

L1comotion is the complement of manipulation. In manipulation, the robot arm is fixed 
but moves objects in the workspace by imparting force to them. In locomotion, the 
em ironment is fixed and the robot moves by imparting force to the environment. In both 
cases. the scientific basis is the study of actuators that generate interaction forces, and 
mechanisms that implement desired kinematic and dynamic properties. Locomotion and 
manipulation thus share the same core issues of stability, contact characteristics, and 
em ironment type: 

• Stability 

1. Number and geometry of contact points 
J 

2. Centre of gravity 
3. Static/dynamic stability 
4. Inclination of terrain 

• Characteristics of contact 

1. Contact point/path size and shape 
2. Angle of contact 
3. Friction 

• Type of environment 

1. Structure 
2. Medium (eg. Air, water etc .. ) 

A theoretical analysis of locomotion begins with mechanics and physics. From this 
starting point, we can formally define and analyze all a manner of mobile robot 
locomotion systems. 

1.3 Legged Mobile Robot 

Legged locomotion is characterized by a series of point contacts between the robot and the 
ground. The key advantages include adaptability and maneuverability in rough terrain. 
Because only a set of point contacts is required, the quality of the ground between those 
points does not matter so long as the robot can maintain adequate ground clearance. In 
addition, a walking robot is capable of crossing a hole or chasm so long as its reach 
exceeds the width of the hole. A final advantage of legged locomotion is the potential to 
manipulate objects in the environment with great skill. 

The main disadvantages of legged locomotion include power and mechanical complexity. 
The leg, which may include several degrees of freedom, must be capable of sustaining part 
of the robot's total weight, and in many robots must be capable of lifting and lowering the 
robot. Additionally, high maneuverability will only be achieved if the legs have a 
sufficient number of degrees of freedom to impart forces in number of different directions. 
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1.3.1 Leg configuration and stability 

Legged robots are biologically inspired and therefore, it is informative to examine 
biologically successful legged systems. A number of different leg configurations have been 
successful in a variety of organism. Large animals have four legs, where as insects have 
six or more legs. In some mammals, the ability to walk on only two legs have been 
perfected. 

1.3.2 Biped Robot 

Out of various designs of multi legged robots, two legged robots have received much 
attention in robotics research, due to their similarity with the human beings. A gait is a 
sequence of leg motions coordinated with the body motion' for the purpose of navigating 
over a terrain. It is important to mention that a two legged robot has to dynamically 
balance during its locomotion. 

A biped robot should be able to negotiate the stair-cases sloping surfaces, ditches and 
others, as the situation demands. The problems of tackling the sloping surface[2] is 
fundamentally different form that of handling the stair-cases due to the following reasons: 

• The feet are places on the inclined plane while navigating along a sloping surface, 
in place of the flat surface. 

• The angle of slope and coefficient of friction between the sloping surface and foot 
has some significant influences to ensure the movement without slipping on an 
inclined plane. 

• The projected area of foot-support polygon reduces with the increase in angle of 
slope and it has a significant contribution on the dynamic balance of the robot. 

1.3.3 Biped walking 

In order to understand the mechanical bipedal robots mechanics design[3], is necessary 
first to understand the biped walking process or biped locomotion. This area has been 
studies for a long time, but, it is only in the past years, thanks to the fast development of 
computers, that real robot started to walk on two legs. Since then the problem has been 
tackled from different directions. 

First, there were robots that used static walking. The control architecture had to make sure 
that the projection of the centre of gravity on the ground was always inside the foot support 
area. This approach was abandoned because only slow walking speeds could be achieved, 
and only on flat surfaces. 

Then dynamic walking robots appeared, the center of gravity (or centre of mass) can be 
outside of the support are, but the Zero Momentum Point (ZMP), which is the point where 
the total angular momentum is zero, cannot. Dynamic walkers can achieve faster walking 
speeds, running, star climbing, execution of successive flips, and even walking with no 
actuators. 
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Static walking: Static walking assumes that the robot is statically stable. This mean that, at 
any time if all motion is stopped the robot will stay indefinitely in a stable position. It is 
necessary that the projection of the centre of gravity of the robot on the ground must be 
contained within the foot support area (Figure 1.5). The support area is either the foot 
surface in case of one supporting leg minimum convex area containing both foot surfaces 
in case both feet are on the ground. These are referred to as single and double support 
phases, respectively. Also, walking speed must be low so that inertial forces are negligible. 

This kind of walking requires large feet; strong ankle joints and can achieve only slow 
walking speeds. It has been abandoned by most researches for dynamic walking, which 
provides more realistic and agile movements. 
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Figure 1.5: Stability in static walking 

Dynamic walking: Biped dynamic walking allows the centre of gravity to be outside the 
support region for limited amounts of time. There is no absolute criterion that determines 
whether the dynamic walking is stable or not. Indeed a walker can be designed to recover 
from different kinds of instabilities. However, if the robot has active ankle joints and 
always keeps at least one foot flat on the ground then the ZMP can be used as a stability 
criterion. The ZMP is the point where the robot's total moment at the ground is zero. As 
long the ZMP is inside the support region the walking is considered dynamically stable 
because is the only case where the foot can control the robot's posture. It is clear that for 
robots that do not continuously keep at least one foot on the ground or that do not have 
active ankle joints (walking on stilts), the notion of support area does not exist, therefore 
the ZMP criterion cannot applied. 

Dynamic walking is achieved by ensuring that the robot is always rotating around a point 
in the support region. If the robot rotates around a point outside the support region then 
this means that the supporting foot will tend to get off the ground or get presses against the 
ground. Both cases lead to instability. To draw an analogy with static walking, if all 
motion is stopped then the robot will tend to rotate around the ZMP. 
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1.4 Research objectives 

The main objective of this research is to implement a kinematic model for biped robot to 
negotiate sloping surfaces. The derivation of equations for joint angles of the said robot is 
the kinematc modeling. In this research, the basic robotics theories are used to implement 
the kinematic model and it is a direct approach. This research can be divided into two steps 
as follows; 

(i) 
(ii) 

Development of kinematic model 
Simulation and behavioral analysis 

After developing the kinematic model, the behavioral analysis can be obtained by using the 
simulation result. The stability analysis is so important to select parameters, in the 
construction stage, of the robot body. " 

In this dissertation, it is considered only walking on sagital plane and assumed all joints are 
frictionless. This is a remarkable modeling as the robot can maintain it's stability with no 
trouble when increasing the ramp angle to some extent. The modeling method is simple, 
direct and inexpensive but, the accuracy is in high standard that can be seen in simulation 
results. 

1.5 Overview 

The structure of this dissertation divided in to 8 parts. Chapter 2, reviews past literature and 
the current state of research in bipedal robots. Also, the Problem Statement is included. In 
chapter 3, kinematic modeling of swing leg is included and derivations of equations for 
joint angles are also presented. In chapter 4, the gait development is discussed with 
trajectory planning of swing leg. Chapter 5, describes, how to obtain the kinematic model 
of stance leg. In this chapter joint angle equations are also derived and, the derived swing 
leg kinematic model is modified by considering "moving hip". To model the hip trajectory 
the Rimless wheel simulation is used. In chapter 6, it is discussed how to analyze the 
dynamic balance for lower body and calculation of ZMP. The chapter 7 describes the 
calculation of ZMP after adding of torso. In this chapter the simulation results and 
explanations are included. Chapter 8 concludes all derivations and presented the future 
work of this research. 
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