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Abstract

Kinematic Analysis of Workspace and Set-Up of
Coordinated Two-Arm Robot Manipulators

Farzam Ranjbaran

In this thesis, primarily, the kinematics of a robotic manipulator with
emphasis on the analysis of its workspace is studied. Development of
algorithms for detection of two dimensional contours of workspace in both
Cartesian and polar coordinates are then given. A graphical three dimensional

representation of the manipulator workspace is also developed.

The algorithms for workspace analysis of single robots is extended to
systems of coordinated two-arm robots, for which the term Triplet Workspace
is introduced, since it reflects the fact that the workspace depends on the
two collaborating arms and the manipulated object. Based on this approach the
effects of the geometry of the robots and the specification of the desired

task on the feasibility of the task execution is discussed.

Furthermore, the effects of the relative set~up of the two robots on the
triplet workspace and, on a desired operation are studied. Henceforth, an
optimization of the relative set-up of a two-arm robotic workcell is
formulated. The objective function for this nonlinear programing has been
selected as the joint availability of the two robots during the task
execution. Theoretical discussions are enhanced by illustrative examples and

a case study.
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CHAPTER 1
INTRODUCTION

In the past two decades, tele-operations and robotic manipulations have
merged into the main stream of the human’s perpetual desire for a more
automated and a more extended exploitation of its environment. In this
respect, research and development, equipped with powerful computers and
sophisticated electronic sensors have been in a constant struggle to
duplicate the humankind's perception and manipulation of its surroundings.
The outcome of this ongoing struggle, have led to the utilization of the
robot arms and manipulators, on the ground, under the ground, under the water
and in space. More specifically at the present time, manipulators are being
extensively employed in the factories, and to lesser extend in
hazardous/contaminated or harsh environments, deep-sea operations,
prosthetic limbs and biomedical and yet many other potential applications are

forthcoming in the future.

Throughout the years of research and development in automation and
flexible manufacturing systems, it has been observed that in numerous
applications, a single robot arm with six degrees of freedom or even more is
merely not capable of performing some of the assigned tasks. This is mainly
due to the limited load capacity of a single arm, geometrical characteristics
of the tasks and required dexterity for complex operations. Hence in recent
years, multi-arm robotic systems in general and two-arm robotic systems in
particular have been put atop in the agenda of many researchers all around

the globe.




The main purpose of this thesis is to investigate a two-arm robotic
system with emphasis on those aspects which although bear essential roles in
the real world applications, have been ignored so far. Namely the focus of

this work will be on:

a) Workspace Analysis and feasibility of tasks.
b) Synthesis of the Relative set-up of the workcell.

These two major aspects of the multi-arm robotic systems are crucial in
the set-up and operations of both single arm and multi arm robots in a wide
variety of operations, for example in material handling and in complex
assembly operations. Different methodologies and formulations developed in
this thesis can be applied to a general robot manipulator, however to show
the validity of the different aspects of this work, the specifications of a

PUMA-560 industrial robot arm will be used.

1.1- OBJECTIVES

The objectives of this thesis can be outlined as follows,

1- To review the previous work and reported results relevant to
multi-arm or two-arm robotic systems. This is necessary in order to observe
the track which has been followed in this area by the researchers throughout
the years, and to point out those aspects of the field which have not been

promoted sufficiently.

2- To define and analyze the workspaces of a robot arm and investigate
the measures of manipulability for manipulators, and to device an AutoCad

based approach to represent the three dimensional image of the workspace.

2




3- To define coordinated multi-manipulator systems and their

components, with emphasis on two-arm robotic workcell. This implies the
investigation of the kinematics and geometrical interactions between the
members of the workcell, and representation of a systematic and general
approach to categorize the possible required tasks in the practical

applications.

4- To device a means of analyzing the workspaces associated with the
coordinated two-arm robots. Tius the concept of triplet workspaces for this
purpose is proposed. Moreover, the effects of the relative set-up of the
workcell (i.e. position and orientation of the robots base frame and the task

with respect to the world coordinate) on the triplet workspace are discussed.

5- To investigate the feasibility of the operation in terms of the
accessibility of the robots and finally to propose a methodology to
synthesize the set-up of the workcell in order to achieve an optimum set-up

while satisfying certain performance criterion.

6- To discuss the further needs for research and development regarding

different aspects of coordinated multi-arm robotic systems.

In order to emerge into a more detailed discussion of the workspace and
multi-arm systems, definition of some of the pertinent features of the robot
manipulators is in order. Thus some of the fundamental aspects to which

frequent references will be made are explained.




1.2- GENERAL DESCRIPTION OF ROBOT MANIPULATORS

Kinematically, a robotic manipulator can be considered to be an
open-loop articulative chain of links connected in series by either revolute
(rotary) or prismatic (sliding) joints. Generally, one end is relatively free
and commonly attached to a specialized tool such as a multi-fingered hand or
a gripper (these are called the end effector). The other end of the chain is
attached to a supporting base that is generally stationary. The location and
orientation of the robots hand is a result of the collective effect of
transiation and rotation of each joint of the robotic manipulator. A central
issue in industrial robotic manipulator is the ability to position the
robotic hand at a specified location with a specified orientation at a given
time. This issue lies at the heart of flexible and automated manufacturing

(Shahinpoor 1988).

Each pair of one link and one joint will constitute one degree of
freedom for the manipulator, hence for an n-degree-of-freedom manipulator, n
joint-link pairs should comprise the structure of the manipulator. Since the
links can rotate and/or translate with respect to the reference coordinate
frame, a body-attached coordinate frame is assigned to each joint for each
link. The position and orientation of the robotic end effector (its attitude)
can be described in terms of the position and orientation of a coordinate
frame attached to the hand with respect to a world coordinate frame (which is
inertial to the robotic system). Therefore to this end, in order to analyze
the kinematics of a robotic manipulator one would need a mathematical tool
for transformations between the position and orientation of the end effector

and the corresponding vector of joint coordinates and vice versa, as well as
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for transformation between the generalized velocities of the end effector to

the robots generalized joint velocities and vice versa. Different
mathematical approaches have been established throughout the years for the
development of the foregoing transformations, such as the use of screw
coordinates, dual number quaternions , homogeneous transformation matrices
and tensors. In what follows we will review two of the more popular methods
which have been the concerns of the researchers in this area, and have shown

to be the most efficient and convenient ones.

1.3- KINEMATICS OF ROBOT MANIPULATORS

Kinematics of robotic manipulators is the science of motion of the
objects regardless of the forces that generate the motion, applied to the
robotic manipulators and the objects to be manipulated (Shahinpoor 1988).
Kinematics is one of the most important facet of robotics since without

motion a robot will be just a name to a rigid structure.

Robot kinematics can be described completely by the translation and
rotation of the coordinate frames attached to the robot links, hand, tools,
parts and objects. Hence the first step in development of the robot
kinematics is to assign a coordinate frame to each and every component which
is of interest and will actually be involved in the motion or will affect the
motion of other elements of the system (this is sometimes called a body
attached coordinate frame). Moreover the main reference frame is called the

world coordinate frame and is attached to a point on the ground.

Position and orientation (or attitude) of the robot hand is usually
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related to the joints coordinates of the manipulators through a set of highly
nonlinear equations. These equations are sometimes called closure equations
for the robot. Depending on different mathematical approaches one can
formulate the closure equations in different ways. The general attempt in
recent years however, has been directed towards reducing the computational
requirements of kinematic equations. This is mainly due to the fact that in
the real time control of the mechanical manipulators, computational

efficiency of the algorithms plays a significant rolc.

The relationships between different coordinate frames of the robotic
workcell are usually expressed in terms of 4x4 homogeneous transformation
matrices or for short HTM. These 4x4 matrices map a position vector expressed
in homogeneous coordinates from one coordinate system to another coordinate

system.

The advantage of using 4x4 homogeneous transformation matrix is its
algorithmic universality in deriving the Kkinematic equation of a robot arm.
This is evident since the closure equation of an n-~degree of freedom robot
can be obtained by multiplying n 4x4 transformation matrices corresponding to
each joint. However the disadvantage of this representation is the redundancy
intrinsic to the number of elements of these matrices. Sixteen elements
comprise a transformation matrix, of which 3 are always zero and one is
always one. Furthermore the elements of the 3x3 rotation matrix are not
independent due to the orthonormal nature of these matrices. The redundant
elements of 4x4 transformations will increase the computational burden which
is not desirable in real-time control of manipulators. Several authors have

used different means of extracting the independent closure equations produced
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by homogeneous transformation matrices. In this thesis computational
efficiency is not the major issue since calculations will be performed
off-line. Furthermore with rapid advancements in the field of transputer
technology and parallel processing a great deal of computational power can be
attained which will accommodate the necsssary on-line kinematics and/or

dynamic calculations of a robot.

1.4- WORKSPACE OF ROBOT MANIPULATORS

In this section we introduce some basic concepts and definitions
regarding the workspaces of the manipulators. These definitions will be used
in the development of the formulations and algorithms which constitute the

contents of the subsequent parts of these thesis.

Two important measures of evaluating the performance of robot
manipulators in practical applications are the size and the shape of Iits
reachable space, where by reachable space it is meant the set of all points,
in cartesian space, at which a reference point located at the hand, can
arrive. Moreover considerations regarding the size and the shape of the
reachable space, although necessary, are not sufficient for performance
evaluation of the robot manipulators. This is due to the fact that, inside
the reachable space adroitness of the hand is not always uniform and in fact
it decreases when the extreme reaches are approached. The term "workspace"
has been unanimously used by the researchers in robotics and automation to

designate the reachable space of a manipulator.

It is well accepted that analytical representation of the the workspace
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of a general robot manipulator with limited joint motions, is an extremely

complex task if not impossible. However in the recent years the pioneers of
this field have attempted to examine other approaches to the problem, such as
iterative or recursive methods. Albeit many of these attempts disregard the

physical limits of the robots joints.

Furthermore due to the highly nonlinear nature of the kinematic models
of robot manipulators, a given manipulator usually can attain a reachable
point in more than one posture or configuration. This in fact will signify
the complexity of the analysis for a given manipulator. In chapter five of
the thesis we will propose two different iterative methods of analysis of the
workspace. It will be discussed that these two method take into account the
physica) limits of the manipulator as well as the robots posture or
configuration of the arm in the process of evaluation of the workspaces. The
nun.ber of iterations for the said methods assume significant reductions, thus
make possible, tu generate large number of points for the analysis in a short

time (almost ten times faster than the existing algorithms).

1.5- COORDINATED MUL TI-MANIPULATOR SYSTEMS

In the most general sease the problem of multi-arm robotic systems can

be investigated under five categories which are outlined as follows:

a) Dynamic modeling and control.
b) Kinematics, motion programing and collision avoidance.

c) Feasibility of the tasks and workspace studies.




d) Relative set-up of the workcell.

e) sensing.

Dynamics and control, which are two of the most important features of
the muilti~arm robots have attracted the attention of many researchers in the
recent years, and currently extensive investigations of the dynamics and
control of the multi-manipulator systems are being carried out. On the other
hand a few attempts have been reported regarding other important issues
involved in the real world applications of such systems. For example very few
researchers have investigated the feasibility of the tasks, workspace

interactions and the relative set-up of the multi-arm robotic systems.

The history of cooperative or collaborating multi-manipulators goes back
to 1974, when (Gavrilovic 1974) and (Selic 1974) first introduced the problem
of using two robot arm in assembly and material handling operations. However
some rudimentary work on cooperative Master-Slave manipulators have been
reported in 1966 (Guertz et al., 1966). Master-Slave terminology for
cooperative two-arm robots has been used by some researchers ever since,
while some others have chosen the name Leader-Follower, or a simple numbering

of the robots for designation.

Most of the research work in coordinated multi-manipulators have been
concerned with the development of two coordinated robot arms only, and some
of the pioneers in this area have referred to them as cooperative two-arm
robots. At the present time however, the general terminology of cooperative
robots is replaced by the more restricted terminology of coordinated robots.

Furthermore, some aspects of the research have been extended to multi robot
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arm working together instead of only two robots. It is worth mentioning that
even today the problem of coordinated two-~arm robots have not been fully
developed and experiments in this area have been limited to the laboratory

tests only.

Some researchers have classified the cooperative multi-arm robotic tasks
under the two ma jor categories of synchronized and coordinated tasks, (Hemami
et. al.,, 1990). Synchronized tasks refer to cases where at each instant of
time only one arm is working on the workpiece or in other words the arms
follow independent, but possibly synchronized motions, for instance in an
assembly operations. Coordinated tasks on the other hand call for involvement
of more thai one robot arm at each instant with the workpiece, like materials
handling. In this manner the trajectories of the end effectors involved are
dependent through the rnanipulated object, (coordination is necessary between
the positions, velocities and forces of every end effector involved in the

motion).

Furthermore some other researchers have referred to any cooperative
operation of multi-arm robots as a coordinated multi-manipulators (CMM)
operation, and their subsequent classifications of the operation has been
made, based upon the degree of coordination between the manipulators
involved. Degree of coordination of the manipulators in turn has been defined
in terms of the geometry of the overlapping between workspaces of the
coordinated manipulators (Fortune et. al.,, 1986) and (Shirkhodaie et. al.,

1987).
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A more detailed definition of the coordination of the multi-manipulator
systems will be given in chapter 6. However the main emphasis of this thesis

will be focused on two~arm robots in particular,

1.6- MULTI-ARM_SET-UP ARRANGEMENT

A major emphasis of this thesis is on the, synthesis and optimization of
the relative set-up of the multi-arm robotic systems. In this ragard some
preliminary definitions are given here and more elaboration will be made in
chapter 7, where a two-arm robotic system is chosen for the development of
the formulations and algorithms. As the first step towards devising an
efficient and dexterous multi~arm robotic system, it is of great importance
to take into considerations the general features and characteristics of the

desired task(s) assigned to the robotic workeell.

Task Definition

The word "task" will be used throughout this thesis and it refers to an
assignment which has been defined by the application for the robotic
workcell. It includes the entire execution of the assignment while the
corresponding requirements are kept satisfied. A robotic task in general can
range from material handling in a flexible manufacturing system to the deep

sea explorations.

In the practical applications of the robotic systems a task or a family
of tasks are defined, bearing certain kinematic and dynamic characteristics.

In most cases however, these tasks will be performed in batch operations
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where during the course of operation the required characteristics will not go
through drastic variations. For example in assembly operations and
pick-and-place in factories, different batches of jobs will be required with
consistent demands on each batch. Next it is essential to obtain all of the
information available regarding the defined tasks; some of the necessary
information required prior to the installation and set-up of the system are

outlined as follows:

e Requirements And_Constraints Of The Trajectory.

In this category one should define all of the positional and
orientational requirements and constraints of the task to be performed
(object to be handled), as well as the bounds on velocities and accelerations
involved in the motion. For example in the case of material handling one
should specify the initial and final position/orientation of the object if
required and allowable tolerances on them. Moreover if any particular path is
of interest of the user, it should be defined with the associated tolerances

allowed.

Any obstacles and accessories which would be present in the workcell
should be defined in terms of their geometry and their respective position
and orientation to the workcell’s world coordinate frame. The former will
particularly be important while dealing with collision avoidance of the

robot- with other elements of the workcell.

e Grasp Requirements And Constraints.

In addition to the trajectory definition, one should be able to gather
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the necessary Information concerning the grasp of the object or the workpiece
by the grippers. For example if there are particular points of the ob ject
which the grippers must hold, or with a certain orientation of the hands by
which the grasping is required, they must be specified with the corresponding
tolerances. The foregoing considerations may be originated due to the

geometry of the object, or compliance and load distribution during the task

performance.

e Compliance Requirements And Constraints.

It is always necessary to know the magnitudes and directions of the
various forces and moments that are at work during the operation of a robotic
task. First these forces and moments should satisfy either static or dynamic
equilibria in the various stages of a task. Also the collective effect of all
forces and moments must not cause any structural failures in the robots hands
or the objects to be manipulated. Finally the analysis of the forces and
moments in robotic manipulators are absolutely essential in the undersianding
and control of compliance, that is, the ability of a robot to sense and react
to external contact forces by modifying its trajectory (Shahinpoor 1988).
Thus compliance effects may pose constraints on the defined trajectories
which must be well understood prior to the set-up of the workecell.
Furthermore gripper stiffness, workpiece stiffness, stopping forces and

exerting forces on the object should be defined and analyzed in advance.

In the process of the set-up of a multi-arm robotic system the criteria
mentioned above can be collectively used to choose the suitable robots which
comply with the required characteristics. In this respect load capacity and

workspace geometry of the robots are the most essential matters to be
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considered.

Once the robots are chosen, the next major issue is to design the best
layout or what we call, the synthesis of the relative set-up of the workcell.
This issue is one of the major concern of this thesis, since we assume that
the dynamic requirements and compliance of the robots have already been
chosen and are available. In this regard we will define certain performance
criteria upon which the optimum relative set-up of the workcell will be

developed.

1.7- STRUCTURE OF THE THESIS

In Chapter Two a survey of the published research papers relevant to the
objectives of this thesis is given. Section 2.1 is devoted to survey of
general kinematics definition and analysis of the robot manipulators.
Extensive investigations of the kinematics of the manipulators have been
fully developed by numerous researchers in this field, however, the
references will be made only to the major contributions upon which the
subsequent chapters are related. Section 2.2 will present a complete and
comprehensive survey of the research work in the area of workspace studies of
the robot manipulators. The major contributions to the area of coordinated
two/multi robot systems are addressed in section 2.3, while those research
works which directly or indirectly relate to the optimum set-up of two-arm

robotics system will be listed in section 2.4.

Chapter Three provides the general kinematics definitions and

formulations for robot manipulators which be required in subsequent
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chapters. Section 3.2 gives the review of the frame assignment techniques and
the Denavit and Hartenberg representation of the manipulators. In section 3.3
homogeneous transformation matrices will be defined and their elements will
be investigated. Moreover the applications of these matrices in the kinematic

equations of the robot manipulators will be discussed.

In Chapter Four, kinematic parameters and formulations for a PUMA-560
will be represented. Section 4.2 deals with frame assignment strategies, in
section 4.3, and 4.4 forward and inverse Kkinematics solutions for

displacements of the manipulator will be derived.

Chapter Five is devoted to the development of the methodology for the
analysis and evaluation of the workspaces associated with the robot
manipulators. Extreme reaches, measures of manipulability, reachable,
dextrous and total workspaces will be defined in section 5.2. In section 5.3
different methods of contour mapping for the workspace onto a cutting plane
will be discussed and the results of the proposed algorithms in cartesian and
polar coordinates will be given. Next a novel adaptive search technique for
the contour detection of the boundaries of the workspaces will also be
presented. Section 5.4 is devoted to discussing an AutoCad-based methodology
for the three dimensional reconstruction of the working envelope of the
robots. This will be done by creating a data base and interchanging its

format according to the AutoCad file interchanging formats.

In Chapter Six the problem of two-arm robotic systems in particular and
multi-arm units in general will be discussed. Section 6.2 defines in general

terms the Cooperative Multi-Manipulator workcell, and Concepts of
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Synchronized Multi-Manipulators (SMM) and Coordinated Muiti-Manipulators
(CMM). In section 6.3, coordinated two-arm robot organizations in particular
will be discussed, and the frame assignments and transformations between
elements of the workcell will be given. Section 6.4 is devoted to discuss
different methods of defining a two-arm robotic trajectory and grasp. In
section 6.5 basic kinematic relations and constraints between the two

manijpulators and the workpiece will be investigated.

Chapter Seven is the major contribution of this thesis in which an
important facet of the practical development of a two-arm robotics system
will be expanded, which has not received much attention in the past. Namely,
analysis of the workspace associated with coordinated two-arm robotic
systems. Section 7.2 describes in general the workspace of a coordinated
two-arm robot as a closed kinematic chain. In section 7.3 the concept of
workpiece workspace for coordinated operation will be proposed and the idea
of two-dimensional contour detection will be extended for the evaluation of
the triplet workspace and an algorithm for the determination of this
workspace will be developed. Based on this algorithm, section 7.4 will

illustrate some numerical examples of the triplet workspace.

In Chapter Eight we introduce the problem of synthesis of the set-up for
a coordinated two-arm robotic workcell. Section 8.2 defines a nonlinear
optimization problem in order to obtain a workcell set-up which satisfies
certain performance criteria for the coordinated two-arm robots operation. A
performance criterion in this regard is chosen to be the joint availability
of both manipulators involved in the operation. In section 8.3 an overview of

the Sequential Unconstrained Minimization Technique or SUMT for solving
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nonlinear problems will be given, and two particular methods of Interior and

Exterior penalty functions for the conversion of our constrained problem to
an unconstrained one, will be discussed. At the end of this section the
Conjugate Gradient Method for solving the modified unconstrained problem will
be investigated and the formulation of the optimization problem will be

presented.

Chapter Nine is devoted to illustrating examples of the optimum set-up
of a coordinated two-arm robot workcell based on the formulations of Chapter
Eight. Two numerical examples will be given in section 9.2. In the first
example it is required to set-up a coordinated two-arm robot in order to
perform a material handling task with maximum joint availability or minimum
risk of joint limit violations throughout the operation. In this example the
trajectory is a straight line connecting an initial to a final pose of the
workpiece. The orientation of the workpiece is required to remain unchanged
during the task execution. In the second example the trajectory is an arc of
a circle with a given radius from the initial to the final pose, where
orientation of the workpiece uniformly changes from the initial to the final
values. In section 9.3 a case study in a particular material handling
operation will be presented. In this study it is required to set-up the
workcell for loading/unloading of long beams with varying lengths from a
conveyor. Optimization is avoided in this problem because only one design
parameter is chosen for the investigation which is the distance between the
origins of the two robots, instead, the workspace knowledge of the

manipulators will be employed for this analysis.

Finally in Chapter Ten we will discuss the contribution of this work and
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conclude the thesis. Also the needs for further study and development in the

related area will be discussed in this chapter.
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CHAPTER 2
LITERATURE SURVEY

In this Chapter the attempt is to follow the track of the previous
research work which have contributed to the research work, concerned by this
thesis. The collected references will be referred to under four major
categories in the subsequent sections. Moreover these references will be
explained in a chronological order under each category including books or

research/technical papers.

2.1- KINEMATICS OF MANIPULATORS

Kinematics of spatial mechanisms, and robot manipulators in particular,
constitute a wide spectrum of work which has been developed and presented
throughout the years. Due to the generality of this spectrum in the
literature, only the major contributions to the area will be presented and

referred to here in this section.

In kinematics, four different representations have been used to specify

the position of a rigid body in space (Khatib et al., 1989).

1- Point coordinate transformations in three dimensions, consisting of
a rotation followed by a translation, (Hunt 1978), (Bottema and Roth 1979),

(Chen 1987).

2- Homogeneous point coordinate transformations in four dimensions,




known as 4X4 homogeneous transformations, (Denavit and Hartenberg 1955),

(Hartenberg and Denavit 1964), (Paul 1981b), (Craig 1986)

3- Line coordinate transformations which may be written as 6x6 matrices
operating on six dimensional vectors, called screws, or equivalently as the
dual orthogonal matrix transformation of three dimensional vectors of dual
numbers, (Veldkamp 1976), (Hunt 1378), (Roth 1984), (Sugimoto and Matsumoto
1984), (Pennock and Yang 1985), (McCarthy 1986), (Gu and Luh 1987), (Sugimoto

1987).

4- Line transformation algebra called Dual Quaternions, (Yang and

Freudenstein 1964), (Bottema and Roth 1979).

Although the four approaches to the Kkinematics of manipulators and
spatial mechanisms mentioned above have been proposed and developed to a
great extent, it seems that a majority of the robotic engineers and
researchers have resorted to the homogeneous transformations proposed by

Denavit and Hartenberg.

In 1955 Denavit and Hartenberg proposed a manipulative symbolic notation
which not only completely describes a mechanism, but could also be used
directly in a matrix method of analysis. Their symbolism (referred to as the
Denavit and Hartenberg notation or DH notation for short) coupled with the
availability of high speed computers has proved to be a very useful tool for
a variety of computer assisted studies of mechanisms and manipulators over

the past years.
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Some of the numerous published works regarding the kinematics of

manipulators based on the Denavit and Hartenberg symbolisms are given by
(Duffy 1980), (Paul 198la), (Featherstone 1983), (Goldenberg et al., 1985),
(Angeles 1985), (Paul and Rosa 1986), (Shahinpoor 1988), (Wolovich 1987), (Fu

et al., 1988).

In this thesis the basic approache for the analysis of the manipulator
kinematics and workspace will be based on the homogeneous point coordinate
transformation and the Denavit and Hartenberg symbolic notations. Since the
specification of a wrist partitioned robot, namely a PUMA-560, is used in the
development of the numerical examples in this thesis, reference to the
following research works have been made, mainly in the development of the
forward and inverse kinematics formulations: (Lee 1982), (Algazar 1985),

(Hemami 1988a).

2.2- WORKSPACE STUDIES

In this section we will overview the not so long history of the studies
concerned with the admissible or reachable spaces associated with a robot
manipulator. The number of published research work, concerning the workspace
of manipulators is by far smaller than the number of the reports that have
appeared in the literature concerning other aspects of robotics. Furthermore,
since the workspace of the manipulators is one of the major concerns of this
thesis, therefore the attempt is to cover almost all of those works which
have contributed to the development of the current stage of the workspace

studies and have been published in the literature.
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The origin of the studies of the workspaces associated with robot
manipulators goes back to the studies of simpler spatial kinematic chains.
Fichter and Hunt (1975) investigated the toroidal surfaces (torus), swept by
a point attached to a tody that is joined back to the reference frame through
a dyad of two series-connected turning-pairs (hinges). Subsequently Roth
(1976) for the first time defined the terminology of Working Spaces as the
spaces, associated with possible positions and orientations of the last link
of the manipulator. He asked two major question dealing with the working
spaces which constituted a basis for the subsequent workspace studies, these

questions were:

1- Which points can be reached by the end point of the manipulators?
2- At each point which can be reached, what orientations can be

obtained?

Moreover he used an analytic approach to identify the toroidal surfaces

generated by two and three link manipulators.

Derby (1981) investigated the maximum reach of revolute jointed
manipulators, by applying the screw axis and discussed the working volume of

the robots through the maximum distances of reach.

Kumar and Waldron (198la,b) for the first time presented the
terminologies of Reachable and Dexterous workspaces and subsequently they
developed an iterative algorithm for tracing the bounding surfaces of

mechanical manipulator workspaces. However they assumed that all joint
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actuators are ideal and they are capable of a complete rotation.

Sugimoto and Duffy (198la,b) presented and proved two useful theorems
about determination of the extreme reaches of a general robot manipulator,
and for robots with special configurations. Based on these theorems, they
developed algorithms for searching for the extreme distances that a robot

hand can reach.

Tsai and Soni (1981) investigated the analysis of the region for two and
three link robotic arms. Moreover, they proposed a methodology to synthesize
two or three link robot arms, to calculate the dimensions and the location of
the robot arm which will enclose within its accessible region the prescribed

design points.

Gupta and Roth (1982) in their illuminating paper presented some new
definitions to the workspace studies of the robot arms. They posed two major
questions of: 1- Given the structure of the manipulator, what is the
workspace associated with {t? and 2- Given a designed workspace, what should
be the manipulator’s structure? Moreover, they proposed the terminologies of
the Primary and the Secondary workspaces, and also they synthesized
manipulators with three orthogonal mutually intersecting axes for their

corresponding workspaces.

Tsai and Soni (1983) developed an algorithm to determine the workspace
of an arbitrary plane for an n-R robot. Their algorithm is based on a linear
optimization technique and on small incremental displacements applied to

coordinate transformation equations relating the kinematic parameters of the
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n-R robots. Both primary and secondary workspaces can be distinguished using
this algorithm, since the user has the flexibility of treating the robot hand
as a point ( Reachable workspace), and a line or a rigid~body (Dexterous
workspace). Furthermore in this proposed approach the revolute joints of the
manipulators can assume both full and partial rotatability. The disadvantage
of this method is the need for employment of two optimization routines first
to move the robot hand to the cutting plane and with the desired orientation
and next to move the hand along the boundary of the workspace. Also, no
information regarding the configuration of the manipulator throughout the

envelop detection routine will be gained.

Yang and Lee (1983) and Lee and Yang (1983) presented an analytic
investigation of the workspace and developed a recursive formula for
determining the work envelope of a manipulator on a plane parallel to XZ, YZ
or XY planes. Also they presented a theorem regarding manipulator workspace
based upon which a performance index is found which relates the volume of the
workspace to the link length of the manipulator. They found that for a given
manipulator structure the ratio of the volume of the workspace to the cube of

its total link length is a constant.

A study of numerical workspace delineation for industrial rovots was
described by Jou and Waldron (1983). They proposed new techniques based on
the convergence theorem to compute the volumes of the segments in the
workspace. Moreover intersections between the manipulator workspace and those

of other devices in the workcell such as a conveyor were explored.

Hansen et al., (1983) developed a noniterative generation algorithm for
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determining the workspace of n-R manipulators. Revolute joints in the
proposed technique can be ideal (full rotatable) or limited . By using polar
coordinates instead of cartesian coordinates and by employing some special
reduction technique, they were able to decrease the computational load of the

workspace determination towards a more feasible strategy.

Huang (1984) presented a general expression for describing the workspace
of an n-R robot on a cutting plane parallel to the XZ plane, with emphasis on
the influences of geometric parameters of robot linkages on shapes of the
tori which generate the working volume. Also he made some comments on the

existence of Voids, Holes and Bubbles in the workspace.

Korein (1984) presented an extensive geometric investigation of the
manipulator’s reach. He emphasized on man-modeling applications of the
robotic manipulators. He also addressed the workspace of linkages with
redundant degrees of freedom and revolute and spherical joints with irregular

joint limits. He developed a polyhedra sweep for generation of the workspace.

The problem of optimum design of an RRRS manipulator workspace was
discussed by Yang and Lee (1984). With an attractive methodology they
incorporated heuristic combinatorial optimization to optimize a criteria
called normalized volume index (NVI) of the manipulator. This index resembles
a normalized ratio of the total volume of the workspace to the total link
length. They also made a comparison between the optimality of the workspaces
of some of the commercially available robot arms, finally they made an
interesting comparison between the proportion of a human arm and an optimum

RRRS manipulator.




Cwaiakala and Lee (1985) presented an algorithm to detect the boundary
profile of a general n-Link manipulator as well as to perform quantitative
evaluation of the workspace volume. This algorithm is not limited to the
robots with revolute joints. The algorithm is based on an optimum path search
technique to facilitate a partial grid scanning of the workspace projected

onto a cutting plane.

Yang and Lai (1985) made an extensive investigation of the dexterity of
6R manipulators in their corresponding reachable working space. The concept
of service angle of a robot to a given point was expanded and also the
concepts of service points, service regions and free service regions in the

workspace were introduced.

Kohli and Spanos (1985) and Spanos and Kohli (1985) proposed a new
technique for analytical investigation of the workspace of manipulators with
spherical wrists (those whose last three revolute joint axes intersect
orthogonally at a point). This technique is based on polynomial displacement
equations and their discriminants. Also the dexterity of the manipulators in
terms of number of ways to reach a specified position in their workspace was
investigated and subsequently they proposed a method to obtain the boundaries
separating regions of different order of accessibility. Finally degeneracy

conditions for several types of manipulators were derived.

The concepts of aspects and aspect decomposition of the workspace of
n-Link manipulators were proposed by Liegeois et al., (1985). They presented

an algorithm for automatic determination of the volumetric model of the
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workspace of arbitrary robots in cartesian space. They examined the rank of
minors of the Jacobian matrices in order to detect the various aspects or
postures in the joint space which are the subsets of the workspace, and are
bounded by the mechanical limits of the joint variables and by families of

special singular configurations of the manipulators.

The reachable workspace and effects of the link lengths on its shape for
a simple closed loop manipulator (planar, revolute jointed, five-bar chains)

was investigated by Bajbai and Roth (1986).

Kumar and Patel (1986) developed an iterative computer graphics system
to map the workspace of a generalized manipulator with constrained revolute
or prismatic joints. They also discussed the workspace characteristics such

as size, shape and presence of Holes and Voids.

Borrel and Liegois (1986) expanded on the concepts of aspects and aspect
decomposition which was presented by their earlier paper and based on the
aspects of a workspace they discussed the predetermined trajectories which
avoid mechanical limits of the manipulator actuators. Moreover a CAD system

was used to develop three dimensional image of a 5-R robot manipulator.

Manipulator design problem with considerations on the workspace
optimization was discussed by Shaik and Dutseris (1986). A method was
presented for the calculation of workspace volume of generalized manipulators

which include both revolute and prismatic joints.

Nelson et al. (1987) reported the development of a graphical package
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which can automatically locate a part assembly task in a robot’s workspace in
order to optimize the manipulability of the robot for that task.
Manipulability was defined in terms of the cigenvalue and eigenvector of the

Jacobian matrix.

Davidson and Hunt (1987) and Davidson and Pingali (1987) gpresented a
thorough investigation of the attitudinal dexterity of the end effectors
workspace (possibilities and limitations of orientation of the hand in
reaching a point inside the workspace). The concept of plane workspace of end
effector was also defined as the set of all directed planes attached to the
end effector with respect to the fixed frame of the manipulator. Moreover an
algorithm for the generation of the envelop of the plane-workspace of
generally proportioned manipulators was proposed. Finally they discussed
design conditions which ensure that a manipulator will posses certain

dexterity properties in its workspace.

Oblak and Kohli (1988) defined the bounding surfaces of a regional
structure manipulator workspace in the form of Jacobian surfaces (where the
Jacobian is singular) and D-surfaces (where one or more of the joints achieve
a limit position). Moreover a methodology was proposed for identification of
these surfaces ,and examples of RPP and 3R regional structures were presented

for illustration of the proposed method.

Tsal and Chiou (1990) presented an attractive and thoughtful
investigation of the manipulability of robot manipulators. Different
manipulability criteria were discussed and joint availability index was

proposed to be incorporated in the control algorithm to make full use of the
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Joint availability. They also maintained that by testing the closeness of a
manipulator to singularity, a robot can change aspect before one of Iits
joints limits is reached. Screw system and its properties were used as the
basic kinematic tool to formulate the singularities and degenerate cases of

the manipulators.

2.3~ MULTI-MANIPULATOR SYSTEMS

In this section we will present a survey of the published research work
pertinent to the problem of multi-arm or two-arm robotic systems and closed
kinematic chains. Since among these works not many of them dealt with the
kinematics and geometrical considerations and the only major contributions
have been focused on the dynamical behavior and control schemes for such
systems, thus we will review major contributions which in part are concerned
with the kinematics and geometrical considerations such as workspaces and the
layout of the multi or two arm robots and in part concerned with dynamic and

control.

The first paper published to present the concept of Master-Slave in
remote manipulation can be considered as the origin of the multi-manipulator
systems. It was published by Guertz et al.,, (1966). In this scheme an
operator had to specify internal coordinates of the executive manipulator

(Master) with the neuromuscular complex of his hand.

In 1974 two papers were published separately dealing with the use of two

manipulators (bilateral manipulator system) in coordination. Gavrilovic and
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Selic (1974) discussed synergistic control of pair of manipulator systems
versus the Master-Slave concept. Coordination between two manipulators,
constraints, singularities and computation of synergistic control of
bilateral manipulator systems were considered. It was argued that in a
Master-Slave model presented by Guertz et al.,, (1966) the operator specifies
internal coordinates of the executive manipulator with the neuromuscular
complex of his hand, whereas with the synergistic control concept, the
operator specifies the parameters of motion for the object which is being

manipulated.

The second paper was done by Eiji et al., (1974) which presented the
studies on a pair of anthropomorphous manipulators called "MELARM" to achieve
manipulation of objects, without human interaction, by the effective use of
two mechanical arms. Coordination between all the actuators as well as
effective cooperation of the arms to do work were discussed. Melarm was a
human-like manipulator with seven joints on each arm and a force sensor on
each joint. The pair of manipulators were symmetrical and they were
controlled by a minicomputer as well as manually by a master manipulator and

Joysticks.

Ishida (1977) discussed in more detail about the two-arm robots. He
considered two fundamental tasks, l1- The parallel transfer task and 2- The
rotational transfer task. He maintained that the more complex tasks can be
viewed as combinations of the aforementioned basic tasks. He proposed to use
force control schemes by mounting force sensors on the wrist of the robots to

control the motor's torque instead of joint position control.
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Konstantinov and Markov (1980) presented a method of analysis of compiex

assembly operations which require more than six degrees of freedom. They
discussed a kinematic inversion of the frame towards one of the middle links
which in turn would lead to the concept of two-hands robots. They discussed
the organization of any fitting motions with a closed kinematic chain using
the relative space between the two end effectors. Mobility of a two-hand

robot was considered by them.

Orin and Oh (1981) investigated the control of the force distribution in
locomotion and manipulation systems containing closed kinematic chains. They
solved the input joint torques for a particular system trajectory. They used
linear programing to obtain a solution which optimizes a weighted combination
of energy consumption and load balancing. Inequality constraints on the
maximum actuator torques and reaction forces at the tip of each chain of the
system were imposed, in addition to equality constraints which specify

movement in a desired system trajectory.

Konstantinov et al., (1983) discussed a particular assembly operation
namely fitting a prismatic body in a prismatic opening by using a two-hand
robotics unit. This was an extension to the earlier work; Konstantinov and

Markov (1980).

Nonlinear control of multi-robot system was first presented by Freund
(1984). He considered the dynamics of all the robots involved in developing a
design strategy for the nonlinear control system.

Coordinated control of two robot arms was also discussed by Alford and
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Belyeu (1984). They used a Master-Slave strategy for the control of a pick
and place operation with some imposed constraints on the orientation of the
workpiece throughout the path. This work has been referenced by the majority

of the subsequent research works in the related research area.

Acker et al., (1985) presented the design and development of a multi-arm
assembly robots called TROIKOBOT. They used three puma-560 robot in
coordination for a complex three dimensional assembly operation which

required variety of parts mating and insertion procedures.

Luh and Zheng (1985) first elaborated on the computation of input
generalized forces for robots with closed kinematic chain mechanisms.
Industrial robots with three-dimensional closed linkages were considered. The
basic idea was to virtually cut open then analyze the kinematics of the
virtual open-chain and next apply the holonomic constraints. This would lead

to a tree-structured open-chain mechanism with kinematic constraints.

Zheng and Luh (1985a) and (1985b) primarily analyzed the coordinated
relations between two robot arms by deriving the imposed sets of holonomic
constraints on the relative positions and orientations of the two
end-effectors. Three different cases were investigated for, two arms handling
a rigid body object, handling a pair of pliers and handling an object with a
spherical joint. It was also discussed that one of the arms (called the main
arm) is assigned to carry the major part of the task and its motion is
planned accordingly. The motion of the second arm (called the follower arm)
is to follow that of the first robot as specified by the constraint relations

between their joint velocities so that the motion error between them is
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eliminated. In the second paper they extended their analysis to the

constraint relations between joint accelerations of the two robots for the
three aforementioned cases. Using the Jacobian they expressed generalized
joint forces in terms of forces/torques exerted on the end effectors and

finally they developed a control scheme based on the generalized joint

forces.

In the work by Zheng and Sias (1986) the collision effects on the robot
motion were studied for coordinated two-arm robots. It was suggested that by
measuring the magnitude and direction of impulsive forces produced by the
direct or indirect collision between the two hands one can compute the

position and the orientation of the end effectors.

Hemami (1986b) discussed the kinematic relationship between a two-arm
robotic system. The elements of the homogeneous matrices for the follower arm
were obtained in terms of those of the main (master) arm for two different
set-vp of the dual arm configurations. And in (Hemami 1996a) the problem of

collision and obstacle avoidance schemes were investigated.

Tarn et al.,, (1986) presented a new control method for the coordinated
control of two robot arms based on exact system linearization by appropriate
nonlinear feedback. The proposed method uses a dynamic coordinator acting on
relative position and velocity errors and/or on relative force-torque errors

between the two arms.

A mathematical mode] for several constrained robot system configuration

was proposed by McClamroch (1986). This model was expressed as singular
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system of differential equations. One potential application to this model can
be two robot arms with end effectors grasping an inertial load (a common work

piece).

Hayati (1986) expanded on the hybrid position/force control of multi-arm

cooperating robots.

Roach and Boaz (1987) investigated the problem of path-planning for
concurrent actions of two manipulators operating within a shared environment.
A time/space planning system to coordinate the actions of two robots for

transfer movements was reported.

Mechanics of coordinated multi-manipulation was discussed by Nakamura et
al., (1987). They investigated the internal forces between the robot hands
and the resultant forces on the manipulated object. Also the optimal internal
force was defined as the internal force that yield the minimal norm force,

satisfying static frictional constraints.

Tarn et al., (1987) used closed chain formulation to treat a coordinated
two-arm robot and the manipulated object as a whole and thus discussed the

design of dynamic control of the closed chain.

Lim and Chyung (1987) used a resolved position control strategy to
execute a coordinated material handling task by a two-arm robot. The path of
the object was first determined in the cartesian coordinate system, and the
corresponding joint variable trajectory was evaluated for each robot, and

then each robot was position controlled.

34

“g
E- |
k-
X
‘3

T

RN FIPSIPIRY

" e st Lt



Optimal load distribution for two industrial robots, handling a single
object was discussed by Zheng and Luh (1988). Two performance criteria were
examined for the optimization of the load distribution between the robots,
namely the least energy consumption which lead to computationally inefficient
scheme for real time, and the minimum exerted forces on the object which

found to be more efficient.

A nonlinear optimization technique was used by Lim and Chyung (1988) to
find an admissible trajectory for two cooperating robot arms with limited

Joints acting on a common object.

Swern and Tricamo (1988) used the force/torque sensors data of a two-arm
robot handling a common object to reduce the constraint forces (internal
forces) acting on the object during the task execution. This was done by
supplying a position correction scheme to each arm to decrease the internal

forces.

Kazerooni (1988) investigated the compliance control and stability

analysis of cooperating robot manipulators.

An extensive discussion on real-time path finding and coordinated
nonlinear control of multi robot systems was made by Freund and Hoyer (1988).
They proposed a hierarchical coordinator for real-time collision avoidance.
An analytically described avoidance trajectory was developed which served

both as collision detection and avoidance.
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Koivo and Bekey (1988) produced a summary of a workshop on coordinated
multiple-manipulators (CMM). The major topics of the survey were discussed

under three research subjects of;

1- Motion planning, obstacle avoidance and sensing of the CMM.
2- Dynamical modeling and control systems of the CMM.

3- Software and artificial intelligence in the CMM.

Crignan and Akin (1989) presented a parameter optimization technique for
deciding the force distribution on the payload being transported along a
predetermined trajectory using two planar robot arms. And collision-free
trajectory planning for two planar robot arms was discussed by Shin and Bien
(1989).

Nahon and Angeles (1989) investigated force optimization in redundantly
actuated closed kinematic chains in multiple manipulators, walking machines
and mechanical hands. They discussed the origin of redundant actuation in
closed kinematic chains, their relationship with time-varying topologies and

their desirabiiity in practical applications.

Dynamic and kinematic behavior of the coordinating robots in assembly
was mathematically modeled by Zheng (1989). He decomposed a typical assembly
task into three phases as, independent motion phase, contact phase and
constraint motion phase. He then derived the mathematical model for each

phase.

Tao and Luh (1989) described coordination of two redundant robots in a

coordinated operation. They developed the optimal force distribution strategy
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under the known posture. Manipulability was defined in terms of the Jacobian
matrix, and was set to be the optimization criterion. Singularity,

manipulability and force ellipsoids were also discussed.

In Gardner et al., (1989) the instantaneous kinematics of a parallel
manipulator with redundantly actuated closed chains were discussed. It was
shown that, in force control or hybrid control schemes for such systems, the
redundancy in actuation allows the specification of force set-points that
would ensure an optimal load distribution. Moreover, the singularities in the

inverse kinematics and static equations for such systems were analyzed.

O0'Donnell and Lozano-perez (1989) investigated the path planning
strategies for coordinated two-arm robot systems. Their main emphasis have
been on the collision avoidance between the two robots as well as on deadlock
avoidance (situations where each manipulator is waiting for the other to
proceed). Degree of coordination in this scheme was assumed to be low, that
is two robots share a common workspace but they are not dynamically coupled

through the manipulated object.

The distribution of the internal forces applied to a commonly held
object by multi manipulators was investigated by Waiker I.D. et al. ,(1989).
And Walker W.M. et al., (1989) expanded on the adaptive coordination control

of two-arm robots.

Adaptive control of multiple coordinated rcbot arms was also
investigated by Hu and Goldenberg (1989). They generated three subsystem

error equation in the adaptive control scheme, namely a position error
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subsystem, a contact force error subsystem and an internal force error

subsystem.

A hybrid position/force control strategy for multiple manipulators
handling a common object on a constrained environment was proposed by
Yoshikawa and Zheng (1990). They considered simultaneous control of the
object motion and of the internal forces exerted by the arms on the object,
as well as the control of constrained forces due to the contact between the

object and the environment.

The simulation of cooperating two-arm robots on a mobile platform was
presented by Murphy et al., (1990). They developed the dynamic equations of
motion for two manipulators holding a common object on a freely moving mobile
platform, and the dynamic interactions from arms-to-platform and arm-tip to

arm-tip were included in the simulations.

Kinematic constraint relations in differential form among internal
velocities and accelerations of manipulators involved in cooperative
manipulation was discussed by Djurovic and Vukobratovic (1990). They
investigated the dynamic model of cooperative manipulation of a rigid object

in the absence of external constraints on the motion.

Koivo and Unseren (1990) developed a Dynamic model for the closed chain
motion of two N-joint manipulators holding a rigid object. They derived the
holonomic constraints and combined them with the equations of the motion of
the manipulators and of the object to obtain the dynamical model of the

entire system. Subsequently the behavior of the generalized contact forces
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and their impacts on the coupling among the individual components of the

system in the model were investigated.

Hemami et al, (1990a) presented an investigation of feasibility of
coordinated two-arm robotic operations in material handling. This
investigation primarily deals with the reachability of a desired task, and
necessary adjustments which one can made on an un-acessible path in order to

verify the reachability along the path.

2.4- OPTIMIZATION OF THE SET-UP OF TWO-ARM ROBOTICS SYSTEMS

Among the published research papers dealing with two-arm robots, there
has not been any report investigating exclusively the relative set-up (or
layout) of the work cell, that is the best position/orientation of each
robot’'s base coordinate frame relative to the desired trajectory. However the
aforementioned problem has been touched indirectly by some authors while
discussing optimum path planning, optimal dynamic analysis and optimization

of the workspaces.

For example in Tsai and Soni (1981) one section has been devoted to the
synthesis of robots which can reach some specified planar working positions.
They assigned some arbitrary values to the coordinates of the origin of the
planar robots expressed with respect to the world coordinat® frame (Xo,Yo).
Next they optimized the reachable working area of the robot which encompasses
the pre defined trajectory. Design variables in this scheme were chosen to be

the Xo, Yo coordinates as well as the link length ratio and the joint limits
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of the robot, emx and em:n’

Schmitt et al., (1985) discussed the optimal motion programming of a
single robot arm. They defined several performance indices to be incorporated
in the optimization procedures to determine the optimal path which satisfies
the initial and final position/orientation of the defined task. For example
Joint reaction torque values, output power and execution time were proposed

as some suitable performance criteria.

Longman et al.,, (1987) presented the kinematics and dynamics of
satellite-mounted robot manipulators. They discussed that, since the base
frame of the satellite-mounted robots is fixed in the space shuttle which is
not inertially fixed, therefore the commanded motion of the robot arm
produces reaction forces and reaction moments on the shuttle. The effects of
these forces and moments were then investigated on the kinematics of the
manipulator. However since reachability, manipulability and relative
position/orientation of the robot and the task have not been taken into
consideration in this work, thus the aforementioned robotics systems are
primary candidates for the optimization of the relative set-up introduced in

this thesis.

On the other hand in Nelson et al.,, (1987) the reachability and
manipulability of a robotic task execution was improved by assuming that the
robot is already fixed with respect to an inertial coordinate frame but one
has the flexibility to locate the desired trajectory inside the workspace of

the robot.
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Murphy et al., (1990) described the simulation of the dynamics of

cooperating two-arm robots which are mounted on a freely moving platform.
However they did not consider the relative position and orientation of the

robot bases with respect to the desired task. This matter will be discussed

in chapter seven of this thesis,

Hemami et al.,, (1990), discussed synthesis of the set-up for a case
study, in material handling, by two collaborating robot arms. The feasibility
of the task was investigated in terms of the robot workspaces and the

relative position of the two robots.

Ranjbaran et al.,, (1990), presented synthesis of the set-up of
coordinated two-arm robots by formulating a non linear programming inorder to
optimize the joint availabnility of the collaborating robots. In the
synthesis of the set-up both position and orientation of the bases of the

manipulators were considered.
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CHAPTER 3
KINEMATICS OF ROBOT MANIPULATORS

3.1= INTRODUCTION

This chapter is devoted to the construction of the basic kinematics
formulations of a general robot arm These formulations will constitute a
basis for construction of the forthcoming methodologies and algorithms in the
subsequent chapters. Numerous books and research papers have been published,
dealing with the kinematics of spatial kinematic chains and robot
manipulators. These extensive investigations cover a wide spectrum of the
kinematic analysis and synthesis of the manipulators and spatial multi-body
systems (for the references see section 2.1). Different approaches proposed
by the kinematicians have been directed towards a common objective of
developing transformations or mappings between the manipulators joint
coordinate space and its hands cartesian space (and vice versa). However
different mathematical tools and strategies have been employed in the process

of these developments.

The intention in this chapter is not to contribute any novelties to the
aforementioned subject, but merely to represent a review of the kinematic
method of analysis based on homogeneous point coordinate transformation which
have been very popular and commonly used amongst the researcher in the field

of robot kinematics and dynamics, and will be used in this thesis as well.

Section 3.2 is devoted to review a systematic methodology of frame
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assignments to a given manipulator. In section three homogeneous point
coordinate transformations and the corresponding Denavit and Hartenberg
symbolic notations will be discussed and based on this formalism the
kinematic formulations of a robot manipulator will be developed. Section four
is devoted to give insight into the application of line coordinate

transformations and screw coordinates in the kinematics of manipulators.

3.2- FRAME ASSIGNMENTS DENAVIT AND HARTENBERG NOTATIONS

In this section the Denavit and Hartenberg (DH) notations and parameters
as well as the coordinate frames assigned to each link of a robot manipulator
will be discussed. The approach taken in this thesis for definition of the
parameters is based on Denavit and Hartenberg discussed in Lee (1982). The
first link of the manipulator namely 00 frame which is not considered part of
the robot is attached to a supporting base which normally is considered
inertial. However as we will discuss in the following chapters sometimes the
base of the robot is attached to a moving frame relative to the inertial
frame (e.g. space shuttle mounted manipulators). In this case a world
coordinate frame OW will be assigned to designate the inertial coordinate

frame.

The joints and links are numbered outward from the base, thus joint 1 is
the connection between link 1 and the supporting base link 0. Each link is
connected to two other links at most, so no closed loop will be formed. A
joint axes is established at the connection of two links (Figure 3.1). An

orthonormal Cartesian coordinate system (Oi;xl.y‘,zl) can be assigned to each
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link at its joint axis, { = 1,2,3,...n, where n is the degree of freedom of
the manipulator. Each (Oi;xl,y‘.zl) coordinate frame of a robot arm
correspond to joint (i+l) and is fixed in link {. When the joint actuator
activates the joint i, link { will move with respect to link (i-1). Since the
ith coordinate system is fixed in link {, it moves together with link . Thus

the nth coordinate frame moves with the hand (link n).

The base coordinates are defined as the Oth coordinate frame
(Oo;xo,yo.zo), which is wusually the same as the inertial frame. In order to
assign coordinate frames to each link we follow the same steps as suggested

by Lee (1982), namely;

a) The z  axes lies along the axis of motion of the ith joint.
b) The axis X, is normal to the z, axis pointing away from it.

c) The Y, axis completes the right hand coordinate system.

Hence the location of the base frame 0o can be chosen anywhere in the
supporting base, as long as the z, axis lies along the axis of motion of the
first joint. The last coordinate frame (nth frame) can be chosen anywhere in

n-

the hand as long as the X axis is normal to the 2z . axis.

Four geometric parameters can be defined for a manipulator which can
completely describe any revolute or prismatic joint and its displacements
relative to the neighboring joints. These four parameters are called the

Denavit and Hartenberg or DH parameters and are defined as follows.

6 : The joint angle from the X, axis to X, axis about z _ laxis (using
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right hand rule).

d : The distance from origin of the (i-1)th coordinate frame to the
intersection of the z with the x . axis along the z -1 axis.

a : The distance from the intersection of the z_, axis with the x \

axis to the origin of the {th frame along the x . axis (or shortest

distance between z,_ land z,).

a : The offset angle from the z axis to the 2z i axis about the x

i1-1 1

axis, (using the right hand rule).

For a rotary joint, d‘, a and « are the joint parameters and remain
constants for a robot, while 9l is the joint variable that changes when link

link i moves (rotates) with respect to link { 1o For a prismatic joint, 91’

a and « are joint parameters and remain constant but cll is the joint

variable and changes when link { translates along z, relative to z -8 and

@ are usually called the length and twist angles of the link {,

respectively, and d‘ is called the joint offset.
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Figure 3.1 - Representation of the DH parameters (C.S.G. LEE 82)
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3.3- HOMOGENFOUS TRANSFORMATIONS WITH 4X4 MATRICES

vector of the joint displacements;

assembly operations.

Although by and large homogeneous transformations are the most popular
tools for handling the kinematics problem of the robotic systems,
approaches have been introduced by the researchers as well, some of these
techniques are, Screw Calculus, Tensor Analysis, Vector Analysis with Dual

Number Quaternion Algebra (references are given in chapter 2).

The homogeneous transformations are used to solve two major problem of

Direct (or Forward) and Inverse kinematics of the robot manipulators:

® The direct kinematics or the forward kinematics problem is to find the

kinematic attitude of the end point (End Effector) of the robot, given the
6= [6l 62 63 64 ----Gn]T for a n-axis robotic manipulator.

® The inverse kinematics problem involves in finding the vector of the joint
displacements el. f = 1,2,-+*n for n-axis manipulator, given the kinematic
attitude of the gripper or the end effector with respect to the base
coordinate frame. The inverse kinematic problem is the most desirable problem

to solve, since it is the basic tool in flexible automated manufacturing and

Point ccordinate transformation by using 4x4 homogeneous transformations

matrices were introduced in chapter one. In this section the characteristics

L of the elements of these mathematical tools for the kinematic studies of

| mechanical manipulators will be discussed.
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The general structure of these matrices is shown as follows:

R P rotation ! position
T= 3x3 3xt | matrix vector (3.1)
perspective scaling
flx:l 1 transformation I factor

R ax3 is an orthogonal rotation matrix which defines the orientation of
on coordinate frame with respect to another. This sub matrix together with
perspective sub matrix and the scale factor will be further discussed in the

following section. p is the position vector defining a point in the

3x1
cartesian coordinate system.

3.3.1- ROTATION MATRIX

A 3x3 rotation matrix can be used to describe the rotational operations
of the body attached frames with respect to the world reference frame. In
other words a 3x3 rotation matrix is a transformation matrix that operates on
a position vector in a 3 dimensional Euclidean space and maps its coordinates
expressed in a rotated coordinate system to a reference coordinate system
(Lee 1982). In order to obtain a geometrical image of the rotational
transformation we consider a cartesian 3-dimensional Euclidean reference
frame (Oo;x.y.z) which is fixed in 3-D. space. Moreover consider a rigid body
which is rotating with respect to this reference frame. We attach temporarily

and conveniently a local reference frame to the body say (Oj;xj.y ] J) this

J

, ) and

is called a body-attached coordinate frame. Let (em.eo2 03

(e”.ejz,ep) be the unit vectors along the coordinate axes of (Oo;xo.yo,zo)

48



and (Oj;x J.y J.z J) respectively. A point p in space can be represented by its
coordinate with respect to both coordinate systems. If p is fixed with

respect to (O J;x J,y J.z J) then it can be represented by its coordinates in

both system as follows

P, = (pOx.poy.pOZ)T and P= (pjx.p"y.pjz)'r respectively.

The foregoing vectors represent the same point in space with respect to
two different coordinate systems. If we are given the coordinates of p in
0 szstem (rotated frame) and we want to obtain its coordinate in the
reference inertial frame O 0 frame, then we look for an operator for mapping
defined with matrix R which maps the O 3 coordinate to the corresponding 00
coordinates or

- nd
P, = Ro P, (3.2)

Moreover if we show the vector p f in terms of its components along the axes

P= P8, * P, * P (3.3)

Components of p in the O o system are basically the projection of p onto
the respective axes, thus using the inner or scalar product definition we can

get

p0x= eOl. pj = eOl ‘ejlpjl * eOl.ejzp,IZ * eOI.eJSPJZ

Poy™ 02" P ) = eoz'e,upn * eoz.ejzpjz * eoz’e,lz.'pjz 3.4

eosopjae-ep+ e p_+ ‘e p

P 03 n'n 003. J2' )2 e03 Ja' 2

=
0z

Or expressed in matrix form, equation (3.2) will get the following form
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,neol 'ejzeox
€02’ Jx €0 Jzeoz oy (3.5)
€03°%11%3"%12%3" %2

L ] L e L]
€01 €1 %u’%p 01" %3

Where

’I—
"
o
o 0

oz’eu oz°e12 eoz°°13 (3.6)

03 %1 o:;.er eo:c.ejs

Similarly, we can obtain the inverse transform, or the transformation
matrix which maps the coordinates in O o system to OJ. In other words if A‘; is

a transformation matrix which operates on P, and gives the coordinates of pJ

then

pr en * em e,u ) eoz en ‘ eo:; po:c
pjy = ejz * eox ejz ’ eoz ejz * eoa pOy 3.7
pjz eja * em ej3 ' eoz ej:l * eo:a po:
Where
e“ 'eox en"’oz ejx'eos
R° = ejz.eox eJz'eoz eJz"’oa

[ ] L ] * (3.8)
®3°%n ejs €02 %1%

By comparing 3.8 and 3.6 and noting that dot product is commutative,we

can realize the following relationship

R° = (R’)’l = (R’)’ (3.9)

or, R’ R = R’ (R’)“
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This shows that the rotation matrix is orthogonal and since the elements

of R are all unit vectors thus R is orthonormal as well. If we agree that all

of the rotations considered are made with respect to the base coordinate

frame 0o then it is possible to omit the subscript indicating the reference

frame from R. However we introduce new subscript to R in order to designate

the axis and the angle of rotation respectively for example, If coordinate

frame O | is rotated about the x axis of the reference frame 0o then the

position vector of a point in O s coordinate system can be transformed into

the Oo system from the following relationship,

1 0 0

P, = R(x.ﬁl)pJ = |0 cosa -sina

._0 sine cosa

1 0 0
or Ri{x,@) = 10 cosa =-sina
] stna cosa

(3.10)

(3.11)

By the same token one can obtain two more rotation matrices defining

rotations of ¢ about y and © about z axis respectively as,

" cosp O sing)]
R(y,p) = 0 1 0
| -sing 0 cosyp)

 cos@ ~-sin@ O
R{z,8) = | sin® cos8 O
(4] 0 1

Sl

(3.12)

(3.13)




R(x,x), R(y,p) and R(z,8) are called the basic rotation matrices. Some
authors have referred to them as the canonical form of the rotation matrices
or proper orthogonal matrices (Angeles 1982). It is possible to obtain a
rotation matrix about an arbitrary direction k by an angle O. Let express k

by its components kx.ky.kz in the Oo refererice frame as

k= kxeox'kyeoz' kzeoa (3.14)
Then it can be shown that the rotation matrix R(k,8) has the following form

(Lee 1981).

k k vers6 + cos@ k k vers6 - k sin@ k k versd + k siné
X X Yy x z zZ X y

R(k,8) =] k k vers6 + k cos8 Kk k versé + cosO k k versd - k siné
xy 2 Yy Yy zZy x

Kk k vers® - k cos@ k k vers® + k siné k k vers® + coso
X 2z y y 2 x zZ X

(3.15)

Some of the useful properties of the rotation matrices are as follows
(Angeles 1982).

a) Knowing rotation R The angle of rotation about an axis k can be
obtained from

0= cosﬁ%('l‘r(k))) (3.16)
however the sign of the angle @ can not be inferred from the above
equation since cos(-0) = cos(8), and instead the following identity
can be used to detect the sense of rotation;

sgn(e) = sgn(rxr’ *k)
Were r and r’ are initial and final position vectors of a point not

lying on the axis of rotation and measured in 0O coordinate system.
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b) Rotation matrices are proper orthogonal matrices, this implies
that their determinant is always +1 irrespective of the choice of
coordinate frame, moreover, they posses only one real eigenvalue

which is unity.

c) The direction vector of a rotation expressed by a rotation matrix
is the eigenvector of the rotation matrix assoclated with its <+l

eigenvalue.

d) Any rotation matrix R can be expressed as

R = eA® (3.17)

where 6 is the angle of rotation and A is a nilpotent matrix with its

real eigenvector being the axis of rotation

0 -k Kk
z y
A=k 0 -k (3.18)
2 x
-k k o
y x

3.3.2- HOMOGENEOUS COORDINATES AND TRANSFORMATION MATRICES:

When a rotation matrix operates on a position vector no information
regarding the translation or scaling will be obtained. However by adding a
fourth coordinate d to the 3 dimensional position vector p = lpx.Py.leT one

can write G = [px,py,pz.wlT (see Lee 1988). We say that ’ﬁ is expressed in
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the homogeneous coordinate. In general the representation of an n-component
position vector by an (n+l)-component is called homogeneous coordinate
representation. In order to avoid complexities in our notations from now on
the hat representing homogeneous coordinates will be omitted thus p alone
will represent position vector in 3-D space expressed with homogeneous
coordinates. In a homogeneous coordinates representation, the transformation
of an n-dimensional vector is performed in an n+l dimensional space, and the
physical n-dimensional vector jis obtained by dividing the homogeneous
coordinates by the forth coordinate w. In fact the forth coordinate w can be
viewed as a scale factor therefore if this factor is unity (w=l), then the
transformed homogeneous coordinates of a position vector are the same as the
physical coordinates of the vector. In robotic the scale factor always
equals 1, however in computer graphics it can take on any nonzero value for
scaling. Homogeneous coordinate representation of points in a 3-D Euclidean
space is useful in developing matrix transformation that include rotation,
translation, scaling, and perspective transformation. The general structure
of these matrices is given in equation 3.1, and so far the upper left 3x3
submatrix (the rotation matrix) has been defined. Next the perspective

submatrix of 3.1 will be discussed.

The perspective transformation is a 1x3 sub-matrix which is useful for
computer vision and the calibration of the camera model. For a null

perspective the elements of this sub-matrix take on zero values.

If a position wvector p 1is expressed in homogeneous coordinates
(p:(px.py.pz.l)T) then the 3x3 rotation matrix can be extended to a 4x4

homogeneous transformation matrix for pure rotation operations. Thus the
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basic rotation matrices defined in equations 3.11-13 can be expressed in a

homogeneous form as follows:

1 0 (4] o
Rot(x,x}) = } O cosa -sina O (3.19)
0 stha cosaa O
0 (] 0 1
[ cosp O stnp O]
Rotly.,p) = | 0 1 0 0 (3.20)
-stnp O cosp O
K o o0 1]
[ cos@ -stne 0 O
Rot(z,8) = | sin® cos6 0 0 (3.21)
0 0 1 0
o0 0 o 1

These matrices are called basic homogeneous rotation matrices. Similarly
one can define basic homogeneous translation matrix. Since the upper right
3x1 sub-matrix of the homogeneous transformation matrix has the effect of
translating the (Oj;x J,y 3'2 J) coordinate system, which has parallel axes as
the reference frame (Oo;xo,yo.zo) but whose origin is at (Ax,Ay,Az) of the

reference coordinate system or,

1 0 0 fx

Trans =]0 1 o % (3.22)
o o 1 %
0o 0 o0 1

In summary a 4x4 homogeneous transformation matrix maps a vector

expressed in homogeneous coordinates with respect to the (Oij' y j.zj)
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coordinate system to the reference coordinate system (Oo;x o'yo’zo)' That is

=T p (3.23)

p0 0"}

The homogeneous transformation matrices defining the position and
orientation of one coordinate frame with respect to another reference frame
are sometimes called the attitude matrices and usually the following

notations to represent their elements are used.

nx sx ax P x n s a p

T= n. s, a P l=1oo0 01 (3.24)
nz sz az pz
0 0 0 1

n, s, and a are respectively called the normal, slide and approach
vectors defining the orjentation of the frame (O J;x J,y J.z J) with respect to

the reference frame.

Due to the orthogonality of the rotation matrix, which implies that its
inverse is equal to its transpose, the following equation is a

characteristic of the homogeneous transformation matrices,

; n, n n_ -np T -n+p
T = s, sy s, -ap|= R ax3 -a*p (3.25)
a, a a -sp -8°p
0 0 (4] 1 0 o 0 1
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.3.3- KINE I UATIONS FOR ULATOR

Having defined the D-H parameters for a robot manipulator as well as the
homogeneous transformation matrices in the foregoing sections, we are able
to define the homogeneous transformation matrices for a robot manipulator
which relate the position and orientation of the ith link to that of the
(i-Ith link. This transformation can be performed via two translations and

two rotations as follows (Lee 1982):

a) Rotate about the z axis by an angle 6l to align the X axis with
the x, axis . b) Translate along the z  a distance dl to bring the X, and
x, axes into coincidence. ¢) Translate along the X axis a distance a to
bring the two origins together and d) Rotate about the X, axis an angle « to

bring the two coordinate systems into complete coincidence.

These four operations can be performed by a basic homogeneous
transformation as discussed before. The product of these four basic
transformations yields a composite homogeneous transformation matrix A:_l.
known as the D-H transformation matrix for two adjacent coordinate frames of

a manipulator thus:

A:-1 = Trans(z.dl).Rot(z,el).Trans(x.a‘).Rot(x.a|)

i - A
CGl c“nsex Smxsel a‘Cel
se‘ Cmice1 -SalCG, alse,

0 Sa . Cd.'t.l d . (3.26)

0 0 o 1

- -
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where C(.)m cos(.), S(.)ssin(.), and «, a, d‘ are constants while 91

is the joint variable for a revolute joint. In the case of prismatic joint,

the joint varjable is cll and «, a e‘ are constant parameters thus

1
1
Al_lbecomes

ce, -Ca SO Sa S6, 0 ]

:-:' S Cax Co,  -Sa Co o
o S, Ca, d, (3.27)
0 0 0 1|

The foregoing matrices in fact relate the homogeneous coordinates of a
point P, which is at rest relative to the link { to its homogeneous

coordinates in coordinate system i-1 at link i{-1 or

1
P_= Al_lpl_l (3.28)

o Representation of the hand orientation

The orientation of the robots hand in the tool space as well as the
orientation of the object to be manipulated in the task space are usually
defined with ,Euler angles, Role, Pitch, Yaw angles (RPY) and Orientation,
Attitude, Tool angles (OAT). In what follows a brief description of these

approaches is given.
Euler Angles: Orientation of a body attached coordinate frame (Robots

hand or manipulated object) can be specified by a sequence of three

rotations, namely a rotation of « about the z axis followed by a rotation of
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B about the new y axis and finally a rotation of ¥ about the new 2z axis or

Euler(a,B8,7) = Rot(z,a) Rot(y,8) Rot(z,7¥)

multiplying the three foregoing rotation matrices one can obtain the
following rotation matrix (Paul 198]), where the familiar abbreviations for
the trigonometric function will be used as, S(.) = sin(.), CL) =

cos(.).
[CeCB Cy -SaSy-CaC8 Sy -SaCyCa SBO]

SaCB Cy +CaSy-SaCB Sy +CaCySa SBO (3.29)

Euler(«,B8,7) =
-SB8 Cy SB Sy CB O

0 0 01

Figure 3.2 shows the three Euler angles (Paul 1981).

Role, Pitch and Yaw: These three rotations also are used to specify the
orientation of the hand of a manipulator. These rotations are made about 2z, y
and x axis respectively and figure 3.3 depicts the definition of each
rotation. The final RPY rotation matrix will be in as shown below (Paul

1981).

Cop CO CpSB Sy -SpCy CpSOCY+ SpSY O
RPY(p,0,y) = |SP €@ SeSOSY+CGCY SpSe Q- CoSY 0 (33
-s8 co sy o Cy 0
0 0 0 1
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OAT angles: Some of the commercially available manipulators have used
the following rotations to specify the orientation of hand or end effector(
Hemami 1989). Since there is a close relationship between the 2zyz Euler
angles and the OAT angles thus in figure (3.4) both Euler and OAT rotations
are shown to indicate their relationships. Here (O ;x ,y ,z ) is the tool

PN S )
coordinate and (Ow;xw.yw,zw) is the world (reference) coordinate frame.

Orientation angle: The angle between the y-axis of the world coordinate (base

frame) Yw and the projection of the z-axis of the hand frame zhonto the
worlds xy plane. This is an angle in the xwyw-plane and therefore can be
considered as a rotation about z, By comparing the Euler angle « and the O

angle shown the figure it can be concluded that

0=90"+a (3.31)

Altitude angle: The angle between the hands z-axis zhand a plane parallel to
the world xy-plane. This is in fact the angle between 2, and X where X is
the projection of the z, on world xy-plane. By comparing the Euler angle B

and the A angle (fig. 3.4) one can conclude that

A=90°-8 (3.32)

Tool angle: The angle between the hand y-axis (yh)and the intersection of
the world xy-plane and a plane normal to the hand z-axis (zh). In other words
this is the angle between ¥, and the intersection of the hand Xxy-plane and
the world xy-plane, from figure 3.4 it is evident that

T=y (3.33)
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From the foregoing definitions of the OAT angles and their relationships
with the Euler angles, the attitude matrix of the hand expressed in terms of

the Euler angles can be modified as follows

[ SO SACT + COST -SO SA ST + COCT SO CA

OAT(0,A,T) = (3.34)

-CA CT CA ST SA

0

-COSACT +SOST COSAST +SOCT -COCA O
0

0 0 0 1

o Direct (Forward) Kinematics:

In the direct kinematics problem the objective is to determine the
position and orientation of the robots hand (the attitude matrix of the end
effector), given a vector of joint variables q = (ql.q 2,...qn) for a general
robot or joint angles 8 = (61.92, ....Gn) for robots with revolute joints.

The homogeneous matrix T:) which specifies the position and orientation
of the end point of link i with respect to the base coordinate system, is the

chain product of successive coordinate transformation matrices of A

-1

expressed as

I ,1,2 - J 4
To - AoAlo.-lo A - " A'.-l‘ i-l,z,...n (3-35)

hence if for a robot with 6 degree of freedom (6 joints), the position
and orientation of the hand is wanted, then one can use equation (2.35) with
t taken as 6 or T:= A:. This matrix is used very frequently in robotics

kinematics and control. Some authors have referred to this matrix as the
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attitude matrix of the hand or arm matrix (Lee 1982). Consider the arm matrix

as
n s a p nx X ax px
1'2 =lo o o 1l"= y Sy & Py (3.36)
n a p

o
ONm
QN
~

Definition of the normal, slide, approach and position vectorz which
coraprise the rotation sub-matrix of the attitude of the hand are given as

follows (in figure 3.2 these vectors are drawn for a PUMA robot arm):

The normal vector n: If the hand of the robot has parallel jaw, it is
orthogonal to the fingers of the robot arm.

The slide vector s: This vector points in the direction of the finger
motion as the grippe~s opens and closes.

The approach vector a: This vectors points in the direction normal to the
palm of the hand

The position vector p: The position vector of the hand is a vector which
points from the base-frame origin of the manipulator to the origin of its
end effector or hand, which is usually located at the center point of the

fully closed fingers.

Equation (3.36) gives 12 values for the elements of the position and
orientation of the hand, however due to the orthogonality of the rotation
matrix all 9 elements of the rotation matrix are not independent and the

following relationships hold for n,s and a.
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nn=gg=aas=] (3.37)

and nxg = a.

Thus, one is dealing with only six independent parameters in the T
matrix, this Is evident since any 3-D motion of a rigild body can be uniquely

specified by six parameters.

In the real-time control of the manipulators usually the OAT angles are
being used as the representative of the hands orientation. Therefore in the
forward kinematics formulations it is useful to calculate these three angles
in terms of the elements of the attitude matrix of the hand 'lﬂ (3.36), one

can easily obtain the following relationships

O = ATAN2(-a ,a )
xy
T= ATANZ(—Sz.nz) (3.38)

A= A’l‘ANZ([tan’l‘(nx - cos0 sinT)), szsino)
The last equation for A can be expressed explicitly in terms of the

elements of the attitude ratrix, however in order to do that one needs to

calculate sinT, cosO and sinO which in turn will require the term

V1 + tan’(.) .

In what follows the final explicit form of the A angle is given.
A= ATAN2{las - n(l - ad), In a1 - a2 ] (3.39)
yz x 2 z % z

When using the explicit formula mentioned above, care should be taken to
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avoid a solution of A in an unwanted guadrant. More elaboration on the direct

kinematics formulations will be made for a PUMA-560 robot arm in section 3.5.

elnverse Kinematics: In computer-based control of robot manipulators it is
necessary to supply the loint actuators with the required joint motion in
order to have the tip of the end effector to follow the prescribed motion.
Therefore, forward kinematics fail to assist the system. On the other hand
inverse kinematics formulations will find significant importance in order to
perform a task defined with respect to the world coordinate frame. In other
words given the position and orientation of the end effector (the attitude
matrix) what would be the corresponding joint-variable vector q for a general
robot or joint-angles for a revolute manipulator. However, some researchers
have proposed a more general definition for this problem specially when the
robot has more than six degree of freedom, for instance in (Angeles 1985) the

following definition is stated.

Given a simple n-link, lower-pair-coupled, open kinematic chain, the
motion of jts terminal link being perfectly known, determine the motion of

the remaining links.

Inverse kinematics formulations are highly nonlinear and configuration
dependent (Goldenberg et al., 1985), and therefore closed form solutions for
any general robot manipulator can not be found. One should resort to the
numerical and/or iterative methcd of analysis (Angeles 1985) and (Goldenberg
et al., 1985). However, in this thesis we mainly deal with available robots
in the industry for many of which the closed form solution can be obtained.

On the other hand different geometrical and/or algebraic methods have been
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proposed for the evaluations of the closed form solutions for a class of

industrial robots (see chapter 1 for references).

A solution to the inverse kinematics problem for a PUMA-560 robot arm

will be presented in chapter 4. This solution is based on the approach

developed by (Lee 1982) with some modification.
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CHAPTER 4
KINEMATIC FORMULATIONS FOR PUMA-560 MANIPULATORS

4.1- INTRODU N

In this chapter firstly coordinate frames will be established to each
Jjoint of a PUMA-560 robot arm and consequently the forward and inverse
kinematics for theses manipulators will be developed. In many research papers
thece formulations can be found however in the majority of the previous work
one of the link offset distance namely a, has been disregarded due to its
rather small magnitude. In this thesis however all of the physical and

measurable link length and offset will be included in the formulations.

The focus of the kinematics formulations presented in this chapter are
mainly on the displacements of the robot and velocity analysis is not
considered, this is due to the fact that in the following chapters only

displacement formulations will be used.

4.2- FRAME ASSIGNMENTS

The basic approach followed in this section is a modified version of
what was presented by (Lee 1982). Using the procedure discussed in section
3.2 link coordinate fratnes have been assigned to a PUMA-560 manipulator which

is shown in figure 4.1.

Moreover, the link parameters as well as the physical limits of the

rotation on different joints are giver '‘n Table 4.1.



1 - Structure of a PUMA-560 manipulator

Figure 4.
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Table 4.1. PUMA-560 robot arm link parameters

JOINT ¢ et(Deg.) ta(Deg.) ai(mm) di(mm) RANGE
)} 90 -90 ) o) -160 to +160
2 0 0 431.8 149.1 -185 to +45
3 90 90 -20.3 0 -45 to +225
4 0 0 0] 433.1 -110 to +170
S 0 1) 0 -100 to +100
6 0 0 0 56.3 =266 to +266

4.3- FORWARD KINEMATICS

According to equation 3.25,

one can easily cbtain the A matrices

corresponding to the six links of a PUMA-560 robot arm with the parameters in

Table 4.1. These matrices are as foilows

o o

o O o

(o}
2
Az = sz
1
o
C
A; = S
0
0
ce
A: = Se
0
0
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The arm matrix (attitude matrix of the end effector) thus can be obtained by
n s a p
3,4,5,6
Aol = [o 0 0 1] (4.2)

One straightforward but not very efficient algorithms for the direct
kinematics is to calculate these matrices and sequentially multiply by them
one by one. However as was mentioned before in this chapter, owing to the
redundant number of information, we will actually perform extra number of
mathematical operations which are not useful to begin with. An alternative
method is to perform the chain multiplications and equating the elements of
the vectors n, s, and a to the corresponding elements of the T: matrix. One
can obtain the following closed form solution for the elements of the
attitude matrix of the hand, in terms of the elements of the vector of joint
angles ©, and thus only the elements required will be calculated.The number

of operations are drastically reduced.

n = C1C23C4C5C6 st4csce Clszssscb C1C2354Sb- SIC4S6 (4.3)
ny = SIC23C4CSC6 C S C C C S‘Sscb- s1C2354S6+ C C S

N, = =5,3C4CsCy C235:Ce* 523545

Sx = -C1C23C4C556 S S C S + Clszasssb Clczas‘C‘, SIC‘C‘, (4.4)
Sy = -SIC23c4C556 ClS‘CsS" + C‘S4SSS6 - Slczss‘cbi- C C C

s =S CCS-C_SS+S_SC

z 23 4856 2356 23406

n




a = CICZ:,C‘S5 S S S +C szacs (4.5)

ay SlCmC4S5 + C S S + stzacs

a = SZ:’C"Ss + C C

P, =(CC CS,_- SSS-CS C)X+CS d+CC _a+CCa- dS (4.6)

172348 172376 6 17234 17233 122
py = (SlC23C455+ C S S + S C C )d + stzad4 SIC23a3+ ) C a¢+ d C
P, = (-szac‘s; C C )d + C d - aasza- Sza2

4.4- INVERSE KINEMATICS

In this section the inverse kinematics solution for a PUMA-560 robot
manipulator will be derived. Our approach is based on the algebraic
methodology presented by Lee (1982). In a general class of robot manipulators
the last three joint axes are collinear (intersecting one another at one
point which is called the wrist point). This class is called robots with
spherical wrist or wrist partitioned robots. PUMA-560 being a spherical wrist
robot, allows us to exploit a characteristics of this class of robots. Of
manipulators with this kind of joint arrangement have the property that the
position of the wrist point can be calculated directly from the position and
orientation of the end effector, without the knowledge of any of the joint
variables (Featherstone 1983). Thus the solution of the inverse kinematics
can be calculated in two stages. First a position vector pointing from origin
of the base frame to the wrist point is derived. It is then used to derive
the solution of the first three joints. The last three joints are solved
using the calculated values from the first three joints and the orientation

submatrix of the T, 1= 45,6 (Lee 1982).
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Let p: and p‘: denot> the position vectors of the end ef ‘ector (hand) and

the wrist point (origin of joint 4) of the robot. Then one can easily see

from Figure 4.1 that

=p-da (4.7)

p P, a

h (4.8)
P P, d6 a

h
p p a_

The wrist point is the origin of the frame 4 attached to joint 4. This

or

£ % £

N £ <

implies that the position vector p: is actually the position vector embedded
in the homogeneous transformation matrix of the joint 4 with respect to the

robot origin, or T:. therefore

T, = T; = A;AfA:A; (4.9)
or
w H w
™ =T = R Pyl (4.10)
oo o ™1

cc cC- SS 'stzs C’CZSS-SC CS d aCcC.+ aCC d S

17238 3”123 2°1
chz:scq"' C S -stzs -SICZSS‘-& C C S szad4+ chzaas* S C + dez
~S,3Cs “Cs 5255, Cade™ 55357 S, S a,

0 0 0 1
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e

or

| I

(4.11)

Slszsd‘q- Slczaa3+ Slczaz+ C d
Cd-S a-S a

p
) cxszadf asclczg a CIC2 dZS
224 233

N £ < £

By solving the three trigonometric equations obtained from equation
4.11, one can obtain the expressions for joint one, twv and three in terms of
the wrist point coordinates. Since these trigonometric equations have, in
general, more than one unique solution one should distinguish between
different solutions by resorting to the topology or configuration of the
manipulator. For example the shoulder of the robot can be lefty or righty
while reaching to a point. At the same time the elbow of the arm is either up
or down. Hence in general four configurations are possible with which the
wrist point can be positioned. These are Left-Shoulder/Elbow-Up (LU),
Left-Shoulder/Elbow-Down (LD), Right-Shoulder/Elbow-Up (RU) and

Right-Shoulder/Elbow-Down (RD).

Two indices for determining the shoulder and elbow configurations are

introduced in the formulations in what follows, they are

s_c (shoulder configuration index) = 1 Left shoulder (4.12)
-1 Right shoulder
and
+1 Elbow down
e_c (elbow configuration index) = (4.13)
-1 Elbow up

Dencting by r", the magnitude of .he position vector from the origin of
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the robot to the wrist point, then

P = V0 + )7+ (1) (4.149)
also let
po=VIpl?® + (p;‘,')2 - (d,)? (4.15)
then
o, = ATANZ[(s_c p: p - dzp:), (s_c p:' p+ dzp:)] (4.16)
= ATAN2(d ;) + ATANZ[-s_c.e_c.\/a; + df - ez] (4.17)
[z _ 2 2 2 2
Where £ = [(r ) a,-a, d2 d‘) / (Zaz) (4.18)

Next 6 2 can be obtained as follows,

—

- 2 2 2 w2 wi
= ATANZ[s_c. ﬂ4+ a3+ a+ 2azd~sin93+ 2aza3coses— (pz) » P ]

ATANZ[(d4cosea— assinea), (d4cosea+ assine a* az)] (4.19)

Once the first three joints are obtained, one can use equations (4.3),
(4.4) and (4.5 to derive relationships for the last three joints in terms of
the orientation elements and joint variables one, two and three obtained

above, The final results of the last three joints are given in what follows
= ATANZ[(Cla - S a )s (C C 2, chzsay- staz)] (4.21)

95 = ATANZ[[(ClCuC‘ S S )a + (51C23C4 C S )a - C‘staz]’
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T

[Clszaax+ Slsz:,ay + Cz:’az ]] (4.22)

86 = ATANZ[[(-S C - C C S )n + (C C SICZSS‘)ny-l» (S S ) z]

[(-S‘C‘- ccC. S )s + (C C SC .S )s + (S S (4.23)

1 2374 172374 ) ]

The foregoing equations for the last three joints may produce two sets

of solutions for each arm configuration mentioned before. In other words
depending on the configuration of the end effector while reaching a point one
can have a flipped or a no-flipped hand. If © = (8 92.93 o, 95.96) is the
vector of joint variables for a no-flip configuration then it is evident that
in order to flip the end effector the following joint variables may be used

instead,

e = (61, 0, 93. (e4+ n), - 6, (96 + u)] (4.24)
Therefore, for a general point reachable to the robot arm there may

exist up to eight number of solutions for the robots configurations and thus

for its joint variables.
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CHAPTER 5
WORKSPACE ANALYSIS FOR ROBOT MANIPULATORS

S.1- INTRODUCTION

This chapter discusses the general approaches of workspace analysis for
robotic manipulators proposed by researchers in the past decade, as well as
to present the contributions of this thesis to the manipulators workspace
studies. In section 5.2 basic definitions and concepts of workspaces
associated with robot manipulators are given. In section 5.3 algorithms for
mapping the two dimensional envelope of the workspaces are proposed, alsc the
techniques for the evaluation of the workspaces are presented. A comparison
among the different approaches will be made. Section 5.4 introduces an
AutoCad-based approach for the three dimensional reconstruction of the
graphical image of the complex surfaces which define the workspace of the

manipulators.

5.2- PRELIMINARIES

Generally there are two main issues involved in analyzing robot
workspaces (Shahinpoor 1988),
1- Given the robotic structure, what is the geometric shape of the workspace?
2- Given a desired geometrical description of a workspace for robotic

applications, what is the necessary robotic structure ?

In this chapter we will eiaborate only on the first issue where two

algorithms for the evaluation of the work envelope will be developed. The




second aspect of the workspace analysis mentioned above is a basic concern in
the design of robot manipulators for specific operations and will be outside
the scope of this thesis. Primarily, in what follows, the extreme reaches of
general robot manipulators which wusually comprise some portions of the
bounding surfaces of the workspace will be defined, and for a PUMA-560 these
parameters will be identified. Subsequently the reachable and dextrous
workspaces will be d-fined. Finally the measures of manipulability for a

robot arm will be discussed.

5.2.1- EXTREME REACH OF A ROBOT MANIPULATOR

A study of the determination of extreme distances of the joints and hand
of a robot arm is important since it provides a foundation for an
understanding of how the types and numbers of joints of kinematic chain
together with the linkage dimensions are related to workspaces. In addition,

such a study will provide useful information for the design of robot arms.

For geometrically simple manipulators (i.e. those with intersecting
axes, which represent simple DH parameters etc.), the maximum and minimum
reaches can be derived easily. But, for arms of arbitrariy architecture no
satisfactory results have been given (Derby 1981), (Sugimoto and Duffy 1981).
Intensive discussions for the analysis of the extreme reaches of general
robots with arbitrary number of joints are given in the aforementioned
references. However, in these studies due to the complexities involved in the
kinematic analysis of general robots, the development of a general expression
for the extreme reaches, has not been feasible, and iterative techniques have

been used instead. Moreover, in these studies joint actuators are assumed to
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be ideal with full rotateabilities. On the contrary almost all of the
commercially available robots have limitations on their joint motions. These
considerations imply that for the purpose of this thesis it is not feasible
nor desirable to follow the same general investigations of the extreme
reaches. It will be shown in this section that the minimum and maximum
reaches of a PUMA-560 can be derived by using a straightforward geometrical
approach. In fact, all of the available robots can be investigated with the
same idea. However, for the sake of completeness, two important theorems
which have been proved by Sugimoto and Duffy (1981) will be presented as

follows.

THEOREM 1: All intermediate joint axes of a robot arm with an arbitrary
number of joints intersect an extreme distance line between an arbitrary base

point and the center point of the hand (extreme reach).

THEOREM 2: All intermediate joint axes of a robot arm with an arbitrary
number of joinis intersect an extreme perpendicular distance line from the

center point of the hand to any arbitrary line in space.

Let the position vector from origin of the robot to point p located in
the hand be denoted by P, thus in the base coordinate system of the arm one
can write

T
P=[x,y,z] (5.1)
P P P
the magnitude of this vector is

R=IPi=P +P (5.2)

T
R=(x"+y" +2°. (5.3)
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where, x = X(8), y = Y(B), z = Z(©)

and x, y and 2 are the cartesian coordinates of the hand of the robot with
respect to its base coordinate frame. On the other hand one can write the
vector equation for the position vector of a general n-DOF robot hand with
respect to the robots base in terms of the Denavit and Hartenberg notations

as

n
R = Z(ajaJ + deJ) (5.4)
J=1

where definitions of the unit vectors aJ and dJ are given in chapter 3. In
order to determine the extreme values of R one need to maximize or minimize R
with respect to the elements of the vector of joint displacements 8. But this
involves lengthy and complex process for a six degree of freedom robot and
yet there will be no contributions from the physical limits to the obtained
extremes. However, as it was mentioned earlier considering usual structures
of industrial robots, this task will be very straightforward. Let Rmx len
be, respectively, the maximum and minimum reaches of the manipulator. By
inspecting figure 5.1 , where the link j of the robot is shown with its

corresponding link length ajand its offset distance dJ. one can rewrite

equation 5.4 for the PUMA-560 as
R=dd}+ aa+aa+dd+dd. (5.5)
where the numerical values of aJ and dJ are given in Table 4.1, Next we
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examine theorem 1 stated above for the stretched robot shown in figure S.l.
It is obvious that at this configuration all joint axes of the arm intersect

the distance line from origin of the first joint to point P of the hand.

Since the posture of figure 5.1 is consistent with the extreme reach of
the robot (i.e. all joint axes intersect the distance line to the point P)

the magnitude of the maximum reach can be derived from equation 5.5 as

max

~ \2
R = ﬂ: + [az + ‘/aa + (d‘. + de) ] (5.6)

Substituting the numerical values of the link lengths and offsets in

equation 5.5 the maximum reach for the PUMA-560 robot arms is

Rmax = 935.3 mm (5.7)

It is observed that the joint limits do not play any limiting role on
the magnitude of Rm“. However, in what follows it will be shown that for
len the minimum reach of the PUMA arm, joint limits will come into the
picture and actually affect the magnitude of Rmn. If joint three is able to
rotate without any limits, then for a fully folded configuration of the

forearm, one could construct the posture shown in figure 5.2. by applying

theorem 1
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Figure S.1 - A typical manipulator in fully stretched configuration

Figure 5.2 - A typical manipulator in a folded configuration
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By inspecting figure 5.2 the following relationship can be written for

the theoretical minimum reach Rl;ln.where the joints are not limited.

-

2
. 2 /2 2
(len‘t db) = \Az + [ d4 + a, - az] (5.8)

or R =93 mm (5.9)
min

However, due to the physical limits imposed on joint three, the forearm
can not fold back completely, and the posture of the robot in its closest

position to the origin will become as shown in figure 5.3,

Thus the actual minimum reach Rm‘n for the PUMA arm is as follows

_ 2 2 2 _ 1
R +d)= /12 + (d‘ +1 21d4cos(93)] (5.10)
2 2 2 1
or R = /i:¢ [d‘ +1° - Zld"cos(as)] - d, (s.11)
where
2 2
l as + d4 (5.12)
and e:" is the lower limit of the joint 3.
Using the numerical values we get actual minimum reach of PUMA-560 as
R = 306 mm. (5.13)
min
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Figure 5.3 - Actual minimum reach of a manipulator
Z, v,
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§.2.2- REACHABLE WORKSPACE OF MANIPULATORS

The totality of the set of all points aggregated in the workspace of a
robot manipulator is composed of two parts which have been defined under
different names in the literature. The main and the largest workspace of a
robot manipulator has been named by Reachable workspace or sometimes by
Primary workspace. A subsection of the reachable workspace of manipulators
which bears important features regarding the maneuvreability of the

manipulators has been named by Dextrous or Secondary workspace.

The reachable workspace by definition is the set of ail three
dimensional points that can be reached by a reference point, located at
either the center of the wrist, the center of the hand or the tip of a finger
(Shahinpoor 1988), (Gupta and Roth 1982). Kumar and Waldron (198la,b)
referred to the total workspace as the "Reachable Workspace" whereas Gupta
and Roth (1982) used the name "Primary Workspace”. In this thesis the
reachable or the primary workspace of a point p attached to the hand or wrist

of a robot will be designated by WP(p) hereafter.

In the previous section we discussed the extreme reaches of
manipulators, and mentioned that when the robot assumes one of its
theoretical extreme reaches, it will loose at least one of its degrees of
freedom. In these positions the Jacobian matrix of the robot becomes
singular. It has been shown also that, if one uses polynomial representation
of the closure equation for the manipulators, the discriminant of the
polynomial vanishes in the aforementioned surfaces. These surfaces are called

Jacobian surfaces and comprise portions of the reachable workspace. (Oblak
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and Kohli 1988). On the other hand there are the so-called non-jacobian
surfaces which are also limiting boundaries of the reachable workspace. These
non-jacobian surfaces in fact exist solely because of the joint motion
limits. In the subsequent sections where the algorithms for the generation of
the reachable workspace are discussed, both jacobian and non-jacobian

bounding surfaces will be considered.

5.2.3- DEXTROUS WORKSPACE OF MANIPULATORS

A subsection of the Reachable Workspace is called the Dextrous Workspace
(Kumar and Waldron 1981b) or Secondary Workspace (Gupta and Roth 1982), and
it is denoted by W?®(p). By definition this is the volume within which every
point can be reached by a reference point on the manipulator hand, with the
hand in any desired orientation (Kumar and Waldron 198la). In other words
while the reference point of the hand being kept at a point p under
consideration, the hand can be completely rotated about any axis through that
point. This concept in comparison with the reachable space is in many ways, a
more useful guide to the manipulative capabilities of the robot hand.
Sometimes the reference point may lie within the reachable workspace, but the
manipulator exhibits severely limited operational capacity (adroitness). The
hand at these situations can be posed with a very restricted range of
orientation. Within the dextrous workspace, on the other hand complete
manipulative capability is possible since the hand can be placed in any

desired orientation.

Kumar and waldron (1981b) have shown that there is no guarantee that a

manipulator of arbitrary geometry will posses a dextrous workspace. In fact
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the existence of a dextrous workspace is strongly dependent on the link
dimensions. They have argued that the smaller the hand size of the
manipulator is, the higher the chance of having the dextrous workspace. (The
hand size is defined as the magnitude of the offset distance between the
reference point p and the wrist of the robot). In the aforementioned
reference it has been concluded that for a class 6 or 7 revolute robot which
satisfies the following three geometrical requirements, the dextrous
workspace exists, and it exactly coincides with the reachable workspace.

These requirements are,

(t) If the last three joint axes of the robot are concurrent.
(it) All of the last three joint axes are at right angles to one
another.

(iii) If the reference point is taken at the point of concurrence.

It is obvious that these requirements are exactly those which define a
wrist partitioned robot such as PUMA, where the point of concurrence
mentioned above is in fact the wrist point of the manipulator. Thus if one
takes the point of reference p of the manipulator and place it at the wrist
point w instead of the hand, then the dextrous workspace can be generated if

one generates the reachable workspace of the arm.



S.2.4.- TOTAL WORKSPACE

Although the previous discussions made by the pioneers of the workspace
studies are illuminating and systematic, non-jacobian surfaces due to the
Joint limits may bound the dextrous workspace as well. Nevertheless, these
considerations were not included in the aforementioned discussions. Moreover,
these discussions do not take into account the posture or configurations of
the robot while reaching a point in its workspace. This is an important
consideration in practical applications. Any point inside the workspace of
the robot may be reachable through more than one configuration of the
manipulator. If the workspace of a robot has been generated without having a
knowledge about the robots configuration, there is no guarantee that two
reachable points inside the workspace can be accessed with the same
configuration. For example one point may be reachable with a Left Shoulder
Elbow Up posture while the other with a Right Shoulder Elbow Up. This is

strongly prchibited in any practical robotic operation.

In this thesis, we propose to use the terminology Total Workspace for
the reachable space of the robot. And in order to signify the maneuvering
capabilities or adroitness of the hand inside this reachable space we will
resort to the measures of manipulability which have been discussed in recent
years. This is, in fact, some sort of unification between the terminologies
given in the past as reachable and dextrous workspaces. The distinction
between the two will be thoroughly investigated by employing different
measures of manipulability. We will also propose a methodology for the
evaluation of the total workspace by which we can have control over the

posture or the configuration of the robot.
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Our proposed method, in essence is similar to the one presented by
Borrel and Liegeois (1986), where they defined the concepts of aspects and
aspect decompositions. However, our algorithms will be developed in a
different fashion, in the former, they considered only the position of the
robot’s end effector and no information regarding its orientation was given
while in our algorithms we will take into account the hand’s orientation. The
objective is to combine the jacobian surfaces and the limiting surfaces due
to the joint limits, and obtain the total workspace, while the robot does not
go through any configuration or posture changes. We will first represent the

definition of an aspect from Borrel and Liegeois (1986).

Definitions:
For an n-link robot manipulator,
Let Q = [ql,qz... qnl'r be the vector of n joint variables.
Let q'; and q: be respectively the upper and lower limits of joint i,
i=1,2,...n
X be the m dimensional column-vector, the components of which represent
the position and orientation of the robot’s terminal device.
Let f be the direct coordinate transformation from joint space to the
cartesian space or
X = f(Q) (5.14)
and locally the following linear model is valid
dX = J(Q) dQ (5.15)
Where J is the (mxn) Jacobian matrix of the vector function f.
Let D be the admissible domain in the joint space:

DeR"
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D=(Q | q: <q < q, , t=12,..n} (5.16)

- n
and A = {61, 82, ...Gp). p =Cm (5.17)

the set of m-order minors of J(Q)

Then, an aspect 4 is a connected set of points in R, such that
AcD

VQea s(Q=+01sp (5.18)

By the definition of an aspect thus given, it is obvious that any
solution to the equation 5.14 will be unique when, (n-m) are kept fixed and
the rest obtained. In other words the robot will not change posture in an

aspect.

5.2.5- MEASURES OF MANIPULABILITY

In the previous section it was discussed that the dextrous and reachable
workspaces will be considered simultaneously in our algorithms, and the
distinction between the two will be made by introducing manipulability
indices. In this section some of these indices which have been proposed in
the literature will be represented, and also a performance index which will
relate to the joint limits of the manipulator, will be introduced. This is
called the joint availability index. This index will play a significant role
in the contents of the chapter 7, where it will basically form the

performance index for a coordinated two-arm robotic system.
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It was observed in the previous section that at the Jacobian surfaces
which partly define the boundary of the workspace, the Jacobian matrix of the
manipulator is singular or in general rank deficient; in other words J
degenerates and is not invertible. A manipulator is said to be locally
mancuverable if the rank of the Jacobian equals 6 (for a six degrees of
freedom manipulator). However when the Jacobiar matrix is ill-conditioned the
robot arm is near the singular configuration and the maneuverability of the
robot is very poor, in fact the robot's hand is reaching the Jacobian
bounding surfaces of its workspace. Therefore, a quantitative measure of how
close the robot is to a singular state will be wuseful. This measure is
usually called the manipulability (Tsai and Chiou 1990).

Yoshikawa (1984) proposed the manipulability of a manipulator as

wrY{det JIN) =00 ..0 (5.19)

12" m
where 00,0 are the singular values of the jacobian matrix, and in order
to evaluate them, one can resort to a singular value decomposition technique.
w is a quantitative measure of maneuverability of the robot arm, which is
proportional to the volume of an m dimensional ellipsoid with major axes
along the eigenvectors of JJ¥ and with the length of the major axes
corresponding to G 10 p0eeC . The volume of the ellipsoid is sensitive to the
scale of singular values. Since the manipulability is a measure of the
"nearness" of the Jacobian to degeneracy one can measure the shape of the
ellipsoid by detecting the magnitude of omln/ ax °F the ratio of the
smallest t> the largest singular values of J or in other words the ratio of
the smallest length to the largest length of the major axes of the

ellipsoid. Moreover, this ratio is in fact the reciprocal of the condition

number of the Jacobian matrix or cond(J). Hence a normalized version of the

91



manipulability index can be defined to be

°
1 min
w e cond(J) i (5.20)
max

Nelson et al., (1987) used the manipulability index defined in 5.19 and
determined the principal axes of the manipulability ellipsoids. The volume of
the ellipsoid Is proportional to the manipulability measure, so the farther
the manipulator is from a singularity position, the larger the volume of
these ellipsoid will be. Figure 5.4 shows the ellipsoid for a PUMA-560

manipulator near its workspace boundary.

The foregoing discussion on the manipulability index was limited to the
evaluation of the nearness to the Jacobian surfaces, and the bounding
surfaces due to the joint limits were not considered. In what follows these
limiting surfaces will be taken into account by introducing the joint
availability function V, which accounts for the nearness to the joint
limits.By multiplying a properly chosen V (as a penalty function) by the
Yoshikawa's index (Eq. 5.19) one can force the overall manipulability index
to decrease rapidly as a joint limit is approached. Tsai and Chiou (1990)

proposed the following modified manipulability index as
w = wWidet (J 3™ (s.21)

n
where V=1 - exp{-k 1 (6~ el)e} - 8) / (6}- e:)"} (5.22)
1=1
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Figure 5.4 - Manipulability ellipsoid for PUMA-560 (Nelson 87)
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is the proposed availability function and k is a scale factor to adjust for a
desired shape of the availability function. On the other hand in terms of the

reciprocal of the condition number one can modify equation 5.20 to obtain wm.

[
wo=Vwe=V —‘T'“A (5.23)
max

5.3- TWO-DIMENSIONAL MAPPING OF THE WORKSPACES

The total workspace of a manipulator in conjunction with the
manipulability indices will provide sufficient information regarding the
dexterity or manipulability of the arm. In this section the proposed
algorithms for the evaluation of the boundary of the workspaces will be

provided.

The boundary of a robotic workspace is called the robotic work envelope
which is usually a complex surface, very difficult to represent explicitly by
geometrical equations. In order to represent the geometrical shape of the
work envelope it is usual to cut the total workspace with a given plane and
obtain the cross section of the workspace on that plane. The projected
workspace onto the cutting plane is referred to as the "Two-Dimensional

Workspace".

Previous work on the workspace determination can be classified into

three categories (Borrel and Liegeois 1986).

(1) Scanning algorithms along defined lines of the Cartesian space, and

94



P esharapud

e er——
phgwer

application of the inverse kinematics until a joint limit or a Jacobian

surface is attained (Tsai and Soni 1982).

(il) Extremalization algorithms which compute the joint variables values
corresponding to points on the envelope (extreme reach) of the workspace

(Kumar and Waldron 1981).

(iii) Recursive algorithms which compute the envelope by allowing the
Joint variables to move one after another within their entire range of

motion (Gupta and Roth 1982).

The proposed method of determining the envelope of the workspace in this
thesis is based on a modified version of method (i) stated above. It will be
shown that this method is very efficient with respect to the methods (ii) and
(itf) which are based on numerical optimization and recursive algorithms. In

what follows the requirements of this approach will be discussed.

REQUIREMENTS:

1- First we require that the inverse kinematics solutions for the
manipulator exist. This condition is met for all of the available robots at

the present day.

2- In the inverse kinematics solutions, one can control the posture of
the robot, this requirement is also accessible for most of the present
robots. It is usual to define configuration coefficients in the form of #1 to

dictate the posture of the arm while reaching for a pose.
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Borrel and Liegeois (1986) argued that the approaches based on method
(1) can fail in most cases where the number of solutions to the inverse
kinematics are more than one. However as will be shown in the next section,
by introducing the configuration coefficient, not only the algorithm does not
fail, but also we are able to have control over the posture or the
configuration of the robots. In other words in the process of the tracking
the contour of the robot we will not allow any aspect changes, or

configuration changes.

5.3.1- DIRECT SEARCH METHOD

The first proposed approach, for the contour detection algorithm of the
workspace of a manipulator is based on a simple search technique. This
approach was implemented in both Cartesian and polar coordinates. First step
in both Cartesian and polar coordinates is to choose the cutting plane m on
which the contour of the workspace is to be mapped. In the developed
algorithms, although one can choose any given plane, but the most natural
case would be a plane parallel to one of xy, xz or yz planes of the robot’s
reference frame. Next the maximum and minimum reaches of the robot (Rmxand
len) are calculated by using the formulae of section 5.2. Then a sweeping
area will be constructed on plane w which is bounded by two concentric
circles of radii Rﬂmt and Rm in respectively. Next the sweeping area will be
divided into meshes of appropriate shape and size and the reachability of
each and every of these meshes will be examined. A Reachabllity Index (RI) of
unity will be assigned to a mesh which is reachable by the end effector and

an index of zero otherwise.
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Next step is to record the x, y and z coordinates of all of the meshes
whose RI is unity, with at least one of their neighboring meshes possessing
a zero RI, in other words the coordinates of a contour point on the working
envelope will be recorded. The reachability of a mesh is checked by solving
the inverse kinematics of the robot with a desired posture or configuration
given the cartesian coordinates of the center of the mesh and a given
orientation of the end effector. If the point is not on a Jacobian surface
(it does not lie near a singularity) or the corresponding joint variables
consistently do not violate their physical limits then the the point under
consideration will be assigned the RI of unity. It should be mentioned that
in this algorithm we have the flexibility of either considering the
orientation of the hand which will result in a more limited working area for
the manipulator, or ignoring the orientation which will in turn result in the
reachable workspace for the arm. In either case the workspace boundaries are
realistic, since the arm need not change its configuration within the

reachable area.

In what follows, the first method, which is based on the cartesian
coordinates of the points, on the cutting plane will be presented. The basic
idea of this method is not new, and it has been discussed by Tsai and Soni
(1982). However the new features added to this conventional method by this
thesis will enable one to first investigate the effects of the hand’s

orientation on the shape of the workspace.
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Search in Cartesian coordinate:

Figure 5.5 shows the general structure of the contour detection
algorithm when the cutting plane is a vertical plane parallel to the yz plane
of the robot’s base frame. In our first approach, discussed here the sweeping
area is subdivided into meshes in cartesian coordinates. Next maximum and
minimum reach must be mapped to the cutting plane in order to determine the
corresponding maximum and minimum reaches on the plane. This can be easily

done by writng

2 2
Poax = Rmx- r for r < Rmax (5.24)
2 2
p. = /R° -r forR <r <R (5.25)
min min [ min [ max

where pmx and pmln are the new maximum and minimum reach on the cutting
plane and r, is the normal distance from the cutting plane to the origin of

the robot’'s base frame.

After defining the cutting plane and the new maximum and minimum reaches
on the piane, the user should specify if the hand orientation is to be
considered in the workspace determination or not. If the hand orientation is
immaterial then the program will assign arbitrary orientation to the hand and
only the reachability of the wrist point will be examined. Then the obtained
workspace area will be added upon by the constant distance of the hand size
(or de for PUMA Robots) of the robot to produce the reachable workspace of
the end effector. However, if the effects of the hand's orientation is to be
observed on the shape of the workspace then the desired hand’s orientation

will be fed in to the program.
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Figure 5.5 - Construction of the search area
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Next step is to enter the desired resolution or step size for sweeping
process. One can choose three different values for the step size along x, y
or z axes of the base frame or Ax. Ay and l.\z respectively. Next the search
algorithm starts sweeping in one direction from two mesh size outside the
maximum reach area, the two extra mesh will account for the resolution and
possible errors due to round-offs in the numerical calculations. Obviously
the RI for the first mesh should be assigned zero by the initialization part
of the algorithm. At this stage either the hand or the wrist of the robot
(depending on the importance of the orientation) will be moved to the second
mesh and the RI corresponding to that mesh will be examined by first solving
the inverse kinematics corresponding to that pose and then checking for the
reachability of the point (both for the Jacobian and the joint limits). Then
the coordinates of those meshes with an RI of wunity whose at least one of
neighboring RI is =zero, will be recorded in a data file. Increments will be
added to the coordinates of the hand (or wrist point) along the search
direction until two meshes beyond the negative of the maximum reach is
checked. At this point the search direction itself will be incremented and
thus the whole searching area will be swept and consequently the coordinates
of the point of the workspace located at the bounding surfaces will be
obtained. The aforementioned steps in the presented algorithm are outlined in

the flow chart of the program given in the appendix C.

A computer program called CONTOURL.C was developed in C language to
implement the aforementioned algorithm. This program has to be linked with
the Inverse and the Forward kinematic subroutines in the corresponding module
called PUMA_KIN.C. Another subroutine which will be called by the program is

the CHECK_LIMIT.C program which tests the reachability of the point in
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question in terms of the joint limits, this function also is available in
PUMA_KIN.C. It has to be mentioned here that in the inverse kinematic module
if the point in question is a singular point and the Jacobian degenerates
then solving the inverse kinematic formulation will be formidable, in these
cases deliberately the returned parameters of the subroutine will be given
such values which will violate the joint limit requirements in the

CHECK_LIMIT subprogram.

RESULTS:

Figures 5.6 to 5.8 are some illustrative examples obtained by this first
algorithm, in the cartesian space. In these plots it is intended to show the
effects of the hands orientation on the shape of the workspace. Figure 5.6
compares the working envelopes mapped to the ZX plane in the cartesian space
(with Yo = 0.0), for the wrist point (boundary of the dexterous workspace)
with the workspace generated for the hand, with the orientation given by

equation 5.26.

Figure 5.7 shows the boundary of the aforementioned working envelope
mapped to the YZ plane (with Xo = 0.0). And finally in figure 5.8, these two
workspaces are shown in the XZ plane (with Yo = 0.0). Orientation of the hand

for the foregoing cases is given as follows,

0 o 1 0

R = | 07071 0 -0.7071 (5.26)
® l-0707m1 o0 -0.7071

It can be seen by comparing figures 5.7 and 5.8, that, how a given

desired and fixed orientation for the hand can limit and deform the boundary

of the work envelop.
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Figure 5.6 - Two dimensional workspace on XY plane (direct search)
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Figure 5.8 - Two dimensional workspace on XZ plane (direct search)
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Search in Polar coordinate:

By referring to figures 5.7 to 5.8, it can be seen that sometimes if the
boundary of the envelope is partially lined up along the search direction
(Fig. 5.6) then the resolution of the detected points will be diminished, or
in other words the number of detected boundary points will locally
decrease.Therefore a novel approach is proposed which is essentially based on
the same idea as the previcus case, with the difference that the searching
area will be divided into meshes in the polar coordinates. Hence the search
directions will become p and & and thus the increments will be denoted by Ap
and A8 along the radial and tangential directions respectively. After
defining che cutting plane and determination of the extreme reaches of the
robot, first, the searching area will be constructed on the cutting plane.
Next for one value of @, the meshes lined up on the p direction will be
checked, and after covering all of the meshes radially then 6 will be
incremented and the similar sweep will be performed along the new p. This
will be repeated for 2rn/A6 times, until the whole area is covered. The basic
structure of the polar searcn method is shown in figure 5.9. The computer
program responsible for the implementation of the polar search algorithm is

called CONTPOLARI.C.

It has to be mentioned that in order to solve the inverse kinematics one
needs to use the Cartesian coordinates of the end effector, therefore,
although the sweeping operation is performed in the polar coordinates, but
the following well known transformations are used to obtain the cartesian
coordinates for the inverse kinematics module. If the cutting plane is

parallel to the XY plane with Z°= P
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Figure 5.9 - Construction of the polar coordinate searching area
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X = pcos®, y = psind and z = r, (5.28)

If the cutting plane is parallel to the XZ plane with Y°= ro

X = pcosd, z =psine and y =r_ (5.29)

If the cutting plane is parallel to the ZY plane with X°= r.:

y = pcosd, z = psiné and x = r (5.27)

Results:

The results of the polar search algorithm are given in figure 5.10 to
5.12. These plots similar to the cartesian space signify the effects of the
hand’s orientation on the shape of the dexterous workspaces mapped to the
planes parallel to the XY, YZ and ZX respectively. The normal distance of
these cutting planes to the origin are arbitrarily chosen to be 100 mm,

(t.e. X =Y = Z =100 mm.)}.
o o o

Comparison between the Cartesian and Polar search algorithms:

By comparing figures 5.6 and 5.10, one can observe the difference
between the resolutions obtained in cartesian coordinates and the
corresponding polar coordinates. In fact in figure 5.6 the search direction
is horizontal whereas in figure 5.9, it is radial, and thus local reductions

in the resolution occur at different locations of the boundaries.
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Another major criterion for the evaluation of the two methods, is the
computational cost. It was observed that the polar search method is more
efficient and thus faster, the benchmark given in what follows, will

establish this difference.

Benchmark obtained on VAX-8550:

Method Number of Execution cost
points Time (sec) sec/point

Cartesian 448 28.6 0.0638

Polar 338 9.5 0.0281

To this end having compared the resolution and computational cost of the

two search algorithms, it can be concluded that

by using polar search

technique discussed before, the overall resolution of the mapped working
envelop is enhanced, while the computational cost is decreased. Hence between
the two methods of cartesian and polar search methods the latter is

recommended.
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5.3.2- ADAPTIVE SEARCH METHOD

In the previous section, direct search methods in cartesian and polar
coordinates were introduced and the characteristics of the two, with some
examples were discussed. The direct search methods in general, are very
robust, and able to detect the contour of the working volume with any shape,
in other words, depending on the resolution of the search, all of the
boundary points can be detected. Despite the power of the direct search
methods in the contour detection algorithms, they are not the most
recommended ones, when one has to obtain several contours in relatively short
time. This is due to the fact that all of the points fallen within the
constructed search area will be indiscriminately examined. But if, one is
able to make use of the previously detected points, in order to limit the
search to a specific direction, then the computational burden of the

algorithm will reduce to a great extend.

Since in the following section, when we introduce the three-dimensional
reconstruction of the workspace, it will be necessary to obtain several
two-dimensional images of the workspace, thus it is required to device a more
intelligent search method to detect the mapped coordinates of the workspace
onto the cutting planes in the shortest time possible. This urge gave rise to
a third algorithm which was named as "Adaptive Search Method" or ASM in
contour detection, for short. The step by step procedure to follow in order

to find the contour points via ASM algorithm, will be explained next.

» First similar to the direct search methods discussed before, the

cutting plane is specified. For the sake of discussion assume this is plane
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paralle]l to the YZ plane with Xo =r

» Next the maximum reaches Rmx of the robot will be mapped into the
cutting plane to give Prmax’ and thus the search area will be constructed by a
circle with its origin at the origin of the robot and a radius equal to Poax
+ 25 where & is the step size, and twice of it is added to the search radius
to ensure that the search starts outside the reachable area ,this is shown in

figure 5.13

P At this point, it is required to detect one point of the workspace,
and one point of any hole or void inside it. In order to do that, a one time
direct search can be used (similar to the direct search methods) for example
for figure 5.13, at a starting value of x a column will be searched along

the z axis from z = (pmx+ 28)to z = -(pm.x+ 28).

» Having found a starting point on the contour of the working envelope,
which will be addressed as the current point hereafter, next only the
neighboring points to the current point will be checked. In order to decide
in what direction the neighboring points will be examined, we have made use
of the slope of the line connecting previous two boundary points. Since at
starting points, there is not available a history of any previous points,
thus an arbitrary slope (zero degrees) 1is assigned for the history
corresponding to the starting points. The new reachable point being sought
for the current point will be among eight neighboring points to the current
point. Figure 5.14 is an illustration of the current point versus the
previous reachable and its neighboring points. For example in this figure the

slope of the search corresponding to point C will be 45°,

113



By O O

O 0O 0O

Figure 5.13 - Cutting plane

O 0O O

+42

D -4Y @ +4Y D
O O 0O

Current Point
On the Workspace

Figure 5.14 - Search pattern

114




» Based on the slope of the search obtained in the previous step, four
different directions will have to be examined. These patterns are shown in
figure 5.15. Moreover for each slope determined three different search
pattern can be laid down. For example when the slope is between -45° and 45°

thesa pattern are given in figure 5.16.

» After checking for the reachability of the neighboring points the one
which is reachable and also has at least one not-reachable neighbor will be
recorded as the current point and its coordinates will be saved. The computer
program responsible for the implementation of this algorithm is called

"CONTOUR3.C".

RESULTS:

Figure 5.17 and 5.18 are some illustrative sample results, obtained from
"CONTOUR3.C". Figure 5.17 shows two boundary of the workspaces cut by a
vertical plane parallel to the XZ plane with Yo = 350 mm. One of these
boundaries corresponds to the Dextrous workspace and the other shows the
deformed boundary of the workspace, while a given orientation of the hand is
fixed. This desired orientation is given in equation 5.26. The execution time
for this plot was recorded as 3.0 seconds for 444 points. Figure 5.18 depicts
the boundary of the aforementioned workspaces on a plane with Yo = =400 mm,
while the desired orientation is chosen to be a rotation by 60° about the Z
axis. The rotation matrix corresponding to this configuration is given as,

0.5 00 0.86602

R"=| 0.0 10 0.0 (5.27)
° -0.86602 0.0 0.5
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The execution time for the aforementioned plot was recorded to be about 4.5

seconds, for generation of about 441 points.

Advantages: The advantages of using SME are outlined in what follows,

1- As a major advantage, since in the ASM algorithm we do not search all
over the searching area, but rather concentrate on the close proximities of a
boundary point, thus the execution time for the generation of a large number
of contour points is reduced significantly as compare to the DSM algorithm.
In fact the benchmark obtained showed that the computational cost of the ASM
is less than ten times that of the DSM. For example for the plot given in
figure 5.17, 444 number of points were obtained in 3.0 seconds. This will
imply a computational cost of 0.0067 second per contour point detected. By
comparing this figure with the benchmark given in table 5.1, one can see
that, it is more than nine times smaller than the cost obtained for the DMS
in cartesian coordinates and more than four times smaller, relative to the
DMS in polar coordinates. Hence the main objective of the time effectiveness

for the algorithm is fulfilled.

2- Second desirable characteristic of the ASM as opposed to the DSM, is
the smoothness of the detected boundaries. This can be seen by comparing the
results of figures 5.17 to 23 obtained by ASM to the results of DSM shown in
figure 5.6, to 5.9. The main reason for this is the fact that ASM benefits
from the slope of the boundary and will search in the direction locally
tangent to the contour, thus with the same step size of 10 mm, as was used

for the DMS, we were able to obtain smoother boundaries.
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Disadvantage: The only disadvantage intrinsic in the ASM algorithm, is the
fact that, there exist cases where the adaptive search can fail to detect the
next point of the contour. This can mainly occur where there is a cusp with
sharp corner along the contour, in other words if the slope of the contour is
not continuous the algorithm can get lost or perhaps return back along the

previously detected contour.

5.3.3- EFFECTS OF THE MANIPULATOR POSTURES

ON THE SHAPE OF THE WORKSPACES

In this sectior the effects of the manipulator posture or the
corresponding aspect of the joint space, on the shape of the workspace
associated with the arm will be discussed. As was mentioned in the previous
sections, in the process of contour generation, the configuration or posture
of the arm was required to remain the same, in other words no aspect or

configuration changes in a workspace was admissible.

In order to observe how the arm’s posture affects the boundary of the
workspace for a given orientation of the hand we will resort to an example.
Assume that the given orientation of the hand is defined by equation S.27,
next we will generate the workspaces of the manipulator for both the wrist
point (Dextrous) and for the end effctor on XZ plane with Yo = -400 mm. The
results of these trials by using DSM in polar coordinates, are given in
figures 5.19 , 5.20, and S5.21. Figure 5.19 shows the Dextrous workspace of
the manipulator for four possible arm’s postures namely, 1- Left Shoulder
Elvow Up (LS/EU), 2- Left Shoulder Elbow Down (LS/ED) 3- Right Shoulder Elbow

Up (RS/EU) and 4- Right Shoulder Elbow Down (RS/ED).
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Figuures 5.20 and 5.21 show the workspaces of the end effector with the
desired orientation. For any desired pose of the end effector there exists
up to eight different aspects (postures), they are the aforementioned four
postures of the arm with each being able to have the robot’s hand in a flip

(../F) or no flip (../NF) configurations.

3.4- AUTOCAD-BASED THREE-DIMENSIONAL RECONSTRUCTION OF THE WORKSPACES

Two dimensional contours of the workspace are useful to give an
understanding of the general structure of the workspaces, and have been
investigated before. However, there has not been any attempt to present a
three dimensional image of the robot's workspaces. One of the major
contributions of this thesis to the workspace studies, is fulfilling this
need. A three dimensional image of a robot’s workspace can give a great deal
of knowledge about the geometrical shape of the working envelop and thus can
have significant importance in the process of the set-up of a robotic

workcell.

In the previous sections we discussed three different algorithms for
detecting the boundary of the workspaces associated with a robot arm,
moreover presented some illustrative examples for PUMA-560. In the following
sections, the attempt is to reconstruct a graphical three-dimensional image
of the workspace, by using several two-dimensional contours. The graphical

tools which will be employed for this purpose is AutoCad-~]0.

As the first step for the 3-D reconstruction of the workspace, it is

necessary to store the cartesian coordinates of the contour points mapped to
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several parallel planes cutting the entire workspace. By resorting to one of
the previous algorithms, one can create a data-base which include several
cutting planes, on each, two coordinates of the boundary points are given. As
an example, in this thesis, vertical planes parallel to the ZY plane cut the
workspace of a PUMA-560, and the yz coordinates of the mapped points onto
these planes were saved, as well as the Xo coordinate of the plane itself.
Over the entire workspace more than fifty of such planes with successive
normal distances of S50 mm. were used, and an ASCII file containing X, Y and Z

coordinates of the contour points, was created on VAX-8550.

Next step is to customize this data-base in the form of a file readable
by AutoCad. One possible form of these files is the so called DXF files in
AutoCad. DXF files in AutoCad has been defined as "Drawing Interchange" file
format which can assist interfacing AutoCad with files created external to
the package (AutoCad reference manual 1989). All implementations of AutoCad
accept this format, and are able to convert it to and from their internal

drawing file representation.

5.4.1- INTERCHANGING THE DATA-BASE WITH AUTOCAD

In order to import cartesian coordinates of the contour points into the
AutoCad environments the Drawing Interchange File capabilities of the
AutoCad were used. A Drawing Interchange File is simply an ASCII text file
with a file type of ".dxf" and specially-formatted text. The overall

organization of a DXF file is as follows:
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1-HEADER section
2-TABLES section
3-BLOCKS section
4-ENTITIES section

S-END OF FILE

By setting up the AutoCad in the HEADER and TABLES sections the
instructions were given to treat the subsequent three coordinates of every
two points as coordinates of the end points of a three-D polly line. After
assembling the data file into the DXF file, they become extremely long files,
therefore it is not possible to represent them in this thesis. After
feeding the assembled DXF file into the AutoCad, the image shown in figure
5.22 was obtained. This is in fact a top view of the cutting planes over the

workspace.

5.4.2- THREE-DIMENSIONAL RECONSTRUCTION OF THE WORKSPACE

Once having all of the contour points, as the vertices of the polly
lines in AutoCad, one is able to manipulate these polly lines as desired.
However one still needs to connect the cutting plane together in order to
create a wire frame image of the workspace. A wire frame image is necessary
for the removal of the hidden lines in a realistic 3-D view. One of AutoCad's
feature called "RULESURF" was used for this purpose. This is a function which
will generate a wire frame mesh connecting two closed curve together to
create a three dimensiona} entity which will be able to hide other entities
located behind. Having done this and some small housekeeping jobs the three

dimensional images were constructed, yet the hidden lines are present. Next
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step is to rotate the wire framed 3-D object to a desired orientation and
setting up a proper view point and finally asking AutoCad to remove all the
hidden lines. The Ilatter process is extremely slow given the large quantity

of points that we were dealing with.

RESULTS:

Figure 5.23 depicts the dexterous workspace of a PUMA-560 where the two
halves of the workspace along the positive X and negative X axis are
deliberately pulled apart for better visualization. Moreover in figure S.24
the assembled real workspace is shown from a viewpoint on the positive a
axis, and finally in figure 5.25, the dexterous workspace in its entirety is

viewed from the negative X axis.
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Figure 5.24 - Three dimensional workspace from positive X direction
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CHAPTER 6
COORDINATED TWO-ARM ROBOTIC SYSTEMS

6.1 INTRODUCTION

There are many applications in materials handling and assembly
operations in which one single robot arm fails to fulfill the kinematics
and/or dynamics requirements of the task. In material handling, for instance,
if the object to be manipulated is relatively large in comparison to a
robot’s structure, or the payload is beyond the robot's capacity, one may
employ two or more robots in a cooperative manner to perform the task. The
need for more than one robot in assembly operations, is more obvious since
the flexibility, introduced by the additional robots to the workcell, will
make possible the assembly of more complex parts in less time. Manipulation
of tools in particular applications such as welding, over complex surfaces,
may call for more than one robot. One example which can potentially exploit
the advantages of two coordinated robots is the process of production of
composite materials, where the filament (fibers) should regularly be wrapped
around a matrix with a pre-defined orientation and tension. If the geometry
of the matrix is not a simple cylindrical surface, then two robots with
bilateral accommodation with each other will exhibit significant versatility

for these complex processes.

In chapter 2 we presented a survey on various aspects of research which

have merged in the past ten years in the field of cooperative robotic
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operations. Currently every aspect of cooperative multi-manipulator systems
described in section 2.3 can form a research area by itself, as the needs for

more versatile and powerful robotics workcell grow.

In this chapter we elaborate on the geometrical and kinematic
considerations of two-arm robots and their operations. In section 6.2 general
multi-manipulator systems are defined and their operations are discussed in
terms of the nature of the cooperation needed in such tasks. Section 6.3 is
concerned with the definition of two-arm robots operations. In section 6.4 a
classification of the tasks defined in terms of the path and grasp
configurations will be made, and mobility of the closed kinematic chains
formed by the two manipulators and the manipulated object under different
grasp configurations will be discussed. Section 6.5 is concerned with the

constraint relations and kinematic formulations for two-arm robotics systems.

6.2 COOPERATIVE MULTI-MANIPULATOR WORKCELL

We refer to any robotic workcell composed of more than one robot arm
whose motions are somehow related, in a cooperative manner as a
"multi-manipulator” workcell. This is the most general case in the sense that
there exists two or more robot manipulators in a common workcell, and the
motion of each manipulator can be performed upon taking into consideration

the structure and the motion of other manipulators in the v ‘kcell .

In a more technical sense we define a cooperative multi-manipulator

system as a robotic workcell with more than one robot involved, while
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satisfying one of the following conditions:

a) At least two of the robot arms involved in the workcell, have
partially overlapping workspaces.

b) If the workspace of the robots do not intersect, at least two of
the end effector’s motions are dynamically coupled through the

workpiece and/or tools.

As an example for case (a) one can think of an assembly operation where
although the end effectors do not hold a common object but their motions are
synchronized according to a pre-defined schedule, or an intelligent on-line
decision making scheme. Handling a common object with more than one robot at

the same time is an example for case (b) above.

Having defined the main category of the cooperative multi-manipulator
systems, we further propose two sub-categories for these systems, namely
1)Synchronized Multi-Manipulator system (SMM).
2)Coordinated Multi-Manipulator system(CMM),
Although the concern of this thesis is focused mainly on the latter, both

categories will be defined in what follows.

6.2.1 SYNCHRONIZED MULTI-MANIPULATOR SYSTEMS (SMM)

In synchronized multi~-manipulators the robots usually have overlapping

workspaces. The motion of each arm although synchronized with respect to the

others, is dynamically unrelated or uncoupled to the other robots motions. An
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example for this type of operation in flexible manufacturing is when two (or
more) robots pick up objects from the same bin, or two robots assembling
different components into the same workpiece. Some authors have referred to
these types of operations as loosely coupled, that is, the arms may share
partially overlapping workspaces and may actually transfer parts or tools

between them (O'Donnell and Lozano-Perez 1989).

The major concern in these types of operations is a collision-free
trajectory planner which guaranfees the execution of the tasks assigned to
each arm satisfactorily according to the required schedule. Other factors to
be taken into consideration for these systems are the speed capabilities and
the range of motion for each manipulator, or minimization of the cycle time
or spent energy, to name a few. At the present time, synchronized operations
of multi-manipulators are practicable (Acker et. al., 1985, Roach and Boaz

1987 and Fortune et. al., 1986)

6.2.2 COORDINATED MULTI-MANIPULATOR SYSTEMS (CMM)

We denote a cooperative multi-manipulator system as a coordinated
multi-manipulator system (CMM) when at least two of the robots motions are
dynamically coupled through a common workpiece. In other words, if a closed
kinematic chain is formed by two of the robots and the manipulated object, we

consider the system as a coordinated multi~-manipulator,

The foregoing definition s valid for multi-fingered dexterous hands and

multi-legged vehicles as well. For instance in dexterous hands there are
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multiple closed kinematics chains formed by the fingers and the manipulated
object. This is similar to the closed chains formed by robot manipulators and
the load in the CMM systems. Multi~legged vehicles have multiple closed

kinematic chains formed by the legs and the main body (figure 6.1)

Focusing on coordinated multi-manipulators we further define two types

of coordinations between the manipulators and the object, as follows;

(A) Tightly Coordinated Multi~Manipulator systems (TCMM)

In this family of operations, coordination between the positions,
velocities and forces among the collaborating end effectors and the held
object are rigidly defined, and need to be satisfied at each instant
throughout the time for execution of a task. It is assumed that the grasp
configuration (i.e. position and orientation of the end effectors with
respect to the object) for every manipulator is pre-defined and remains fixed
during the execution of the task (no relative motion will occur between the
hands and the object). In terms of mobility or degrees of freedom of the
grasp, one may state that, there is zero mobility or degree of freedom
between the hands and the manipulated object. In practical applications tight
coordination requires a precise position and/or force control strategy in
order to avoid damages to the manipulated object. Manipulation of a common
load by two or more robot arms can be considered as an example for TCMM

operations (figure 6.2).
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(B) Loosely Coordinated Multi-Manipulator systems (LCMM)

Loosely coordination of multi-manipulators, in contrast to TCMM,
inmtroduces some flexibilities (freedom) in the grasp configurations or
relative positions/orientations of the end effectors and the common
workpiece. In other words the degree of freedom of the hands with respect to
the manipulated object or the workpiece is not zero, and depending on the

application should be defined by the characteristics of the operation.

As an example for this case, one can consider manipulation of an object
by two manipulators, where the end effectors are hinged to the workpiece,
thus leaving one degree of freedom for each grasp . Figure 6.2 shows another
example for the LCMM operations, which can be thought of in the process of
filament winding of composite materials. It can be seen that the position and
orientation of the winder hand has some freedom relative to the object. This
is due to the fact that, in order to satisfy the required orientation and
tension of the fibers, all six degrees of freedom of the winder hand are not

required.

In the following sections we will discuss in more detail the grasp
configurations and the overall degree of freedom of CMMs based on the grasp
geometry. Our discussions and development of the algorithms in this thesis
are limited to Tightly Coordinated Two-Arm Robotic Workcells. And as
practical case we consider two PUMA-560 arms working together in a materials

handling environment. An example of such a system is shown in figure 6.3.
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6.3 _COORDINATED TWO-ARM ROBOT ORGANIZATION

In this section we investigate the general structure and definitions of
components of a tightly coordinated two~arm robots in handling a common
object. The Grubler-Kutzbach criteria will be used to develop a general
formula for the evaluation of the degree of freedom of a coordinated two-arm
robots with tight grasps. A classification scheme for the definition of the
tasks will be proposed which can cover most possible real-world applications;
and also the constrained relations as well as the inverse kinematics

solutions of the coordinated manipulators will be discussed.

6.3.1 DEFINITIONS

The basic terminologies of the coordinated two-arm robots that we use in
this thesis are based on those proposed by Luh and Zheng (1987). In a two-arm
robot workcell (Fig. 6.3), primarily we assign a world coordinate which is an
inertial reference frame for the workcell. It is convenient to have the world
coordinate frame coincided with the base frame of one of the robots. The two
robots are given the names, main (or Leader) and follower respectively. Luh
and Zheng (1987) have discussed an approach that the motion of the main arm
is controlled based on its hand trajectory which is in turn dictated by the
desired trajectory of the workpiece. The follower will be responsible to
accommodate the main arm in a sense that the coordination error (position or
velocity) become minimum, or in the task level the constraint relations
remain satisfied. This method of coordinated motion control will enhance more

flexibility in the system if the desired motion of the object has to be
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modified or redefined. Because whenever the trajectory is modified, the

operator need to modify the trajectory of the main arm only, whereas that of

the follower would be modified implicitly through the constraints.

6.3.2 FRAME ASSIGNMENTS AND TRANSFORMATIONS MATRICES

Figure 6.3 depicts the general organization of a two-arm robot. The

frame assignments to the joints of every robot is according to the strategy

explained in chapter 3, and individual frames to the intermediate joints of

the robots are not shown. The world reference, and the body-attached

coordinate frames are assigned as follows:

(W:Xw.yw.zw).
(m;xm. ym.zm).
(f;xf.)'f.zf).
(M;xF'yF’zF)'

(F;xr.yr.zF).

(C;xc.yc.zc).

is the world coordinate frame (usually is coincided with
the main manipulator’'s base frame)

is the base coordinate of the main manipulator.

is the base coordinate of the follower manipulator.

is the tool coordinate of the main manipulator attached
to its end effector.

is the tool coordinate of the follower manipulator
attached to its end effector.

is the coordinate frame attached to one point of interest
of the manipulated object (center of gravity, geometrical

center, etc.).
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Figure 6.3 - Coordinated two-arm robots
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The motion of the manipulated object will be resolved into m number of
finitely separated poses along the desired trajectory. Position and
orientation defining these poses are expressed with homogeneous
transformation matrices with respect to the world coordinate frame, for the

Jth pose of the trajectory we have

[ s (o}
(RW)J g(pw)J

i J = 1,2,.m. 6.1)
0 0 0 1

T, = [

Grasp configurations for both main and follower arms can also be defined
with two homogeneous transformation matrices. These two matrices will define
the grasping points as well as the grasping orientations with which the

object is to be manipulated, they are defined in the task space and are

. (R)) {(PL)
Main arm grasp configuration Tc e e R (6.2)
o 0 of 1
. (RT) i(py)
Follower arm grasp configuration Tc & | (6.3)
0 o o0i 1

The subscript j has been dropped in the foregoing transformation
matrices because of the assumption that the grasp is rigid and does not allow
for any relative movement between the end effectors and the object. In other
words, T: and Tz will remain constant during the execution of a task. More
elaborations on the task definition strategies will be made in the following

section.
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6.4 TASK DEFINITION FOR TIGHTLY COORDINATED TWO-ARM ROBOTS

To this end we have defined the transformation matrices expressing the
required task with respect to the world coordinate frame, as well as the
degrees of freedom of general coordinated two-arm robots in material
handling. In this section a classification scheme which can fully cover
possible ways, with which the user may define a task, will be proposed. An
important application of this approach in task definition scheme can be found
in the potential knowledge-based and intelligent two-arm robotic workcells of

the future.

The Grubler-Kutzbach criteria will be used to determine the overall
degree of freedom of a closed kinematic chain formed by the tightly
coordinated two robot arms and the manipulated object. The general form of

this criteria is expressed with the following equation (Hunt 1978)

m = 6(n -g-l)-rtfl (6.4)
1=1

In equation 6.4,

m is the mobility of the system (with zero internal and grasp
mobilities)

n is the number of bodies in the system (links, manipulated object)

g is the number of working joints connecting the bodies. For single
loop mechanisms g is equal to n the number bodies.

f | is the number of degree of freedom of the ith joint.
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Figure 6.4 shows the two end effectors in handling a rigid body with
tight grasps, for this case each robot has 6 links and thus the total number
of links in the system will be,

n = 2x6 - 1 = 11 (the base link is the common ground for both robot)

+ 1 (object) = 12
and

f‘ = 1 for all L.

g = 2x6 (six joint for each robot) = 12
Thus the relative degree of freedom of the two-arm robot with the grasp of

2zero mobility can be computed as

m=6(12-~12-1)+12=6 (6.5)

This means that if the grasp does not allow any relative slippage
between the end effectors and the object and also the object is rigid, one
would need six independent parameter to uniquely define the motion of the
manipulated object. Although we are concerned with tightly coordinated
systems for which the general mobility criteria was discussed, but for the
sake of completeness a more general formula, for mobility analysis of the
coordinated two-arm robots in the presence of redundancy will be derived in
the appendix B. By redundancy in the coordination, it is meant, manipulation
of objects with non-zero internal mobilities (e.g. a pair of pliers) and also

with the grasps of non-zero mobilities.
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Figure 6.4 - Tight grasp in coordinate two-arm robots
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Having defined the required degree of freedom of the coordinated two-arm
robots with tight coordination, it was observed that six parameters are
needed to uniquely define the motion of the object. In fact these six
parameters consist of three cartesian coordinates of the object and three
rotation angles for its orientation. These information as well as the grasp
configurations can be defined in different ways depending on the application.
Thus we will next discuss the proposed task definition scheme based on two
different and independent elements which will comprise the characteristics of
the tasks to be performed. These elements are namely grasp classification and

trajectory classification respectively.
6.4.1 GRASP CLASSIFICATION

The grasping configuration of a rigid body object by the end effectors
is wusually dictated by its geometry, dimension, physical characteristics and
the load balance requirements during the task execution. By resorting to
either a precise position control of both end effectors, or by employing the
coordination error minimization strategy (Luh and Zheng 1989) we can assume
that relative movements between the hands and the object are small enough to
be ignored. Therefore, one can define a required grasping configuration via

one of the following four categories

Gl) This is the most restricted category of the grasp identification.
The user will define both grasping points and grasping orientation of the
main and the follower hands with respect to the workpiece. In other words T:

and Tz are given.
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G2) In This case the user allows flexibilities regarding the grasping
orientation and will rigidly define the g asping points for both end
effectors. This case arises when end effectors have to grab the object at
specific points while their orientation are immaterial, thus only P: and PZ

are given.

G3) In contrast to case G2 above, this category will introduce
flexibilities on the grasping points and will define tightly the orientations
of the hands with which the object should be grabbed, (i.e. R: and R: are

given).

G4) This is the case when neither the position nor the orientation of
the end effectors with respect to the object frame are defined by the user.
In other words, we have the flexibility to locate the grasp positions and

orientations.
6.4.2 TRAJECTORY CLASSIFICATION

Four different cases may arise which can fully cover any possible

application. These four groups of path definitions are

P1) In this case for every point of the trajectory both position and
orientation of the manipuiated object is defined. As an example one can think
of handling a liquid container in a workcell with obstacles present. Thus

(T:‘:,)J , Jj=12,..m are given.
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P2) In this case, the trajectory (positions of the origin of the task
frame C_,’ for j=2,3,...m-1) is given but there is no restrictions on the
orientation of the object during motion. The given data for this case are,

(T,c,)l and (T:)mand (P:) , for je2,3.m-1.

P3) This is the complement of case P2 in that, in addition to the
initial and final poses of the trajectory, the orientation of the object is
restricted whereas the path is not defined. An example for this sort can be
thought of as handling a liquid container (with a specified orientation of

the container) in an obstacle-free workspace, thus (T:)l , (T:;)m and (R®)

w ]
for j=2,3,..m-1 are given.

P4) In this case neither the position nor the orientation of the object
for the intermediate points along the path are specified and there is room
for choosing or adjusting both, for a particular task. However similar to the
other cases discussed above initial and destination poses must be defined by
the application. In this category of motion one will have the maximum
flexibility for satisfaction of path planning requirements such as cycle
time, consumed energy, load distribution and reachability. As an example
consider transfer of a rigid object from the initial pose to the final pose

regardless of the intermediate points of the path. The given information are

(T)), and (T.)_.
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6.4.3 INTERACTION BETWEEN THE GRASP AND TRAJECTORY CLASSIFICATIONS

Any combination of the foregoing categories for the grasp and the path
configurations can be chosen to define completely a material handling task.
Figure 6.5 shows a tree-like inter-connection between the grasp and path
configuration schemes. This will introduce 16 different cases under which a
task can be defined. For example one can define a task by using G2Pl route.
This will define a task for which the grasping points are given as well as

the position/orientation of the object throughout the trajectory.

Although figure 6.5 suggests 16 different cases, by which a task may be
defined, but it can be shown that if other performance criteria of the
operation, such as reachability, load balancing requirements and so on. are
considered, one will be able to reduce the trajectory classifications of the

cases P2, P3 and P4, to the case of Pl; this is discussed in what follows.

In case P2, where (T:)l, (T:i)m for the initial and final poses are given
as well as the position of the intermediate points (l’:'.,)J for j=2,3..m-1,
then one can use the orientation sub-matrices embedded in (T:)x and (T:’)m of
the terminal points, that is (R:)x and (R:)m. in order to obtain a guideline
for the variations of the orientation of the object from the initial to the
final pose. For example the change in orientation from the initial to final
poses can be uniformly distributed over the m points of the path. Once an
orientation (R:) ) is assigned to each point j of the path, for j=2,3,.m,
then one can combine (R:) ) and (P:) ) to obtain (T:)j J=2,3..m-1. Then

together with (T:)1 and (T:f')m which were given as part of the data, the
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values for all (T'f')J J=1,2,3..m, are known. Therefore as far as task

definition is concerned, case P2 js converted to the case Pl.

In the same manner one can convert case P3 to Pl. In case P3 orientation
of the frame C for the intermediate points of the path are given and the
position of the point C along the path are to be adjusted. Similar to the
previous argument, one can uniformly distribute the variations of the
positions, from the initial to the final pose, over the m points of the
trajectory, and consequently determine (T:) ] Jj=1,2,3..m. Alternatively one

can set an arbitrary trajectory for the object.

In case P4, where neither position nor orientation of the intermediate
points are prescribed, one primarily has the freedom to arbitrarily assign a
path with appropriate variation of orientation from the initial point to the

final one. The problem thus is converted to case PI.

From the foregoing discussion it can be concluded that if the task is
defined according to one of the last three cases mentioned above, where
either position or orientation or both along the trajectory can be assigned
arbitrarily, then one may introduce a performance index for the operation. In
fact it 1is possible to exploit the available flexibility of the
position/orientation of the workpiece along the path in order to maintain an
optimum performance based on a defined performance criteria. For instance if
the task encounter non admissible points along the trajectory the position
and/or orientation can be altered accordingly. On the other hand load balance

requirement and other dynamics characteristics can be chosen instead as the
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desired performance criteria.
6.5 KINEMATIC FORMULATIONS FOR 1 TWO-ARM ROBOTS

When the robots and the manipulated object form a closed kinematic
chain, the displacements, velocities, accelerations and forces of the two end
effectors are not independent and their behavior are coordinated through some
holonomic constraints (Luh and Zheng 1985). In this thesis since our concern
is mainly about the displacements and the availability of workspace of the
coordinated robots we will not discuss the dynamic coordination of the closed

chain.

In this section the kinematic relationship for only case Pl of the
previous section is determined. For this case, since for each pre-specified
pose of the workpiece on its desired trajectory the position/orientation of
each arm end-effector is uniquely determined, therefore the kinematic
relations of the two robots are in fact decoupled. We will make use of this
feature in chapter 8, where the problem of the set-up of the workcell is

investigated.
6.5.1 CONSTRAINED KINEMATIC EQUATIONS

Let the position and orientation of the base frames of the main and the
follower are defined with respect to the world coordinate frame respectively

by, T:: and T:, and at cach instant of time designated by the index j along

the trajectory the end effectors are defined with respect to their own base
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frame respectively by (T::)‘| and (T:)J. Then from figure 6.3 it can be seen

that at each instant the following matrix relationship holds,

ol.

M c F ¢
(T,) f T, = (1) f Te 6.7
Multiplying both sides of equation 6.7, by (T?)'l or TZ we obtain,

M C oF F C Cy\~1 F
T, TS T = 0T (D71 = (7)), (6.8)
or

(T, [T, Tl - (), =0 (6.9)

Equation 6.9 is the general holonomic constraint expressed in a matrix
form. Both position and orientation constraints can be extracted from this
relationship. It has to be mentioned that this matrix equation introduces
three independent relationships for the position coordinates and nine
dependent relations for the orientations because any orientation can be

uniquely specified by three rotations (Euler angles etc.).

In the case of handling a rigid body with the tightly coordinated robots
the transformation matrices T: and T: are given and remain constant
throughout the entire execution period. Thus the bracket in equation 6.9 can

be rewritten as

[T, Tol = (T T = T, = const. (6.10)
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where T; is the transformation matrix defining position and orientation of

the main end effector with respect to the follower end effector, and remains
constant. Hence 6.9 can be written as

M F Fy _

(T, Ty = (T, = (6.11)

Then three holonomic constraints that was introduced by Luh and Zheng

(1987) can be extracted from equation 6.11 as follows
My, oF M F, _
(R)), P, +(P) - (P) =0 (6.12)

Equation 6.12 introduces three indeperident equations which relate the
positions of the main and the follower at each pose j of the workpiece.
Moreover, three holonomic constraints can be obtained from the following nine

dependent relationship extracted from the orientation part of equation 6.11

as follows
My, oF _ ,oF
(Rw)J R, = (RW)J
or
M Fy\-1 F\~1
(Rw)J (RW)J = (R)
thus
(R:)J (R:,): = RY = const. (6.13)

154




6.5.2 INVERSE KINEMATICS FORMULATIONS

To this end we assume that the task has been completely defined by the
applications and/or other criteria which have to be satisfied during the task
execution. In other words the position and orientation of the object frame is
known for every point j of the trajectory. Therefore one can easily obtain
the position and orientation of the main end effector with respect to the

world coordinate frame for every point j of the path, that is
My _ ,2Cy M
T, =) T (6.14)

On the other hand it was mentioned that the base frame of the main
manipulator is defined by the transformation matrix T::. therefore the
attitude matrix of the leader arm with respect to its own base frame or T:

can be obtained by the following equation
M m,~1 M
(T, = (T (T, (6.15)

Once the attitude matrix of the main is determined we solve the inverse
kinematics formulations to determine the vector of joint angle @T for the
main manipulator at point j of the trajectory. But first we can express the
attitude matrix in terms of six independent parameters three position
coordinates denoted by vector A and three rotations denoted by I' (for example
the Euler angles), or

M M _M.T
]

M M M M,.T M
W, =1 yD 20 and (™) = [« B 2N)]
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then

e‘J‘ = F(AMT (™) (6.16)

where F(.) is a vector function of the inverse kinematics. Depending on the
nature of the grasp configuration the attitude matrix of the follower can be

determined as shown in what follows
F M C oF
(TD), = (T, IT5 T0) (6.17)

If the base frame of the follower is defined with respect to the world

coordinate frame by T:l then

(T9),= ()7 (T)), (6.18)

And similarly the vector of joint displacements 9: for the follower arm
can be determined for every point j when its attitude matrix is defined in

terms of the six parameters of
Fy  _ pyf F oF T F\ = tof 8F +F1T
(A )j = [Xf Yr Z‘_]J and (r )J [acr Br 7‘,11 )

that is

9;' = G(ADT (F5)N). (6.19)
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CHAPTER 7
WORKSPACE ANALYSIS FOR COORDINATED TWO-ARM ROBOT OPERATIONS

1.1 ___INTRODUCTION

The workspace analysis of two-arm robots have been discussed very
briefly in the literature. In previous chapters, kinematics and workspace
analysis of a single manipulator, as well as the basic kinematics and
constrained relations for the coordinated two robot arms were discussed, and
two different algorithms for determination of the workspace of a single arm
were developed. In this chapter the workspace associated with tightly

coordinated two-arm robots in material handling, will be discussed.

In section two workspace of a coordinated two-arm robot will be
discussed in a general sense. The concept of Triplet Workspace of a
particular case in coordinated two-arm robotic operations, namely when the
object is rigid and the grasps are tight will be proposed and, consequently
an algorithm for the evaluation of the two-dimensional contours of this
workspace will be devised in section 7.3. In section 7.4 illustrative
examples are given, in order to primarily observe the two dimensional
contours of the triplet workspace. Moreover, In this section the effect of
the relative position of the origins of the base frames of the two robots, as
well as the effects of different grasp configurations on the triplet

workspace will be illustrated.




7.2 WORKSPACE ANALYSIS FOR TWO-ARM ROBOTS

In this section the problem of workspace associated with a general
cooperative two-arm robotic workcell will be discussed. To this end we have
investigated the workspace of a single robot arm (chapter five) and
illustrated graphical methods of representation of the boundaries of these
complex surfaces. Now we extend the problem to the cooperative two-arm

robotic systems.

In synchronized two-arm robotic operations where the motions of the arms
a~e synchronized (chapter six), and there is no coupling between them through
a common workpiece, each manipulator will posses its own workspace in the
same sense as defined for single arm robots. For these kinds of cooperative
operations the robots will be placed at different position and orientation
with respect to the other. Depending on this relative set-up of the system,
the individual workspace of one arm may or may not intersect the workspace of
the other manipulator. However since the end effectors move independent from
each other, the individual workspace will not be affected by the existence of
the other robot. Thus the same methods of workspace analysis as discussed for
single manipulators can be applied to the synchronized two-arm robots from
the workspace point of view. The only difference is that now one should put a
great deal of emphasis on the obstacle avoidance and path planning strategies

to avoid collisions between the two robots.
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In coordinated two arm robots, on the other hand, coupling between the
motion of the end effectors through the common object will restrict the
reachable space of each robot, and thus the shape of individual workspace may
change significantly, Bearing in mind that for the coordinated operations the
workspace of two robots are not independent and the two manipulators and the
common object form a triplet, we propose to investigate the overall workspace
associated with the workcell as a whole, and thus propose the concept of

Triplet Workspace.

We define the Triplet workspace as the workspace associated with a
reference point located at one point of interest (C) on the manipulated
object. In general this workspace consist of all those points of the three
dimensional space which can be attained by point C, no matter what the
orientation of the object may be. This general definition of the triplet
workspace in fact, represents the dextrous workspace of the point C. In other
words this amounts to the analysis of the dextrous workspace of one link of a

closed kinematic chain, this link being the manipulated object.

A general geometrical or analytical definition of the dexterous and
reachable workspaces associated with a single robot manipulator is a complex
process, {chapter S). By introducing more than one robot into the workcell,
while handling a common workpiece and producing the triplet, the difficulties
of the analysis of the workspace will be magnified significantly. The
increased difficulties in this respect, will not be limited to the need for
representing each additional robot’s workspace, added to the system, but to

the complex analysis of the workspace of a closed kinematic chain formed by
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the triplet. Therefore in order to illustrate the shape of the triplet
workspace we will resort to the two dimensional contours as explained in
chapter five. However because of the aforementioned complexities involved,
the search algorithms used for single robots will not work for the dextrous
triplet workspace. For a single robot the developed algorithms perform a
two-dimensional search in either cartesian or polar coordinates on a given
cutting plane, whereas for the dextrous triplet workspace one should search
among five independent parameters. Namely two cartesian coordinates of the
boundary point on the plane and three parameters which define the orientation
of the workpiece (Euler angles for instance). One way of locating the
boundary points of the contour on the cutting plane may be resorting to a
constrained optimization procedure. However by making the assumption that
orientation of the object is given when point C is on the cutting plane, one
can use this orientation and perform a two dimensional search over the
cutting plane in order to locate the boundary points associated with the
triplet workspace with constant orientation. This simplified approach will be

discussed in more detail in the next section.

7.3 _TRIPLET WORKSPACE WITH CONSTANT ORIENTATION~ W(C)

In this section we elaborate on the concept of triplet workspace with
constant  orientation for tightly coordinated two-arm robotic operations.
Primarily we discuss the basic features of the defined workspace on a given
cutting plane, and then present an algorithm for the generation of the two
dimensional contours of the triplet workspace. In the remaining chapter we

will use the name triplet workspace instead of triplet workspace
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with constant orientation.
7.3.1 TWO-DIMENSIONAL CONTOUR DETECTION FOR TRIPLET WORKSPACE

Figure 7.1 shows the general organization for the evaluation of the
boundaries of the triplet workspace W(C). In this figure the two coordinated
robots are shown as well as the manipulated workpiece in an initial pose
defined in the world coordinate frame, with the following information

T:, TZ: The grasp transformation matrices for the main and the

follower end effectors, respectively.

T:. T;: The transformation matrices defining the position and
crientation of the base frame of the main and the follower
arms with respect to the world coordinate frame.

Tw : The transformation matrix defining the pose (position and

orientation) of the workpiece with respect to the world

coordinate frame.

The cutting plane on which a two-dimensional contour of the workspace is
sought will be defined in a similar fashion as was discussed for the single
manipulator workspace. As an example the cutting plane denoted by [ in figure

7.1, is chosen to be the world’s XZ plane.

161




TT
z s z
2R Ly
m y M F % Sy f
X y

Figure 7.1 - Cutting plane through the triplet workspace
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To every plaue 1, cutting the triplet workspace, there corresponds a
parall-' plane which passes through the main end effector and cuts its
workspace and another parallel plane which cuts the follower workspace and
passes through its end effector. These planes are denoted by nm and Hf
receptively. The mapping between any points, on plane 11 defined in the world
coordinate frame, and its cc.-responding points on plane IIm and l'If of the main
and the follower arms in their respective base coordinate frames (m; x, y, 2)

and (f; x, y, 2), can be performed by using the following matrix relations,

Th=(" T, Te (7.1
T =(T) ' T, To (7.2)

With the same token the mapping of the points on the hands cutting
planes Hm and TIf , to the plane M will be readily obtained from the following
equations,

c M,-1 ,em\-1 oC
T, =a AT, (7.3)
C _ yoFy-1 ,f\-1 oC
T =) @’ Ty (7.4)

Having defined the cutting planes and the mappings among them,
boundaries of the corresponding workspaces associated with each end effector
on its cutting plane will be mapped to the plane T passing through the point
C of the workpiece by employing equations 7.3 and 7.4. Therefore, two sets of
mapped contours of the hand's workspaces will be obtained on plane T, one for
the main and the other for the follower manipulators. If we denote these two
sets of contours by, Wn(M) and Wu(F ) respectively, then the triplet workspace

for point C on plane 1 or Wn(C) will be the intersection of them on plane T,
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or,

Wu(c) = Wu(M) n Wn(F) (1.5)

Equation 7.5 is a mathematical representation of the triplet workpiece,

however in the search algorithm which will be developed next a different

route will be followed.

7.3.2 TRIPLET WORKSPACE ALGORITHM

A step by step representation of the algorithm for evaluation of the

triplet workspace with constant orientation is given in what follows,

1)

2)

3)

4)

5)

6)

Define the relative position and orientation of the two robot's
base frames in the world coordinate frame (w; X, Y, Z), namely T:'
and T:.

Define the grasping configurations for both end effectors in the
workpiece coordinate frame (C; x, y, 2), namely T: and TZ'

Define the cutting plane (I}, on which the working envelope of the
point C of the object is being sought.

Define the orientation of the workpiece (R:).

Use the grasping configurations and the object orientation to
construct the two cutting planes in each robots workspace parallel
to the plane I, namely Hm and 1 o

Determine R:‘x and .R:“x. the maximum reaches of the main and the

follower robots on their corresponding planes Hmand nf.
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7) Use the position part of transformations given in 7.3 and 7.4, to
obtain the corresponding maximum and minimum reaches on plane II, and
take the larger of the two as the maximum reach for constructing the
searching area on plane 1.

8) Start the search by changing the coordinates of point C on plane T,
and use transformations of 7.1 and 7.2 to obtain the coordinates of
the main and the follower hands in their respective base frames,
corresponding to the current coordinates of point C.

9) Check the reachability for both end effectors on Tlm and nf. If both
are boundary points on their corresponding hand workspaces in plane
Hm and nf assign a status of unity to the current coordinates of
point C and save its coordinates, Otherwise go to the next step.

10} Perform step 8, until the search area is completely covered.

The flow chart representing the aforementioned procedure is given in the

appendix C.
7.4 ILLUSTRATIVE EXAMPLES FOR TRIPLET WORKSPACE
In order to show the results of the algorithm for evaluation of the

triplet workspace, specification of two PUMA robot arms were used. For the

purpose of discussion, three examples are given in what follows.
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Example 1:

In this example the general set-up of a workcell, that is the position
and orientation of the base frames of the main and the follower with respect

to the world coordinate frame are given by the following matrices

1 0 0 o -1 0 1000
m_| O 1 O O r 10 -l 1) o
Tw=lo o 1 o T.=lo o 1 o (7.6
O 0 o0 1 ¢ o o !
and the grasp configurations are defined as follows,
-1 0 0 o 1 0 0 o
Mm_|O0 -1 o o r_lo 1 o o
Te=lo o 1 o Te=lo o 1 o .7
0 0 0 1 o 0 0 1

Finally the desired orientation of the workpiece is given with the

rotation matrix.

c [o -1 o]
RW = -1 0O 0 (7.8)
0 0o -t

In this example in order to minimize the coupling effects between the
end effectors it is assumed that the grasping points are coincided with the
point C (position vectors of the main and the follower hands are zero with
respect to the frame C). Obviously this is not a realistic configuration and
in the real applications both end effectors can not grab the same point of
the object, however since it will produce the maximum workspace for the

aforementioned workpiece and grasp orientations, and alsc for the sake of
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comparison we use the said configuration. Figures 7.2.a ,b ,and c are the
results of the sought triplet workspace. In these figures respectively the
cutting planes are taken as xz, yz and xy of the object reference frame (C;

Xx,¥,2).

As it can be seen from the contours shown in figures 7.2, the triplet
workspace in a coordinated two-arm robot is significantly smaller in size as
opposed to the workspace of single robots. This reduction is mainly due to
the coupling effects between the two end effectors while carrying a common

workpiece.

Example 2:

This example is provided here, in order to show the changes made to the
shape and the size of the workspace associated with the triplet with constant
orientation, by changing the position vector defining the grasping points of
the main and the follower hands. The general set-up of the workcell is the
same as example 1, and also the same grasping orientations for both end

effectors are used. The new grasps for the main and the follower hands are

given as,
1 o0 0 150 1 0 0 -150
m_lo -1 o20| . r_lo 1 o -200
Te=lo o 1 200 Tc=lo o 1 20| U9
o 0 0 1 o 0o o0 1

The workspaces associated with point C, on the same cutting planes as in
example 1 are shown in figures 7.3.a, 7.3.b and 7.3.c respectively for xz, yz

and xy planes.
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Polar plot of the triplet workspace on XZ plane
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Figure 7.2.a - Polar plot of the triplet workspace on XZ plane
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Polar plot of the triplet workspace on YZ plane
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Figure 7.2.b - Polar plot of the triplet workspace on YZ plane
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Polar plot of the triplet workspace on XY plane
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Figure 7.2.c - Polar plot of the triplet workspace on XY plane
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Polar plot of the triplet workspace on XZ plane
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Figure 7.3.a - Polar plot of the triplet workspace on XZ plane
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It can be observed from the figures shown above, that by moving the end
effectors away from each other (changing the grasp positions), the workspace

of the point C on the same cutting planes has drastically deformed and

decreased in size.

Example 3:

The purpose of this example is to show how the shape of the triplet
workspace will change, if the relative position of the base frames of the two
manipulators are modified. If we denote by h, the distance between origins of
the main and the follower manipulators, one can use this parameter as an
adjusting tool in order to establish a set-up which produce larger triplet
workspace for given grasp configurations. For instance if the set-up of the

workcell and the grasp configurations are defined with the following

matrices,
1 0 O oO -1 0 0 h
m_|}0 1 0 O f _ |0 -1 0 0
Tw=lo 0o 1 o Tw=]lo o 1 o (7.10)
0O 0 o0 1 0 o 0 1
-1 0 0 100 1 0 0 -50
TM _ |10 -0707 -0.707 150 TF _lo 0.707 0.707 -100 (1.10)
c | 0O -0.707 0.707 200 c |0 -0707 0.707 50 '
0 (] (o) 1 0 0 0 1
And the position and orientation of the workpiece is given as
1 0 0 hse2
c 4] 1 0] o)
Tw = o 0 1 0 (7.12)
0 0 O 1
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Then with two different values uii h the triplet workspaces were obtained
on the three cutting planes of XZ, YZ and XY planes of workpiece coordinate
system. Figure 7.4.a shows the workspace of point C on XZ plane with h=1000
mm. In figure 7.4.b, the same workspace is shown when h=1500 mm. It can be
observed that for the given grasp, h=1500 mm will produce a continuous and
larger two dimensional contour for the triplet workspace as compare tc the
one obtained when h=1000 mm. Thus for the given grasp one may use the concept

of triplet workspace in order to design the set-up of the workcell.

Figures 7.5.a, and b are the triplet workspaces on the YZ plane where h
is 1000 and 1500 mm respectively. The same trend as was explained above can
be observed here, that is increasing h to 1500 mm will produce a continuous

and larger two-dimensional contour.

In figures 7.6.a and b the contours of the triplet workspace shown on
plane XZ of the workpiece coordinate system with the two mentioned values of
h, where again on this cutting plane the change in the shape of the triplet

workspace is observed.

From the foregoing results, the importance of the set-up of the two-arm
robot workcell can be concluded. In this regard, it was observed that by
changing the distance h between the origins of the robots, the corresponding
triplet workspaces can change significantly. Therefore a major question which
may arise is that, what should be the best h, or how much apart shouid thLe
bases of the robots be installed in order to produce an optimum workspace for

a given task. In fact a more general question imay arise in this regard, that
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is what would be the best position and orientation of the base frames of the
robots with respect to the world coordinate frame. In the following chapter
the problem of synthesis of the workcell will be discussed where we propose a

methodology in order to achieve an optimum workcell for a given task.
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CHAPTER 8
WORKCELL LAY-OUT FOR COORDINATED TWO-ARM ROBOTS

8.1 _INTRODUCTION

In this chapter the problem of the set-up of coordinated two-arm robotic
systems will be addressed. In the previous chapters the workspaces associated
with two coordinated robot arms were discussed and the concept of triplet
workspace was introduced. So far, we have always assumed that the two robots
are already placed in the workcell and their base coordinates are known with
respect to the world coordinate frame. The analysis of the workcell have been
made based on the given relative set-up of the workcell. By relative set-up
of the workcell, it is meant, the relative position and orientation of the
base frames of the main and the follower manipulators with respect to the
world coordinate frame. In the following sections we will investigate the the
set-up of a coordinated two-arm robotic workcell. In section 8.2 the general
problem of the optimization of the workcell set-up will be defined and the
corresponding formulations will be developed. Section 8.3 is devoted to
expand on the optimization methods for solving the problem at hand. Exterior
and Interior penalty function methods will be discussed for converting the
constrained minimization problem to an unconstrained one. And also the
conjugate gradient method will be discussed for solving the unconstrained

problem.



It was shown in the previous chapters that how the distance between
origins of the base frames of the coordinated robots (h) plays a significant
role in the shape of the triplet workspace; thus, it is important to
investigate the set-up of the workcell for tasks or family of similar tasks
to be performed. As the first approach in synthesis of the workcell it is
assumed that one has the flexibility to adjust the distance h between the
origins of the two robots. In other words one may treat h as a design
parameter for the synthesis of the workcell for certain operations. In fact
this approach may well find applications in material handling or assembly
operations, where the sizes of the objects may vary, and thus new adjustments
for the workcell be in demand. This adjustment may be performed by placing
one of the robots, the follower for instance, on a track which in turn will
enable the distance between the bases to be adjustable. A case study in
material handling operations of coordinated two-arm robots is given in
chapter nine, in which we will investigate the set-up of the workcell in

terms of h, (Hemami et al. 1991).

8.2 OPTIMIZATION OF THE SET-UP FOR COORDINATED TWO-ARM ROBOTS

We have demonstrated the effectiveness of the relative position of the
base frames of the manipulators in the coordinated environments on the shape
and size of the overall workspace of the system, and now we extend our
investigation further more, taking into considerations both position and
orientation of the base coordinate frames of the two robots with respect to
the world coordinate frame. In fact in contrast to the case of finding an

optimum value for the distance between the two robots’ base frames (h), we
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will attempt to optimize the position as well as the orientation of the
robots with respect to the world frame. An optimization problem will thus be
formulated to determine a relative set-up of the workcell in order to satisfy
certain performance criteria. This will lead to a nonlinear programming
problem which will be formulated and solved by using Sequential Unconstrained

Minimization Technique (SUMT).

Although the method introduced here is for the synthesis of a two-arm
robot, it can be used for single manipulator workcell or even coordinated
multi-manipulators as well. As a general approach we will consider four
design parameters for each manipulator, namely, three cartesian coordinates
to define the position of the origin of the robot’s base frame, and one
rotation angle for its orientation. The performance criteria to be optimized
in will be chosen as the Joint Availability of the manipulators throughout

the execution of the task.

8.2.1 DEFINITION OF THE PROBLEM

In this section the definition of the problem for optimization of the
set-up of a manipulator for a given task will be given. As a practical
application, consider an object to be carried through m poses along a given
trajectory (Figure 8.1). First we assign the object coordinate frame to the
workpiece (frame C). Thus for every pose of the workpiece along the
trajectory one can define a transformation matrix defining the position and

orientation of the object with respect to the world coordinated frame as
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World coordinate
frame

Figure 8.1 - A typical robotic task
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c ; c
(T::,)J = [ ‘R §(Pw)J] J=12,..m. (8.1)

The grasp configuration is defined in a similar fashion by a
transformation matrix. If we denote the tool frame of the hand of a general
manipulator by H, where for the case of the main and the follower
manipulators H will be replaced by M and F respectively (chapter 6), then the
position and orientation of the grasp will be defined by a transformation
matrix Tz ,(for the case of material handling of a rigid object, this
transformation will remain unchanged throughout the task). For each pose j of
the object during motion, the transformation matrix of the end-effector with

respect to the world reference frame is defined by
By _ ,+C H
T,= @, T. (8.2)

Our main problem now, may be defined as follows: Having the
transformation matrices of the end effectors for the m poses of the object,
what would be the best position to fix the base of the robot(s) and with what
orientation, in order that a performance index (PI) is optimized. An
appropriate choice for this performance index will be the Joint Availability
of each robot arm. Some other quantities that could be chosen for this
purpose are the joint torque values, energy consumption, cycle time, etc. The
reason for choosing joint availability as the performance index is the fact
that our main concern is the workspace characteristics; also it was

demonstrated, how important the physical limits of the joint variations are
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on the workspaces (chapter 5). On the other hand, the joint availability, is
a direct measure of the overall closeness of the joint values to their
limits. Let q‘l' and q:' be the upper and the lower limits of the variations of

joint i, respectively, and let

{ =1,2,..N. (8.3)

where N is the number of joints in the arm and q: is simply the midpoint of

the range of operation for joint i. Moreover let

o
"

T
LR N (8.4)
) [qu 2y %y qm]

and

T
Q. [q Q 9 - qn]' (8.5)

Where Q‘| is the vector of joint variables for the robot, corresponding
to pose j of the trajectory, and Q' is the vector of Jjoint midpoint values
which is constant for all poses of the workpiece. Next the Euclidean norm of
the difference between the current values of each joint Q and Q' for a pose j

of the trajectory will be defined as,

] . 2 *.2 _ ®.2
ej: ”QJ- QI = ﬁqu- ql) + ‘qZJ- qz) + eeee (qNJ qN) (8.6)

Since the physical ranges of the joints for a manipulator are usually

different in magnitude, it is preferable to introduce weighting factor w . for
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because of these differences. Thus equation 8.6 can be rewritten as,

N 172
02
e = ( ‘le‘(q” - q’) ] J =12,... m. (8.7)

The weighting factors are selected as

2
[max(ql:- qll')]
wo= = TR t = 12,.N, (8.8)
(ql- ql)

Then, for a joint with a smaller range of motion, a larger weighting
factor will be determined. And the factor for the joint with the largest
range will be unity. In the light of equation 8.6, the sum of the square of

the errors corresponding to all m poses can be expressed as
E = e+ e+ ... e2. (8.9)
1 2 m

Equations 8.9 and 8.7 can be combined and written in a compact form as

follows,

m N
_\ L o2
E-= }_‘ Z wx(qu ql) (8.10)

J=1 J=1

where E is the performance index to be minimized in order to maximize joint

availability. In equation 8.10, E 1is defined in terms of the joint
]r

" can be determined

coordinates QJ. however the vector Qf [q” q,....q

2)
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from the inverse kinematics formulations of the manipulator only when the
base frame of the robot is fixed with respect to the world coordinate frame.

Therefore, we define a set-up vector I' whose elements are yet to be found as,
r=Ix, v z BN (8.11)

where x, v and z are the cartesian coordinates of the origin of the
robot's base frame, and B is the angle of rotation of the x-axes of the robot
base frame and the world frame, assuming that their z-axes are parallel. This
is in fact a rational assumption since usually the z-axis of the robot’s base
frame is vertical and thus rotations about the world’s x and y axes which in
turn make the z-axis of the base to be inclined, are not desirable. The
objective is to find elements of the set-up vector (8.11) for a given

task, while minimizing the performance criteria in equation 8.10.
8.2.2 FORMULATIONS OF THE PROBLEM

It is assumed that m desired poses of the object along the path are
defined by equation 8.1, therefore by employing equation 8.2, one can
determine m corresponding poses for the hand of the robot(s) involved. On the
other hand in light of equation 8.1, we can express a homogeneous
transformation matrix T; , corresponding to the set-up vector I' , which
defines the position and orientation of the base frame of the robot with

respect to the world coordinate frame as,
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cosB -sing

To . stnB cosB
w 0 0
0 0

(8.12)

OO0
- N X

it then follows from equations 8.1, 8.1 and 8.12 that at each of the given

points on the trajectory
T, = A" (O, T Jt2.m. (8.13)

T:: is in fact the attitude matrix of the robot's hand, that can be used
for determination of the joint angles for each point on the trajectory from
the inverse kinematic solutions. Since T: depends on the unknown elements of

I in 8.13, for each point of the trajectory, we may write the vector of joint

coordinates as a function ¢ of the elements of I' and elemeni. of the grasp

matrix and the task matrix as

QJ = ¢[X. Yy, 2 8, T:. T:] (8.14)

Now we are in the position to construct the objective function of the
problem with X, y, z and 8 being the design parameters. Thus we rewrite the

performance index given in 8.10, as a function of the design parameter as

2

m N
E(x,y,z,8) = } Z wl(ql J(x,y,z,ﬁ) - q:) (8.15)

J=1 =1

Equation 8.15, is the objective function or the performance index of the

optimization problem, to be minimized, over the elements of the set-up vector
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I'. Having defined the objective functionr, next we have to, take into account
tne constraints of nonlinear programming at hand. These constraints
associated with the minimization problem are the limits on the joint motions,
meaning that each joint’s variation must fall within its physical range of

operation, that is

L v i =12,.H
q, s q” s q, {j = 1,2,.m (8.16)
or v
(qu- ql) s0 t =12,..N )
(8.17
( q';- qu) s0 J = 12,..m

This will introduce 2m x N inequality constraints to be satisfied in
addition to the fact that the joint variables must be determined from the
inverse kinematics solution, and singularities of the solutions will have to
be avoided by constructing some additional constraints. In fact since a
solut on for the joint variables exist only when the end-effector moves
within the Jacobian surfaces of its workspace (within the reachable area),
then we resort to the reachability of the robot as a supplementary
constraint. In order to consider the reachability of the end effector in
terms of the singularities, we resort to the concept of maximum and minimum
reaches of a manipulator which were discussed in chapter 5. Incidentally one
may adequately substitute the conditions for an answer to exist, by stating
that the end effector must remain within two concentric spheres denoting the

maximum and minimum reaches of the robot. Let Rm“ and len be the radii of
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|
the largest and the smallest spheres accessible by the end effector with

their centers coincided at the origin of the robot’'s base (figure 8.2), and
R ! represents the magnitude of the position vector (P';) of the hand at each

point Jj, that is,

H 2 2 2
RJ = nrju = ‘A’x; + P, + P, - (8.18)
In equation 8.18, P, y pyj and sz are the cartesian coordinates of the

origin of the tool frame of the robot, thus it is essential that

R = RJ(x, y, 2, 8) =R o (8.19)

min ax

or

max

R (x,y,2,8) -R s0
. J=1,2,..m (8.20)

len - RJ(x,y.z.B) =0
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Figure 8.2 - Maximum and minimum reach of the robot
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Thus the nonlinear minimization problem at hand can be formulated as

follows,

Find x,y,z and 8 to minimize

m N
E(x.y.Z.B) -§ Z Wl(qu(x|Yosz) - q:)z
,|=-l‘ J=1

subject to

f : The inverse kinematic relationships
. - u )

g,: (q” q, )= 0

g:(gt--q)so0 {=1,2,...N
¢z v b j=1,2,...m

g (Rj- Rm‘x) =0

g Rz RI=0

8.3 OPTIMIZATION METHODS

(s.21)

(8.22)

In this section a brief review of some of the most popular nonlinear

optimization methods will be made and one of them which best suits our

problem will be chosen. In the most general case constrained

optimization problem can be stated as,

Minimize F(x) Objective function
Subject to; gk(x) 0 Inequality constraints
hj(x) =0 Equality constraints
k =12,..m
J=12,..1
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Where

x=4 2 Design variables

m and | are the number of inequality and equality constraints respectively.

The general approach to solve constrained nonlinear optimization
problems is to convert the problem to an unconstrained optimization case, and
solve it with one of the well-established unconstrained techniques. The
motivation here is to minimize the objective function as an unconstrained
problem but to provide some penalty in order to limit the constraint
violations. Because the way in which this penalty is imposed, often leads to
a numerically ill-conditioned problems, usually a method is devised whereby
only a moderate penalty is provided in the initial optimization stage, and
this penalty is increased as the optimization progresses. This requires the
solution of several unconstrained minimization problems in obtaining the
optimum constrained design, thus the term Sequential Unconstrained

Minimization Technique or SUMT is used to indicate these methods.

The classical approach in using SUMT is to create a pseudo-objective
function of the form

&(x, rp) = F(x) + r p(x) (8.24)

where F(x) is the original objective function. p(x) is an imposed
penalty function the form of which depends on different methods of SUMT being
used. The scalar rp is a multiplier which determines the magnitude of the

penalty and is held constant for a complete cycle of unconstrained
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minimization. The subscript p is the unconstrained minimization index which
corresponds to the sequences of the unconstrained minimization cycles. In
what follows, two standard method of the penalization of the objective

function are briefly reviewed (Fiacco and McCormick 1969),
8.3.1 Exterior Penalty Function Method

In this method the penalty function p(x) is typically given by

= 2 - 2
pix) = Z {max[O. gk(x)]} + Z [ h J(x)] (8.25)

k=1 i=1

From 8.25, we see that no penalty is imposed if all constraints are
satisfied (i.e. all gk(x) s O and all hj(x) = 0), but whenever one or more
constraints are violated, the square of this constraint is included in the
penalty function. The reason why the constraint violation is squared is that
this provides a slope of zero for the penalty at the constraint boundary,
thus ensuring a continuous slope of the pseudo-objective function &(x, rp),
however the second derivative is not continuous at the constraint boundary,
and that is a possible source of numerical ill-conditioning if minimization
methods which require second-order derivatives are used for the unconstrained

minimization.
Consider now the multiplier rp. if one chooses a small value for rp, the

resulting function &(x, rp) is easily minimized but may result major

constraint violation. On the other hand a large value of rp will ensure near
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satisfaction of all constraints but will create a very poorly conditioned

optimization problem from a numerical standpoint. As a simple example figure
8.3.a shows a two dimensional constraint problem before penalizing the
function and in figure 8.3.b and c, the penalized pseudo-objective functions
are shown for two different values of rp . From the foregoing discussion and
figures 8.3.a and 8.3.b it can be seen that the best optimum solution of the
exterior point method is always approached from outside of the feasible

region, this characteristic is certainly undesirable for our minimization

problem.
8.3.2 Interior Penalty Function Method

This method provides a sequence of improving feasible design but does so
at the expense of creating a more complicated unconstrained problem. The
difference here is in the form of the penalty function applied to inequality
constraints and that the penalty parameter is decreased instead of increased
during the optimization process. Probably the most common penalty function

used in the interior method is (Fiacco and McCormick 1969),

m
plx) = Z -E—('l;)— (8.26)
f

3=1

Thus the pseudo-objective function will be given as,

m
") = - ! 1
&(x, rp) F(x) rpz -?JG‘T— (8.27)

=1
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r; is the penalty parameter and is primed to distinguish from rp. In
fact r; starts as a relatively large positive number and decrease while rp
begins as a small positive number and increases. Here after each
unconstrained minimization cycle r; s muitiplied by 7’, where 7’ is a number

less than 1.0, say 0.3. (Fox 1980). An alternative form of p(x) is

p(x) = Z—log (—g ,(")] (8.28)

y=1

and this is often recommended as being slightly better numerically
conditioned. The interior penalty function approach has the advantage that a
sequence of feasible design is approached, but has the potential difficulty
of having to deal with the discontinuity of &(x, r;) at the constraint
boundaries. Figure 8.4 shows the interiorly penalized constrained problem,
note that the constraints are satisfied for all values of r; while &(x, r;)

is continuous.

In our optimization problem defined in 8.21, the satisfaction of the
reachability constraints g, and g, are very crucial, since by violation of
these constraints we are actually on the Jacobian surfaces of the workspace
and the solution to the inverse kinematics on these surfaces will be
singular. This will be a barrier for the continuation of the algorithm since
in a singular cycle, one may not be able to calculate any values for the

Jjoint variables.
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Figure 8.3.b - Pseudo-Objective function in Exterior penalty method
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Figure 8.3.c - Pseudo-Objective function in Exterior penalty method
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In the interior penalty function method the convergence is reached from
within the feasible region (all constraints are satisfied) provided that &(x,
r;) is continuous at the constraint boundaries, whereas in the exterior
method even at the optimum solution, some of the constraints may be still
unsatisfied. This feature is indeed undesirable for our minimization problem,
and thus the method of interior penalty function was implemented to convert

the constrained problem to an unconstrained one.
8.3.3 UNCONSTRAINED MINIMIZATION TECHNIQUE

For the minimization of the unconstrained problem the method of
Conjugate Gradient was chosen, since only the first derivatives are necessary
for this algorithm, and also it has been shown that this is a powerful
technique and easy to incorporate in computer programs. The basic idea is
minimization along conjugate directions. Two direction s' and S are
conjugate if

shus' =0 (8.29)

where H is the Hessian Matrix whose components are the second partial
derivative matrix of the function ¢. Although we speak of the second
derivatives here, however this is only to define conjugate directions and in
the implemented algorithm the need for calculation of the Hessian matrix H
will be ©bypassed. Conjugate directions are in fact the so called
non-interfering directions. This means that the process of minimization along
one variable is not spoiled by subsequent minimization along another variable

(Press et. al.,, 1988). Next the conjugate directions will be chosen as the
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one dimensional search directions along which every design variable x will be
minimized. This is accomplished by specifying an initial search vector as the

steepest descent direction defined by,
s? = -v8(xY) (8.30)
On subsequent iterations the conjugate direction is defined as
s = -v0(x") + A 5T (8.31)
where the scalar Aq is defined as,
v o(xH1?

A = — (8.32)
g v &(x%")|

One of the algorithms for the conjugate gradient method is called the
Fletcher-Reeves approach, which was implemented for our minimization problem
(Press et. al, 1988), a flow chart for this algorithm is given in figure

8.5.

A knowledge of the gradient vector of the objective function in the
process of minimization is necessary, therefore we must obtain the elements
of the gradient of the objective function with respect to the design
variables x, or Vd(x); this requires a very lengthy process of
differentiations. The final solutions for the elements of the gradient are

given in the appendix, while the process of differentiations are skipped.
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Figure B.6 ~ Flowchart of the Fletcher-Reeves method
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A major feature of the minimization problem at hand should be stated
here, and that is, since the inverse kinematics are in the form of tangent
inverse functions which are non-convex, therefore the objective function E
will also be a non-convex function of x. Therefore we will not be able to
determine any global minimum for the function, and thus depending on the
choice of the starting point, we may locate different local minima on the
boundary of the feasible region. Therefore a very important issue regarding
this method is the choice of the starting points in minimization procedure.
Because of the complexity of the Kkinematic formulations and task-dependent
characteristics of the initial values, it is not possible to propose a
generalized methodology for choosing ihe starting points for any given task.
More elaboration on the initial values of x, y, 2z, and B is given in the

following sections where numerical examples are presented.

.\ computer program called "SET_UP.C" was developed which implements the
nonlinear constrained minimization problem, with Fletcher and Reeves method,
while interior penalty function is used for the conversion of the constrained
problem to an unconstrained problem. This program finds the optimum set-up of
a robot manipulator with respect to the world coordinate frame, given an
initial guess for the set-up vector of the arm. The flow chart ccrresponding

to this program is given in the appendix c.
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CHAPTER 8
APPLICATION CASE STUDIES

9.1 INTRODUCTION

In this chapter the methodology and formulations developed in the
previous chapters will be applied to particular material handling operations.
Primarily in section 2, we will illustrate two examples of the material
handling with tightly coordinated two-arm robots, where the set-up of the
workcell will be optimized by using the program SET_UP.C presented in chapter
8. In the first example the path to be followed is a straight line and in the
second example a circular path will be used. Also in the second example
effects of the weighting factors W, of the joint variations which was defined
in chapter 8, on the optimum solution will be observed. In section 8.3, we
will present a case study in material handling operations in which only the
distance between the two robots will be adjusted for handling of a family of

beams whose lengths are variable.
9.2 OPTIMUM WORKCELL SET-UP

In what follows two examples regarding the set-up of a two-arm robotic
workcell will be discussed. The program SET_UP.C discussed in chapter 8 is
used for the optimization of the set-up of the workcell. The following
notations will be used in these examples. Given m poses of the object (frame
CJ ) defined by (T;)j the corresponding poses of the end effectors are
denoted by (T"":)J and (T;)J. Grasp configurations of the end effector for the

main and the follower arms are given by T: and T:; respectively. Moreover, we




= T = T -
assign l‘m— [xm Y ﬂJ) and rf- [xr Y, Br] to be the set-up vectors for
the manipulators. It is assumed that the elevations of the two robots base

frames are the same, thus zmand z are not included in their corresponding

vectors.

Furthermore Q. defined in chapter eight is denoted by 8; for the main
robot and by 8: for the follower arm. The numerical values of these two
vectors are not necessarily equal. In fact these values will be used as means
of controlling certain requirements for the workcell. For instance by a
proper definition of these values, it will be shown that we can have control
over the robots postures during the execution of the task (e.g.
Shoulder/Elbow configurations). For the set-up of the workcell in the
following examples specifications of two PUMA-560 manipulators will be

employed.
9.2.1 EXAMPLE 1|

It is required to set-up a coordinated two-arm robot with the following

requirements.

The workpiece travels from an initial pose designated by Cl on a
straight line to the final pose of Cxo‘ while keeping a constant orientation.
Ten number of poses will be considered along the path and the C1 and Cm are

given as follows,
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" 07071 0.0 07071 10500 ]
c 0.0 1.0 00 650.0
(M, = |-070m 00  o70m  -1000 .
| 0.0 00 00 10
r 07071 0.0 07071 7500 )
¢ 0.0 10 00 400.0
(Teho" |-070m 00 o70m  -1000 (0.2)
00 00 00 10 |

Moreover, the grasping configuration for the main and the follower are

defined as
[ 00 0.0 1.0 -60.0]
M 1.0 00 0.0 =150
Te=1o0 10 00 -200 9.3)
| 00 00 00 1.0 |
and

00 00 1.0 600
F |10 00 00 150
Te=)o0 -10 00 200 (0.4)
00 00 00 10|

Also, it is required that both robots perform the task in Left-Shoulder
Elbow-Up configurations, and in order to avoid collision between the robots
it is important to install the robots on two opposite sides of the path. Thus
to fulfill the foregoing requirements, the following values are chosen for e;

de.
and €,

e; = e: =[10 -225 155 30 10 10 (9.5)

The starting values of the l‘omand I‘orare calculated in such a way that
the base of the robots are located on the normal bisector of the line cxcxo

passing through Cs. with distance P, on both sides, where the value of P, is
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defined as

lex *+ len

and the calculated initial values of I’ and T are, T = [48L1 978.6 -45°)7

and I_= (1347 7L3 135°)7

Results of this example are shown In figures 9.1 to 9.3, where the
optimum set-up of the workcell shown in a top view is given in figure 9.1 and
the joint variations throughout the trajectory are given in figures 9.2 and
9.3 for main and follower arms respectively. In these plots upper and lower
limits of every joint as well as the guideline values of each joint 6: are
also given. The final optimum solution for the set-up vectors of the robots

are

X =355 mm, y = 360 mm and B = -148° (9.7
m m m

X = 1185 mm, v ¢ = -167 mm and B.= 100° (9.8)
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9.2.2 EXAMPLE 2

In the second example, the path followed by C from C1 to Clo is an arc
of a circle with a radius of 900mm, while orientation of the object should

change uniformly from the orientation of Cl to that of Cm. where

10 00 00 5000
c 00 10 00 5000
O {00 00 10 -1000 (9.9)
00 00 00 10

10 00 00 500
¢ 00 00 1.0 8500
(TWio™{ 0.0 -10 00 -3000 (9.10)
00 00 00 1.0

this is in fact a rotation of -90 degrees about the x axis of the Cl frame.

We further assume that the grasp configurations are those given for
example 1, but here we require that the main robot arm performs the task in a
Left-Shoulder Elbow-Up configuration while the follower arm maintains a
Right-Shoulder Elbow-Up arrangement. In order to satisfy these conditions,

the following values of e; and 9: are chosen,

e; = (10 -225 155 30 10 10]" (9.11)

e: =[10 -157 25 30 10 10)7 (9.12)

and with the given information initial values of the set-up vectors for the
main and the follower manipulators were determined as,
r_=1609.9 143.8 -45°' and T =[-41 213 135°)".

om
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Primarily in this example, weighting factors of unity were assigned to

each joint, and the following results were obtained,

X = 35 mm y = 1249 mm B = -116° (9.13)
m m m
and

X,= -334 mm y = 518 mm B = 210° (9.14)

By using these results for this set-up of the robots, variation of the
Jjoint angles for the arms moving from initial to final positions were
determined. from the inverse kinematics solutions It was observed that for
this example the constraint on joint 5 of the main robot is being violated

(Figure 9.4).

In order to overcome this problem a new set of weighting factors were

assigned to the main robot as,

w =[111 15 1] (9.15)
m

new results for I‘m, using the aforementioned w _are obtained as,
X =8 mm y =1264 mm and 8 = -103° (9.16)
m m m
The final set-up of the system is shown in figure 9.5, and the

simulation results for the joint variations of the main and the follower are

given in figures 9.6 and 9.7, respectively.
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9.3 A CASE STUDY OF TWO-ROBOT-ARM BEAM LOADING lIWORKCELL

A particular case of a material handling problem with two collaborating
robot arms in Joading/unloading of long objects from a conveyor is studied.
In this case study the only design parameter is the distance between the
bases of the two arms and arms are assumed to have their axes parallel to
each other. The feasibility of the task from a kinematics point of view, and
the necessary conditions and constraints for the relative set-up of the two
manipulators are discussed. Also, it can be seen that changing the distance
between the two arms may be considered as changing the length of the

workpiece when handled with two fixed arms.

9.3.1 PROBLEM DEFINITION

The main purpose of this case study is to investigate the required
set-up and the feasjbility of a specific material handling task to be
performed by a coordinated two-arm robot system. This particular task is a
conveyor loading/unloading operation; two robot arms both mounted on one side
of a conveyor pick up a long beam and carry it to the other side in a tightly
coordinated fashion. Kinematics require that each of the two arms always
remains in its working envelope. Furthermore, it is more economical if this
operation can be carried out for beams with different lengths without
read justing the distance between the two arms. Two features, concerning the
set-up and operation of this workcell will be investigated which are outlined

as follows:

a) Given the maximum and minimum lengths of the beams , determine the
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feasibility of the material handling task and (if feasible) the required
distance between the two arms bases.

b) Having specified the distance between the bases of a pair of arms for a
set of predefined initial and final positions/orientations of the
workpiece for a given task, what will be the range of the beam lengths

that meet the reachability requirements of both arms throughout the task.

The structure, notations and terminologies which will be utilized for
this example as well as the formulations for solving the inverse kinematics
of the tightly coordinated two-arm robots are those discussed in chapter 6.
Moreover, for the workspace determination of the system algorithms presented

in chapter 5, are used. Specifications of two PUMA-560 robtot arms are used.

9.3.2 TWO-ARM CONVEYOR LOADING/UNLOADING PROBLEM

A common material handling problem in manufacturing is loading and
unloading a conveyor (figure 9.8). The feasibility of this task as far as
the kinematics «f motion are concerned is studied in this section. This
leads to the necessary conditions for the arrangement of the two arms. Both
arms are on one side of the conveyor. Kinematically, it is necessary that
the object be reachable by the two arms when on the conveyor, and remain

reachable by them during the course of displacement.
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The workpiece coordinate frame (frame C) origin is at its geometric
center, or mass center. The base coordinate frame of the follower is at a
distance h from that of the main arm (Fig.9.8). In this sense the
transformation matrix of the follower base coordinate frame relative to the

main arm base is given by

9.17)

h can be considered as a parameter that may be adjusted for various tasks and
for various objects. In other words, if the follower arm can travel along a
rail, it can be fixed at a desirable distance h, depending on the geometry of

the object to be handled.

For the case under study it is assumed that the conveyor is horizontal
and parallel to the x-axes of the two arms ,and the object is symmetric
about its mass centre and is parallel to the x-axes, when on the conveyor. It
is also assumed that the object is lifted from above, that is, the approach
vector of both end effectors are vertical. More specifically, the orientation

matrix of the end-effectors are

o 1 0

1 O 0 (9.18)
0O 0

In what follows 1 is the effective length of the object, which is the
distance between the tool points of the two end-effectors, since a long
object is not necessarily held at both ends; instead it can be held at two

other points.
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With a constant h and a given orientation a number of parameters as

discussed below can be defined for the material handing problem under study

as jllustrated in Figure 9.8:

n

2)

3)

4)

lmx is the maximum length of an object reachable with the given
orientation at a distance A from the xz-plane (representing the
conveyor distance from the two arms ) and at a level I' (representing
the height of the conveyor)

lmm is the minimum length reachable for the same orientation, A
and T,
bmx is the maximum opening between the two arms end-effectors with
a given orientation at A = 0. This indicates the absolute maximum
distance between the two end-effector tool points (bmx corresponds
to completely folded configuration of the arms).
bmln is the minimum opening associated with bmax (bmln corresponds
to fully extended configuration of arms which the desired
orientation is achieved). bmln is of little practical interest,

since the maneuverability of any object having a length brlnln is

almost zero, because the two arms are fully stretched towards each

other.

If h changes to h + Ah then all the associated object length values change

accordingly, that is
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! -] + Ah

min min

b —b + Ah (9.19)
n m

m!} in

Il -1 + Ah
max max

b —b + Ah
max max
We note that the workpiece may be carried in any of the three following

fashions, if possible:

a) The workpiece may be lifted from conveyor and without a change in
orientation be translated in a symmetrical way to the other side of the
arms where it is unjoaded,

b) The workpiece may be rotated after being lifted so that it can pass
through the arms by directing one end first and then reoriented before
it is placed on the unloading platform.

¢) The workpiece may be carried to the unloading platform overhead the two
arms. In this way, during the transportation it will be rotated by 360

degrees about its longitudinal axis.

In (a) the length of the object cannot be more than bmx. thus, although
a workpiece with length l'mx can be reached by the two arms it cannot be
transported in this fashion. (b) offers more flexibility as long as the
length of the workpiece is concerned, in the sense that it allows objects
longer than bmx to be carried. On the other hand it is more difficult to
tackle because of the care for collision between the arm and the extension
length from the grasp point at each end of the workpiece. Moreover, how much
rotation is required and the whole maneuver must be studied for feasibility.

For longer objects that we may not carry out the motion as in (a) and (b) we
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may be able to use (c). Theoretically the length of the workpiece does not

cause any restriction for this type of motion.

In this work only the (a)-~type motion is studied; the other two require
further research. For this type of motion as it is understood from the above
discussion it is necessary that < length < b . Moreover, it is

min max
assumed that a workpiece is held symmetrically, and it is moved in a
symmetrical fashion with respect to the two arms. In this case the working

envelope for the two end-effectors will be similar.

For a fixed h and known A, T and orientation of each end-effector, the
working envelope of the two-arm workcell depends on the length of the
workpiece. However, because of the assumption for symmetry, the effect of the
length may be regarded as a change in the x-coordinate for the position of
each end-effector. As a result, the problem of finding the working envelope
for various lengths (of the workpiece) reduces to finding the two dimensional
contours on some planes perpendicular to the x-axis and at different

distances from the base of each robot arm.

Figure 9.9 indicates one of the contours (including two voids) for the
main arm (PUMA 560). The corresponding relationship between 1, the workpiece

length, and Xy for which the contour is determined, is

lL=h-~-2x (9.20)

From this contour it also may be found that for a conveyor at the same

level as the arm bases, that is for I' = O , the maximum value for A is 0.8 m

222



(point C). Furthermore, supposing that the workpiece is picked up at point

C, for which & = -0.75 and I' = 0, and it must be unloaded at a distance &’
= 0.5" on a platform which is 0.2™ lower than the conveyor (point C,). This
task is feasible, however, the paths for the two end-effectors (and,
therefore, the workpiece centre) cannot be a straight line because of the
void; a deviation from straight line becomes necessary to bypass the voids;
preferably the workpiece must first be raised by, say, 0.1 m and then lowered

after being taken to the other side.

Figure 9.10 shows a number of graphs which correspond to part of the
workspace that is free of voids. These graphs represent the contours of the
workspace of a PUMA 560 with the same orientation as in equation 9.18 when
cut by various planes perpendicular to the x-axis. Equivalently it
represents the relationship between maximum A and maximum I' for objects of
different lengths that can be nandled with a pair of PUMA arms installed as
in figure 9.8 with a constant h. Nevertheless, if h changes, that change
will be reflected in each length according to relations 9.19. For the sake
of clarity, a nominal value of 2.46™ is assigned to h and the associated

length values are shown.

The two problems that have been addressed earlier in section 9.3.1 may

now be investigated by using figure 9.10. Supposing that h = 2.46 m’ then

b can be found to be b = 2.06 ™. Point A corresponds to a workpiece at
max max

m M A is inside the

a height ' = 0.2 and on the conveyor at A = -0.6

working envelope for all the curves containing A (with the orientation in Eq.
9.18). Thus, according to the contours shown, the shortest workpiece capable

m

of being handled is 1.22 meters long and the longest is 1.5 long. Since
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15 < bmx. then 1.22 < | < 1.5 represents the range of the beam lengths that

may be carried by the two arms when instailed 2.46 ™ from each other-.

Moreover, if the distance must be set for carrying beams of length
between 1.4 ™ and 1.8 ™ where they must be picked up atT' = O and A = -0.5 m
corresponding to point B, and be unloaded at I' = -0.2 M and & = 04 m
corresponding to point C, then it can be seen from figure 11 that the nearest
contour containing both B and C corresponds to 1 =1.06 M If the difference

1.4 - 1.06 =0.3¢ ™ is taken as 4h and Is added to the nominal distance of

2.46 m, then
h =246 + 034 = 280 m

For this h the longest beam is of length 1.5 + 0.34 = 1.84 m (according to
the given contours); since 1.84 > 1.8, it is possible to carry beams between

1.4 ™ and 1.8 ™ with the assoclated T" and 4 if the two arms are 2.8 m apart.
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CHAPTER 10
CONCLUSION

10.1 SUMMARY

In this section a summary of the objectives and contributions of this
thesis will be given. The main body of the thesis can be divided into three

major parts with corresponding objectives and achievements as follows:

® In the first segment (Chapters 1 and 2), the following issues were
discussed:
—~ A general introduction was provided with brief definitions of the concepts
to appear in the remainder of the thesis. Moreover, the structure and
objectives of this work were established (Chapter 1).
- A literature survey was conducted in chapter 2, to focus on the following
issues:
1- General Robot kinematics, with emphasis on the homogeneous point
coordinated transformation techniques, and the line coordinated
transformations using screw coordinates.
2- The studies related to the working envelope or workspaces
associated with robotic systems. This included a survey of the
research papers dealing with definitions, formulations and discussions
regarding the manipulator’s workspaces and their characteristics in
relation to the performance and feasibility of robotics operations.
3- Research work related to the problem of cooperative two or

multi-manipulator systems. Dynamics and control of these systems were
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the main focus of these research activities. However, for the scope of
this thesis, only those papers which included an investigation of the
general kinematics, and workspaces associated with two or

multi-manipulator systems have been referred to.

® The second segment of the thesis (Chapters 3 and 4) was devoted to
general kinematic concepts and relations for mechanical manipulators. One
popular approach of the analysis, namely homogeneous point coordinate
transformations and Denavit and Hartenberg notations, were investigated
(Chapter 3). Chapter 4 develops the kinematic formulation for a specific
industrial robot, namely PUMA-560. This was utilized for illustrative

purposes through the remainder of the thesis.

® The third part of the thesis (Chapters S to 9) is the direct
contribution of the research activities performed in this work as follows:
Chapter S:
o Algorithms for contour detection of two-dimensional working envelopes
in both Cartesian and Polar coordinates for single robot manipulators;
o A CAD-based methodology for the graphical three-dimensional
representation of the workspaces of mechanical manipulators.
o Investigation of a measure of manipulability which were proposed in

the literature.

Chapter 6:
o Examination of cooperative multi-manipulator systems with particular

attention to coordinated two-arm robots, and the concept of tight and
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loose coordinations.

o Analysis of kinematics and constraint relations as well as a general

mobility criteria for tightly coordinated two-arm robotic systems.

Chapter 7:

o The concept of Triplet Workspace was proposed following a study of the
workspace associated with tightly coordinated two-arm robots.
Numerical examples were provided to show the usefulness of triplet
workspace in the design of coordinated two-arm robots in material
handling.

o Effects of the relative set-up of the two manipulators on the triplet

workspace were also demonstrated.

Chapter 8:

o To meet a defined performance criteria (specifically maximum joint
availability/better accessibility) for a given task, the problem of
optimization of the workcell or the lay-out of the set-up for tightly

coordinated two-arm robotics workcell was performed.

Chapter 9:

o the optimization method of Chapter 8 was used to obtain a solution for
the workcell set-up in material handling, for two specific tasks; (a)
the path is a straight line and the orientation of the object must
remain unchanged. (b) the path is an arc of a circle and the

orientation of the object changes.
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o A case study was provided for loading/unloading of lonz heams of
different lengths from a conveyor. The only design parameter was the
distance between the two coordinated robots. Feasibility of the
operation was discussed using the workspace knowledge gained in

chapter 5, thus avoiding the nonlinear optimization method of chapter

8.

10.2 RECOMMENDATION FOR FURTHER RESEARCH

In this section further development of the main objectives of this work
will be discussed. Recommendations will be given for enhancement of those
aspects of the work which have not been fully explored. It was mentioned in
the previous section that the first two segments of the thesis comprised an
introduction and preparation of a general knowledge to be used in the last
segment. Hence our recommendations regarding further research focus on the
contents of the last segment (Chapters 6 to 9). These recommendations
originate from certain restrictions imposed to simplify our approach. They

are outlined as follows:

¢ In Chapter 6 the classification of the coordinated two-arm robotic
tasks was discussed. Most of the time, the desired task will allow some
flexibilities either on the position of the end effector or on its
orientation. There are many practical examples where the orientation of the
manipulated object is not restricted or only partially restricted. One

example is the manipulation of a container filled with liquid where it may be
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allowed to rotate in one way but prohibited from rotating in another. In the
case of assembly operation, the position/orientation of the object for the
via points of the trajectory are not rigidly specified. This flexibility may
be used to improve other operational performance criteria. Therefore further
research should be conducted to determine if an unaccessible point can be
reached by changing the orientation of the workpiece, and if so, what axis
and angle of rotation would be needed. On the other hand, when the position
of the object defined on the trajectory is admissible and the orientation is
not, it should be determined if by translating the object to any other

neighboring point the desired orientation could be achieved.

e In Chapter 7, the concept of triplet workspace was proposed for
tightly coordinated two-arm robots with constant orientation. The developed
algorithms locate the contour of the triplet workspace on a cutting plane for
a given and fixed orientation of the object. However, the boundary obtained
will be a conservative estimate of all the accessible points on that plane.
However by changing the orientation of the workpiece keeping one of its
points (the reference point C) on the cutting plane, more distant points may
be reached, thus expanding the workspace boundary. Therefore, further
research may be conducted to investigate the effects of the object's
orientation on the triplet workspace. This should result in a concept similar
to that of dextrous workspace of single manipulators. For the cases where the
orientation of the workpiece is partially re-tricted further development is
also recommended to determine the workspi. e of the triplet for those

orientations allowed.
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® The triplet workspace of Chapter 7 was developed for two coordinated

robot arms in material handling and their mutual impact on the shape of the
workspace was shown. Thic concept should be further expanded to apply to
coordinated muiti-manipulator systems in material handling. Obviously the
restrictions imposed on the workspace will be magnified by introducing each

additional coordinated robot.

In conclusion, although some aspects of the workspace associated with
coordinated two-arm robotic systems have been demonstrated in this thesis,
much work remains to further develop and enhance the capabilities of the

workspace analysis and synthesis of coordinated multi-manipulator systems.
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APPENDIX A

CALCULATIONS OF THE ELEMENTS OF THE GRADIENT VECTOR

The elements of the gradiert vector of the objective function for a

PUMA-560 are given in the following. The lengthy process of evaluation of

these elements is not outlined here and only the final expressions for the

derivatives are presented.

The objective function is rewritten as:

Thus primarily we need to determine the following derivatives

T
aeu/ar = [aeu/ax 89u/8y 891“/83]

T
and g /or = [6gk/ax og, /3y ng/aﬁ]
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(A.1)

(A.2)

(A.3)

(A.4)




For the sake of simplicity, the subscript j is omitted in what follows, and

also some abreviations are used in the expressions which are defined next:

Es= P~ d‘,ax -x and n=p- dﬁay -y (A.S)
Where p , p, @ and a are given in the transformation matrix ™,
x y x y w
Moreover: S:' sin(el). Cx' cos(el). T’l tan(el) (A.6)
S“‘l sin(a‘+ ek). cu. cos(el+ ek) (A.7)
SIB' sm(el+ B), C:B' cos(9‘+ B) (A.8)
And al, az. a,, dz’ d4and d6 are the D.H. parameters.
Thus the final expressions for the derivatives can be written as:
S C
_ 18 - 18
36 /6x = ag, 74,5, " 00 /8y = a,C, +d5S,
2 (A.9)
nSs _, + §C
B 18
80 /88 = -
1 azcz-o- d‘S23
56 sox = 2 [ 1825, 9,5,5) - zslﬁ] (A.10)
2 aC (a C + d S )
2°3
? azcs(azcz-f d‘Sza
za[n(a C CB+ d‘SnClB-# sz‘B - e(azczsxﬁ+ d‘SmSlB dzch)]
86,708 = - acClaC+ds )
273307 €45y,
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CIB(32C2+ d S - d SlB SIB(aZCZ* d‘st) + dzcus
aeszax = - ) C . 893/85/ = IT5C
4°273 4
— 'n(aZCZClB-# dGSzSCIB+ d S B - E(azcleB d‘SmS‘B-# d C B)
3 a C (a C +dS_)
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(A.11)
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Where : § = a SIBC23T4 + axC18c23T4 - ayClB + axSlB

(A.12)
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694/ax - "X 23 4% ax
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30 ae ae 86
2 3 4 5
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86 /8% = 9x ax " ax 9x
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2 3 4 5
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V = 5,35CeCt S2a%Se

A =5,0CS:C CteCe

and, & = 523C4C556+ C235556+ 52384(:6

(A.14)

In what follows the derivatives of the constraints with respect to the

elements of I' are derived:

aek
~ ~—— k = odd
8 ar
_;k_. = 88 k =1,2,...,12m
—X k = even
ar

8gk
ax
<'igk * , k = 12m+1, 12m+2,..., 13m
3y = 2(py Cﬂ - P, SB)

agk
8B

= 2(p: Sg - P, Cy)

* » » »
= 2'0(1)y S‘3 - P, Cp) + Ze(px SB +p, CB)
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(A.16)

gy o




og
K * *
T = '2(py SB - p’ CB)
og
k » »
3y ™ Z(py CB P, SB)

og

k = 13m+], 12m+2,..., 14m

K * » * »
T -IZn(py SB - P, CB) + 2€(px S‘3 * P, CB)]

(A.17)

Where p: and p; are cartesian coordinates of the wrist point of the PUMA

robot with respect to it’s base coordinate frame.
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APPENDIX B
MOBILITY ANALYSIS OF COORDINATED TWO-ARM ROBOTS

Sometimes it is required for the two robots to handle an object a
device, or a tool which cannot be considered as rigid and in fact posses
internal mobilities. This can produce relative freedom between the grasping
points or in turn between the end effectors. As an example consider
manipulation of a pair of pliers by two robot (Fig B.l1) or turning a nut held
by one robot over a screw secured by the second robot (Fig. B.2). Moreover
the grasp itself can be designed in a way which produces freedom(s) between
the hands and the manipulated object. For instance consider using hinged end
effectors to carry a rigid object (Fig. B.3) or as handling the pair of

pliers with hinged end effectors (Fig. B.4).

Next we will develop a general mobility criterion for coordinated
two-arm robots in handling and manipulations of general objects with known
degrees of freedom while the grasps also possess non-zero mobilities. We
define the internal joint mobility of the manipulated object fIM to be the
relative degree of freedom between the internal links, comprising the
manipulated object, and let n, be the number of such internal links, and
finally g, be the number of joints embedded in the object. Also we denote the
grasp mobility or relative degree of freedom between the object and the main
and follower end effectors respectively as fuc and frc' Therefore by using

equation 6.5 we can write
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1
l);l (F W ,* Fus* Fre (B.)

m=6(n-1+n ~-g-g -l)+tf +
1 1 1
1=1
Note that in the foregoing equation we substituted n - 1 + n, for n and
the appearance of this minus one s because we are in fact taking one link

out of the original chain and replacing it with n, links, then we have

g
1
m=6(12+n -12-g -2 +12 +x)=:1(f’")‘ +£0* Foo
&
or m = 6(nl - g ) + z (.t‘m)l + fMG+ frc (B.2)

i=1

One can use equation B.2 to obtain the overall mobility of a coordinated
two-arm robot. In what follows we evaluate the mobility of the four examples

stated above and shown in figures B.1 to B.4.

For both figures B.l and B.2 we have,
n1=2. gl=1 andfmxl

f

we— 0+ Fpe =0

FG
Thus the overall degrees of freedom of a coordinated two-arm robots in
handling the pair of pliers will be calculated by equation B.2 as,
m=7
In this case the extra degree of freedom of the system shown in figure
B.1 is due to the jaw angle B ; at each instant j. For the case of the screw
and nut (Fig. B.2) the extra degree of freedom can be considered as the

distance c!J for each instant designated by j. This distance can be related to
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the rotation angle of the nut given h the lead of the threads as

d /h
By=d 7/

Therefore in addition to (Ti) y s T: and TZ for each point J of the

trajectory, the angle BJ also has to be defined by the application.

For figure B.3,
n=1g =0 adf =0
Fug=1 and [ =1

and » m =8

The two extra degrees of freedom in this case are due to the rotation of
the end effectors about their normal vector n. Therefore two rotation angles
need to be defined for a unique definition of the motion. These two degree of
freedom can be utilized for more dexterity or reachability along the path or

to accommodate any other criteria such as the load balance requirement.

For figure B.4 we can write,

n=2g =ladf =1

fncgla"dfrcgl

m=9

This case is a combination of B.l and B.3. Thus three extra degrees of

freedom are introduced in the system.
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X

1 - Handling pliers with two arms

Figure B.
\
Figure B.2 - Turning nut with two arms
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Follower

Main —— i~
c! 1
—

I—

Figure B.3 - Handling rigid object with hinged EE's

W

Figure B.4 - Handling pliers with hinged EE's

253




T e

APPENDIX C

FLOW CHARTS OF THE COMPUTER PROGRAMS

With the given step size
sweep the search area

and for each point solve
the Inverse Kinematics and
check for its reachability

assign a reacnability index
of One to the reachable and
Zero to not—Reachable points

|
1

Save the coordinates of points
with reachabihty index of One
which have at least one neighbor
with an index of Zero.

!

[Define the prototvpes |

)

Define Global and
Local variables

!

Read in the data of
Arm posture, cutting
plane, starting pomint

hand orientation.etc.

|
1

based on the cutting plane
wanted choos XY, YZ or X2
plane and choose iwo normal
Search dirsction on it

|
1

mapp Rmeax and Rmin to the
plane and determine the
corresponding Romax and
Romin:

[

With Romax and Romin
construct the search area

Figure C.1 - Flowchart of Direct Search Algorithm (CONTOUR1.C)
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!
[Define the prototvpes |

{
periorm direct search method !

Sweep the search area and solve Define Global and
Inverse kinematics of both raobots Loca!l variables
with the given step-size, and
examine the reeschability of that |
point for both manipulator. ]

Define the set-up
i of :he two robots
in the worid
assign a reachability index coordinate frame
of One to the reachable and namely TP and T)
Zero to not-Reachable points
o! the search aresa on plane ]

Y Define the Grasp fer
Save the coorainates of points both end Filector,
with reachability :ndex of Cne namely T¢ and T .

which have at least one neighbor
with an index of Zero. '

1

Define the cutting plane N

on the object and construct
the corresponding planes [1
and 11_of the hands. !

Ei-—

Deterrnine the Maximum and
Mintmum Reach of the haad on
planes 1T _and n'.

Use constraint equations
to obtain extreme reaches
of the reference point on
workpiece on plene .

Figure C.2 - Flowchart of Triplet Workspace Algorithm (TRIPVC.C)
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