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ABSTRACT

Robotic Manipulators are playing the great role in any successful industry nowadays.
Several categories exist to classify these manipulators, Rigid or Flexible manipulators
is one classification. This work investigates both types, rigid and flexible, in terms of
Mathematical Modelling, Trajectory Selection, and Optimal Traectory Planning.
Optimization of trajectory can be achieved using several criterions, such as. minimum
time tragjectory, minimum velocity and acceleration, minimum residual vibration, or
minimum energy consumed. GA will search for the trgjectory that will best satisfy the
objective function set by the requirement of the application. First, a three D-O-F
planar redundant manipulator that is working in the joint space is proposed, and the
torques of the three joints have been ssmulated using Soft motion and Linear Segment
with Parabolic Blends (L SPB) trajectories. Then, the proposed planar manipulator has
been investigated in terms of optimal trajectory planning in the task space. The
manipulator's end-effector was required to track two specified paths, a straight line
and acircle. The angle that the last link makes with the horizontal line was assumed to
endure a Cubic Spline trgjectory while tracking both paths. GA was implemented to
obtain the optimal trajectory by selecting the proper initial and final configurations of
that angle. Finally, a Two-Links Flexible Manipulator is modelled and analyzed. It is
required to optimize the actuators energy consumption when the manipulator
performs a certain movement in the joint space. Soft motion trgjectory, which is a
fully identified tragjectory, is employed here also to benchmark any results resulting
from a less identified trgjectory as the fourth order polynomial trgjectory. The fourth
order tragjectory's parameters are obtained using GA such that the resulting trajectory is
the optimal one. The simulation results verified the effectiveness of GA, since the
optimized fourth order polynomial trajectory needed less energy than the soft motion
trajectory when the same movement is executed.
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CHAPTER ONE

INTRODUCTION

1.1 OVERVIEW

The increase demand on robotic applications has magnified and highlighted the
importance of studying different aspects concerning robots. Robots received major
attention by researchers in the 20™ century due to its successful implementation in
industry and, later on, in space; the work done in this area witnessed several
outstanding achievements due to the need of real time robotic applications. Trajectory
planning was one of the early works in this field and a range of trajectories are
nowadays available for different industrial applications. Trajectory selection is crucial
since different trajectories have different characteristics, also different robotic
applications have different requirements and constraints such as; minimum time,
maximum velocity and acceleration, obstacle avoidance, minimum energy consumed,
and so on.

Since the availability of energy is limited in some circumstances especially in
space, energy-optimized trajectories as well as light weight (flexible) manipulators
have been always in great demand. The importance of such manipulators rose from
several facts, such that they have high payload to manipulator weight ratio, also they
need less energy to run due to their relatively low weight, which is in fact a big
advantage since energy consumption is a major drawback that faces some
applications, as in space missions. Furthermore, the reachability of these manipulators

is higher due to the ability to use long links. On the other hand, many complexities are



associated with the use of light weight manipulators, such as modelling and vibration
issues, and this is due to the flexibility of the links and sometimes the joints.

In industry, heavy weight manipulators are primarily used due to their
capabilities in handling applications while achieving accurate movements; in addition,
the vibration issues are very limited and can be easily eliminated, but the energy
consumption remains a primary defect of such manipulators. Unlike rigid
manipulators, flexible manipulators involve more complex and challenging work,
especially at the modelling stage where the flexibility of the links will raise both, the
number and complexity, of equations of motion and as a result will raise the difficulty
of solution. For instance, the implementation of light weight manipulators in industry
is limited. As mentioned earlier, the defects of light weight manipulators are limiting
their use in industrial works; yet, this is a hot area in research, and several works have
been carried out on this topic, and most of these works were concentrated on the

vibration suppression problem.

1.2 PROBLEM STATEMENT
Many robotic-based industrial applications do not consider the three D-O-F planar
redundant manipulators despite these manipulators are good candidates for
optimization purposes. This work deals with the three D-O-F manipulators from two
prospective points. First, trajectory planning, and second, optimal trajectory selection.
Trajectory planning for planar redundant manipulators covers a wide range of
trajectory profiles. Soft motion trajectory is a relatively new profile which has not
been benchmarked with any other trajectory by researchers. This work comes to
investigate the soft trajectory and compare it with other known profiles so that the

characteristics of the soft trajectory is better understood and discussed.



Optimal trajectory selection has been always a demand in many industrial
applications. Thus, the work introduced here assumed that the manipulator’s end-
effector is required to perform two tasks optimally. Then, an objective function is
introduced and optimal trajectory profiles are finally selected.

Two links flexible manipulator is also considered. The mathematical modelling
of the flexible manipulator is difficult to be obtained directly from the equations of
motion, since the resulting equations of motion are highly nonlinear integro-partial
differential equations, and it is almost impossible to solve such equations analytically.
Instead, it was assumed that the links can be treated as Euler-Bernoulli’s beams and
that the boundary conditions are similar to those obtained from these beams.

Optimal trajectory selection was required to validate the effectiveness of the
method used, thus soft motion and optimal fourth order polynomial trajectories were
tested and compared. To study the effect of changing the boundary conditions,
different boundary conditions were used and the resulting outputs were compared

and analyzed.

1.3 OBJECTIVES OF THE STUDY
The objectives of this research are as follows:
e To study the effect of different path trajectories on manipulator's joints
torques.
The joints' torques of the three D-O-F planar manipulator are to be
simulated using two different trajectories. Linear Segment with Parabolic
Blends (LSPB) and Soft Motion trajectories are compared here and
simulation results are introduced.

e To optimize the energy needed to run a three D-O-F planar manipulator.



Genetic Algorithm (GA) is applied here to find the optimal trajectory for a
three D-O-F manipulator. The end-effector of the manipulator is required
to follow a specified path while enduring a certain trajectory. Using
inverse kinematics, the individual joints angles, angular velocities, as well
as angular accelerations are determined.

e  To apply the Genetic Algorithms technique for optimal trajectory planning
for two-link flexible manipulator.

Again, Genetic Algorithm will be used here to search for the
optimal, energy minimized trajectory. The manipulator is mathematically
represented using extended Hamilton’s principle, and the flexible links are
treated using Euler-Bernoulli’s beam theory. A comparison between soft
motion and optimal fourth order polynomial trajectories will be carried out
to show the significance of Genetic Algorithm and to verify the
effectiveness of the method used.

e To study the effect of different combination of beam’s boundary
conditions on the performance of the flexible manipulator.

Different combinations of beam’s boundary conditions, when
applied to the same system, will result in different outcomes. In this work,
the Fixed-Free and Pinned-Free boundary conditions are assumed, and the

effect of using these combinations is highlighted and introduced.

1.4 SCOPE OF THE THESIS
This research covers many aspects concerning robotic manipulators. For the rigid
manipulator, mathematical modelling and trajectory planning as well as optimal

trajectory selection are discussed. The manipulator is modelled using Lagrange



approach where generalized coordinates and generalized forces are assumed.
Trajectory planning for a 3 DOF planar redundant manipulator, which is working in
the joint space, is discussed. Two trajectories are used and their corresponding
generated output torques are compared. Task space is also presented as a manipulator
is required to track two specified paths optimally.

Two links flexible manipulator is also introduced. The mathematical modelling
is derived using the extended Hamilton’s principle and the links are treated using
Euler-Bernoulli’s beam theory. The manipulator is assumed to be working in the joint
space, where certain joints’ movements are required. Optimal trajectory planning is
addressed as two different trajectories are used to generate the required movements.
Different boundary conditions are also presented and the resulting output torques are

compared.

1.5 RESEARCH METHODOLOGY
At the beginning, a 3 D-O-F planar redundant manipulator that is working in the joint
space is studied. The actuators torques are simulated using different trajectory
profiles, such as: soft motion trajectory and linear segment with parabolic blends
trajectory. The manipulator is then assumed to move in the task space. Two paths are
required to be followed by the manipulator’s end-effector, a straight line and a circle.
It is required that the angle between the last link and the horizontal line to satisfy a
cubic spline trajectory while tracking these paths, also it is required that the generated
trajectories be optimal ones.

Two links flexible manipulator is then studied. The two links are assumed to be
homogeneous and equal in length. The mathematical modelling for the manipulator is

derived using the extended Hamilton’s principle and the links are treated as Euler-



Bernoulli’s beam theory. The manipulator is required to perform a certain movement
optimally. So, soft motion and optimized fourth order polynomial trajectory are
compared in terms of the manipulator’s generated torques and the overall energy
needed to perform the movement.

The effect of using different boundary conditions on the flexible manipulator’s
torques is addressed too. Fixed-free and pinned-free boundary conditions are assumed,

and the generated output torques are introduced and compared.

1.6 THESIS OUTLINE

This thesis consists of six chapters. Chapter two introduces some Evolutionary
Algorithms, and concentrates on Genetic Algorithms (GA) which is the optimization
technique used throughout this work. The function and the parameters forming GA are
introduced, as well.

Chapter three investigates a three D-O-F redundant planar manipulator. The
mathematical modelling of the proposed manipulator is first derived using Lagrange's
approach and the three equations describing the torques of the joints are given. The
three joints' torques are then simulated using LSPB and Soft Motion trajectories;
simulation results for angles, velocities, accelerations, and torques profiles for both
trajectories are presented and compared.

While in Chapter four, an energy minimized, optimal motion trajectory for a
three D-O-F redundant planar manipulator is required while the end-effector of the
manipulator tracks two predetermined paths, a straight line and a circle. The angle that

the last link makes with horizontal ¢ is required to undergo a third order polynomial

trajectory, the starting and goal angle values are left undetermined. GA is employed to

search for these values such that an optimal trajectory is satisfied. Geometric approach



