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This book is an integrated approach to kinematic and dynamic analysis. The matrix tech-
niques presented are general and fully applicable to two- or three-dimensional systems.
They lend themselves to programming and digital computation and can be the basis
of a usable tool for designers. The techniques have broad applicability to the design
analysis of all multibody mechanical systems. The more powerful and more flexible the
approach, and the less specialization and reprogramming required for each application,
the better. The matrix methods presented have been developed using these as primary
goals. Although the matrix methods can be applied by hand to such problems as the
slider-crank mechanism, this is not the intent of this text, and often the rigor required for
such an attempt becomes quite burdensome in comparison with other techniques. The
matrix methods have been extensively tested, both in the classroom and in the world of
the engineering industry.
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Song of the Screw”

A moving form or rigid mass,
Under whate’er conditions

Along successive screws must pass
Between each two positions.

It turns around and slides along —
This is the burden of my song.

The pitch of screw, if multiplied

By angle of rotation,

Will give the distance it must glide
In motion of translation.

Infinite pitch means pure translation,
And zero pitch means pure rotation.

Two motions on two given screws,
With amplitudes at pleasure,

Into a third screw-motion fuse,
Whose amplitude we measure

By parallelogram construction

(A very obvious deduction).

Its axis cuts the nodal line,

Which to both screws is normal,
And generates a form divine
Whose name, in language formal,
Is “surface-ruled of third degree.”
Cylindroid is the name for me.

Rotation round a given line
Is like a force along,

If to say couple you decline,
you’re clearly in the wrong —
"Tis obvious upon reflection,
A line is not a mere direction.

So couples with translations too

In all respects agree;

And thus there centers in the screw
A wondrous harmony

Of Kinematics and of Statics —
Sweetest thing in mathematics.

The forces in one given screw,
With motion on a second,
In general some work will do,

Whose magnitude is reckoned
By angle, force, and what we call
The coefficient virtual.

Rotation now to force convert,

And force into rotation;

Unchanged the work, we can assert,
In spite of transformation.

And if two screws no work can claim,
Reciprocal will be their name.

Five numbers will a screw define,
A screwing motion, six;

For four will give the axial line,
One more the pitch will fix;

And hence we always can contrive
One screw reciprocal to five.

Screws — two, three, four, or five,
combined

(No question here of six),

Yield other screws which are confined
Within one screw complex.

Thus we obtain the clearest notion

Of freedom and constraint of motion.

In complex III, three several screws
At every point you find,

Or, if you one direction choose,
One screw is to your mind;

And complexes of order 111

Their own reciprocals may be.

In IV, wherever you arrive,

You find of screws a cone,

On every line of complex V

There is precisely one;

At each point of this complex rich,
A plane of screws has given pitch.

But time would fail me to discourse
Of Order and Degree;

Of Impulse, Energy, and Force,

And Reciprocity.

All these and more, for motions small,
Have been discussed by Dr. Ball.

Anonymous

* Published annomymously in Nature, 14, 30-30 (11 May 1876). This poem accurately captures in
verse the main points of the mathematical theory of screws which forms a common thread of the

theory behind this book.



Contents

Preface

About the Authors

1 Concepts and Definitions

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

Mechanical Design: Synthesis versus Analysis
Multibody Systems and Mechanisms

Planar, Spherical, and Spatial Mechanisms
Mechanical Body

Mechanical Chain and Kinematic Inversion
Joints and Joint Elements

The Six Lower-Pairs

Higher-Pairs and Kinematic Equivalence
Restraints versus Constraints

REFERENCES

2 Topology and Kinematic Architecture

2.1
2.2
23
24
2.5

Introduction

The Incidence Matrix
Connectedness and Assemblies
Kinematic Loops

Kinematic Paths

REFERENCES
PROBLEMS

3 Transformation Matrices in Kinematics

3.1
3.2
33
34
35
3.6
3.7

Introduction

Homogeneous Coordinates of a Point
Line Coordinates and Pliicker Vectors
Three-dimensional Orientation
Transformation of Coordinates
Positions, Postures, and Displacements
Euler’s and Chasles’ Theorems

page xiii

XVil

19
20
20

........... 22

22
24
27
27
32
37
37

........... 42

42
42
45
47
51
55
60

vii



viii Contents

3.8 Euler-Rodrigues Parameters 69
3.9 Displacement of Lines 74
3.10 Quaternions 74
REFERENCES 75
PROBLEMS 77

4 Modeling Mechanisms and Multibody Systems with

Transformation Matrices . ............ .. .. ... .. ... .. ...... 80
4.1 Introduction 80
4.2 Body Coordinate Systems 80
4.3 Joint and Auxiliary Coordinate Systems 81
4.4 Specifying Data for a Coordinate System 82
4.5 Modeling Dimensional Characteristics of a Body 85
4.6 Modeling Joint Characteristics 87
4.6.1 Helical Joint 88
4.6.2 Revolute Joint 90
4.6.3 Prismatic Joint 91
4.6.4 Cylindric Joint 92
4.6.5 Spheric Joint 93
4.6.6 Flat Joint 94
4.6.7 Rigid Joint 96
4.6.8 Open Joint 96
4.6.9 Parallel-Axis Gear Joint 98
4.6.10 Involute Rack-and-Pinion Joint 100
4.6.11 Straight-Tooth Bevel-Gear Joint 102
4.6.12 Point on a Planar-Curve Joint 104
4.6.13 Line Tangent to a Planar-Curve Joint 106
PROBLEMS 108
5 Posture Analysis by Kinematic Equations . ................... 111
5.1 Introduction 111
5.2 Consecutive Transformations 112
5.3 Denavit-Hartenberg Transformations 116
5.4 Absolute Position 118
5.5 The Loop-closure Equation (Kinematic Equation for Position
Analysis) 119
5.6 Closed-form Solution of Kinematic Equations for Joint-variable
Positions 121
5.7 General Styles for Closed-Form Solutions of Kinematic
Equations 140
REFERENCES 145
PROBLEMS 145

6 Differential Kinematics and Numeric Solution
of Posture Equations . ............ .. ... .. .. ... .. ... .. ... 148

6.1 Introduction 148
6.2 Differential Kinematics of a Helical Joint 149



Contents

6.3 Derivative Operator Matrices
6.3.1 Helical Joint
6.3.2 Revolute Joint
6.3.3 Prismatic Joint
6.3.4 Cylindric Joint
6.3.5 Spheric Joint
6.3.6 Flat Joint
6.3.7 Rigid Joint
6.3.8 Open Joint
6.3.9 Parallel-axis Gear Joint
6.3.10 Involute Rack-and-Pinion Joint
6.3.11 Straight-tooth Bevel-gear Joint
6.3.12 Point on a Planar-Curve Joint
6.3.13 Line Tangent to a Planar-Curve Joint
6.4 Screw Axes and Ball Vectors for Differential Displacements
6.5 Numeric Solution of Kinematic Posture Equations
6.5.1 Solution for a Nearby Posture
6.5.2 Avoiding Convergence to a False Solution
6.5.3 Numeric Solution of the Loop-closure Equation
6.6 Identification of Generalized Coordinates
6.7 Scaling Internal Length Units
6.8 Quality Index
6.9 Convergence and Robustness
REFERENCES
PROBLEMS

7 Velocity Analysis . .......... ... ... ... . .. .

7.1 Introduction

7.2 Definition of Velocity

7.3 First Geometric Derivatives of Joint Variables
7.4 Velocities of Joint Variables

7.5 First Geometric Derivatives of Body Postures
7.6 Velocities of Bodies

7.7 First Geometric Derivatives of Point Positions
7.8 Velocities of Points

REFERENCE

PROBLEMS

8 Acceleration Analysis . . ........... ... .. ... .. ... . ...

8.1 Definition of Acceleration
8.2 Derivatives of the O, Operator Matrices
8.2.1 Helical (Screw) Joint
8.2.2 Revolute Joint
8.2.3 Prismatic Joint
8.2.4 Cylindric Joint
8.2.5 Spheric Joint
8.2.6 Flat Joint

153
155
155
155
155
156
156
156
156
157
157
158
158
158
159
163
164
168
169
173
175
176
177
181
182

183

183
184
186
189
191
194
195
196
196
196

197

197
198
199
199
199
200
200
201



10

8.3
8.4
8.5
8.6
8.7
8.8
8.9

Contents

8.2.7 Rigid Joint

8.2.8 Open Joint

8.2.9 Parallel-Axis Gear Joint

8.2.10 Involute Rack-and-Pinion Joint

8.2.11 Straight-Tooth Bevel-Gear Joint

8.2.12 Point on a Planar-Curve Joint

8.2.13 Line Tangent to a Planar-Curve Joint
Derivatives of the D, Operator Matrices

Second Geometric Derivatives of Joint Variables
Accelerations of Joint Variables

Second Geometric Derivatives of Body Postures
Second Geometric Derivatives of Point Positions
Accelerations of Bodies

Accelerations of Points

REFERENCE
PROBLEMS

Modeling Dynamic Aspects of Mechanisms

and Multibody Systems

9.1
9.2
9.3
94
9.5
9.6
9.7
9.8
9.9

9.10 Modeling External Forces and Torques Applied with Joint

9.11 Modeling External Forces and Torques Applied to Bodies

Introduction

Modeling Kinetic Energy

The Inertia Matrix

Systems of Units

Modeling Gravitational Effects
Modeling Joint Stiffness
Modeling Joint Damping
Modeling Point-to-Point Springs
Modeling Point-to-Point Dampers

Variables

REFERENCES
PROBLEMS

Dynamic Equations of Motion

10.1 Introduction

10.2 Lagrange’s Equation

10.3 Generalized Momentum

10.4 D’Alembert Inertia Forces
10.5 Generalized Restoring Forces
10.6 Generalized Applied Forces
10.7 Complete Equations of Motion
REFERENCES

PROBLEMS

201
201
202
204
204
205
205
205
207
214
216
220
220
223
223
223

225

225
226
227
230
230
232
232
233
234

235
236
241
242

244

244
244
245
246
249
250
250
253
253



Contents

11 Linearized Equations of Motion . .......................... 254
11.1 Introduction 254
11.2 Linearization Assumptions 254
11.3 Linearization 255
11.4 Linearized Equations of Motion 258
11.5 Dynamic Equations with Specified Input Motions 260
PROBLEMS 261

12 Equilibrium Posture Analysis . ........... ... ... ... ... ... 262
12.1 Introduction 262
12.2 Seeking a Nearby Posture of Equilibrium 263
12.3 Seeking Equilibrium with Some Generalized Coordinates

Specified 266
12.4 Large Increments of the Generalized Coordinates 266
12.5 Stable versus Unstable Equilibrium 267
12.6 Postures of Neutral Equilibrium 269
REFERENCE 270
PROBLEM 270

13 Frequency Response of Mechanisms and Multibody Systems . . . . . .. 271
13.1 Introduction 271
13.2 Homogeneous First-order Equations of Motion 271
13.3 Modal Coordinates 274
13.4 Laplace Transformed Equations of Motion 276
13.5 Frequency Response 277
REFERENCES 278
PROBLEMS 279

14 Time Response of Mechanisms and Multibody Systems . . ......... 280
14.1 Inverse Laplace Transform 280
14.2 Cauchy’s Residue Theorem 282
14.3 Systems with Repeated Eigenvalues 284
14.4 Time Integration Algorithm 288
14.5 Adaptive Time-step Control 291
REFERENCES 292
PROBLEM 293

15 Collision Detection . . . . ......... ... ... ... ... ... ... ... 294
15.1 Introduction 294
15.2 Vertex-Face Contact 295
15.3 Edge-Edge Contact 296
15.4 Finding the Time Increment until Contact 297

REFERENCES 299



Xii

Contents

16 Impact Analysis . .......... .. ... .. ... .. .. ... .. ... ......300

17

16.1 Applied Impulsive Loads

16.2 Location and Type of Contact

16.3 Simple Impact Model

16.4 Impact Model with Tangential Impulse

16.5 Impact Model with Normal Torsional Impulse
16.6 Impact Model with Moment Impulse

16.7 Integrated Model of Impact

16.8 Impact Analysis with SGCs

REFERENCES

PROBLEM

Constraint Force Analysis . .......................

17.1 Introduction

17.2 Fictitious Displacements

17.3 Fictitious Derivatives

17.4 Lagrange Equation for Constraint Force
REFERENCES

PROBLEMS

Index

310

310
311
313
316
320
320

321



Preface

This text presents a uniform and comprehensive treatment of the theory and use
of homogeneous coordinates and transformation matrices in the kinematic and
dynamic design analysis and the numeric simulation of mechanisms and multibody
systems.

The following observations, originally set down by Reuleaux in 1875," are every
bit as true today, and it would be difficult to state them better.

The whole study of the constitution of machines — the Kinematics of Machinery —naturally
divides itself into two parts, the one comprehending the theoretical and the other the
applied or practical side of the subject; of these the former alone forms the subject of this
work. It deals chiefly with the establishment of those ideas which form the foundation of
the applied part of the science, and in its treatment of these its method differs in great
part essentially from those heretofore employed.

As I have here to do chiefly with theoretical questions, it might seem that I could
hardly expect to interest other than those concerned only with the theoretical side of this
special study. But Theory and Practice are not antagonists, as is so often tacitly assumed.
Theory is not necessarily unpractical, nor Practice unscientific, although both of these
things may occur. Indeed in any department thoroughly elucidated by Science the truly
practical coincides with the theoretical, if the theory be right. The popular antithesis
should rather be between Theory and Empiricism. This will always remain, and the more
Theory is extended the greater will be the drawback of the empirical, as compared with
the theoretical methods. The latter can never be indifferent, therefore, to any who are able
to use them, even if their work be entirely “practical,” and although they may be able for
a while longer to get on without them. The theoretical questions, however, which are
here to be treated, are of so deep-reaching a nature that I entertain the hope that those
who are practically, as well as those who are theoretically concerned with the subject,
may obtain help from the new method of treating them.

Certainly, the science of kinematics has grown a great deal and today rests on a
much firmer foundation than it did in Reuleaux’s time. However, to a great extent,
the gulf between theory and empiricism still exists. On the one hand, we find that

1 Franz Reuleaux (1829-1905), Theoretische Kinematik, Grundziige einer Theorie des Maschinenwe-
sens (Theoretical kinematics: Foundations of the theory of mechanisms), Friedrich Vieweg & Sohn,
Braunschweig, 1875; English translation by A. B. W. Kennedy, Reuleaux’ Kinematics of Machinery,
Macmillan and Co., London, 1876; reprinted by Dover Publications, Inc., New York, 1963.

xiii
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academics have developed a vast body of science, steeped in the elegance and sophis-
tication traditional to their views. However, their efforts, almost to an individual,
are still directed toward further understanding of the four-bar linkage, the slider-
crank mechanism, and, more recently, the robotic manipulator, and rather simple
multibody systems. On the other hand, even today, we find that the inventor —
the completely practical person who develops a working machine or performs an
analysis of a complex multibody system, despite the richness of modern theoretical
developments — finds very little of modern theory truly usable as a practical design
technique or as a broadly applicable computational analysis tool.

Among the several reasons for this paradox is the fact that modern theoretic
approaches are difficult for the novice to comprehend and, by the very nature of the
problem, are quite tedious to apply. A thorough understanding of these methods
takes years of specialized study and, very likely, we find in the end that they do not
really solve the complex problems encountered in the design or analysis of present-
day equipment. Thus, to be of value, the methods presented in the following chapters
must accomplish two apparently conflicting goals. First, they must be applicable to
an extremely broad category of problems, including the large multifaceted problems
represented in the design of modern machinery and analysis of complex multibody
systems. Secondly, they must be put into a form that is useful to the practicing
engineer without years of advanced study.

It is our firm belief that the sole hope for accomplishing both of these purposes
lies with the development of a unified and powerful analytic method that can be
programmed for solution by computer. Only in this way can the more sophisticated
methods be made usable without requiring significant specialized training of every
user. Also, this is the only apparent method of dealing with some of the more complex
mechanisms and multibody systems, if only because the number of calculations
involved would be prohibitive by any other means. If sufficiently general software
can be written, however, the application of even the most sophisticated theoretical
approach to very complex multibody systems becomes a feasible goal. In presenting
such a general approach, however, we will be careful, from time to time, to also
present alternative — less general, but perhaps more intuitive — approaches. This is
intended to provide a balanced and better understanding of the methods presented,
and to illustrate the power of the more general techniques.

Furthermore, much of the more recent trends toward miniaturization and high
performance for mechanisms necessitate the inclusion of dynamic analysis along
with kinematics. In the broader category of multibody systems, dynamic analysis has
always played a key role. However, this book deals with an integrated approach to
both kinematic and dynamic analyses. The transformation matrix techniques pre-
sented are general and fully applicable to systems in either two or three dimensions.
In addition, they lend themselves to programming and digital computation and can,
therefore, be the basis of a usable tool for the designer. This book may appear to
place more emphasis on mechanisms because much of the techniques have their
roots in the kinematics and design literature. However, the techniques have broad
applicability to the design analysis of all multibody mechanical systems.

Another pitfall one must avoid when taking a general approach is that of replac-
ing the effort a designer or an engineer must spend in learning and applying the
analysis procedures with an equal or worse task of writing and testing complex
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computer programs. Whatever methods proposed for real design and analysis use
in the future — it seems to the authors — must include the generality and flexibil-
ity to handle a very broad class of problems and give a thorough analysis, without
requiring separate programming for each new problem. Only in this way can real
usability be achieved. The more powerful and more flexible the approach, and the
less specialization and reprogramming required for each application, the better.

The transformation matrix methods presented in the following chapters have
been developed using these as primary goals. The reader must keep these firmly in
mind throughout the book; they are essential to the appreciation and perhaps even
to the comprehension of the methods. Although the transformation matrix methods
can be applied by hand to such problems as the slider-crank mechanism, this is not
the intent of this text, and often the rigor required for such an attempt becomes quite
burdensome in comparison with other techniques.

The transformation matrix methods have been extensively tested, both in the
classroom and in engineering industry. In the classroom, the authors have tested the
drafts of this text in senior/graduate-level courses at the University of Wisconsin—
Madison and the University of Virginia, and more recently at the University of
California, Davis, and we are indebted to all of those students for their trials and
suggestions for improvements. As for use in engineering industry, the methods
presented herein have been the basis for the software system known as the Integrated
Mechanisms Program (IMP).? First released in 1972, IMP has been extensively used
in many companies and academic institutions to analyze many different kinds of
mechanical systems. Although it is still not a perfect tool, IMP continues to be
used, and its many users also deserve much credit for the authors’ insights and the
experience reflected in the methods described herein.?

Developing methods for computer solution requires several radical alterations in
the approach taken from those of more traditional methods. It requires simplicity and
precision, almost to a fault. Because the computer has no reasoning capability, any
possible conflict in interpretation of the user’s intent will result in disaster. Definitions
of terms must be extremely precise; identification of parts must be unique; sign
conventions must be established, once and for all, in a clear understandable manner;
and the sequencing of the solution process must take every possible eventuality into
account, even those cases that seem trivial in the rational world of humans.

Again, Reuleaux expresses our thoughts very well:*

The remodeling which has become necessary requires undisturbed adherence to clear,
simple, logical principles. What, however, is to be drawn from our criticism of the system
heretofore used — what I have endeavored to illustrate and develop by single instances —
what the philosophical sentences I have quoted bring before us in a condensed form — we
may contract into one word. So far as our special problem is concerned, the question is to
make the science of machinery deductive. The study must be so formed that it rests upon
a few fundamental truths peculiar to itself. The whole fabric must be reducible to their

2 P.N. Sheth and J. J. Uicker, “IMP (Integrated Mechanisms Program), a Computer-Aided Design
Analysis System for Mechanisms and Linkages,” Journal of Engineering for Industry, ASME Trans-
actions, vol. 94, May 1972, pp. 454-64.

For an up-to-date version of IMP in open-source form (GNUPL, version 3), the reader should see
http://code.google.com/p/impsim/.

4 Reuleaux, op. cit.
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strictness and simplicity, and from them again we must be able, conversely, to develop
it. Here again is a point from which the weakness of the method heretofore employed
can be surveyed at a glance. Its difference from the ideal method is not that it employs
the inductive instead of the deductive method; that indeed would be no advantage but
it might still be defensible. No, it has been entirely unmethodical. It has chosen no fixed
method of investigation, or rather, it has not found any in spite of zealous search; indeed
it has so often cried “Eureka” that it now rests quietly in the impression that such fixed
standpoint has really been found.
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n Concepts and Definitions

1.1 Mechanical Design: Synthesis versus Analysis

There are two completely different aspects of the study of mechanical systems: design
and analysis. The concept embodied in the word design might be more properly
termed synthesis, the process of contriving a scheme or a device for accomplishing
a given purpose. Design is the process of developing the sizes, shapes, material
compositions, types and arrangements of parts, and manufacturing processes so that
the final system will perform a prescribed task. Although there are many phases of
the design process that can be approached in a well-ordered scientific manner, the
process is, by its very nature, as much an art as a science. It calls for imagination,
intuition, creativity, judgment, and experience. The role of science in the design
process can be viewed as providing tools to be used as the designer practices this art.
Computer programs and computations that allow a designer to simulate a system
and evaluate its potential performance play an important role in helping the designer
practice the art. This is why scientific techniques such as the matrix methods discussed
in this text play such an important role in dealing with the design of three-dimensional
mechanisms and multibody systems.

In the synthesis of a mechanical system, from a functional point of view, there are
three basic stages that correspond approximately to three basic steps in the design
process. The first stage is designated type synthesis; it deals with the fundamental
decisions a designer makes regarding the style of machine, device, or system to
be used. Initially, for example, such decisions include whether a mechanical device
should be used at all, or whether an electronic circuit or hydraulic appliance should
be chosen instead. After deciding on the use of a mechanism or multibody system,
for example, we must then ponder the relative merits of linkages as compared with
gear trains or perhaps belts and pulleys.

Once the type synthesis has been accomplished, we have established some gen-
eral boundaries for the overall system; further study must then go into specifying
its basic internal characteristics. The numbers of parts and the types and numbers
of joints connecting them must be decided. This process is called number synthe-
sis. At this stage, we do not concern ourselves with the detailed shapes of the
parts or their strength or wear characteristics, but we are concerned with their
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overall arrangement. Typical questions considered at this stage include “Will this
configuration have the desired degrees of freedom, and can it provide the function-
ality that is intended?”

Given at least tentative answers to these questions, we are in a position to
attempt the third step, dimensional synthesis. It is here that we assign dimensions,
materials, weights, strengths, and other properties to each of the members or parts
of the design. Either by calculation, by experiment, or by intuition and experience,
we make all of the detailed decisions that are necessary before the product or system
can be manufactured. It is during the process of evaluating the various interacting
alternatives and choosing among them that we find the need for a collection of
mathematical and scientific methods in the hope of finding at least a valid — and
perhaps even an optimal — selection for the given task. These scientific tools do not
make decisions for us; we have every right to exert our imagination and creative
abilities, even to the extent of overriding mathematical recommendations. Science-
based techniques are useful, however, in generating, comparing, and judging various
alternatives.

Probably the largest collection of scientific methods at our disposal falls into a
category called analysis. These are the techniques that allow us to critically examine
an already existing or proposed design in order to judge its suitability for a given task.
Thus, in itself, analysis is not a creative science, but rather is used for evaluating and
rating things already conceived. In fact, it can be used to help the creative process
by allowing a formal evaluation of a design and allowing the designer to accept or
dismiss a concept or to find ways to improve it. Therefore, analysis is a useful tool
in redesign or design improvement, and can be integrated with the creative process.
We should always bear in mind, however, that although the majority of our efforts
may be spent on analysis, the real goal is synthesis — the design of a product or
system. Analysis is simply a tool. It is, however, a vital tool and will invariably be
used during the design process. This is particularly true when the analysis techniques
lend themselves to computer software and programmed computations because this
allows a designer to simulate different concepts and compare the performance of
competing design alternatives.

The branch of scientific analysis that deals with motions and forces in a mechan-
ical system is called mechanics. As shown in Figure 1.1, it is made up of two parts,
called statics and dynamics. Statics deals with the analysis of stationary systems,
that is, those in which time is not a factor. Dynamics, on the other hand, deals with
systems that change with time.



1.2 Multibody Systems and Mechanisms

Dynamics is also made up of two major disciplines. The great Swiss mathemati-
cian, Leonhard Euler (1707-83), was the first to distinguish these [2]:

The investigation of the motion of a rigid body may be conveniently separated into two
parts, the one geometrical, the other mechanical. In the first part, the transference of the
body from a given position to any other position must be investigated without respect
to the causes of the motion, and must be represented by analytical formulae which will
define the position of each point of the body after the transference with respect to its
initial placement. This investigation will therefore be referable solely to geometry, or
rather to stereotomy [the art of stone-cutting].

It is clear that by the separation of this part of the question from the other, which belongs
properly to Mechanics, the determination of the motion from dynamic principles will be
made much easier than if the two parts were undertaken conjointly.

These two aspects of dynamics were later recognized as the distinct sciences of
kinematics and kinetics, which treat the motion and the forces producing it, respec-
tively. Kinematics was first defined as a separate study by the French mathemati-
cian and physicist, André Marie Ampere (1775-1836). He chose the French name
cinématique from the Greek word «ivyua (kinema), meaning motion [1]. An inter-
esting narrative on the history of kinematics is found in [3, pp. 1-27].

The field of kinematics, however, has grown to include not only the geometric
part of dynamics but also those aspects of statics that deal with the geometry, but
not the magnitudes, of the system of forces acting on the bodies. For this reason,
Figure 1.1 shows a dashed line indicating the interaction of kinematics with statics.
This should not be surprising because there is a well-established duality between the
geometry of a system of forces and a set of velocities in kinematics.

The predominant problem in multibody system analysis, as will become evident,
is often one of kinematics — a topic of major emphasis in this book. Statics and
kinetics, however, are also important parts of any complete design analysis, and
these topics are also covered in detail.

1.2 Multibody Systems and Mechanisms

A multibody system can be defined as a collection of bodies (mechanical parts)
in which some or all of the bodies may be interconnected by joints that constrain
the relative motions between the joined bodies. However, the presence of joints
or connections is not an absolute requirement for a multibody system; the bodies
may be “restrained,” rather than constrained, by interconnections with other bodies
by elements such as springs or dampers. There are a number of abstract concepts
that must be further considered for a rigorous understanding and for purposes of
modeling a multibody system; these include (1) body, (2) joint, (3) constraint, (4)
restraint, (5) spring, and (6) damper.

The general definition of a multibody system covers a very large variety and
many different kinds of mechanical systems. The radio-controlled model car shown
in Figure 1.2 is one example of a multibody system.

The NASA Mars Exploration Rover, Figure 1.3, is another example of a multi-
body system. Biomechanical models of the human body, as shown in Figure 1.4, and
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Figure 1.2. Multibody model of a radio-controlled car
showing the front and rear suspension systems.

Figure 1.3. NASA Mars Exploration
Rover.

(a) (b)
Figure 1.4. (a) A biomechanical model for studying human gait, (b) Detailed model of a
human knee. (Courtesy Prof. Darryl Thelen, University of Wisconsin, Madison, WI).
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Figure 1.5. Humanoid robot CHARLI-2, winner
of the RoboCup 2011 World Soccer Competition
(Courtesy John McCormick and Prof. Dennis Hong,
Robotics and Mechanisms Lab, Virginia Polytechnic
Institute, Blacksburg, VA).

also bipedal walking robots, such as that in Figure 1.5, represent additional examples
of multibody systems.

The Gough/Stewart platform, shown in Figure 1.6, has been a popular system
for a number of applications since the 1960s, including many recent adaptations in
parallel robotic systems.

Parallel (Figure 1.7) and serial (Figure 1.8) manipulators are also examples of
multibody systems.

Mechanisms constitute an important category of multibody systems. Of course,
the variety of possible systems is unlimited. One example of a mechanism is the
automotive suspension system shown in Figure 1.9.

Speaking rigorously, a mechanism is defined as an assemblage of mechanical
bodies, movably connected by joints to form a mechanical system with one body
fixed and having the purpose of transforming motion. Whereas a mechanism is

Figure 1.6. The Gough/Stewart platform. Parallel (Figure 1.7) and
serial (Figure 1.8) manipulators are also examples of multibody
systems.
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Figure 1.7. Parallel manipulators.

Figure 1.8. Serial manipulator.

Figure 1.9. Automotive independent front suspen-
sion mechanism.
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considered to have one of its bodies fixed, a general multibody system, in contrast,
may be an unrooted, free-floating system. This definition of a mechanism includes
several terms that must themselves be more precisely defined, which is the inherent
pitfall of any first definition. However, a start must be made somewhere, and as such,
this definition is perhaps as good as any.

Much of the material in this chapter is based on definitions originally established
by Professor Franz Reuleaux (1829-1905), a German kinematician whose work [6]
marked the beginning of a systematic treatment of kinematics. For an English trans-
lation, including additional reading, see British engineer and academic, Alexander
Blackie William Kennedy (1847-1928) [5]. Reuleaux’s second book [7] also made a
lasting impression but, unfortunately, has not been translated into English.

Some light is shed on the meaning of the word “mechanism” by discussing
what is not meant. Let us distinguish first between the words “mechanism” and
“structure.” A structure is also an assemblage of mechanical bodies connected by
joints, but its purpose is definitely not to transform motion. A structure, such as a
truss, is intended to be rigid. It can, perhaps, be mobile in the sense of being movable
from place to place. However, it has no internal mobility; no relative motion takes
place between its parts or members. A mechanism, on the other hand, does have this
freedom among its various members to move relative to one another. Indeed, the
whole purpose of a mechanism is to utilize these relative motions for transforming or
modifying a given input motion to produce a different output motion. For example,
a shaft set in a pair of bearings is not a mechanism, because the intent is to transmit
the input motion to the output, rather than to transform it, but it can be viewed as
a multibody system. A speed-reducing set of gears between input and output shafts,
on the other hand, does form a mechanism.

This brings us to distinguishing between the words “machine” and “mechanism.”
A machine is an assemblage of fixed and moving bodies for doing work, a device for
applying power or changing its direction. It differs from a mechanism in its purpose.
In a machine, force, torque, work, and power are the predominant concepts. In a
mechanism, even though it may transmit power or force, the predominant concept is
one of altering motion. Both machines and mechanisms are multibody systems with
multiple masses and may contain elements such as springs and frictional damping
elements.

1.3 Planar, Spherical, and Spatial Mechanisms

Mechanisms, like many other things, may be categorized in several different ways
in order to emphasize their similarities and differences. One such grouping divides
mechanisms into planar, spherical, and spatial categories. Of course, all three groups
have many things in common, but there must also be some criterion to distinguish
them. In this instance, the criterion is found in the characteristics of the motions of
the individual bodies.

A planar mechanism is one in which all moving points describe planar curves
and in which all of these curves lie in parallel planes. That is, the loci of all points
are planar curves, all parallel to a common plane. Owing to this characteristic, it
is possible to represent the locus of any chosen point in its true size and shape
in a single drawing or figure. The motion transformation of any such mechanism is
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Figure 1.10. Planar four-bar linkage.

- \o

called coplanar. The planar four-bar linkage (Figure 1.10), the disk-cam and follower
(Figure 1.11), and the slider-crank mechanism (Figure 1.12) are familiar examples
of planar mechanisms.

A spherical mechanism is one in which each moving body (or its extension) has
one point that remains stationary as the system moves, and in which the stationary
points of all bodies lie at a common location. That is, the locus of any point is a curve
contained in a spherical surface and the spherical surfaces defined by arbitrarily
chosen points are all concentric. The motions of all particles, therefore, can be
completely described by their radial projections on the surface of a sphere with a
properly chosen center. The Cardan/Hooke universal joint (Figure 1.13) is perhaps
a familiar example of a spherical mechanism.

Spatial mechanisms, on the other hand, include no restrictions on the relative
motions of their bodies. The motion transformation is not necessarily coplanar,
nor must it be concentric. A spatial mechanism may have particles with loci of
double curvature. Any linkage that contains a screw joint, for example, is a spatial
mechanism, because the relative motion within a screw joint is helical. Examples
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Figure 1.11. Disk-cam and follower.
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Figure 1.12. Slider-crank mechanism.

of spatial mechanisms are industrial robots (Figure 1.14) and the human skeletal
system (Figure 1.4).

It should be pointed out that the overwhelmingly large category of planar mech-
anisms as well as the category of spherical mechanisms are only special cases or
subsets of the all-inclusive category — spatial mechanisms. They occur as a conse-
quence of special geometry in the locations and orientations of their joint axes.
Unique geometric situations yield their own particular mechanisms.

If planar and spherical mechanisms are only special cases of spatial mechanisms,
why is it desirable to identify them separately? Because of the particular geometric
conditions that identify these types, simplifications are possible in their design and
analysis. As previously mentioned, it is possible to observe the motions of all points
of a planar linkage in true size and shape from a single direction. In other words, all
motions can be represented graphically in a single view. Thus, graphic techniques
are well suited to their analysis, as demonstrated by the abundance of texts such as
[9] on the kinematics of mechanisms. Because spatial mechanisms do not enjoy this
special geometry, visualization can become difficult, and more powerful techniques
are needed for their analysis.

Because the vast majority of mechanisms in use today are planar, we may
question the need for the more complicated techniques developed in later chap-
ters. There are several reasons why more powerful methods are of value for such
systems, even though the “simpler” graphic techniques may have been mastered.
First, they provide new, alternative methods that solve problems in a different way.
Thus, they provide a means for checking results. Certain problems by their nature
may be more amenable to one method than to another. Second, methods that are
analyticin nature are better suited to solution by digital computation than are graphic
techniques and, therefore, can be analyzed with higher accuracy. Third, even though

Z3

Figure 1.13. Cardan/Hooke universal
joint.
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Figure 1.14. An industrial robot.

the majority of useful linkages are planar and well suited to graphic solution, the
few remaining must also be analyzed, and techniques should be known for analyzing
them. Fourth, a possible reason that planar linkages are so common is that good
methods for analysis of the more general spatial systems have not been readily avail-
able until recent years. Therefore, their design and use have not been common, even
though they may be inherently better suited in certain applications.

Finally, spatial mechanisms are much more common in practice than their formal
description indicates. Consider a “planar” four-bar linkage (Figure 1.10). It has four
bodies connected by four pin joints whose axes are “parallel.” This parallelism is a
mathematical hypothesis; it is not a reality. The joint axes, as produced in a shop —
in any shop, no matter how good — are only approximately parallel. If the axes are
nearly parallel, the system operates because of looseness in the bearings or flexibility
of the bodies. If the joint axes are far out of parallel, there is binding in no uncertain
terms, and the system only moves because the bodies flex and twist, producing loads
in the bearings. A common way of compensating for non-parallelism is to connect the
bodies with self-aligning bearings, actually spheric joints allowing three-dimensional
rotation. Such a “planar” linkage is, thus, really a low-grade spatial mechanism.

1.4 Mechanical Body

Let us now look more closely at a term that has been used frequently in previous
sections. The term is “body,” or more precisely, “mechanical body.” In this text, a
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mechanical body is defined as a physical component of a machine, mechanism, or
multibody system that is considered completely rigid, and that may contain joint
elements for connecting it to other bodies.

The key concept in this definition is that of rigidity. Because the purpose of
a mechanism is to transform motion, its analysis usually begins with a study of its
kinematics. The assumption that bodies are rigid is a key in isolating kinematic
effects from those of kinetics; it allows major simplifications in the analysis process.
Stated explicitly, the assumption is that there is no change in distance between
arbitrarily chosen points of the same mechanical body no matter what load is applied.
Detailed consideration of deformations or flexibilities in mechanical bodies requires
aseparate and comprehensive treatment and there is much past and recent literature,
for example [4], on the subject. For this reason, this topic is not covered in this
text.

It is true that no real machine member is completely rigid; each has elastic
(and also thermal) properties characteristic of its shape and material. As such, a
mechanical body is an idealization of a real machine component. However, it is
this idealization that allows the kinematics of a mechanical system to be studied
separately from kinetic (and thermal) effects. Machines that depend on flexibility of
their members for their motion, such as the four-bar linkage with nonparallel axes
discussed earlier, cannot be idealized as consisting of mechanical bodies. Analysis
techniques for such systems either must accept this approximation, or they will
necessarily be complicated by the need for simultaneous kinematic and kinetic (and
perhaps even thermal) analyses [8].

Whereas a real machine member is made up of particles of mass and has material
properties, a mechanical body has only geometric properties — that is, points or
locations, lines, and planes. This brings us to the concept of the extended mechanical
body. The entire three-dimensional space that contains a mechanical body and that
moves with the body can be thought of as an extension of that body. Because of
this concept, it can be quite proper to speak of points on a body that lie outside
of the boundaries of its physical shape. In addition, it is permissible to speak of
coincident points or locations on two or more bodies, even though two different
physical particles cannot occupy the same space at the same time.

As mentioned in its definition, a mechanical body may carry the elements (mat-
ing surfaces) of joints that connect it to other bodies. Thus, bodies can be subdivided
into categories wherein nullary bodies describe those carrying no joint elements,
unary bodies carry a single-joint element, binary bodies carry two, ternary bodies
carry three, and so on. It should be noticed that, in kinematics, the primary function
a body serves is to ensure that the relative locations and orientations of its joint
elements do not change — that is, the purpose of a body is to hold its joint elements
and other shape features in constant geometric relationships.

1.5 Mechanical Chain and Kinematic Inversion

When several mechanical bodies are movably connected by joints, they are said to
form a mechanical chain. If every body in the chain is connected to at least two others
as in Figure 1.15b,c the chain comprises one or more closed loops and is called a
closed chain; if not, the chain is referred to as open, as in Figure 1.15a. If the chain
consists entirely of binary bodies, as in Figure 1.15b, it is a simple chain. Compound
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Figure 1.15. (a) Open mechanical chain, (b) simple closed chain, (c) compound chain.

chains, however, contain other than binary bodies and may form more than a single
closed loop. An example is shown in Figure 1.15c.

Referring to the previous definition of a mechanism, we see that it is necessary to
have one body fixed. When we say that a body is fixed, we mean that it is chosen as the
frame of reference for the movement of other bodies; that is, that the motions of other
points of the mechanical system are measured with respect to a coordinate system
attached to the fixed body. The fixed body in a practical machine usually takes the
form of a stationary platform or base or housing rigidly attached to such a base, and
is called the frame or ground or base. The question of whether this reference frame
is truly stationary (in the sense of being an inertial frame of reference) is immaterial
in the study of kinematics because masses are neglected, but does become important
in the investigation of kinetics when inertial forces become important. In any case,
once a frame member is designated (and other conditions are met), as the inputs are
moved through continually changing positions, all other bodies have well-defined
motions with respect to the chosen frame.

If, for the same mechanical chain, a different body is chosen as the frame,
the relative motions between the various bodies are not altered, but their absolute
motions with respect to the new base may be dramatically different. The process of
changing the frame of reference or the base link of a mechanical system — that is,
designating a different body as the fixed frame — is known as kinematic inversion.
An example is shown in Figure 1.16.

1.6 Joints and Joint Elements

One contributing factor in determining the relative motions of two points in a
mechanical system is the assumption that all bodies are rigid and that, therefore,
two points of the same body can only move on spherical loci with respect to each
other. However, this fact alone is not enough to completely specify the kinemat-
ics of a mechanism or multibody system because it tells nothing about the relative
motions of points on different bodies. These relative motions between bodies can-
not be arbitrary. These too must be constrained or, at least, restrained to have the

Figure 1.16. Example of kinematic inversion.
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Figure 1.17. Hollow and solid elements of a revolute joint.

proper relative motions — those chosen by the designer for the particular task to be
performed.

In kinematics, a joint is defined as a mechanical connection between two (and
only two) bodies. The designer restricts, but does not necessarily eliminate, the
relative motions allowed between bodies by selecting the types and locations of joints
used in connecting the bodies. Thus, we are led to the conclusion that, in addition
to the constant (rigid) geometric relationship between joint elements on the same
body, the nature of the joints and the relative motions that they permit between
the attached bodies are essential in determining the kinematics of a mechanism
or multibody system. For example, in the human musculoskeletal system, it is the
joints that allow movement of the limbs with respect to one another, providing both
mobility and dexterity. For other mechanical systems such as robotic manipulators,
joints are chosen such that they can be easily driven by actuators, such that their
positions and/or velocities can be determined by sensors, and such that they can be
controlled by automatic control systems. It is therefore important to look closely at
the nature of joints in both general terms and through common types.

Another important reason to classify some of the common types of joints has
to do with developing a general method of analysis that will lend itself to digital
computation. In general, the bodies of different types of multibody systems come
in an unlimited variety of shapes, sizes, mass properties, and so on. The types and
variety of joints, however, is more limited and therefore, we can separately study and
catalogue the more common types. These can then be chosen as needed to provide
the governing equations for different multibody systems.

Because a joint connects two mechanical bodies, the joint is not a physical entity
in itself; it is composed of two constituents, the mating surfaces on the two connected
bodies. The two mating surfaces, when considered separately, are each referred to
as a joint element and, when they are joined together, they form a kinematic pair
(of elements) or a joint. If it is desirable to distinguish between the two elements
making up a joint, their shapes usually make it natural to refer to one as the hollow
element and the other as the solid or full element as shown in Figure 1.17. Some joint
elements do not have this obvious hollow and solid geometry, as for example in the
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case of a flat joint (see Figure 1.20f). The two may then be arbitrarily distinguished
by assigning one term to each.

The controlling factor that determines the relative motion(s) allowed by a given
joint are the shapes of the mating surfaces or elements. Each type of joint has its
own characteristic shapes for its elements, and each allows a given type of motion
that is determined by the possible ways in which these two elemental surfaces can
move with respect to each other. For example, a pin joint usually has cylindric
elements with provision on the ends to prevent axial motion. Assuming a good fit,
without backlash, these surfaces only permit relative rotational motion. Thus, a pin
joint allows the two connected parts to experience relative rotation with respect to
each other about their common axes. So, too, other joint types each have their own
characteristic element shapes and relative motions. These element shapes restrict
the otherwise arbitrary motions of two unconnected bodies to some prescribed type
of relative motion, thus producing constraints on the motion of the total mechanical
system.

It should be pointed out that the element shapes may sometimes be subtly
disguised and difficult to recognize. For example, a pin joint might include a roller
bearing, and the two mating surfaces, as such, may not be recognized as those of a
pin joint. Nevertheless, if the motions of the individual rollers are not of interest, the
overall relative motion allowed by such a joint is not different and the joint is still
of the same generic type; it allows relative rotation about a single axis. So, too, the
diameter of the pin used (and, in most cases, other dimensional data) are of no more
importance in kinematics than the exact sizes and shapes of the connected bodies.
Thus, the criteria that distinguish different joint types are the relative motions that
they permit rather than the detailed physical shapes of the elements, even though
these may provide vital clues.

As previously stated, the primary function of a mechanical body is to hold fixed
geometric relationships between its joint elements. In a similar way, the primary
kinematic function of a joint is to constrain the relative motions allowed between
the connected bodies. Other features are determined for other reasons and are
unimportant in the study of kinematics.

When a kinematic problem is formulated, it is necessary to recognize the types
of relative motion permitted by each of the joints and to assign to each some variable
parameters for describing these relative motions. Because many of these parame-
ters are required as degrees of freedom in relative motion allowed by the joint in
question, they are referred to as joint variables. Thus, the only joint variable of
a pinned joint is an angle measured between reference lines fixed in the adjacent
joint elements, whereas a ball-and-socket joint has three joint variables (perhaps
three angles) to describe the relative three-dimensional rotation allowed between its
elements.

1.7 The Six Lower-Pairs

Because a joint implies joining the elements of a pair of bodies, a kinematic pair was
the name given to a joint by Reuleaux [6]. He also divided pairs into two categories
that he called higher- and lower-pairs, the latter category consisting of precisely the
six types listed in Table 1.1, to be described in this section. He distinguished between
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Table 1.1. Characteristics of the lower-pairs

Joint Degrees of Relative Motion
Joint type Symbol Diagram variable(s) freedom motion type
Helical H(o) A A or As 1 helical spatial
Revolute R AN A6 1 rotation planar
Prismatic P -+ As 1 rectilinear planar
Cylindric C ARV A0 and As 2 cylindric spatial
Spheric S A~ AQ, AG', AG” 3 spheric spheric
Flat F @\ As, As', AD 3 planar spatial

the categories by noting that lower-pairs, such as the pin joint, have surface contact
between their joint elements, whereas higher-pairs, such as the connection between
a disk-cam and its roller follower, have line or point contact between their elemental
surfaces. However, as previously noted, this criterion may be misleading. Instead,
we should look for distinguishing features in the relative motion(s) that the joint
allows.

Consider two machine components — that is, two bodies of a multibody system —
labeled body b and body ¢ (one circular and the other straight) rolling on each other
without slip as shown in Figure 1.18a. Choosing two coincident points — P, and P, of
bodies b and ¢, respectively — at the point of contact (Figure 1.18a), notice the locus
that each traces in a coordinate system fixed to the other body as the joint moves. In
this case, the point P, traces a cycloid on body c, (Figure 1.18b), whereas the point
P, of the straight body c traces an involute on the circular body b, (Figure 1.18c).
The characteristic to be noticed is the dissimilarity between the two curves; this is a
mark of a higher-pair.

In a lower-pair, such as a pin joint, on the other hand, the loci traced by a pair
of coincident points of the connected bodies are similar curves (circles for a pin
joint), differing only in the directions in which they are traced. A corollary to this
is the observation that interchanging the hollow and solid elements of a lower-pair
between the two bodies does not affect their relative motion. This is illustrated for
a pin joint in Figure 1.19.

The six joint types defined by Reuleaux [6] to form the category referred to as
lower-pairs are listed in Table 1.1 and are illustrated in Figure 1.20.

The simple kinematic notation for each joint, shown in column two of Table 1.1,
can be used to provide the following information about a mechanism or a robotic
manipulator as part of a multibody system: namely, the types of joints between

[ Link ¢ | Link ¢ P, P,
() (b) ©

Figure 1.18. Contrast of relative motions between elements of a higher-pair.
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% Figure 1.19. Inversion of the hollow and solid elements of a revolute
joint.

mechanical bodies and the order in which the joints appear in a chain. For example,
one can refer to a multibody system as an RSSR mechanism. This means that the
first joint in the chain is a revolute (R) joint connecting the fixed (or the first) body
to the second body of the system. Next, the second body is connected to the third
body by a spheric () joint and this third body is also connected to the fourth body
by another spheric (S) joint. Finally, the fourth body is connected back to the first
or fixed body by a revolute (R) joint.

The six lower-pair Reuleaux joints are sometimes described symbolically using
skeletal diagrams that simplify the sketching of different mechanisms, robotic manip-
ulators, or some multibody systems. These are shown for each of the six lower-pairs
in column three of Table 1.1.

The most general of the six lower-pairs defined by Reuleaux, the one from which
all others may be derived, is the helical or screw joint. It carries the symbol H(o)
where o represents the pitch of the helix. The helical joint consists of a solid element
borne by the “bolt” and a hollow element carried by the “nut” and, as with other
lower-pairs, the loci traced by coincident points are identical or, in this case, helical.
If one of the joint elements is turned through an angle A6 relative to the other, it also
advances by an axial distance As. The ratio of As to A# is an invariant property of
the helix defined as its pitch, 0 = As/A0, the axial advance per unit rotation. When
A0 is specified then As is determined and conversely. Therefore, either A9 or As
may be used as the joint variable defining the relative displacement of the elements.
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Figure 1.20. The six lower-pairs: (a)
helical joint, (b) revolute joint, (c)
prismatic joint, (d) cylindric joint, (e)
spheric joint, (f) flat joint.

(e)

However, because As and A9 are interrelated through the pitch, the joint has only
one degree of freedom in relative motion, and only one of these variables may be
used as the joint variable.

Two other lower-pairs are formed by allowing the pitch of a helical joint to take
one of its two extreme values. On setting the pitch to zero, we see that As becomes
zero and the “threads” become circumferential bands; in this case, only relative
rotation is possible. This type of joint, which could be written H(0), is so common,
appearing as a pinned joint, that it is given its own symbol R and is called a revolute
joint. The revolute joint has only one degree of freedom and, because there is no
axial advance, the joint variable is the relative rotation A9 between the elements.
The revolute joint is especially important in the design of many mechanisms or
multibody systems because it can be simply actuated with an electric or hydraulic
motor; it is in common use, for example, in robotic manipulators.

When the pitch of a helical joint is made infinite, the “threads” align themselves
axially, allowing only relative axial translation. This type of joint also has one degree
of freedom, and the joint variable is the relative axial translation As between the
joint elements. Again, this pair could be denoted symbolically as H(oco) but it is so
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important, appearing when there is rectilinear translation, that it is given the name
prismatic pair and is denoted by the symbol P. The prismatic joint is also very simply
actuated, as by a hydraulic or pneumatic cylinder.

Of these three types of joints — the helical joint and its two descendants, the
revolute and prismatic joints — each has a single degree of freedom; each has its
own unique type of relative motion — helical, circular, and rectilinear, respectively;
each is described by a single joint variable; and each is located by its distinctive
geometric axis. It is now clear that the motion of a helical joint can be obtained
by a coaxial combination of a revolute and a prismatic joint with a constant ratio
of the translational to the rotational motion. The remaining three lower-pairs each
have more than one degree of freedom and can be thought of as equivalent to series
combinations of revolute and prismatic joints.

The cylindric joint is equivalent to a revolute joint mounted coaxially in series
with a prismatic joint. It has two degrees of freedom because the axial advance and
the rotation are independent. There is no constraint between these two motions, as
there was in a helical joint. Thus, A6 and As are both joint variables. The cylindric
joint is denoted by the symbol C.

The ball-and-socket joint is an example of a spheric or globular joint. It may
be visualized as a combination of three consecutive revolute joints with three non-
coplanar axes all intersecting at a central point. Although any three intersecting
non-coplanar axes are sufficient, mutually perpendicular axes are often used for
convenience in visualization and calculation. A spheric joint has three degrees of
freedom and the three joint variables may be chosen as A9, Af’, and A", the relative
motions in each of the three independent revolutes. The symbol § is used to denote
a spheric joint. In robotic applications a spheric wrist is often used and consists of
three revolute joints all intersecting at one point that is referred to as the wrist center
point.

The sixth type of lower-pair is the flat or planar joint, denoted by the symbol
F. The joint elements of a flat joint are planar surfaces, constrained to remain in
contact but free to move by sliding on one another. The relative motion is general
planar motion, having three degrees of freedom. The motion may be visualized
as two non-parallel translations in the plane and one rotation about an axis nor-
mal to the plane. Thus, it is equivalent to two non-parallel prismatic joints and a
properly oriented revolute joint (perpendicular to the axis directions of the two pris-
matic joints) connected in series. Its three joint variables can be chosen as As, As’,
and A6.

As pointed out earlier, the lower-pairs are very common in the construction of
practical mechanisms and multibody systems and, in some cases, all of a mechanical
system’s joints are lower-pairs. A mechanism that consists entirely of lower-pairs is
referred to as a linkage.

Planar linkages utilize only revolute and prismatic joints. Although a flat joint
might theoretically be included, this would impose no constraints on the relative
motion in the plane and thus would be equivalent to an opening in the chain. Planar
motion also requires that the axes of all prismatic joints be parallel to the plane of
motion and that the axes of all revolute joints be normal to the plane of motion.

Spheric linkages must be constituted entirely of revolute joints because a spheric
joint would be equivalent to an opening in the chain and all other lower-pairs have
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Figure 1.21. Examples of higher-pairs.
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non-spheric motion. In spheric linkages, the axes of all revolute joints must intersect
at the center of the spheric motion.

Robotic manipulators usually use single-degree-of-freedom joints because they
can easily be controlled by independent actuators. The most common joints used in
these are revolute and prismatic joints.

One could argue that Reuleaux should have included two more joint types in
his compilation of lower-pairs. One of these might be called a rigid joint; it is defined
here as a joint that has zero degrees of freedom and allows no motion between
the connected bodies. The other might be called an open joint; it is defined here
as a logical connection with six degrees of freedom and allows complete freedom
between the “connected” bodies. On the other hand, one could argue that these two
joint types do not truly fit the definition of a joint in the first place, and should not be
included. Nevertheless, these two additional joint types, although not lower-pairs, do
allow significant advantages in the simulation of multibody systems, and are included
in later chapters of this text.

1.8 Higher-Pairs and Kinematic Equivalence

In spite of the common occurrence of lower-pairs in practical systems, the methods
developed in later chapters would be quite inadequate if no consideration were
given to higher-pairs. However, by definition, the higher-pairs include all joint
types not mentioned in the list of lower-pairs, and thus are practically unlimited
in variety. A systematic accounting of all higher-pairs and their motion character-
istics is, therefore, not a realistic objective. Examples of higher-pairs are shown in
Figure 1.21.

Let us now return to the observation that two unconnected bodies have six
degrees of freedom in relative spatial motion — three in relative translation and
three in relative rotation — and that the objective of including a joint is to impose
conditions or constraints on these six independent relative motions, that is to make
them dependent on one another in a chosen relationship. For example, in a helical
joint, two translations and two rotations are completely constrained (eliminated) and
the remaining translation and rotation are made dependent on each other through
the ratio defined as the pitch.

One way of analyzing mechanical systems that include higher-pairs is to find a
proper combination of lower-pairs that enforces the same relative motion constraints
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Figure 1.22. Example of kinematic equivalence.

and thus can be used as a model for the higher-pair. Such a combination is referred
to as a kinematic equivalent. An example is shown in Figure 1.22. There are no
hard-and-fast rules for discovering these proper combinations and the process may
require a certain amount of ingenuity on the part of the analyst, especially as the
constraint conditions become more complex.

It should be pointed out that a kinematically equivalent combination of lower-
pairs may be found that properly restricts the relative motions as desired, but has
force transmission characteristics entirely different from the higher-pair being mod-
eled. Thus, attention must also be given to static and dynamic equivalence if these
types of analyses are to be performed on the resulting model.

1.9 Restraints versus Constraints

Joints provide connections between bodies and, in our modeling paradigm, they
restrict the relative motions between the connected bodies to specific types deter-
mined by the choice of the joint. For example, a revolute joint only allows relative
rotation about the joint axis between the two connected bodies. For modeling, joints
are thus considered to strictly enforce specific constraints on the relative motions of
the connected bodies.

On the other hand, bodies may be restrained by interconnections such as springs
or dampers, which do not strictly enforce relative motion constraints, but neverthe-
less restrain the relative motions of the interconnected bodies through energy storage
and/or release. Of course, a joint, however stiff in the directions of its constraints,
may be modeled as providing restraint in the directions of its relative motion. It
should be clear that the use of a joint (a constraint) or the use of a softer restraint
is a modeling decision, determined for the specific system and the complexity and
precision desired in modeling the system.
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E Topology and Kinematic Architecture

2.1 Introduction

In order to make a systematic study of mechanisms and multibody systems and to
develop general methods for their analysis by digital computer, we must be able to
recognize and precisely describe certain basic information that governs their opera-
tion. For example, it is clear that, at some point, we must explicitly identify certain
dimensional information, such as part shapes and dimensions, in order to perform
the analysis. However, before we reach this stage, another even more fundamental
problem confronts us. We must first study each system enough to determine how its
various parts are interrelated — that is, which part is connected to which, and what
is the nature of each connection. In other words, we need to understand the kine-
matic architecture of the multibody mechanical device. In the kinematics literature,
the term “structural analysis” has sometimes been used for this type of analysis.
Here, however, we use the term “kinematic architecture” to avoid confusion with
the statics use of structural analysis.

In the classic methods of analysis, both graphic and analytic, the task of recogniz-
ing the architecture of a mechanism or multibody system did not require reduction
to a step-by-step procedure. No real difficulties arose because the analyst, through
experience, developed an intuitive feeling for analyzing problems of a given type.
As the analysis progressed, he or she could continually make decisions based on
experience as to what steps should be taken in what order and what techniques
might be applied to accomplish each step.

However, if a general method suitable for automated computation is to be
developed here, the problem of recognizing a system’s topology — the associations
between its parts — must be dealt with in a more systematic manner. It is not possible
to depend on a computer to “know” how to proceed through the solution process.
It is necessary to discover and adopt a unified procedure, common to all situations
that might be encountered.

The success of a generalized approach, therefore, depends on the development
of a general algorithm whereby a computer can recognize and manipulate systems
of widely differing kinematic architecture without placing awkward requirements or
special conventions on the task of data preparation. Insofar as possible, all problems
should be handled by one consistent procedure. The challenge, therefore, is to devise
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Figure 2.1. Hydraulic clamp (Lapeer Mfg. Co., Lapeer, MI).

a procedure powerful enough that it is applicable to as wide a variety of mechanisms
and multibody systems as possible.

In keeping with this philosophy, the purpose of this chapter is to develop a
general algorithm for studying the fopology of a mechanism or multibody system —
that is, the number of bodies, the number and types of joints, the pattern in which
the bodies and joints are arranged, the number and pattern of closed loops, if any,
and other such characteristics that are determined solely by the connectivity of the
system. This phase of the analysis of a system is referred to as topological analysis
or analysis of the kinematic architecture of the system.

In order to describe the kinematic architecture of a mechanism or multibody sys-
tem explicitly and precisely, it is necessary to choose a format that can be understood
by others for purposes of communication. It is also advantageous if this format can
be manipulated directly to determine such features as closed loops. Several formats
are possible and each has its own advantages depending on what features are sought
through manipulation.

One way of describing topological characteristics, for example, is through a
photograph or drawing such as that shown in Figure 2.1. Clearly, this can provide a
complete description; however, it also includes a plethora of irrelevant information
that tends to disguise the true nature of the topology.

Another approach, common throughout the history of traditional kinematics,
is the use of schematic drawings such as that shown in Figure 2.2. Such schematics
suppress many of the features that are unimportant in topological analysis. However,
they still retain an aura of “shape” and can become misleading for this reason. Also,
although such diagrams are well suited to human communication, they are not well
suited to manipulation by computer; a numeric format would be preferable.

Body 6

Figure 2.2. Schematic drawing for the hydraulic clamp of Figure 2.1.
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2.2 The Incidence Matrix

We recall from Chapter 1 that all mechanisms and multibody systems are made up
of only two basic types of components: mechanical parts and joints. Their definitions
are repeated here:

Mechanical Part (Body): a mechanical part is a rigid body that may contain joint
elements for connecting it to other bodies.

Joint: a joint is a connection between two (and only two) joint elements of
separate bodies that provides constraints on the relative motions of the two
bodies joined.

Notice that a joint does not exist merely by the fact that both joint elements
exist; it also requires that they be joined. Therefore, a joint is considered a separate
entity in itself, distinct from the two elements.

Once all of the bodies and joints have been identified for a given system, the prob-
lem of topological analysis requires describing the relationships that exist between
them. Much of the remainder of this chapter relies on the branch of mathematics
titled graph theory; see [2] for example. Precise discussion of these relationships
requires two further definitions:

Incidence: a joint is said to be incident with each of the two bodies containing its
joint elements.

Mechanical Graph (Assembly): a mechanical graph or assembly consists of a
set of bodies, a set of joints, and a prescribed incidence relationship between
these two sets.

Thus, a mechanical graph uniquely defines the characteristics of a mechanism
or multibody system that are essential to its topological analysis, and at the same
time strips away all other features such as the geometry and material properties
of the bodies. These features will, of course, be reintroduced at a later stage in
the analysis, but are not pertinent to the analysis of a system’s kinematic architec-
ture. The incidence relationships for the clamp example of Figure 2.2 are given in
Table 2.1. In this example, letters rather than numbers are used for joint labels to
reduce confusion between joint labels and body labels, which are numeric. Notice
also that the stationary body is intentionally chosen to have the highest body label
(6); the reason for this becomes clear in section 2.5.

Table 2.1. Incidence table for figure 2.2

Joint Connects from body to body
A 6 3
B 3 5
C 3 4
D 1 4
E 2 5
F 6 1
G 2 6
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Joint h
Body b > Body ¢

Figure 2.3. Graphic representation of kinematic architecture where each body is represented
as a node and each joint is represented as a directed arc connecting two nodes.

One further property is defined in order to achieve maximum capability in the
upcoming manipulation. Each joint is assigned an arbitrary orientation. When the
orientation of joint /4 is chosen as oriented from body b fo body c, then joint 4 is
said to be negatively incident with body b and positively incident with body c. A
mechanical graph in which every joint is assigned an orientation is called an oriented
mechanical graph or an oriented assembly.

Another way to represent the topology of a complex multibody system, which
perhaps aids in visualization of its kinematic architecture, is through a graphic rep-
resentation in which each body is represented as a node (vertex) and each joint is
represented as a directed arc (edge) of a graph, and the arc (edge) connections of
the nodes (vertices) correspond to the joint connections of the bodies. When the
orientation of joint 4 is directed from body b to body c, then the arc for joint A
is directed from the node representing body b to the node representing body c, as
shown in Figure 2.3.

With this convention, the oriented graph for the clamp of Figure 2.2, using the
orientations given in Table 2.1, is depicted in Figure 2.4.

With the aforementioned definitions, we are now prepared to define a new
and very useful format for expressing the incidence relations of a mechanism or
multibody system. The information contained in the incidence table or in the oriented
graph can be written in the form of an incidence matrix, in which each row represents
a body, each column represents a joint, and the matrix entries define the incidence
between corresponding rows and columns. For a system having ¢ bodies and # joints,

Figure 2.4. The oriented graph of the
hydraulic clamp of Figure 2.2, using the
joint orientations given in Table 2.1.
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the incidence matrix I" is (£ x n) matrix. The entry in row b and column # is defined
as follows:

if joint 4 is positively

incident with body b;

if joint £ is negatively

ro.n=1{-1 2.1)

incident with body b;

if joint 4 is not incident
with body b.

Therefore, for the clamp example of Figure 2.2, with the orientations of the
joints chosen as shown in Table 2.1, the incidence matrix is

0 0 0 -1 0 1 0] 1

o 0 0 0 -1 0 -1| 2

F_| 1 -1 -1 0 0 0 of3
o 0 1 1 0 0 of 4

0O 1 0 0 1 0 0|5

-1 0 0 0 0 -1 1] 6

A B C D E F G

The incidence matrix completely describes the topology of an oriented mechan-
ical graph and, therefore, completely describes the kinematic architecture of a mech-
anism or multibody system. It also has the advantage that it can easily be communi-
cated to and manipulated by a computer, and thus provides a working tool as well as
a convenient symbolism. A few further definitions bring out some simple tests that
can be performed on the incidence matrix.

A system is said to contain a self-loop whenever there is a joint for which both
joint elements are contained in the same body; that is, when a joint connects a
body to itself. Self-loops, such as that shown in Figure 2.5, are of no interest in
kinematics because they permit no relative motion. They can be easily detected,
however, because each valid joint is represented by a column of the incidence matrix
having exactly two nonzero entries, one positive and one negative. Any self-loops
should be eliminated from the incidence matrix (and from the count of joints) before
further manipulations are performed.

The degree of a body is defined as the number of joints that are incident with
that body. Thus, a nullary body has degree zero, a unary body has degree one, a
binary body has degree two; a ternary body has degree three, and so on. The degree
of a body can be found by summing the absolute values of the elements of the
corresponding row of the incidence matrix. Notice that the degree of a body should

A

Figure 2.5. Self-loop.
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count joint elements only when they are contained in joints. Thus, a “ternary” body,
for example, in which one joint element is not joined to another body, is only of
degree two. Equivalently, the degree of all bodies can be found as the diagonal
elements of the product of the incidence matrix with its transpose:

d, = (I'T")(b, b), b=12,...,¢ (2.2)

Another interesting property can be found by summing this equation over all
bodies:
¢
Zdb =trace(I'T"") = 2n. (2.3)
b=1
This shows that because the number of joints in a mechanism or multibody
system is an integer, the number of bodies of odd degree must be even.

2.3 Connectedness and Assemblies

An assembly (mechanical graph) of a multibody system is said to be connected if and
only if its bodies cannot be grouped into subsets such that no joint is incident with
bodies from more than one subset; that is, if and only if it is not possible to group
the bodies and joints such that the incidence matrix becomes block diagonal:

r= [’gl ng] . 2.4)

In a connected mechanical graph or assembly, the degree of any node must
not be less than unity. Mechanisms and multibody systems usually have connected
mechanical graphs. If a mechanical graph is not connected, it does not represent a
single assembly, and its unconnected assemblies may (although they need not) be
analyzed as separate systems. An example of a situation where simultaneous analysis
may be desired, or even required, is when the analysis is considering possible collision
between bodies of unconnected assemblies. Physically unconnected assemblies may
be logically connected by means of an open joint; see section 4.6.8.

Because there are (£!n!) permutations of body and joint labels, Eq. (2.4) does
not provide a convenient test for connectivity. Such a test is provided, however, by
the following theorem, taken from graph theory [2]:

THEOREM 2.1. The incidence matrix of a mechanical graph containing € bodies and
including a connected subassemblies has rank (£ — a) .

2.4 Kinematic Loops

A task of utmost importance in the topological analysis of a mechanism or multi-
body system is the determination of any closed kinematic loops, if they exist. All
mechanism and multibody analysis techniques in one way or another depend on the
recognition of such loops for formulation of the essential constraint equations. In any
computer-aided analysis scheme involving mechanisms or multibody systems, either
the program must be restricted to a specified kinematic architecture, or the user must
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identify any kinematic loops, or an algorithm must be incorporated into the software
that can identify closed loops from known information. In this section, an algorithm
for discovering kinematic loops based on the incidence matrix is presented.

First, the terminology must be precisely defined:

Kinematic Path: akinematic path is a sequence of joints (A, h,, .. ., ;) for which
there exists a corresponding sequence of bodies (b, by, . . ., b, ) such that joint
h; is incident with bodies b;_, and b; for each joint of the sequence.

Kinematic Loop: a closed kinematic path (where b, = b,) is called a kinematic
loop.

Also, a kinematic path or kinematic loop is said to be oriented if the joints in the
sequence have designated orientations and a “direction” is chosen for the kinematic
path or loop.

Because we have chosen a matrix representation to denote the incidence rela-
tionships of a given system, it is natural to consider a similar notation for expressing
its kinematic loops. Therefore, we define the oriented-loop matrix L such that each
row represents an oriented loop and columns again correspond to the joints of the
system, taken in the same order as for the incidence matrix. We define the entry in
row i, column £, of the oriented-loop matrix as follows:

if joint /4 is contained in loop Z, and
+1 if the orientation of loop i and the
orientation of joint / are the same;

LG, h)= if joint 4 is contained in loop i,and h=1,2,...,n, (2.5)

—1 if the orientation of loop i and the
orientation of joint / are opposite;

0 1if joint 4 is not contained in loop i.

For the clamp example of the preceding section, therefore, an oriented-
loop matrix containing all possible loops can be found by careful inspection of

Figure 2.2:

1 0 1 -1 0 -1 0]

-1 -1 0 0 1 0 -1

0O -1 1 -1 1 -1 -1

L= (2.6)

-1 0 -1 1 0 1 O

1 1 0 0 -1 0 1
. 0 1 -1 1 -1 1 14

However, the desired algorithm need not generate all possible loops, as shown
here. It is clear, for instance, that the final three rows of matrix (2.6) represent loops
that are equivalent to those of the first three rows, but which are oppositely oriented.
Also, inspection verifies that the third row is equal to the sum of the first two rows.
It is only necessary to generate enough loops to completely characterize the system.
That is, we seek a complete set of independent kinematic loops.
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Figure 2.6. Kinematic tree for Figure 2.2.

Returning our attention to the incidence matrix, consideration of theorem 2.1
ensures that it can be partitioned as follows:

r, I
I = 1 12:| , (27)
|:F21 I

where I'y; is the largest possible nonsingular square submatrix. Theorem 2.1 tells
us that I',; and I',,, together, form a rows where a is the number of unconnected
subassemblies and that, therefore, I';, is of order (¢ — a). Some reordering of the rows
and columns may be required to achieve the largest possible nonsingular submatrix
for I'{;. However, this is assuredly possible because, according to theorem 2.1, the
rank of I" is (¢ — a).

For the clamp example that we have been following, reordering is not required.
The submatrices for this example are:

T0 0 0 -1 0] T 1 0]

0 0 0 0 -1 0 -1

1 -1 -1 0 0 0 0

[1“11}: 0 0 1 1 0 |:F12]= 0 0
I 0o 1 0 0 1 In 0 0
-1 0 0 o0 0] -1 1]

A B C D E F G

It is interesting to note the significance of this partitioning. The submatrices
'y, and I',;, taken together, also represent a mechanical graph, but not the same
assembly as the original. This new system has the same bodies as the original, but has
certain of its joints (F and G) disconnected as shown in Figure 2.6. It is clear in this
example that a judicious selection of joints are disconnected so that the assembly
remains connected but no longer contains any kinematic loops.

Is this a coincidence? No. Theorem 2.1 ensures that a mechanism or multibody
system retains a connected assemblies because I";; is nonsingular and contains (£ —
a) rows. Therefore, it is always possible to disconnect at least [n — (£ — a)] joints,
although the choice of which joints may not be arbitrary, without dividing any of
the assemblies. However, no more than this number of joints can be disconnected
because if one more joint were disconnected, I';; would contain only (£ —a — 1)
columns and, according to theorem 2.1, the system would then consist of (@ + 1)
assemblies.
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These partially disconnected assemblies have such interesting properties with
regard to topological studies that they are given a special name. A mechanical graph
that is connected but contains no loops is called a tree or kinematic tree. A kinematic
tree of a mechanical graph, therefore, is a subgraph that contains all the nodes of
the original mechanical graph but has no loops. One fundamental property of a
kinematic tree is that it possesses a unique kinematic path between any two of its
bodies. Therefore, as can be seen from Figure 2.6, when any of the disconnected
joints is reconnected, a unique loop is formed, consisting of the reconnected joint
and the joints of the unique path through the tree. It should be pointed out that most
mechanisms contain at least one closed loop, but some multibody systems, such as
serially connected robots, are characterized by tree-type kinematic architectures.

The set of [n — (¢ — a)] joints that are disconnected to form the tree are called
the cut-set. Each joint of the cut-set can be reconnected, one at a time, and a unique
loop is formed for each. Also, because each of these contains at least one joint (the
reconnected joint) that appears in no other loop, the loops found in this manner
must be independent. Because joints are represented by arcs in a mechanical graph,
the arcs corresponding to these reconnections (that form independent loops) are
called chords of the mechanical graph. This means that the number of independent
loops in a mechanical graph is equal to the number of chords, which is the same as
the difference between the number of arcs of a mechanical graph and the number
of arcs of a tree of the same graph. However, because [n — (£ — a)] joints are
disconnected in forming the tree, this procedure shows that there are at least NL =
(n — £ 4 a) independent kinematic loops in a mechanism or multibody system. The
digraph NL is used to avoid duplicate symbolism in later chapters. This number,
NL, has also found much significance in other applications of graph theory and
is alternatively referred to as the nullity, the connectivity, the cyclomatic number,
or the first Betti number of the graph [named after Italian mathematician, Enrico
Betti (1823-92)]. Later in this section we will show that the rank of the oriented-loop
matrix L cannot be greater than NL. Therefore, the set of kinematic loops generated
by this process also provides a complete set of independent kinematic loops for the
system.

Suppose that we are successful in finding the NL kinematic loops by the previ-
ously described procedure. Suppose also that we form the oriented-loop matrix L,
including only these NL independent loops. If they are taken in the proper order
and if the proper orientation is chosen for each, then the oriented-loop matrix can
be partitioned as follows:

L=[L, -I. (2.8)

where — [ is the (NL x NL) negative-identity matrix corresponding to the recon-
nected joints of the cut-set and the rows of L, correspond to the unique, oriented
paths through the tree. The arbitrary negative sign is chosen to produce a positive
result in Eq. (2.10).

An extremely simple algorithm for generating the pathsin L, is based on another
important theorem from graph theory. Proof is omitted here; see, for example, [3,
p- 92]:



2.4 Kinematic Loops

Figure 2.7. Oriented kinematic loops of Eq. (2.12) for Figure 2.2.

THEOREM 2.2. With the columns of the incidence matrix I" and the oriented-loop matrix
L ordered consistently, these two matrices are orthogonal. That is

rr =o, (2.9)

where L' indicates the transpose of the matrix L.
Partitioning the matrices as indicated and applying this theorem, therefore,

|:F11 Flz] |:Lt1:| -0
Iy Ipll-1
and on expanding the top row of submatrices,
Ly — I, =0.
Because I';; was chosen to be nonsingular, this equation can be readily solved
for the unknown portion of the oriented-loop matrix:
_ t
L= (') . (2.10)

Using this procedure on our clamp example, by Eq. (2.10) we find that

1 1111 1 -1
0 1001 0 -1
‘=1 00 10|, Ij'rpb=Li=|1 0f, (11
-1 00 00 -1 0
0 -1 000 0 1
and
1 01 -1 0/-1 0
L=|(-1 -1 0 0 1! 0 -1} (2.12)

A B C DE| F G

Successfully finding the rank of I" for this example to be five while the number
of bodies is six verifies that the system consists of a = 1 assemblies. Checking the
entries of Eq. (2.12) against the first two rows of Eq. (2.6), we verify that we have
indeed found a valid, complete, and independent set of oriented kinematic loops for
the system. These are shown in Figure 2.7.

Previously we made use of the fact that the rank of I" cannot be greater than that
which gives NL = (n — £ + a) in order to show that NL loops form a complete and
independent set. This can now be shown directly from theorem 2.2. Because I" and
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L are orthogonal, we know that the rank of I" plus the rank of L cannot exceed the
dimension of their common vector space, the vector space of all joints in the system.
This is Sylvester’s law of nullity [3, p. 67], named after British mathematician, James
Joseph Sylvester (1814-97):

rank (I") 4+ rank (L) < n.
Theorem 2.1 tells us that the rank of I" is (¢ — a). Therefore,
rank(L) =n—+{¢+a= NL. (2.13)

In this section, we have seen that the incidence matrix I” can be manipulated to
produce a complete set of independent kinematic loops that can be used for analysis
of the system. It should be noted from Eq. (2.10) that the matrix L, can be found
directly by performing the row operations that are required to reduce the original
incidence matrix I" to row-echelon form:

Iy I L
a o=l 6
The valid row operations allowed for reducing to this form are:

(a) arow may be replaced by its negative,
(b) arow may be added to or subtracted from another,
(c) arow or column may be switched with another.

Switching rows is equivalent to relabeling bodies whereas switching columns is equiv-
alent to relabeling joints. If these operations are used, however, the rearranged order
of the original row and column labels must be recorded for later use when interpret-
ing the body and joint labels in the result.

2.5 Kinematic Paths

Another topological matrix for which we will find many uses in the coming chapters
is called the kinematic path matrix, and is labeled P. It is an (¢ x n) matrix in which
each row shows the joints that appear in the kinematic path from the base body to
the corresponding body. These paths become useful, for example, in calculating the
motion of a chosen body by summing the relative motions of the joints along the
path from the base body to the chosen body.

The entry in row b, column /4 of the oriented path matrix, with columns taken
in the same order as in the incidence matrix, is defined as follows:

if joint 4 is contained in the path from the base
+1 body to body b, and if the orientation of joint
h and the orientation of that path are the same;

if joint £ is contained in the path from the base
—1 body to body b, and if the orientation of joint
h and the orientation of that path are opposite;

P(b, h) = (2.14)

if joint /4 is not contained in the path from the
base body to body b.
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The oriented-path matrix can be found by a procedure very similar to that used
in finding the oriented-loop matrix. The process is nicely shown by continuing the
clamp example previously shown. If, for that example, we augment the original
incidence matrix with an (¢ x ¢) identity matrix to its right, it appears as follows:

0O 0 0 -1 0 1 0] 1000O0O0O0
0 0 0 0 -1 0 -1 } 01 0 0 0O
‘ 1 -1 -1 0 0 0 0}0O01O0O00O0
[F I I] = |
0 0 1 1 0 0;,00010O00O0
0 1 0 0 0 0,000O0CT1O0
-1 O 0 0 o0 -1 117000001

Using the row operations previously enumerated, this augmented incidence
matrix can be reduced to row-echelon form, exactly as was done to find the loop
matrix, but working also on the additional augmented columns of the identity matrix.
The final reduced form is:

(10000 1-1! 1 1111 0]
01000 0-11 0 10010
I Lort o 00100/ 1 0! 1 0010!0
010 1 |1 00010!-1 0! -1 0000! 0
00001! 0 1! 0-1000"!0
00000! 0 0! 1 11111

The sixth and seventh columns of this result confirm the L{ portion of the loop
matrix. The operations that correctly reduce the top-left portion of the matrix to the
identity are the same operations that modify a portion of the augmented identity
matrix to give FH]; this shows how the inverse was found for Eq. (2.11). The final
row of unit entries in the later £ columns will now be explained.

If the upper-right (Fﬁl) portion of this result is transposed, it forms the upper-
left portion of the path matrix:

P= (_1}_;12’_;_9 (2.15)

oo ol '
(101 -1 00 0],
110 0110 0f,
100 0 0! 0 0]y
P=1t 01 0o olo0 0],

I

L I [
000 0 010 0[6
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where the last two columns of zeroes have been added for the cut-set joints Fand G.
We can see from row 2 of this matrix, for example, that the path from the base (body
6) to body 2 passes through joints A and B with positive orientation and through joint
E with reversed orientation. This and the paths to other bodies can be confirmed by
comparison with Figure 2.2.

From this example it is clear that the path matrix can be found directly from the
transpose of 1’1]1. This is true for this example and is also true in general. However,
for mechanisms and multibody systems containing more than one assembly, another
phenomenon arises. We will see this by following through another example. Without
taking any notice of its unconnected, multi-assembly characteristics (that a computer
would not know), we form the incidence matrix for the system shown in Figure 2.8.

This is

-1 1 0 0 0 0 o0]1

1 0 1 0 0 0 0f2

O -1 -1 0 0 0 0]3

r=| 0 0 -1 0 1 o0f4,

o o o 1 1 o0 0|5

O 0 0O 0 -1 0 1|6

. 0 0 0 0 0 -1 —-1]7

A B C D E F G

where, again, row and column labels have been added to indicate the body labels
(numeric) and joint labels (literals).

B c Figure 2.8.
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Now, when this matrix is augmented with a (7 x 7) identity matrix,

A B C D E F G ~
1 (-1 1 0 0 0 0 O } 1 00 00 00O
2 1 0 1 0 0 0 O } 01 00O0O0O
3 O -1t -1 0 0 0 O } 001 0O0O0O0
4 0O 0 o0 -1 0 1 0 } 00 01O0O0O0}
5 0O 0 0 1 1 0 0 } 00 0O01O0O0
6 0O 0 0 0 -1 0 1 } 00 0O0O0OT1TPO0
7 o o o o0 0 -1 -1 } 00 0 0 O0O01

and when this augmented matrix is reduced to row-echelon form, it yields

1f1oo00o0! 010100 0! 0 0
210 1000! 011100 0'!0 0
41001 00! 10'/0001 110 0
5100010 -10'0000-1'!0 0
60 0001! 100011 110 0
7100000 00'001 1 1!1 0
3]0 0000 00!1 100 0! 0 1

Here we see that it becomes necessary to rearrange rows and columns of the
original I matrix in order to find this form, and we take note of the rearrange-
ment of the body and joint identifiers shown as labels for the rows and columns.
Because the rows for bodies 7 and 3 both become zeroes, we see that the I' matrix
is only of rank 5. Thus, this mechanical system has a = 2 subassemblies and NL =
(n — ¢ + a) = 2 kinematic loops.

Of course, it is possible to separate the bodies into two disjoint groups and
treat each assembly as a separate multibody system. It is also possible to artificially
include another fictitious joint into the graph (say, between bodies 3 and 7), a joint
that produces no constraint on the motions of the connected bodies, to logically,
although not physically, connect the two assemblies. Such a joint type is explained in
section 4.6.8; it is called an open joint. We choose not to do either in this example in
order to show how it is possible to proceed with multiple, unconnected subassemblies.

The oriented-loop and path matrices can now be formed in the same manner as
in the previous example. These are

A BD E F G C
L=|0 1 -1 1 -1 0],
110 00 0 -1
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and

A BD E F G C
[0 1 0 00 0 0] 1/3
1 10 0 0 0 0] 2/3

P 0 00 01 0 0] 4/7
0 0 1 01 0 0] 5/7
001 -1 1 0 0677
000 000 O0])7/7
(000 0 0 0 0] 3/3

We note here that each path formed in this multi-assembly problem falls totally
within an individual subassembly. The fact that the rows that originally correspond
to bodies 3 and 7 are those that reduce to zeroes shows that bodies 3 and 7 may be
chosen as the two reference bodies of the two separate subassemblies. The entries in
the bottom-right quadrant of the row-reduced matrix show that the paths to bodies
1, 2, and 3 all have body 3 as the reference body for their subassembly, whereas the
paths for bodies 4, 5, 6, and 7 all have body 7 as their reference body.

If desired, we can now rearrange the columns of the oriented-loop and path
matrices to match the original order of the joint labels. This gives:

and

S

1/3
2/3
3/3
4/7 "
5/7
6/7
7/7

©c o o © o I

-1
0

1
OOOOO'AO:)>
o O o o o = = W
S O O O O o o 0O
S = = O O O O
S = o= RO O O M
oS O O O O o O
, @

In order to find paths with respect to the body that is actually stationary, even
for a single-assembly mechanism or multibody system, it is necessary to choose the
original body labels such that the fixed body is represented by the final row of the
incidence matrix. We note that this is done in the previous examples. If it is not done,
then paths are found with respect to the highest body label of each subassembly.

We can see from the examples that the row-reduction operations are extremely
simply performed, even by hand computation. All entries remain either 1, 0,
or —1 throughout the procedure. This property, called the unimodular property,
is more fully discussed in [1]. Also, on a computer, integer arithmetic operations can
be used, avoiding any risk of rounding or truncation errors.
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PROBLEMS

2.1 Find the oriented-loop and -path matrices for the mechanism shown by
Figure P2.1 and the following incidence table P2.1:

A4 K
Figure P2.1

Table P2.1. Incidence table P2.1

Joint from body to body
A 1 2
B 2 3
C 2 4
D 3 5
E 4 5
F 5 6
G 5 7
H 6 8
J 7 8
K 8 1

2.2 Figure P2.2b shows a model of a Gough/Stewart platform, one type of parallel
robotic system, pictured in Figure P2.2a." In this type of system, there are two main
bodies: the moving platform and the fixed base. The motion of the moving platform
relative to the fixed base is controlled by six struts. Each of these struts is attached
to the fixed base by a universal joint and to the moving platform by a ball joint.
These struts are linear actuators and we assume that hydraulic cylinders are used.
The schematic on the right in Figure P2.2c shows a typical strut. For modeling, the

1" An animation can be viewed at http:/en.wikipedia.org/wiki/File:Hexapod_general_Anim.gif.
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actuator is shown as composed of two bodies, PISTON,, and CYL,, and these two
bodies are connected by a prismatic joint P,,.

Moving \ Moving
Platform

(©

Figure P2.2a—c.

A directed graph of the Gough/Stewart platform, with the orientations of the
joints selected arbitrarily, is shown in Figure P2.2d.

Moving
Platform

(d)
Figure P2.2d. Directed graph of the Gough/Stewart platform of Figure P2.2

The incidence matrix corresponding to the directed graph of Figure P2.2d is
shown in the following table:
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Table/Matrix

S1 P1 U1l S2 P2 U2 S3 P3 U3 S4 P4 U4 S5 P5 U5 S6 P6 U6

Moving -1 0 0-1 0 0-1 0 0-1 0 O-1 0 O0-1 0 O
Platform
CYL1 1 -1 0o 0o 0 0 06 0O 0 0 O o0 O O o0 O o0 o
PISTON1 o 1-1. 0o 0 o 06 0O 0O O O O O O o0 0 o0 o0
CYL2 o o o 1-1t o 0 0 O O O O O o o o0 o o
PISTON2 o o o0 o0 1 -1 0 O O O O O O o o o o o
CYL3 o o o o o0 o 1-1 0 0O O O O O o O o0 o0
PISTON3 o o o o o0 o o 1-1 0o O O O O o o0 o o0
CYL4 o o o0 o o o o o o0 1-1 o0 0O O o0 o0 o0 o
PISTON4 o o o 0o o o o o o o 1-1 0 0 0 O0 o0 O
CYLS o o o 0 o0 o o o o o o o0 1-1 o0 O0 o0 o0
PISTONS o o o o o o0 o o o o o o o 1-1 0 0 o0
CYL6 o 0o o 0o 0 o O o o o o o o o o 1-1 o0
PISTONG6 o o o o0 o0 o o o o o o o o o o o0 1 -1
Fixed Base o o 1 0 o 1 0 O 1 O O 1 O O 1 0 0 1

Utilize the incidence matrix and appropriate software to compute the oriented loops
for this system, and answer the following questions.

1. Which joints are cut to create trees?
2. How many independent loops are identified?

Write the oriented-loop matrix computed by your code arranged in the column
sequence of the incidence matrix corresponding to the columns of Table P2.2.

2.3 Figure P2.3a shows a model of a multibody system that represents the stance
posture of a walking bug robot. All joints are revolutes and are designated J1,
J2,...,J10. The various bodies are identified as B1 (ground), B2, and so forth and
there are a total of nine (9) bodies.

B1 B1

Figure P2.3a. Schematic diagram of a bug robot.

Select orientations for the various joints and, based on your choices, construct the
incidence matrix for this model.

Utilize appropriate software to compute the independent loops and show the
oriented-loop matrix, with columns in the sequence J1,J2,J3,..., J10.
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Suppose that this bug robot raises one of its feet as shown in Figure P2.3b and
that a new body (B10) is extended from B7 and a new revolute joint J11 is formed
between B7 and B10. The original joint J1 that formerly connected B1 and B2 in the
stance posture, now connects B2 to the new B10.

|
Bl
Figure P2.3b. Second posture of the bug robot.
Modify your incidence matrix and utilize appropriate software to compute the
new oriented-loop matrix.

2.4 Figure P2.4a shows a model of a folding/unfolding deployable system.

BODY 1
J10

J9

J1

BODY 1
Figure P2.4a. Model of a deployable system.
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In this system, there are fifteen (15) bodies and twenty (20) joints. Joints J1
and J20 are prismatic whereas all others are revolute joints. A directed graph
of this system, with the orientations of the joints arbitrarily selected, is shown in
Figure P2.4b.

Figure P2.4b. Directed graph of the deployable system of Figure P2.4a.

The incidence matrix corresponding to the directed graph of Figure P2.4b is
shown in the table of Figure P2.4c.

J1 J2 J3 J4 J5 J6 J7 J8 J9 J10 J11 J12 J13 J14 J15 J16 J17 J18 J19 J20

BB -1 0 06 000 00 1 1 0 0O 0 0 0 O0 O 0 0 1
B2 1-1t. 0 0 06 0O0O0 0 0 0 O O O o o o o0 o o
B3 o o0 o0 o0 o 0 0 0 0 0 0O 0o o o0 o0 o0 1 1 1 -1
B4 o611 0-1 0 OO O O OO O O O O O O 0 O
BS o o0 0-1 1 0 0 0 O O O 0O O O O 1T 0 0 0 O
B6 o o0 01 0-1rt 0 00 0O 0 O OO O O O O 0 O
B7 o o0 o0 o0 01 0-1 0 0O O O O O O 0 O 0 0 O
B8 o o0 o0 o0 0 0-1 1.0 0 0 O O O O O O-1 0 O
B9 o o0 o0 o0 0 01 0-1 0 0 O O O O O O O o0 O
Bo o0 0-1t 0o 0 0 00O O 0O O O O-1 0 0 0 0 O
B®@ 0 0 0 0 0 00 0 0O 0 0 0 0-1 1-1-1 0 0 O
B2 0 0 0 0 o 0 0o 0 0 0-1r 1.0 O O O O O0-1 0
B3 0 0 o 0 0 000 0O-1 1 0 0O O0O OO0 O0O O 0 O
B4 0 o0 0 0 0 0O 0O00 0 0-1 1 0 O 0 O 0 0 O
Bs o 0 0 0 0 0O 0O OO0 O O O-1 1 0 0 0 O 0 O

Figure P2.4c. Incidence matrix for the deployable system of Figure P2.4b.

Utilize the incidence matrix and appropriate software to compute the oriented loops
for this system, and answer the following questions.

1. Which joints are cut to create a tree?

2. How many independent loops are identified?

3. Write the oriented-loop matrix computed by your code arranged in the
column sequence corresponding to the columns in the table of Figure P2.4c.

M
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3.1 Introduction

Before formulating a numeric method for design analysis of mechanisms and multi-
body systems, let us first consider the essential characteristics of the problem being
addressed. What are the chief difficulties encountered in the design analysis of
a mechanism or multibody system? It is not the laws of mechanics as such that
cause difficulty. It is the fact that, once a problem has been formulated, it is
often too formidable algebraically to be easily solved. This complexity does not
arise from static and dynamic force relationships, but from the kinematics — the
changing geometry. The basic constraint equations that govern the motions within
a machine or multibody system come from the fact that rigid bodies hold their
respective joint elements in constant spatial relationships to one another. This type
of constraint invariably leads to a set of highly nonlinear simultaneous algebraic
equations.

Because the difficulties in an analytic approach to mechanism and multibody
system analysis stem from the geometry, it is wise to choose a mathematical for-
mulation suited to this type of problem. One such formulation is based on the use
of matrices to represent the transformation equations between strategically located
coordinate systems fixed in successive bodies. This approach has been developed
into an extremely general and powerful technique for mechanism and multibody
system analysis, and the next several chapters are devoted to its presentation. Before
this can be presented effectively, however, we must become familiar with a num-
ber of basic operations that render matrix algebra so useful in performing coor-
dinate transformations. The purpose of this chapter, therefore, is to develop this
foundation.

3.2 Homogeneous Coordinates of a Point

The position of a point in three-dimensional Euclidean space is determined once
three independent coordinates are given. We are all familiar, for example, with
the Cartesian coordinates of a point as the projections of the point onto the three
axes of a Cartesian reference frame, first introduced in [5] by the French philosopher
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and mathematician, René Descartes (1596-1650). Once the point’s position is known,
unique x, y, z coordinates are determined. Also, conversely, if values correspond-
ing to the x,y, z coordinates are known, the position of the point is uniquely
determined.

However, it is also possible to define the position of a point in many other ways.
We will recall, for example, using cylindric or spheric coordinates in problems for
which these were more suitable. As a less common example, suppose we follow
the German geometer, Karl Wilhelm Feuerbach (1800-34), and instead of a set of
Cartesian reference axes, we define a reference tetrahedron whose fixed vertices are
A, B,C, and D. Suppose also that we wish to determine the location of a point P
that, for brevity, we assume to be inside of our tetrahedron of reference. Let us define
symbols for the volumes of the four smaller tetrahedra determined by the point P
and each of the four faces of the tetrahedron of reference. We identify these volumes
by the symbols V, = Vol(PBCD), V; = Vol(PCDA), V. = Vol(PDAB), and V, =
Vol(PABC). We could think of these four volumes as being four coordinates of the
point P because once the tetrahedron of reference and the point are chosen, these
coordinates are uniquely determined, and conversely. The fact that this method uses
four coordinates to locate a point in three dimensions is explained by the fact that the
four coordinates are not independent. They sum to the volume of the tetrahedron
of reference.

These Feuerbach coordinates [7] are not the type we shall use in the coming
chapters. They are presented here solely to illustrate the fact that coordinates can be
defined in a variety of different ways. There is nothing sacrosanct about Cartesian,
or cylindric, or spheric coordinates; in fact, in certain applications, a completely
strange point-coordinate definition may add appreciably to the power, flexibility,
and ease of use of the formulae developed. The Feuerbach example also illustrates
that, although at least three coordinates are necessary to define the location of a
point in three dimensions, a redundant set with more than three coordinates may be
used as long as three and only three are independent.

Throughout the remainder of this text we will work with a definition of point
coordinates that forms a special case of homogeneous coordinates, sometimes
referred to as barycentric coordinates, introduced in [13] by the German mathemati-
cian and astronomer, August Ferdinand Mobius (1790-1868). With homogeneous
coordinates, four coordinates are used to define the location of a point in three
dimensions [12]. When these are written in column vector form, the position of a
point using homogeneous coordinates is given by

1

~

o

(3.1)

'S

The conditions that relate the four homogeneous coordinates to 3-D Cartesian
coordinates of the same point are as follows:

1 2

r r
¥4
VX:—4, ry:—4, re =
r r

(3.2)
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Thus, if we are given the homogeneous coordinates of a point, we can quite easily
find the Cartesian coordinates of the same point by dividing all coordinates of the
four-dimensional homogeneous position vector r by its last coordinate r*

rx
r= . (3.3)

One reason that these coordinates are referred to as homogeneous is that any
polynomial relating Cartesian position coordinates can be written in homogeneous
form by recasting it in terms of homogeneous coordinates. For example, if the
Cartesian coordinates are related by the quadratic equation

(r)? +2r" +12(”)? = 2P +3r* =18 = 0,
this can be rewritten in homogeneous coordinates as
H2 + 2P + 12072 = 277 + 387 — 18K = 0.

We note that because each term is now of the same degree, all of the homo-
geneous position coordinates ¥ can be multiplied by an arbitrary nonzero scalar
without affecting the validity of the equation. Thus, using homogeneous coordi-
nates, we are free to rescale the position vector r by any nonzero multiplier at will.
When the problem solution is completed, the Cartesian coordinates can be found by
dividing r by its fourth element * as shown in Eq. (3.2).

Another interesting characteristic of homogeneous point coordinates is that,
with them, we can describe the location of a point infinitely distant from the origin
of coordinates. For example, the homogeneous position vector

i rcos(r, i)
.o r.i _ rcos(r,Aj) (3.4)
r rcos(r, k)
0 0

describes a point whose Cartesian coordinates are all infinite. This point is located
infinitely far from the origin along a line whose direction is determined by the vector
r, made up of the first three components. Note that the homogeneous coordinates
of such a point at infinity are all finite. Thus, a point at infinity is uniquely described
in a manner that can be manipulated on a computer without numeric difficulty. This
illustrates that homogeneous coordinates representing points at infinity can also be
used to represent free vectors such as unit vectors; this is described more fully later
in this chapter.

The study of homogeneous coordinates is rich in history and, since its beginnings,
has been closely connected with the study of kinematics [4]. Although we shall not
have need for all of the elegance in this book, you will find that this and the closely
related fields of affine and projective geometry provide fascinating reading and add
further insight into the work of the coming chapters.

Next, let us consider another characteristic of homogenous coordinates and the
underlying projective geometry, and that is the concept of geometric duality. When



3.3 Line Coordinates and Plticker Vectors

using homogenous coordinates, the equation of a plane in three-dimensional space
can be written as a linear equation of the form

Ax+By+Cz+Dw=0
or, in matrix form, as
P'R=RP=0, (3.5)

where the superscript ! indicates the transpose of the superscripted matrix, and

A X
_|B _ |y

P=lc| R=| | (3.6)
D w

Just as R represents the homogeneous coordinates of a point, P also has four
coordinates and represents the homogeneous coordinates of a plane. The quantities
A, B, C, D are called plane coordinates of P and they are homogenous in the same
way thatx, y, z, w are homogenous — namely, multiplying them by any nonzero scalar
does not change the plane that they represent.

Equation (3.5) illustrates the duality between points and planes in three-
dimensional projective space. Put into words, this equation represents a plane P
passing through point R when one highlights the homogeneous plane coordinates
or, alternatively, it represents a point R lying on plane P when one emphasizes the
homogeneous point coordinates. In three articles in his own journal [9], the French
mathematician, Joseph Diaz Gergonne (1771-1859), states the general principle of
geometric duality that, in the projective space of three dimensions, every theorem
connecting points and planes corresponds to another theorem in which the terms
points and planes are interchanged, provided that no metric relations are involved.
For example: three points determine a unique plane, and three planes determine a
unique point. Similarly: two points determine a unique line, and two planes deter-
mine a unique line. In three dimensions, a point is the geometric dual of a plane. A
line is a self-dual; that is, a line is the dual of a line.

3.3 Line Coordinates and Pliicker Vectors

Another situation where more than the minimal number of coordinates is useful
to describe the location of a geometric entity in space is the use of Pliicker line
coordinates. Line geometry is a branch of algebraic geometry that is closely related
to homogeneous coordinates and to screw coordinates (to be discussed later) and was
first elucidated in [15] by the German mathematician and physicist, Julius Pliicker
(1801-68).

A homogeneous representation of a straight line in three dimensions is provided
by a 6-D vector of line coordinates or by a pair of 3-D Pliicker vectors. The Pliicker
vectors of a line are defined by two vectors with Cartesian coordinates

- a - d
R=rx2=\|>b], =|¢e|, (3.7
c !
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Figure 3.1. Geometry of Pliicker vectors.

where £ is a vector directed along the line and ris the Cartesian position vector of
a point on the line as shown in Figure 3.1.

The vector £2 is often normalized to form a unit vector but need not be so. The
vector £2 is the moment that the 2 vector makes about the origin of coordinates.

Thus, one Pliicker vector, 2, defines the orientation of the line whereas the other,
£2, uniquely defines its location in space and distinguishes this particular line from
all other lines parallel to it. The vector £ is perpendicular to the plane OHP (Figure

3.1) and, when the vector £ is a unit vector, the magnitude of the moment £ is the
distance from the origin O to the line ¢, namely, the distance OH. It is clear from
vector algebra that Pliicker vectors satisfy the Pliicker identity:

2 2=02'2=02'2=0. (3.8)

It should be pointed out that Pliicker vectors represent an oriented line in space

because the vector 2 describes the direction of the line, which includes both its
orientation and its sense.

The elements of Pliicker vectors of a line are called Pliicker coordinates and
can be found from the homogeneous coordinates of two points located on the line,
or from the homogeneous coordinates of two planes that intersect in the line, as
follows:

a=Y13 —21)2 a=B,C, — C,B,,
b=z1x, —x 25, b=CA, - AC,
C=X1y, = ViXo, ¢c=AB, — B|A,, (3.9)
d = xw, — wx,, d=A,D, —DA,,

¢=B,D,—D,B,,
f=¢C,D,—D,GC,.

€= YWy = W1)s,
f=zw,—wz,,
Here, x;, y;, z;, w; (i =1, 2) are homogeneous coordinates of two points on the line

and A, B;,C;, D; (i =1, 2) are their geometric duals, the plane coordinates of two
planes intersecting in the line.



3.4 Three-dimensional Orientation

Conversely, the homogenous coordinates of points on a line can be found from
the Pliicker coordinates of the line in terms of a parameter A as follows:

x=ec— fb+rd(d* + e + f?),
y = fa—dc+ re(d* + e+ f?),
z=db—ea+ rf(d®+ e+ f?),
w=d*+ée + f2.

(3.10)

Different values of the parameter A correspond to different points along the line.
Equations (3.10) are scalar forms of the vector equation

r=022%2x2)+ 2. (3.11)

This is derived from the geometry of Pliicker vectors (see Figure 3.1) considering

the fact that r x 2 = 2, and 2 - 2 = 0, and using linear algebra.

This text presents matrix methods based on the use of (4 x 4) transformation
matrices. Therefore, it is desirable to represent Pliicker vectors in a (4 x 4) matrix
format. Noting that the second of the two Pliicker vectors is a free vector because it
represents the direction of a line, we can form a (3 x 3) skew-symmetric matrix by
arranging the components of this vector as follows:

-~y

. 0 -2 @
e=lo o _—a|. (3.12)
~y X
- 2 0

The first Pliicker vector £2 can then be written in vector form as £ = r x 52, or in
(3 x 1) matrix form as

Q=—0r (3.13)

The matrix form of the two Pliicker vectors of a line can now be assembled into
a single (4 x 4) matrix as follows:

~2 _y
0 -2 2 £2°
-z X ~
2 0 -2 2 2 2
.y x =|:0 Oi|. (3.14)
-8 2 0 2%
0 0 0 0

3.4 Three-dimensional Orientation

One of the most fundamental problems of kinematics is that of describing three-
dimensional angular direction or, more precisely, of specifying the orientation of a
rigid body with respect to a known frame of reference. The word attitude can also be
used for orientation. Clearly, the orientation or attitude of a rigid body is completely
determined once a set of coordinate axes fixed to the body has been located relative
to the known reference frame. In this section we assume that the origins of the two
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X2

Figure 3.2. Orientation of a spinning top.

Z

1

coordinate systems are coincident so that we may concentrate solely on their relative
orientation.

A typical problem of this type is that of describing the orientation of a spinning
top such as that shown in Figure 3.2. The top carries a right-hand Cartesian coordinate
system x, y,z; that must be located relative to a fixed coordinate system x,y, z,. Notice
that, as decided in Chapter 2, the higher label is used for the stationary body.

One fruitful way of describing the relative angular relationship between two
coordinate systems is through what are called direction cosines. If r is the position
vector of some arbitrary point on the top, and if #, j/, k' and i, j, k represent unit
vectors along the x,y,z; and x,y,z, axes, respectively, then the component of r along
the x, axis can be expressed as follows:

e =ior=G0-0)r+ 3G jHr + G- kKre
= cos(i,i’)r' + cos(i,j )1 + cos(i,k')r1,
where cos(i,j’), for example, denotes the cosine of the angle between the i and j/
unit vectors.
Taking dot products with j and k to express equations for the 72 and r*2 compo-

nents of rin the same format, and grouping the results into a single matrix equation,
we obtain

ro cos(ii’) cos(ij') cos(ik) | [

<
S

r

= cos(f,i’) cos(fj’) cos(j.k') | |7 ]
, gy

— —~ b4
cos(k,i’) cos(k,j’) cos(k,k’)

Il

2 ret

or
Ty = Oy ry. (3.15)

Such a (3 x 3) matrix is called a rotation matrix and is useful for transforming
any free vector from one coordinate system to another. The nine direction cosines
in the matrix @,; completely describe the instantaneous orientation of the x;, y;, z;
coordinate system with respect to the x,, y,, z, coordinate system.



3.4 Three-dimensional Orientation

We know, however, that the nine direction cosines cannot be independent
because a rigid body has only three degrees of freedom in spatial rotation. There
must be six additional equations relating these nine direction cosines. These may be
found by considering the fact that the magnitude of the vector r must be identical in
both coordinate systems,

(r2)? + (72)7 + (r72)% = (P)* + (M) + ()%,

Writing this in matrix form, we see that

rory =iy,
where the superscript ’ indicates the transpose of the superscripted matrix. Now,
substituting Eq. (3.15) into this expression yields

10Oy =11y,

which can only be satisfied for an arbitrary choice of the point r; if

05,60, = 1. (3.16)
This, in turn, shows that

O =0, (3.17)

A matrix having this interesting property is said to be an orthogonal matrix,
and Eq. (3.16) is one expression for what are called the orthogonality conditions.
However, because we know that the orientation of a rigid body or a coordinate
system in three-dimensional space depends on only three parameters, this matrix
equation includes six conditions relating the nine direction cosines of Eq. (3.15). In
other words, the rotation matrix is not a minimal representation of orientation.

In two dimensions the rotation matrix reduces to a (2 x 2) matrix and the
positions of points in a rotated frame with respect to a fixed frame with coincident
origin are related by

[ﬂz cos(ii") cos(i.j’) [ﬂ (3.18)
r2 cos(j,i’) cos(j.j')|L"

The direction cosines are again not independent and the orientation of a rigid body or
a coordinate system in two dimensions can be described by a minimal representation
of just a single angle, say ¢, of the x; axis with respect to the x, axis as shown in
Figure 3.3.

The description of relative orientation in two dimensions in terms of a single
angle ¥ is a minimal representation and is very convenient for use in two-dimensional
applications. However, the question now becomes: what minimal representation can
be used for orientation in three dimensions? For example, what minimal represen-
tation may be used as coordinate(s) to describe the attitude of the spinning top?
Initially, it may seem desirable to find a set of three independent parameters, hope-
fully angles like the two-dimensional case, for describing such a three-dimensional
orientation.

The great Swiss mathematician and physicist, Leonhard Euler (1707-83) is usu-
ally credited with being the first to show that a set of three angles is sufficient to
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Y2

Figure 3.3. Minimal representation of orienta-
tion of a rigid body in two dimensions.

X1

)

’\ﬁ
X2

specify the relative orientation of two Cartesian coordinate systems in three dimen-
sions. Although he used various choices in his writings, any such set of three angles
now bears his name; they are called Euler angles. In order to illustrate them, the two
coordinate systems used to describe the orientation of the spinning top are shown
again in Figure 3.4, but now without the top. One form of a set of three Euler angles:
&, 9, and ¢ (see Euler, [6]) are shown in the figure. Various other definitions of Euler
angles are shown in Goldstein, [10]. Note in Figure 3.4 that the planes x;y, and x,y,
intersect in a line £ that is referred to as the line of nodes.

The three Euler angles shown here are defined as follows: the angle & is measured
from the positive x, axis to the line of nodes ¢ about the positive z, axis in the plane
x,y,. The angle ¥ is measured from the positive z, axis to the positive z; axis about
the line of nodes £ in the plane z,z;. The angle ¢ is measured from the line of nodes
£ to the positive x; axis about the positive z; axis in the plane x;y,.

The right-hand rule is used to define the positive sense of each angle; thus,
counterclockwise angles are positive. The convention, used throughout this text,
that counterclockwise angles are positive is not arbitrary. It is required by such
conventions as k = i x j and the assumption that we wish to use right-hand Cartesian
coordinate systems, with their y axes taken counterclockwise from their x axes as
seen from their positive z axes.

z
Figure 3.4. Euler angles £, ¢, and ¢ of x,y,z, with respect to

X3¥725-

Z



3.5 Transformation of Coordinates

Using elementary geometry to relate the orientations of the two coordinate
systems, we can show that the expanded form of Eq. (3.15) in terms of these three
Euler angles becomes:

re —sing cos? sing + cosé cosg|—sinécosycosy — cosésing| singsing
2 | =| cosécosvsing + sinécosy | cosécosycosy — sinésing | —cosésing
re sindsing sin¥ cosg cosv

We will further discuss the representation of orientation of a rigid body in
subsequent sections of this chapter. However, let us first consider the coordinates of
points in coordinate systems that do not share coincident origins.

3.5 Transformation of Coordinates

In section 3.4, we demonstrated that the position vector of a point in a Carte-
sian coordinate system can be transformed into an equivalent position vector in
another Cartesian coordinate system by multiplying by the rotation matrix as was
shown in Eq. (3.15). That transformation, however, was restricted to the case
where the two coordinate systems share coincident origins. In this section we will
remove this restriction and develop a general transformation of coordinates in three
dimensions.

Consider the arbitrarily chosen point r of Figure 3.5. The two Cartesian position
vectors r, in coordinate system ¢ and r, in coordinate system b are related by the
vector equation

re=r,+ro. (3.20)

If we write each of these vectors in terms of its components along its own
coordinate axes, then, referring to Figure 3.6, we have

r, = ri+ Pej+ rick,
ry =i +rj + rok, (3.21)
— KXo s ’)/c H 2. k
rob - robl + ObJ + rol) ’
Adding these according to Eq. (3.20) we obtain
Fei 4 Pej + rek = rvi + P + rok/ + rgbi + rg j+ rzofbk. (3.22)

Now taking the dot product of this equation with each of the unit vectors i, j,
and k in turn, we obtain three scalar equations:

rie = r'cos(i,i’) + r'»cos(i,j’) + rvcos(i,k’) + rg ,
b

Pe = r'scos(j,i’) + r'»cos(j,j ') + rscos(j. k') + 1),
b

ré = rscos(k,i’) + rscos(k,j') + rivcos(k,k’) + rzofb.
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3.5 Transformation of Coordinates

In terms of homogeneous position coordinates, these can be written

- cos(i,i’) cos(i,j') cos(i,k’) /gb .
r cos /\l/ cos A’ cos Tld e r
| = (J/\ ) (.I/;]) (J/\ ) o, . (3.23)
1 cos(k,i’) cos(k,j') cos(kk’) rgb 1
¢ 0 0 0 b

where the final row of the new (4 x 4) transformation matrix simply expresses the
identity, 1 = 1. The simplicity of the bottom row of this matrix results from our
assumption of rigid body transformations; this is not the case in the more general
fields of affine or projective transformations. It can also be viewed as a constraint
that a unit distance in the ¢ coordinate system is equal to a unit distance in the b
coordinate system.

We can extend the utility of the aforementioned equation by noting that a point
at infinity [in the sense of Eq. (3.4)] is also properly transformed by the same (4 x
4) matrix, no matter what its orientation. The reader may wish to verify that, after
transformation, a point at infinity remains at infinity. Note how this results from
the special rigid body form of the last row of the matrix. Therefore, we can say
in complete generality that the transformation between any two three-dimensional
Cartesian coordinate systems labeled ¢ and b is expressed by the equation

re =Ty, (3:24)

where r, and r, represent the homogeneous position vectors of a point expressed
in the ¢ and b coordinate systems, respectively, and T, is a (4 x 4) transformation
matrix of the form

—~

cos(i,i’) cos(i,j') cos(i,k’) er“
b

T, - cos(J;\,i’) cos(;;,\j’) cos(JZc/) ryO"b ' (325)
cos(k,i’) cos(k,j') coskk') ry
0 0 0 1

Note that the homogeneous transformation matrix 7, completely describes the
location of the origin and the orientation of a coordinate system b with respect to
another coordinate system ¢ and depends on six independent parameters. In other
words, the location and orientation of a coordinate system (or a rigid body) in three
dimensions can be characterized by six degrees of freedom. Note that the orientation
portion has three degrees of freedom and the portion dealing with the location of the
origin of the moving coordinate system contains the other three degrees of freedom.

We should also notice that Eq. (3.24) not only describes the relationship between
the coordinates of a point measured with respect to two different coordinate systems
but also the coordinate transformation of a unit vector as measured in the two
coordinate systems. A unit vector describes a direction (an orientation and sense) in
space and, therefore, can be viewed as a vector toward a particular point at infinity.
Its three direction cosines can be used as the first three homogeneous coordinates
of a point at infinity with a fourth coordinate of zero. Consider, for example, two
coordinate systems as shown in Figure 3.7.
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Figure 3.7. Coordinate transformation for unit vectors.

Consider the three unit vectors u, v, and w as shown; these three unit vectors in
coordinate systems x,y,z, and x_.y z. can be expressed, respectively, as

1 0 0 u'e Ve we
u, =0, vp=11|,wy=]0|,andu,= | |,v.=| Ve |, w.=]| wn
0 0 1 ue Ve we

The homogeneous coordinates of a point at infinity corresponding to the unit vec-
tor u can be written in the x,y,z, and x_y .z, coordinate systems, respectively, as
r, =[1,0,0,0], and r, = [u*, we, u%, 0]'.

Now, writing Eq. (3.24) with the objective of trying to determine the elements
of the homogeneous transformation matrix 7,,, we get

o ©d,1) ©0,2) ©d,3) er"b 1 O (1.1)
we| _|eel @2 23 5 ||o]_lee
we|l |e@31) 032 0@3.3) r||0 0 @3,1)
0 0 0 0o 1 ]L0 0

Equating elements of both sides we obtain: ® (1,1) =u*, © (2,1) = v,
and © (3,1) = u%. In a similar fashion, if we apply Eq. (3.24) to unit vectors v
and w, we obtain ® (1,2) =v*%, ® (2,2) =v", & (3,2) = V%, and O (1,3) = w*,
® (2,3) =w, O (3,3) =w*. The corresponding homogeneous transformation
matrix becomes:

X
ue vie wh rg

Yo o Ve Yo e
r,=|"" """ T (3.26)

Ut v wt rs

0 0 0 1

It should be pointed out that the resulting elements of the matrix 7, are obvious
from the definitions of the unit vectors and the location of the origin of the moving
coordinate system. They were found formally here only to show an example of the
utility of Eq. (3.24).
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Ve Ze

Figure 3.8. Posture of a robotic end-effector with respect to a base or world coordinate system.

3.6 Positions, Postures, and Displacements

We are all familiar with the meaning of the word “position.” It is a term that tells
where an item is located. But let us be more precise. If the item in question is a
particle or point, its position can be specified by its distance from and direction with
respect to some set of reference axes whose location is assumed already known. If
we choose to work with a Cartesian coordinate system, we can specify the position
of a point by giving its x, y, and z coordinates. If we choose to work in cylindric or
spheric coordinates, on the other hand, another set of parameters would be given.
In section 3.2, we discussed a system of homogeneous coordinates for the position
of a point. In any case, the position of a point in three-dimensional space is a vector
quantity, having at least three scalar components called coordinates.

Let us next consider the term position when applied to something other than a
point. In order to specify the location of a body or system of points, for example,
it is necessary to specify more than just three coordinates. It is necessary to specify
enough coordinates that the location of every point of the item being located is
uniquely determined. If all of these coordinates are grouped into a single quantity
according to some agreed upon set of conventions, then the result describes the
location of the system of points.

In the case of a single rigid body, the location and orientation of a coordinate
system fixed to the body with respect to a reference or world coordinate system
describes the posture of that body. In section 3.5, we saw that this position can be
described in terms of the location of the origin of the coordinate system fixed to
the body as well as a (3 x 3) matrix describing the orientation of this coordinate
system, both specified with respect to the same world coordinate system. In fact, we
assembled these into a (4 x 4) matrix shown in Eq. (3.26).

In robotics, for example, this matrix is used to describe the location and orien-
tation (the posture) of a coordinate system attached to the end-effector with respect
to a base or world coordinate system. In this case, as shown in Figure 3.8, the unit
vector u is called the approach vector showing the direction in which the end-effector
would approach an object to grasp it. The unit vector v is called the orientation vec-
tor showing the orientation of the palm of the hand of the end-effector. Finally the
unit vector w is called the normal vector indicating the direction of the normal to
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the surface defined by the two fingers of the end-effector. It is clear by its definition
thatw =u x v.

In some robotics literature, the word position is used loosely to describe the
location of only a single point (such as the origin) of a coordinate system attached
to the end-effector. In such literature, the end-effector is said to have a certain
position; the orientation may then be added and the term “pose” is often used for
the combination of the two. It should be pointed out, however, that the term posture
is more appropriate! and is utilized throughout this text.

The term posture becomes even more suitable when dealing with a mechanism
or multibody system because we are not concerned with the position of only a single
point or of only a single rigid body, but of an assembly of rigid bodies, and we wish
to describe the position of the entire system. We use the term posture to describe
the configuration of a system, including both the locations and the orientations of
every body of the system, all at a given moment in time.

If a point or a body or a coordinate system has a known position or posture and
is subsequently moved to a new position or posture, it is said to have undergone
a displacement, defined as the difference between its later and initial positions or
postures. For a point, a displacement can be written in terms of a vector whose
components consist of changes in the position coordinates; that is, the differences
between the later position coordinates and those of the earlier reference position.
For a rigid body, a displacement results from a change in posture of the body; that
is, a change in location of a reference point and/or a change in orientation of the
body. Using the notation of the previous section and representing the posture of a
rigid body by a (4 x 4) transformation matrix, the displacement of a rigid body can
be described by the difference between two such matrices representing the later and
earlier postures (locations and orientations). For a mechanism or multibody system
consisting of ¢ rigid bodies, the displacement of body b between some initial time
(t,) and some later time (¢,) is given by

ATy, = Ty (ty) — Typ(ty), b=1,2,....¢L. (3.27)

Because a point remains fixed with respect to the coordinate system of its own
rigid body, the displacement of a point of rigid body b is

We notice that displacement depends only on the two bounds of the interval.
No information regarding how the later position or posture is achieved is necessary
for its determination. If we fly from Chicago to London and return, we travel a great
distance but our displacement is zero.

Suppose we wish to describe the displacement of a rigid body as it moves from
some initial posture to a later posture. Suppose also that we wish to describe this
change in posture of the body starting with data for the displacements of only a few
points attached to the body. In three dimensions, a minimum of three non-collinear
points must be measured to define a body’s posture because their nine coordinates,

1 The Webster Comprehensive Dictionary: International Edition states under its definition of attitude,
“Synonyms: pose, position, posture. A posture is assumed without any special reference to expression
of feeling; ... A pose is a position studied for artistic effect or considered with reference to such an
effect.”
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subject to the three constant-distance constraints between them, give sufficient data
for determining the six degrees of freedom of the body.

Suppose that we choose to measure the initial positions of three chosen points of
the body with respect to some stationary coordinate system, and denote these data
by Cartesian coordinate position vectors, R,(t,), R,(¢,), and R;(¢;). Suppose that
we also measure the position coordinates of the same three points after the body
has moved, R,(t;), R,(t,), and R;(t,). From these data, we wish to describe the
displacement of the body in such a way that we are able to find the new positions of
other points of the same body.

The moving body will carry a body coordinate system, x, y, z. Suppose we choose
this moving coordinate system coincident with the global system at the initial time
t,- This choice is convenient because it gives 7(¢,) = I and, by Eq. (3.24), R(t)) = r
identifies the homogeneous body coordinates of the points.

Notice that the subscript for body label is not used in this section. Because there
is only one moving body, moving with respect to the absolute frame, this should not
cause confusion. Also, the subscripts showing point number or time state are used
in this section only.

Now, to simplify the following calculations, we generate data for an additional
fourth point of the moving body. Suppose we choose this additional point by the
equation

ry=r +[r,—r]x[ry—r]. (3.29)

Because the original three points are assumed distinct and non-collinear, this fourth
point is linearly independent of the first three.

Because all four points belong to the same rigid body, the later position of this
fourth point can be found by a similar calculation

R,(t)) = R (t)) + [R,y(t;) — R (t))] x [R5(t)) — R (t))].
According to Eq. (3.27), we can write in homogeneous coordinates that
R(t) =U+ AT)r,

and, from this, we define a new matrix 7 that transforms the points from the initial
position r to the altered position R(¢;).

T =1+ AT, (3.30)

R(t,) = Tr. (3.31)

Writing this equation four times, once for each of our points, we can group these
into a single matrix equation as follows:

(R (1) | R, (1) | R5(1)) | Ry@t)] =TI, | ) | T3 | rql,

and because the matrix of initial point position data is square (4 x 4) and non-
singular (because the four points are not coplanar), this equation can be solved to
find the 7 matrix as follows:

T =[R(t) | Ryt | Ryt | Ry@)Ilry | ry | 5 | mal ™ (3.32)
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Once this 7' matrix is known, any point of that same moving body can be specified
by its initial position r = R(,), and its displaced position R(#;) can be found by
Eq.(3.31). A numeric example will illustrate.

EXAMPLE 3.1 Suppose we have data for the position coordinates of three points
of a moving body such that we know:

0 2in 0
. 0 7 . 0 ’ . 5in ,
1 0 2 0 3 0
1 1 1
2.872in 1.493in 6.098 in
—4.757 in —3.927in —1.137in
1) 6.469in |’ 2() 5281lin |’ 3 5.251in
1 1 1

Using Egs. (3.29) and its successor, we calculate data for two positions of an
independent fourth point

0 6.162in
0 ~10.270in

=1 qom |» Re@ ~1.197in
1 1

We now use Eq. (3.32) to find the 7 matrix

2.872in  1.493in  6.098in 6.162in | |0 2in O o 1"

T_ —4.757in —=3.927in —1.137in —10.270in [ |0 0 Sin O
6.469in  5.281in  5.251in —-1.197in| |0 O 0 10in ’

1 1 1 1 1 1 1 1

—0.68936  0.64538  0.32904  2.87154in
0.41461  0.72396 —0.55134 —4.756531in
—0.59404 —0.24366 —0.76668  6.46932in |’

0 0 0 1
and the displacement matrix for the body over this time interval is found from
Eq. (3.30),
—1.68936  0.64538  0.32904  2.87154in
AT =T —]— 0.41461 —0.27604 —0.55134 —4.75653in
N ~ | —0.59404 —0.24366 —1.76668  6.46932in
0 0 0 0
From the 7' matrix we can find the displaced position of any additional point(s)
of the body as follows
2in 4.7201in
Sin —0.308in
5= o |0 BWETS=1 63

1 1



3.6 Positions, Postures, and Displacements

or, from the displacement matrix AT, we can find the displacement of any
additional point(s) of the body:

2in 2.720in

5in —5.308in

ARs=AT 1 o | =| 4063in
1 0

From this example, we see that the T matrix appears similar in many ways to
our transformation matrix of previous sections. We see the characteristic zero and
unit entries in the bottom row and a quick check verifies that the upper-left (3 x 3)
submatrix is orthogonal with determinant of positive one, as a rotation submatrix
must be. Was this accidental or peculiar to this example? No; these properties are
true in the general case and proof is shown in the next section.

We see here that there are two quite different ways in which a transformation can
be viewed. It can be seen as a relationship between the postures of one coordinate
system and another. The matrix 7, of the previous sections answers the question,
“Where is the coordinate system of body b when measured with respect to the
coordinate system of body ¢ at a chosen moment in time?” Alternatively, it can be
seen as a relationship between two different postures of the same moving coordinate
system at two different values of time; the 7(¢;) matrix of this section answers
the question, “What is the displaced posture of this particular coordinate system at
time ¢; with respect to its initial posture?”

The posture of a rigid body such that its body coordinate system coincides with
the fixed or global coordinate system, as shown in Figure 3.9, is usually referred to as
the reference posture. At this posture, vectors from the origins of the two coincident
coordinate systems to a point of the rigid body can be represented by 7, in the body
coordinate system or by R, in the fixed or global coordinate system. Thus, at the
reference or zero posture, 7(t,) = and R, (t)) =r,,.

When the body moves from this reference or zero posture to a new posture at
time ¢, the new position of the point can be written as that given by Eq. (3.31).

R,=Tr,. (3.33)

In this equation, T =1 + AT, but AT = T(t,) — T(t,) = T(¢;) — 1. Therefore, T =
I+ T(t,) — I = T(t)) and T(z) is the (4 x 4) transformation matrix representing
the posture of the moving body at time ¢,. This is the same (4 x 4) transformation

V.

R,

Figure 3.9. Zero or reference posture of a rigid body or 9
coordinate system.
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matrix of Eq. (3.24) that was used to represent a coordinate transformation. In other
words, Eq. (3.33) can be used to represent the displacement of a point of a rigid
body as the body moves from a reference or zero posture to an arbitrary posture or,
alternatively, it can be used to represent a coordinate transformation between the
body coordinate system of a rigid body and the global coordinate system.

As a rigid body moves from a reference posture through a set of displacements
in space, a point attached to the moving body takes positions R, R;, ..., Ry in the
fixed space. Because these points represent different locations of the same point of
the rigid body, they are referred to as homologous points. If the body goes through
N displacements then there are N homologous points associated with a chosen
point of the body. As a rigid body moves in space, different points of the body
produce different sets of homologous points. In a mechanism or multibody system,
for example, a human musculoskeletal system, these sets of homologous points might
be sets of points representing the positions of the joints of the system.

3.7 Euler’s and Chasles’ Theorems

Euler’s and Chasles’ theorems are two fundamental theorems dealing with rigid
body displacements. Euler’s theorem deals only with a change in orientation of a
rigid body whereas Chasles’ theorem deals with a general displacement involving a
change in location as well as a change in orientation; that is, a change in posture.

Chasles’ theorem [3], named after the French mathematician, Michel Chasles
(1793-1880), states that,

Any general three-dimensional displacement of a rigid body can be achieved by a uniform
helical motion about a fixed axis.

We note that a helical motion consists of a rotation about and a translation along the
axis of a helix that is fixed. For a uniform helical motion, the ratio of the translation
along the axis to the rotation about the axis remains constant and is referred to as
the pitch of the helical motion. This means that, given any two separated postures of
a rigid body, there exists an axis in space with which the body can be brought from
its initial posture to its final posture by a rotation about, and a translation along this
axis with a fixed pitch. Such a motion can be mechanically realized by a bolt and a
nut (see Figure 3.10) where the motion of the nut on the bolt consists of a translation
along the axis of the bolt and a rotation about the same axis. This axis is referred
to as the screw axis. This is why a general rigid body displacement is sometimes
referred to as a screw displacement. The screw axis was first identified and defined
by the Italian mathematician, Giulio Mozzi (1730-1813), and was published in [14],
as is described in detail in [2] by Ceccarelli.

The amount of the relative translation (denoted here as ¢) together with the
amount of the relative rotation (denoted here as 0) about the screw axis define
the extent of the displacement and are referred to as screw parameters. The pitch of
the displacement (denoted here as o) is defined in the same way that the pitch of a
screw is defined, and indicates the ratio of the magnitude of the relative translation
to the magnitude of the relative rotation about the helical axis. In this text, positive
rotation is taken to be counterclockwise and positive translation is taken in the
direction of the positive sense along the screw axis.
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Figure 3.10. A screw displacement performed by a
bolt and nut.

Euler’s theorem [6], defined six decades earlier, can be considered a special
case of Chasles’ more general theorem in that only the rotational component of a
displacement is considered. It can be stated as,

Any general three-dimensional displacement of a rigid body with one point fixed can be
achieved by a single rotation about a fixed axis through the fixed point.

In this case, where there is no translation, the axis is similar to the screw axis, but it
now becomes a rotation axis.

In conjunction with these two theorems, it is sometimes desirable to write the
equations, Eq. (3.33), governing rigid body displacements in terms of the screw
axis and screw parameters identified in Chasles’ theorem. Such equations were first
derived by the French mathematician, Benjamin Olinde Rodrigues (1794-1851), in
his work on the composition of multiple displacements [16]. Here a slightly different
derivation is presented.

Consider a rigid body in two different postures as shown in Figure 3.11. This
body can be considered to have gone through a spatial displacement from its first
posture to its second posture. A chosen point of the body assumes two different

Figure 3.11. A spatial displacement of a rigid body.
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Figure 3.12. The screw axis and screw parameters
of a displacement.

SCrew axis

positions R, and R, with respect to the fixed coordinate system. Points R, and R,
are homologous points because they are different positions of the same point as the
body goes through a displacement. The screw axis and the screw parameters, 6 and
¢, for the displacement of the rigid body are shown in Figure 3.12.

Figure 3.13. Geometry of a screw displacement.
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We are now interested in developing equations relating the positions of the two
homologous points R; and R, in terms of the screw axis and the screw parameters.
Recall that these are two positions of the same point of the moving body in its two
postures in space. In the fixed coordinate system, the screw axis can be specified in
terms of a vector from the origin of the coordinate system to one point P = [P*, P,
P?]" on the screw axis and a unit vector w = [w*, w¥, w?]’ parallel to the screw axis as
shown in Figure 3.13. The screw parameters, namely the counterclockwise rotation
about and the translation along the screw axis, are 6 and ¢, respectively. We are
interested in finding the functional relationship

R,=f(R,P,w,0,0¢).

In this expression R; and R, are two position vectors of point R of the moving body,
both measured in the fixed coordinate system, as the body goes through a helical
or screw displacement with the screw axis defined by vectors (P, w) and with screw
parameters (6, ¢).

From Figure 3.13, it is clear that:

py =R, - P, (a)
and
R, =P+PO+p, (b)
Also, considering |r;| = |r{], it can be seen from Figure 3.13 that
p, = r,COS0u—+risinfv + ¢w.
In addition, we see that
PO = (py - ww,
and
vV=wXxu.
Substituting these into Eq. (b), we get
R, =P+ (p, - w)w+ ry[cosOu +sinOw x u] + ¢w.
Now, substituting
= p, — PO,
and p, from Eq. (a) and simplifying, we obtain our desired equation:

R, = (R, — P)cosO + [(R; — P) - wlw(l —cos®) + w x (R, — P)sin® + P + ¢w.
(3.34)

Equation (3.34) is the vector form of the general spatial displacement equation
relating two positions of a point of a moving body as it goes through a screw dis-
placement expressed in terms of the parameters defined in Chasles’ theorem. The
equation given here explicitly finds the second position R, of a point of the moving
body in terms of its first position R, the screw axis (P, w), and screw parameters

63



64

Transformation Matrices in Kinematics

(6, @), and uses the total displacement angle. Olinde Rodrigues was the first to derive
such equations, although his equations were in implicit form and were expressed in
terms of half-angles.

Before we discuss the use of half-angles in section 3.8, we would like to express
Eq. (3.34) in matrix form. We note that, if we have two vectors a and b,

a® b*
a=|a& and b= |V |,
a® b*

then the vector dot product a - b can be written in matrix form as a'b. Also, if we
define the notation

0 —-a o
a=| a° 0 —a* |,
-’ aF 0

then the vector cross product @ x b can be written in matrix form as ab.
It can also be seen that

(b-a)a= (a-b)a= (a'b)a = a(d'b) = (aa")b. (c)

If we take the vector a to be the unit vector w that defines the orientation of the
screw axis, then

W52 w'wY  wrw? 0 —wt w
ww' = | ww® W")?2 w'w?| and w=| w? 0 —wr
wiwr  wiw?  (we)? B 0

However, because w is a unit vector — that is, w'w = 1 — it can be verified that
I —ww' = wWw', where I is the (3 x 3) identity matrix. Furthermore, because w is
a skew-symmetric matrix, W' = —w, and we can write I — ww' = W' = —?, or
ww! = I + w?. Substituting this into Eq. (¢ ), we can write:

b-wyw= w-byw= Wbw=wwbh) = ww)b= I+ Ww)b.

Using these vector-to-matrix conversion identities, with b = (R; — P), we can
rewrite Eq. (3.34) in matrix form as

R, =[I +Wwsinf + w?(1 — cos)|(R, — P) + P + ¢w. (3.35)
Equation (3.35) can also be written as
R, =0OR, +d. (3.36)
where
O = [I+Wwsind + w?(1 — cos0)], (3.37)
and

d=(—@)P+¢w. (3.38)
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If we consider the moving body to have a coordinate system that is initially
coincident with the coordinate system of the fixed body (see Figure 3.9), then
Eq. (3.36) can be written in terms of a (4 x 4) homogeneous transformation
matrix as

R} e1,1) e1,2) 1,3 d|[R:
R, _ 21 02,2 60273 a&||R] ’ (3.39)
R; ©@B.1) ©3,2) ©33) d||R
1 0 0 0 111

or R, = T, R, with

e1,1) 61,2 60,3 d

021 022 023 &| _[6 d

©@3,1) ©3,2) 6@3,3) & _[ }
0 0 0 1

where the elements of the (4 x 4) matrix T are given by

6 1,1) =[(w")? = 1] — cosh) + 1,
O 1,2) =ww (1l —cosf) —w*sing,
O 1,3) =w*w*(1 —cosd) +w’sing,
®2,1) =ww’(1l —-cosd) +w*sing,
O (2,2) = [(w)? —1](1 — cosh) + 1, (3.40)
® 2,3) =ww(l —cosf) —w'sing,
®@3,1) =ww*(1l —-cosf) —w’sing,
® 3,2) =ww*(1 —cosd) +w*sing,
® (3,3) =[(w¥)?* —1](1 —cosh) +1,

and

d*=¢w* —[0 (1,1) —1]P*— 0 (1,2) PY — O (1,3) P*,
d=gw — 0 2, 1P —[0(2,2)—1]P’ -6 (2,3) P, (3.41)
d=¢w'— 0 3, 1P -0 (3,2) P — [0 (3,3) — 1] P-.

We will refer to Eq. (3.39) as the screw displacement equation because the elements
of its (4 x 4) homogeneous transformation matrix are given in terms of the screw
axis and the screw parameters as shown in Egs. (3.40) and (3.41).

If we consider only the rotation part, Eq. (3.39) becomes

R; 0,1 ©0,2) ©0,3)][R]
Ryl=|021) 022 ©023)||R|, (3.42)
R; ©@3,1) 63,2 033K
or symbolically,
R, = O, R, (3.43)

where ©,, is the (3 x 3) rotation matrix whose elements ©,, (i, j), with i,j =1, 2, 3,
are given by Egs. (3.40).
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Figure 3.14. Precession, nutation, and spin Euler angles.

Equations (3.42) and (3.43) provide an analytic representation of Euler’s theo-
rem. They can also be used to derive an equation for representing orientation using
Euler angles by considering the final orientation of a body as a composition of three
rotations. For example, as shown in Figure 3.14, the first rotation moves the line of
nodes around the fixed z; axis, the second rotation is around the line of nodes, and
the third rotation is around the z, axis fixed in the moving body. These three rota-
tions are called precession, nutation, and spin, respectively, and they are illustrated
in Figure 3.14.

The first rotation (called precession) is counterclockwise by the angle & about
the z, axis as shown in Figure 3.14a. The screw or rotation axis for this rotation is z,
with direction cosines w; = (0, 0, 1)". Using Egs. (3.40), the corresponding rotation
matrix for precession becomes:

cosé -—sing 0
O, =|sing cos& 0
0 0 1

Next, we start with the coordinate system x,y, z, as the reference and rotate about
the x, axis by the counterclockwise angle ¥ (called nutation) to a new orientation
indicated as x;y;z5 in Figure 3.14b. The screw or rotation axis is x, with direction
cosines w, = (1, 0, 0)". Using Egs. (3.40), the rotation matrix for nutation becomes:

1 0 0
©,; =10 cos?¥ —siny
0 sin® cosv

Finally we perform one more rotation to a new orientation x,y,z, as shown in
Figure 3.14c. This time the rotation (called spin) is by the counterclockwise angle ¢
about the rotation or screw axis z; that is fixed in the moving body. The direction
cosines of this axis are w3 = (0, 0, 1)’, and the rotation matrix for spin becomes:

cosy -—sing 0
O =|sing cosep 0
0 0 1

If we now consider the coordinates of a point in the coordinate system x,y,z,
and relate it to the coordinates of the same point in the coordinate system x;y;z;,
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we can write r; = @,,1,, r, = Oy3r5, and r; = @ 4,1, Substituting these equations into
one another, we find r;, = ©,,0,,0,,r, and the final orientation is described by:

cosé¢ —sing 0] 1 0 0 cosgp —sing 0
O, =|sing cosé& 0|0 cos?® —sind sinpg cos¢ O],
0 0 110 sing cos® 0 0 1
or
—sin&cos #sing + cos&cos ¢ } —sinécos¥cos ¢ — cosésing } sin&ésin ¢
O = cosécosvsing + sinécos ¢ } COS £COS ¥COS ¢ — Sinésing }—cosssim&‘
sinv¥sing } sin¥cos ¢ } cos v

(3.44)

From Eq. (3.44) we can also write
Oy = @1_41 = 0O}y = 03,010,
—sin&cos ¥sin ¢ + cos £cos ¢ } cosécos vsing + sinécos g } sin¥sing
— | —sin&écos®¥cos ¢ — cosé&sing } cos&cos¥cos ¢ — sinésing } sin ¥ cos ¢

sin&sin ® } —cossin ¥ } cos v

(3.45)

The reader may wish to verify that |©@,,| = |©,] = +1.

It should be pointed out that there are many different ways that Euler angles
can be defined by changing the choice of axes or the order in which the rotations
take place. In the previous derivation, for example, we could have taken the second
rotation by the amount # in the counterclockwise direction about the y, axis instead
of about x,. In such a case, the rotation matrix for the second rotation would have
become:

cos® 0 sin?d
Op=| 0 1 0 |,
—sind 0 cos?

and the final orientation would be described by
COS£COS¥COS @ — sinésing } —cosécos ¥sing — sinécos ¢ } cosésin v
O = sin£cos ¥ cos ¢ + cos&sing } —sin&cos ¥sing + cos&cos ¢ } sinésin®

sin¥cos ¢ } sin®sing } cos v

Consider yet another case where we take the first rotation to be a counterclock-
wise angle o about the x; axis, the second rotation to be a counterclockwise angle
about the new y, axis, and the final rotation to be a counterclockwise angle y about
the modified z; axis. The resulting rotation matrices are

1 0 0 cosBp 0 sing
O, =0 cosa —sina|, Oy= 0 1 0 ,
|0 sinae cosa —sing 0 cosg

[cosy —siny 0
O3, = | siny cosy O
0 0 1
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Z4
== I3
Y
Figure 3.15. Cardan angles.
The final orientation of the body is now given by
cos Bcos y } —cos Bsiny } sin g
O, = sinasin Bcos y 4 cosasiny } —sinasin siny 4+ cosacos y } —sinacos B

—cosasin fcosy + sinasiny } cos asin Bsin y + sinacos y } COS xCos

(3.46)

This particular choice of Euler angles is shown in Figure 3.15 and, when taken
in this order and about these axes, is called a set of Cardan angles, named after the
Italian mathematician, Gerolamo Cardano (1501-76), who was the first to develop
such a minimal representation of orientation, two centuries before Euler (1707-83).
They are sometimes also called Tait-Bryan angles, after the Scottish mathematical
physicist, Peter Guthrie Tait (1831-1901), and George Hartley Bryan (1864-1928),
professor at University College, Bangor, Wales.

Furthermore, Cardan angles are still used to represent some very practical situ-
ations, such as describing the orientation of a spacecraft, a car or truck, or a nautical
craft. In these cases, if the x-axis is aligned along the fore-aft axis, with the y axis
lateral and the z axis vertical, then the three Cardan angles describe the roll, pitch,
and yaw of the vessel (see Figure 3.16) and are sometimes referred to as nautical
angles.

yaw

Figure 3.16. Roll, pitch, and yaw axes for an aircraft.

pitch



3.8 Euler-Rodrigues Parameters

Once the axes, the order, and the sign conventions are specified, three angles
are usually unique and sufficient to specify the relative orientation of two arbitrarily
oriented Cartesian coordinate systems. However, there are certain orientations (for
example, with the conventions used here, when the angle 8 is equal to £90°), for
which there are not unique values for « and y for a given orientation because, at such
an attitude, the « and y angles are measured about collinear axes. The same problem
occurs in Eq. (3.44) when angle 9 = 0 or ¥ = +180°. Such an orientation does not
have three independent angles and full three-dimensional rotation about such an
orientation cannot be described by this choice of axes. All sets of Euler angles share
this difficulty. There is always at least one orientation where two of the rotation
axes become collinear, causing a singularity called “gimbal lock” in the description.
In fact, it has been shown [17] that it is not possible to have a parameterization
of the rotation matrix in terms of three parameters without singularities. However,
using four parameters, as with the Euler-Rodrigues parameters discussed in the next
section, this problem is eliminated.

3.8 Euler-Rodrigues Parameters

As mentioned in the previous section, there is a major difficulty with the use of any
set of Euler angles for the specification of spatial orientation. No matter which set
of conventions is chosen, there is always a singularity in the specification for some
values of the angles. It is desirable to have a method of specifying three-dimensional
rotation that does not display such a singularity for any orientation. The Euler-
Rodrigues parameters provide such a description. These parameters, referred to in
some literature as just Euler parameters, are based on half-angles. It is pointed out
here, however, that Euler only used full angles in all of his work and it was Rodrigues
who first introduced the use of half-angles for parameterization of rotation in his
derivation of the Rodrigues equations.

Here we start with Egs. (3.40) and substitute the following two trigonometric
identities:

cosf = cos?(9/2) —sin?(¥/2) and sin 6 = 2sin(6/2) cos(6/2).
With these, the elements of the rotation matrix given by Egs. (3.40) become:

O1,1) =2[(w9)? —1]sin?(8/2) + 1,

O(1,2) = 2sin(6/2)[w*w* sin (0/2) — w? cos (6/2)].

O(1,3) = 2sin (6/2)[w*w* sin (0/2) + w¥ cos (6/2)].

©2,1) =2sin(0/2)[w*w? sin(0/2) + w* cos (6/2)],

0(2,2) =2[(w)? —1]sin2(6/2) + 1, (3.47)
©(2,3) =2sin(0/2)[w*w? sin(0/2) — w* cos (6/2)],

O (3,1) =2sin(6/2)[w*w?sin(0/2) — w? cos (6/2)],

©(3,2) =2sin(8/2)[w’w?sin(0/2) + w* cos (6/2)],

©(3,3) =2[(w¥)* —1]sin%(9/2) + 1,
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Next we define the vector

el w*
e 3 =1wlsin@/2).
63 we

We note that this vector is aligned with a possible axis of rotation and, therefore,
the components of this vector are the same in both coordinate frames. However, we
also note that, although the w vector is aligned with a possible axis of rotation for the
total displacement through the finite angle 6, it may not be aligned with the actual
instantaneous axis of rotation at the beginning or end of the displacement.

We also define a fourth parameter, e* = cos (6/2), so that the total set becomes
a four-dimensional unit vector

el w¥ sin (6/2)
_Je |l ) wrsin(9/2)
TV [T I wising2) [ (348)
et cos (0/2)
where
)+ @)+ @)+ () =ce=1. (3.49)

Expressed in terms of these Euler-Rodrigues parameters, the rotation matrix for
the orientation of the x,y,z; coordinate frame with respect to the x,y,z, coordinate
frame is

@21
(€")? — (2)? — (€)? + (e%)? 2ele? —2e3¢* 2ele® 4 2e%¢*
— 2ele? 1 26364 —(eM)2 + ()2 — ()2 + (e*)? 26263 — D¢l ot
2eled — 2626 26263 + 2el et —(e1)2 = ()2 + ()2 + (e*)?

(3.50)

For situations in which a numeric form of the rotation matrix is already known
and we wish to compute the corresponding Euler-Rodrigues parameters, we may
desire a numeric procedure to do this. The following procedure is adapted from
Friberg [8].

Let us suppose that the elements of the rotation matrix, with the symbolism © (i,
j) referring to the element of matrix @ in row i and column j, have known numeric
values. Because the trace of a square matrix is defined as the sum of the terms on
the major diagonal, from Eq. (3.50) we see that

trace (@) ={® (1,1)+ O (2,2) + O (3,3)} = {—(")? = (¢*)> — (¢*)* + 3(¢*)?}.

However, because we know that (e!)? + (€2)? + (%)? + (e*)> = 1, then (¢*)? =
ltrace(®) + 1}, or

¢* = +y,/trace (©) + 1, (3.51)

where the sign may be selected arbitrarily.
Computation of the other three Euler-Rodrigues parameters now involves con-
sideration of numeric issues such as division by a small value or subtraction of
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numeric values that are nearly equal but not identical. For these reasons, we estab-
lish a precision threshold € such that e* is considered close to zero if |e*| < . There
are two possible cases:

Case 1: In this case, |e*| > €.
We note, by subtracting off-diagonal elements of @, that

el =[0(3,2) — ©2,3)]/4eh,
¢ =[0(1.3) - 03, 1)]/(4e"), (3.52)
S =[0@2,1) - 0(1,2)]/4eh,

and, from the diagonal terms,

e' = +1/1+26 (1,1) —trace (0),

& = +1/1+26 (2,2) —trace (0), (3.53)

e =+1/1+20 (3,3) —trace (0).

Equations (3.52) might be used to compute the three parameters e!, €2, > once the
sign of ¢* has been selected. However, a better numeric approach is to utilize the
magnitudes given by Egs. (3.53) together with sign information from the numerators
of Egs. (3.52). The reason for this choice is that when e* approaches zero, the rotation
matrix ® approaches symmetry and, in that situation, numerical cancellation effects
can occur in the numerators of Egs. (3.52). It should also be noted that when ¢* — 0,
then trace(®) — —1 might result, and nearly “zero divided by zero” situations may
occur in Egs. (3.52) if the divisions are attempted.

Case 2: In this case, |¢*| < &.
When |e*| is determined to be effectively zero numerically according to the threshold
¢, then we have

‘e’ = 1[0 (2,3)+63,2)].

N
a
I

N
N
I

el =13, H+061,3)], (3.54)
e =1[61,2)+6 2 ).

Also,

el =+/1[ed 1) +1],
e ==+/5[62,2)+1],
e =+/1[03,3)+1]. (3.55)

Because (e')? + (¢%) + (€)? + (e*)?> = 1, with |e*| being numerically small, at least
one of the parameters e!, €2, or ¢> must be nonzero. From Egs. (3.55), we can select
the largest numeric value and arbitrarily assign it a plus or minus sign, and then we
can utilize Egs. (3.54) to compute the remaining two Euler-Rodrigues parameters.

2 The IMP software system, for example, uses a default value of &€ = 107° for this threshold.

71



72

Z

Transformation Matrices in Kinematics

V2 N

Figure 3.17. Example 3.2.
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Thus, in this case, when the rotation matrix ® is essentially symmetric, it is conve-
nient to use only the row and column of ® corresponding to the largest diagonal
element.

EXAMPLE 3.2 As an illustrative example, consider the coordinate frames shown
in Figure 3.17. In this case, the x,y,z, frame is oriented such that the x, axis is
precisely opposite to positive z,, the z; axis is opposite to positive y,, and the
¥, axis completes the right-handed coordinate system by aligning itself parallel
to x,. We wish to find the corresponding Euler-Rodrigues parameters for this
change of posture.

By inspection, the rotation matrix is:

X, 01 0] [x
Yar=1 0 0 =1}y
2, -1 0 0] |z

From this (3 x 3) rotation matrix and Eq. (3.51), we find

et = +1/trace(®) +1=+1v1=+1,

where we have arbitrarily selected the positive sign. We note that this is Case 1.
Next, Egs. (3.53) give:

=+, S=+I ==L

=

and using the signs of the numerators of Egs. (3.52) gives:

3
) e = —

D=
N[=

1 2
e +%, e +

Thus, we have both the magnitudes and the signs of the four Euler-Rodrigues
parameters:

! 0.500
2| ] 0500
S~ ] 0500
e 0.500

Because e¢* = cos(6/2) = —|—%, we see that the angle of rotation is 6 = 120°
and the unit vector along the axis of rotation to achieve the orientation of the
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X1 y1z, frame is
el 0.500 w¥
et =1 0500} ={w{sin@/2),
e —0.500 w?
which shows that
w* 1 0.500 0.577
w' = Sneo 0.500 ¢ = 0.577
—0.500 —0.577
EXAMPLE 3.3 As another example, we wish to find the Euler-Rodrigues param-
eters for the relative orientations of the two coordinate frames shown in
Figure 3.18.
In this case, the rotation matrix is:
x, -1 0 O0f|x
ar=10 -1 0]{¥y¢-
2, 0 0 1]z
from which we find
¢* = +1/trace(®) +1 =0.
Note that this is Case 2. Therefore, from Egs. (3.55):
el =0, e? =0, e =+1.
We select e® = +1. Then, Eqgs. (3.54) give ¢! = 0 and ¢* = 0. Thus, we now have
all four Euler-Rodrigues parameters,
el 0
el )0
Sl )1
et 0
4 )
Figure 3.18. Example 3.3. X
)

21
Z




74

Transformation Matrices in Kinematics

Because ¢* = cos(6/2) = 0, the angle of rotation is & = 180°. The unit vector
along the axis of rotation to achieve this orientation of the x,y,z; frame is

el w¥ 0
et ={wtsin@®/2)=407%,
e w? 1
which shows that
wr 0
w =10
we 1

3.9 Displacement of Lines

The general rigid body displacement equations, Egs. (3.39), describes displacment of
points of a moving body from its zero reference posture with respect to the fixed axes.
In some applications, however, it may be more appropriate to describe displacement
of lines of a moving body with respect to the fixed axes. In section 3.3, we showed
that Pliicker vectors provide a method for representing lines in space that is based on
use of homogeneous quantities. It is interesting to investigate the form of the general
rigid body displacement equations if the emphasis were on the displacement of lines
represented by Pliicker vectors rather than on points represented by homogeneous
coordinates.

Let us assume that Pliicker vectors of a line £ of a moving body are given by (o, o)

in the coordinate system of the moving body and by (£2, ) in the fixed coordinate
system. Considering the (4 x 4) matrix representation for the Pliicker vectors, and
the definition of these vectors, we can show that the equation for the displacement
of such a line is be given by:

[‘} 9]:7[5 "} T, (3.56)
0 0 0 0

where T is the usual homogeneous transformation matrix, namely, T = [(g ‘11] .

3.10 Quaternions

Quaternions are another mathematical notation, developed by the Irish physicist,
astronomer, and mathematician, Sir William Rowan Hamilton (1805-65), to rep-
resent three-dimensional orientation and rotation [11]. Like the two-dimensional
geometric algebra formed by complex numbers, quaternions form a geometric alge-
bra but in four dimensions.

A quaternion g is represented by an expression of the form g = g'i + ¢%j +
¢’k + g* where the coefficients ¢/, i = 1,. .., 4, are real numbers and the basis units
i, j, k multiply as follows:

P=pP=kl=-1 and ij=k; jk=i, ki=j, ji=—-k, kj=—i; ik=—j.
(3.57)
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Using these rules for multiplication, it is clear that quaternion multiplication, in
general, is not commutative. In other words, g¢’, in general, is not equal to q'q.
The norm of a quaternion is the non-negative number defined by:

g1 = (@ + @2 + @) + (@), (3.58)

which is zero only when ¢' = ¢g*> = ¢° = ¢* = 0. The conjugate of a quaternion q is
defined as

a=—q'i—qj—-k+q". (3.59)
From the last two equations, it follows that
93 = 4"’ + @) + (@)’ + (@)’ = 19" (3.60)

The inverse of a quaternion is derived from Eq. (3.60) as:

-1 q
q e (3.61)

A unit quaternion is a quaternion with unit norm. From Eq. (3.61), it is clear
that the inverse of a unit quaternion is given by its conjugate.

A quaternion can be viewed as having a vector part (¢'i + ¢’ + ¢°k), and a
scalar part (g*). Because the first three Euler-Rodrigues parameters can be viewed
as components of a vector parallel to a screw axis and the fourth is a scalar, we can
assign them to the vector and scalar parts of a quaternion. The resulting quaternion
is

q = w'sin(6/2)i + w’sin(0/2) j + w*sin(6/2)k + cos(8/2). (3.62)

We note that this is a unit quaternion because [(w¥)? 4+ (W*)? + (w?)?]sin?(9/2) +
cos?(#/2) = 1. The unit quaternion given by (3.62) can be interpreted as representing
a rotation of magnitude 6 around a unit vector with direction w = w*i + w”j + wk.

Although quaternions provide a compact representation of rotation, they are not
used in the remainder of this text. They are briefly presented here because of their
historic significance and their prevalence in some current literature. In this book,
however, the emphasis is on matrix methods that facilitate the application of unified
computer-aided techniques for design analysis. The Euler-Rodrigues parameters,
which are equivalent to a quaternion, are used for representing three-dimensional
orientation or rotation in matrix form.

REFERENCES

1. G. Cardano, Opus nouum de proportionibus numerorum, motuum, ponderum, SOnorum
aliarumque rerum mensurandarum. Item de aliza regula. Basel, 1570. A schematic drawing
of the Cardan joint is pictured in this manuscript. However, there is no evidence that
Cardan ever constructed such a device.

2. M. Ceccarelli, “Screw axis defined by Giulio Mozzi in 1763 and early studies on helicoidal
motion,” Mechanism and Machine Theory, vol. 35, 2000, pp. 761-70.

3. M. Chasles, “Note sur les propriétés générales du systeme de deux corps semblables
entr’eux et placés d’'une maniere quelconque dans I’espace; et sur le déplacement fini
ou infiniment petit d’un corps solide libre, [Notes on general properties of a system of
two identical bodies arbitrarily located in space; and on the finite or infinitesimal motion

75



76

10.

11.

12.

13.

14.

15.

16.

17.

Transformation Matrices in Kinematics

of a free solid body],” Bulletin des Sciences Mathématiques, Astronomiques, Physiques
et Chimiques de Ferrussac [Bulletin of the Sciences of Mathematics, Astronomy, Physics,
and Chemistry by Ferrussac], vol. 14, Paris, 1830, pp. 321-26.

J. L. Coolidge, A History of Geometrical Methods, Dover Publications, Inc., New York,
1963. Includes an extensive bibliography.

R. Descartes, Discours de la méthode pour bien conduire sa raison et chercher la vérité dans
les sciences, [Discourse on methods for reasoning and seeking truth in science/, Leiden:
Jan Maire, 1637. Cartesian coordinates were introduced in the third appendix that is
titled La Géométrie, which focuses on the connections between geometry and algebra.
L. Euler, “Theoria motus corporum solidorum seu rigidorum, [Treatise on the motion of
solids or rigid bodies],” Opera omnia I1,vol. 9, Rostock, 1765, pp. 84-98; also in “Formulae
generales pro translatione quacumque corporum rigidorum, [General formulae for the
motion of rigid bodies],” Novi Comentarii Academiae Scientiarum Petropolitanae, [New
memoirs of the imperial academy of sciences in St. Petersburg], vol. 20, 1776, pp. 189-207.
K. W. Feuerbach, Grundriss zu analytischen Untersuchungen der dreieckigen Pyramide
[Foundations of the analytic theory of the triangular pyramid], Niremberg, 1827.

O. Friberg, “Computation of Euler Parameters from Multipoint Data,” Journal of Mech-
anisms, Transmissions, and Automation in Design, ASME Transactions, vol. 110, June
1988, pp. 116-121.

J.D. Gergonne, Annales de mathématique pures et appliquées [ Annals of pure and applied
mathematics| better known as Annales de Gergonne, Neimes, 1824-27.

H. Goldstein, Classical Mechanics, Addison-Wesley Publishing Co., Inc., Reading, MA,
2nd ed., 1980.

W. R. Hamilton, Lectures on quaternions containing a systematic statement of a new
mathematical method: of which the principles were communicated in 1843 to the Royal Irish
Academy and which has since formed the subject of successive courses of lectures delivered
in 1848 and subsequent years, in the halls of Trinity College, Dublin: with numerous
illustrative diagrams, and with some geometrical and physical applications, Hodges and
Smith, Dublin, 1853.

E. A. Maxwell, General Homogeneous Coordinates in Space of Three Dimensions, Cam-
bridge University Press, London, 1951. An excellent general reference, reissued in 2008.
A.F.Mobius, “Der barycentrische Calcul, [Barycentric calculus]”, Crelle’s Journal fiir die
reine und angewandte Mathematik [Crelle’s Journal for Pure and Applied Mathematics],
Leipzig, 1827.

G. Mozzi, “ Discorso matematico sopra il rotamento momentaneo dei corpi [Mathematical
treatise on temporally revolving bodies|,” Stamperia di Donato Campo, Napoli, 1763.

J. Pliicker, Neue Geometrie des Raumes gegriindet auf die Betrachtung der geraden Linie
als Raumelement [A new geometry of space based on consideration of the straight line as
the spatial element], B. G. Tetibner, Leipzig, 1868-69, pp. 1-374.

O. Rodrigues. “Des lois géométriques qui régissent les déplacements d’un systeme solide
dans I’espace, et de la variation des coordonnées provenant de ces déplacements con-
sidérés indépendamment des causes qui peuvent les produire [Geometric laws that gov-
ern the movement of a solid system in space, and the change of coordinates from these
displacements considered independently of the causes that produce them],” Journal de
Mathématiques Pures et Appliquées [Journal of pure and applied mathematics], Bachel-
lier, Paris, 5, 1840, pp. 380-440, better known as Annales de Gergonne, described in detail
in H. Cheng and K. C. Gupta, “An Historical Note on Finite Rotations,” Journal of
Applied Mechanics, ASME Transactions, vol. 56, no. 1, 1989, pp. 139-45.

J. Stuelpnagel, “On the Parametrization of the Three-Dimensional Rotation Group,”
SIAM Review, vol. 6, no. 4. (Oct., 1964), pp. 422-30.



Problems 3.1-3.13

PROBLEMS

3.1 Prove that the four points whose homogeneous coordinates are A(1,2,3,4),
B(4321),C(1,1,1,1), and D(3,1,—1,—3) are collinear.
3.2 Two circles, each of radius r, have the equations x*> + y*> = r* and (x — r)?> +

y? = 2. Find the four points of intersection between these two quadratic equations.
(Hint: recast the two quadratic equations into homogeneous coordinates.)

3.3 Two of the axes of a moving body 1 are in directions described by the vectors
i; =[0.0, 1.0, 1.0]" and j; = [1.0, —1.0, 1.0]" with respect to the fixed axes of body 2.
Determine the rotation matrix ©,,.

3.4 Two of the basis vectors of stationary body 2 are in directions described by j, =
[0.0, 1.0, 1.0]" and k, = [1.0, —1.0, 1.0]" with respect to the moving axes of body 1.
Determine the rotation matrix ©,,.

3.5 The end effector of a robot is to be located at [500, 150, 225]* where all distances
have units of millimeters. The approach vector is to be [1, 0, 0], and the orientation
vector is to be [0, 0, 1]°. Find the transformation matrix for this posture.

3.6 Verify that |T;,| = +1 for Eq. (3.26).

3.7 Measured data in millimeters for the position coordinates of three points of a
moving body are known such that:

507] 0 0
0 0 125
r1 = O , r2 = O y t‘3 = O s

1] 1 1
37.3257 71.800 152.450
—98.175 —~118.925 —28.425

R, (t,) = , R, (1)) = L R.(t) =
1) 132.045 2(t) 161.725 3() 131.225
1 1 1

Find the (4 x 4) homogeneous transformation matrix for this displacement.

3.8 Verify by direct computation that |®,,| = +1 for Eq. (3.44).

3.9 Find the precession, nutation, and spin Euler angles that yield the rotation matrix
of problem 3.3.

3.10 Determine the roll, pitch, and yaw Euler angles that yield the rotation matrix
of problem 3.4.

3.11 A rigid body rotates by 60° about an axis defined by the vector [3, 4, 0]". Find
the corresponding rotation matrix.

3.12 Determine the Euler-Rodrigues parameters for the displacement matrix of
problem 3.3.

3.13 Show that, when components of Pliicker vectors of lines are used in the form of
the (4 x 4) matrix as discussed in this chapter, the displacement of lines is given by
a similarity transformation. In other words, using the notation of this chapter prove
that:
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3.14 Consider two lines whose Pliicker vectors are (s”zl.sz,.); i1=1,2. Show that if these
two lines are parallel, then €, ©, = 0 and if they are perpendicular, then 2, - 2, = 0.

3.15 Consider a rigid body b with a body coordinate system x,y,z,. The orientation
of this body with respect to the coordinate system x .y, z,. of another body cis specified
in terms of three direction cosines derivable from the three angles: £(x,, x.) = 45°,
£L(xy,y.) = 60° £(x,,y,) = 45°. Show that these three independent direction cosines
lead to multiple possible orientations for body b with respect to body c. This problem
illustrates an ambiguity inherent in representation of three-dimensional orientation
of a rigid body when only three independent direction cosines are specified.

\xb
u
w

Vb

Figure P3.15

3.16 In order to standardize characterization of the kinematics of the human shoul-
der, the International Society of Biomechanics (ISB) has recommended the use of
the rotation sequence consisting of external rotation (F), followed by upward rota-
tion (U), then followed by posterior tilting (P) as shown in the figure for describing
scapular kinematics of the shoulder joint. Show that this rotation sequence results
in a different final orientation compared to a sequence consisting of (P)(U)(E).
Calculate the norm of the difference and the difference between the two norms of
the two orientations, if the mean angles are as follows:

posterior tilting P = 30°, upward rotation U = 60°, and external rotation E =
90°.

Ex>
Posterior
2 tilting Figure P3.16. Human shoulder model.
y Upward
rotation

3.17 Consider a robot end-effector with two coordinate systems attached to it as
shown in Figure P3.17a. One coordinate system is attached to the end-effector with



Problems 3.17-3.19 79

its origin at the wrist center point and the other is attached to the tip of the end-
effector. The kinematic structure of the wrist is a spherical linkage and is illustrated
in Figure P3.17b.

Show that if we use the coordinate system attached to the end-effector at the
wrist center point, the order in which we perform the roll, pitch, and yaw rotations
is irrelevant; however, if we use the coordinate system attached to the end-effector
at its tip, then the order does make a difference unless we are only concerned with
differential or instantaneous rotations.

Wrist yaw

Wrist

A Wrist
pitch

-——
Wrist Wrist
roll roll

(a) (b)

Figure P3.17 (a) (b)

3.8 In an industrial application, a part is to rotate 30° in the counterclockwise
direction about the rod shown in Figure P3.18 and move left along the rod by eight
inches. Determine the new coodinates of a point whose original coordinates were

(x,y,2).

(3 70 73 )
Figure P3.18. =

+
(2,5,0)
X

3.19 The rotation matrix as given by Eq. (3.37) shows that the rotation angle can be
computed from:

0(3,2) —0(2,3)
o=tan'{[©1,3)— O3, 1), (trace® — 1)
e2,1)-0d,1)
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Modeling Mechanisms and Multibody
Systems with Transformation Matrices

4.1 Introduction

A mechanism or a multibody system consists of several bodies or links that move
together in a coordinated fashion based on the nature of the connections between
them. The individual bodies or links are usually attached through joints such as
in robot manipulators, biomechanical systems, mechanisms and machines, or other
clever devices such as in aerospace systems. As a system moves, its posture changes,
including displacements of the individual bodies while maintaining the connections
through the joints.

The classical formulations of kinematics of rigid bodies discussed in Chapter 3
can be adapted to multibody systems. In order to do this, however, we must keep
track of all bodies and their interconnections and make sure that their displacements
and motions are described in a fashion that allows us to track the posture of the
entire mechanism or multibody system. The matrix method presented in this and
subsequent chapters provides a systematic method that allows such a development
with no ambiguities. When combined with the methods for topological examination
of mechanical systems from Chapter 2, the overall approach provides a powerful
tool for computer-aided analysis of mechanisms and multibody systems and for
development of general-purpose software tools for such applications.

Now that we are familiar with some of the methods of algebraic geometry and
kinematics of rigid bodies, we are ready to start defining a model for our mechanism
or multibody system. Of course, our spatial model must start with the definition of
proper coordinate systems. We do this in this chapter, where we carefully locate
coordinate systems on every link and before and after every joint. We also define
appropriate transformation matrices between these coordinate systems. These trans-
formations introduce the required geometric parameters of the bodies and also
define the constraints and the motion variables of the joints, which are essential for
the motion analysis methods that follow.

4.2 Body Coordinate Systems

Consider the problem of describing the shape of a rigid part of a mechanism or multi-
body system as pictured in Figure 4.1. From our topological analysis in Chapter 2,
we have already assumed that each body has an identifying label b, (b = 1,2, ..., £);
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Figure 4.1. Body coordinate system.

we now find it convenient to use these same identifying labels here. To allow a
precise definition of what we mean by “shape,” we assume that a right-hand Carte-
sian coordinate system x,y,z, is chosen for each body of our system and is rigidly
attached to that body at some convenient, but arbitrary, posture.

The posture of a body is described by the transformation matrix describing the
posture of its body coordinate system with respect to some overall fixed global or
world coordinate system. Once we find the posture of the body’s coordinate system,
we know all that is necessary to define the location and orientation of the body and
all its features. How to do this will be shown later; at this time, we only note that
such a coordinate system must be defined for each body, and that it is the primary
coordinate system for locating other items such as points or lines attached to that
body. We note that this coordinate system can also be used as the reference for
specifying the shape of the body, the joint element postures, the center of mass
location, the mass moments of inertia, and so on, and that, as long as bodies are
considered rigid, each such geometric feature remains constant in its own body
coordinate system as the system moves.

4.3 Joint and Auxiliary Coordinate Systems

It was pointed out in section 1.4 that the primary function that a rigid body serves
is to ensure that the relative postures of its joint elements (and other geometric
features) do not change; that is, the purpose of a machine part is to hold its joint
elements and other features in constant geometric relationships. To reflect this, we
define another right-hand Cartesian coordinate system at each of the joint elements,
defined to be aligned conveniently with the natural motion axes of that joint. Such an
auxiliary coordinate system may also be convenient for locating an important shape
feature of a body such as a hole or a keyway, as shown in Figure 4.2, or for modeling
a force or torque applied to the body.

Figure 4.2. Joint coordinate system attached to a
body.
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Figure 4.3. Specifying data to locate a coordinate
system.

More will be said in later sections about how joint coordinate systems are chosen
to locate and orient each type of joint element; however, we need not be concerned
with such conventions at present. Here we only note the need to develop a technique
for specifying data for the initial posture of each joint or auxiliary coordinate system
and storing this data in a form that can be conveniently used in later parts of the
analysis.

4.4 Specifying Data for a Coordinate System

Information about the shapes of the bodies of a mechanism or multibody system is
usually available in the form of xyz Cartesian coordinate data for certain key points
or features. This comes about because, at least in early design stages, a sketch or
layout drawing is usually the primary source of geometric data for a mechanism
or multibody system. In a biomechanical system, such data may be provided by
measurement of a predefined set of target points on the system under study for
which detailed imaging data can be obtained. At other times, such as in the analysis
of an existing machine, perhaps the detailed drawings or computer-aided design
(CAD) data files for individual parts may provide a more convenient source of
dimensional data. In any case, it is usually quite easy to obtain xyz coordinate data
for strategic points of the bodies.

Here we assume that data is specified in a convenient measurement coordinate
system whose axes are labeled xyz and that we wish to locate another coordinate
system whose axes are labeled uvw. We want to establish a procedure for deter-
mining the posture of uvw with respect to xyz; that is, we wish to find data for the
transformation matrix of the equation

T,y 71,2 TA,3) TA,4)][u
T2,1) T2,2) T2,3) T2, 4| |v
T3,1) 7T@3,2) T@G3) TG4 ([ |w

0 0 0 1 1

, 4.1)

—_ N =

where the symbolism 7 (i, j) refers to the element in row i, column j, of the transfor-
mation matrix 7.

To establish a general procedure, we require that the following data be specified,
all measured along the chosen set of xyz measurement axes:

(a) Coordinates x,y,z, of the origin of the uvw coordinate system. This is shown as
the point labeled 1 in Figure 4.3.
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(b) Coordinates x,y,z, of a point lying on the positive w axis, such as point 2 in
Figure 4.3.

(c) Coordinates x;y,z4 of a point lying on the positive u axis, such as point 3 in
Figure 4.3.

This measurement coordinate system is chosen for convenient measurement of all
data for this body. It need not be the same as that used for specifying data for other
bodies because, except for the base (frame), its location is not kept for later analysis.

From the definition of the first of these data points (point 1) wesetu =v=w =
0,x=x,,y=y;,and z = z; in Eq. (4.1). Doing this shows that 7(1,4) = x,, T(2,4) =
vy, and T(3, 4) = z; as we should expect. Procedurally, this means that the data for
the first point can be entered directly into the fourth column of the transformation
matrix without change.

We next use the difference between x,y,z, and x,y,z; and their definitions to
show that

X, — X, T(1,1) T(1,2) T(1,3) x,][0 T(1.3)

vyl _|T@D T@2) T@3) y|[0|_ |T23)

-z | TG 1) T@3,2) TG3) z||w,| *|T3.3)
0 0 0 0 1]Lo 0

In this matrix, the elements of the third column describe a unit vector along the
w axis, measured in the coordinate system x, y, 7. Therefore,

wy =/ (5 —x)?+ (v, =y + (2, — 2%
wt=T(1,3) = (x, —x;)/w,,
w¥ =T(Q2,3) = (y, = y1)/W,.
w=T(@3,3) = (2, — 21)/W,.

Procedurally, this shows that we may fill the third column of our matrix with the
differences between the data for the second and first points, and that we should then
normalize this column to form a unit vector. This should be no surprise because the
third column of the transformation denotes the direction for the unit vector along
the w axis as measured in the xyz system.

In a similar fashion, we use the difference between points x;y,z5 and x,y,z; and
their definitions (see Figure 4.3) to show that

Uy = \/(xg, _x1)2 + (3 _Y1)2 + (23 — 21)27
uw'=T{,1) = (x5 —x)/us,
w=TQ2,1) = (y3 —y)/us,
uw=T7T@3,1)= (Z3 - 21)/U3.
Once the first and third columns of the matrix in Eq. (4.1), namely the # and w

unit vectors, are found and normalized, we can find the entries of the second column,
unit vector v, by taking the vector cross product v = w x u between unit vectors
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along the w axis (column 3) and the u axis (column 1) to form a unit vector along
the v axis (column 2). Thus, we form

V' =T(1,2)=T2,3)T3,1) - TQ3,3)T2, 1),
W=T2,2)=T@3,3)T1,1) - T1,3)T@3, 1),
Vi=T@3,2)=T1,3)TQ2,1) - T2,3)T,1).

This completes entries for the entire transformation matrix. However, now it is
wise to question the quality of the result in a situation where inaccurate data might
be encountered. The previous procedure ensures that the origin of the uvw system is
precisely located to match the data for point 1. Similarly, the u and w axis directions
will exactly match those implied by the data points given. In addition, even though
the data points are not required to be separated by unit distances, columns 3 and 1
have been normalized to represent unit vectors for the w and u axes.

So where might faulty data cause a problem? First, if the data for points 2 and
1 show them to be coincident, or nearly so, then the value computed for w, yields
a zero and the procedure must terminate (or produce a division by zero during
normalization). Similarly, the value of u; must be tested for zero to protect against
nearly coincident data for points 3 and 1.

Second, if either w, or u; is smaller than some acceptable tolerance value, the
orientation of the w axis or u axis is of questionable accuracy. This also shows why
it is unwise to choose a measurement coordinate system x, y, z that is located very
distant from the points for which data are measured. Because a computer has finite
precision, it sacrifices accuracy (requiring small differences between large values) to
choose the global coordinate system of a car, for example, when specifying data for
the internal workings of the glove compartment lock.

Third, there is the possibility that the data for all three points prove them to be
collinear, or nearly so. This would result in all entries of the second column of the
matrix being unacceptably small or perhaps even zero. This must also be tested and
treated as an error in the data given.

Finally, it is likely that the three given data points, even though not collinear,
are probably not situated to form an exact right angle for points 3-1-2. In this case,
the u and w axes each become unit vectors, but are not exactly perpendicular to each
other. To guard against this, the second column of the final matrix is also normalized
after it is found. By normalization of the second column, we guarantee that the v
axis is a unit vector perpendicular to both the u and w axes. We then recalculate an
adjusted u axis that is perpendicular to both v and w by forming another vector cross
product overwriting the data for the u vector previously stored in column 1:

uw=TA,1)=T2,2)T3,3)—T@3,2)T(2,3),
w=T2,1)=T3,2)T1,3)—-T{,2)T(3,3),
w=TG3,1H)=T1,2)T2,3)-T2,2)T(1,3).
In effect, this last step revises the original convention, stated as (c) near the start
of this section. To account for possible inaccuracy, the convention for choosing the
data for point 3 is now restated as follows:

(c) The coordinates x;y,z5 of a point lying in the half-plane defined by the w
axis and the positive u axis such as point 3 shown in Figure 4.3.
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4.5 Modeling Dimensional Characteristics of a Body

Let us now review our progress so far. In Chapter 2, we learned how a computer
program can be written to accept information on the kinematic architecture of a
mechanism or multibody system, and to discover any kinematic loops and the paths
from the fixed frame to each and every other body. In finding these, we assigned
identifying numbers (labels) to every body and to every joint.

We now assume that there exists an agreed upon absolute Cartesian coordinate
system x,y,2, that is assumed stationary and becomes the primary coordinate system
in which results are expected. In most applications, this coordinate system is referred
to as the base or world or global coordinate system.

In section 4.2, we noted that each body of a mechanism or multibody system
carries a body coordinate system x,y,z,, where b is the identifying label of the body.
Data for the initial posture of each of the body coordinate systems may be supplied
by the methods shown in section 4.4. For the initial position of a point of body b, we
have

Ry =Tyry, b=12,....¢ (4.2)

where r;, shows the homogeneous coordinates of a point attached to body b, mea-
sured with respect to x,y,z;,, and R, shows the homogeneous coordinates of the
same point with respect to the absolute system, x,y,z,. Thus, for each part of the
mechanism or multibody system, we assume that data is supplied as described by
which we find initial numeric values for each of the (4 x 4) transformation matrices
T, for the body coordinate frames with respect to the fixed frame. This assumes
that it is convenient to gather the initial data in the global coordinate system, as
from a layout drawing. These data, however, are all given for only one posture of
the mechanism or multibody system, and change when the system moves.

In section 4.3, we saw that there is also need for several joint and auxiliary
coordinate systems attached to the various bodies, to define joint element postures,
for example. Data for the initial postures of these may also be supplied in the same
way. If we consider a point of the joint or auxiliary coordinate system u,v,w, then
we have:

Rh = Tohrh’ h:l, 27~'-7n» (43)

where subscript 4 identifies the label of a joint or auxiliary coordinate system, r,
shows the homogeneous coordinates of the point measured in coordinate system
u,v,w,, and the (4 x 4) homogeneous transformation matrix 7, represents the
posture of joint coordinate frame u,v,w, with respect to the global reference frame
XpYoZo; (see Figure 4.4).

For the case of joint or auxiliary coordinate systems, however, we do not choose
to store the Ty, data as such. By setting Eq. (4.2) equal to Eq. (4.3) we find

Topry, = Topry-

Rearranging this, we find

(4.4)
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Figure 4.4. Geometry of body and joint
coordinates.

Spn = Tozl Ty, (4.5)

This S}, matrix is called the shape matrix for joint or auxiliary coordinate system
h of body b. This shape matrix is the data that we store for later calculations because
this matrix remains constant as the system moves. Keeping the shape matrix constant
during the motion is our technique for enforcing the rigid body assumption for body
b; this ensures that each joint element and each auxiliary coordinate system on
body b retains a constant geometric posture with respect to its own body coordinate
system.

If we prefer to enter data for a body from a detailed drawing or a digital image
of that body alone, comparing Eq. (4.1) and Eq. (4.4) shows that the procedure of
section 4.4 can be used to find the S,, matrix directly, by using the body b coordinate
system as the measurement coordinate system. If not, we can collect the Ty, data for
the joint or auxiliary coordinate systems with respect to a convenient measurement
reference frame from the layout drawing or digital image as shown in Eq. (4.3). Then,
once the body coordinate systems have been located and the T, data are complete,
Eq. (4.5) can be used to find the shape matrices.

The “measurement” coordinate system used for data collection need not neces-
sarily match the global or world coordinate system used during the final simulation
of the mechanism or multibody system. We need only be consistent until each shape
matrix is found. Because this is independent of the coordinate system in which the
data was gathered for finding it, we can use a different measurement coordinate
system for finding another shape matrix, or in later analysis.

By one of these procedures, we assume that a shape matrix S, is found for the
posture of each joint element and each auxiliary coordinate system with respect to
its body axes before any further analysis is attempted for the system. These form
the primary dimensional data for our computational model of the mechanism or
multibody system.

Once we have coordinate data for any chosen point of the system with respect
to its body axes, or with respect to one of the joint or auxiliary coordinate systems,
from which we can use Eq. (4.4) to find its position with respect to its body axes, we
can then use Eq. (4.2) to find its absolute global position. As the system moves, the
T, matrices change, showing the movement of each body; these same Ty, matrices
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may then be used to find the changed global positions of all points attached to
body b.

We also note that very detailed shape models of the bodies might be used, per-
haps finite element models for stress analysis, or solid models for animated picture
generation or for interference detection between the bodies. In each case, no matter
how complex the shape model, each mechanical part’s data can be stored unambigu-
ously with respect to its body coordinate system, and remains constant with respect
to that coordinate system as the system moves (as long as we accept the rigid body
assumption for part shapes). All movement of a mechanical body in a mechanism
or multibody system is simulated by modifying the T{,, matrix for the body, and this
implicitly changes the global positions of all points of that body model simultane-
ously. Thus, we have a very general and widely applicable procedure for measuring
and storing all critical dimensional parameters of the moving bodies of a mechanism
or multibody system.

4.6 Modeling Joint Characteristics

The descriptions of the body shapes, however, do not tell the whole story. As pointed
out in Chapter 1, the primary purpose of a mechanism or multibody system is to
transform motion, and this is done by virtue of movement within the joints. Because
the mechanism or multibody system consists of a collection of rigid bodies, as is
assumed in this text, the shape matrices and local coordinate data for all points of
interest on the parts are treated as constants. We must now provide a means for
characterizing the motions allowed in the mechanism or multibody system; that is,
we must find a convenient matrix description for the relative motions allowed and
the constraints provided by the joints of the mechanism or multibody system.

In a mechanism or multibody system, joints are connections between adjacent
bodies. A joint, therefore, has mating elements on the two adjacent bodies that it
connects. The motion(s) taking place within a joint are fully described if we write
equations for the relative motion between that joint’s two elemental surfaces. We
let each of the two mating joint elements carry one of the Cartesian joint coordinate
systems discussed in section 4.3. These are the same joint coordinate systems that
were used for finding the shape matrices defined in section 4.5. We have assumed
for each joint 4 that a joint coordinate system u,v,w, is rigidly attached to the
“preceding” joint element and another u) v} w; is rigidly attached to the “follow-
ing” joint element, where the “preceding” and “following” elements are distin-
guished by the orientation defined for the joint as explained in section 2.2. We see
here the necessity of defining a joint such that it connects two and only two joint
elements. These coordinate axes for a helical joint are shown, as an example, in
Figure 4.5.

Because the transformation matrix of Eq. (3.24) can be adapted to describe the
relative posture of any two coordinate systems, we can formulate such an equation
by relating coordinate system u; v, w) to u,v,w, and it will result in a transformation
matrix. If we give this new transformation matrix the symbol @,, the transformation
for joint 4 will be of the form

= Pp(dp)ry. h=12,....n, (4.6)
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where the relative posture is parameterized in terms of a vector ¢, that contains the
variables associated with the relative motion(s) within the joint. Such variables are
called joint variables and the total number of joint variables in a joint corresponds to
the number of relative degrees of freedom of the joint. Because a joint is movable, the
elements of the transformation @, (¢,,) change value depending on the posture of the
joint. The remaining task, therefore, is to derive the form of the joint transformation
matrix @, (¢, ) for each type of joint that we expect to encounter in our analysis. In
fact, in each class of multibody system, although we may encounter a large number of
shapes for the bodies, the types of joints encountered are typically more limited. This
indicates that deriving and cataloging the form of the joint transformation matrices
for a class of multibody systems can provide a basis for developing a framework for
a general-purpose computer code for analysis of such systems. Here we consider
the class of joint transformation matrices for the mechanical link works described in
Chapter 1.

Note that only two major limitations have been placed on our methods so far.
We have assumed that the system to be analyzed (1) consists entirely of rigid bodies,
and that (2) all of its joint types fall among those for which an explicit form of the
&, (¢;,) matrix can be written and programmed for digital computation.

We observed in Chapter 1 that the helical joint is the parent of both the revolute
and the prismatic joints, and that the remaining lower pairs may be simulated as
kinematically equivalent combinations of these. Aside from the fact that helical,
revolute, and prismatic joints each have a single degree of freedom, the other feature
common to these three is that each has an easily identified axis for its relative motion.
These joint axes provide a convenient starting place for the mathematical description
of joint motions because the choice of the variables for these joint types can be based
on the relative posture of the joint axes.

4.6.1 Helical Joint

A helical or screw joint is shown in Figure 4.5 where it can be seen that the relative
motion consists of a rotation about and a translation along its helical axis. This joint,

’
Wh Wh

Figure 4.5. Coordinate systems for a helical joint.
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however, has only a single relative degree of freedom because its rotational and
translational motions are related by the pitch of the helix.

We impose the following conventions on the choice of the u,v,w, and u;v,w)
axes for a helical (screw) joint:

1. The w), and w; axes must be chosen along the joint motion axis; they must be
collinear and must have the same positive sense.

2. The u;, and u;, axes must be chosen such that they coincide at the position where
the joint variable is zero.

The translational motion in a helical joint is designated d,, and is the distance
from u,, to uj measured along positive w,,, w; . The accompanying rotational motion
is designated 6, the angle from positive u,, to positive u;, and is measured counter-
clockwise about positive w;,, w),.

There are two possible choices for the joint variable of a helical joint. Only
one joint variable is permissible, however, because a helical joint only exhibits one
degree of freedom in relative motion, and the two variables d,, and 6,, are related by
the pitch o, of the screw:

¢y = dj, = 0,0, (4.7)

We define the sliding distance d,, to be the joint variable ¢, because this leaves no
ambiguity when the rotation 6, extends beyond a full revolution.

If we now consider the u;,v,w), system as fixed and u; v, w} as amoving coordinate
system, we see (using the notation of section 3.7) that the wj,, w), axis is the helical
axis for which we can write: P =0 and w = [0 0 1]". The screw parameters are d = ¢,
and 0 = ¢,,/0;,. The elements of the (4 x 4) transformation matrix for the helical
joint can now be found using Egs. (3.40) and (3.41) as follows:

O1,1) =[(Ww)*—=1](1 —cos@) +1=[0—1](1 — cos@,) + 1 = cos(¢,,/a},),

©1,2) =ww*(1 —cosf) —wsinf =0 — 1sin6, = —sinb, = —sin(¢,/o;,),

O0,3) =ww*(1—cosf) +w’sind =0+0 =0,
O2,1) =ww’(1l —cosf) +w*sinf =0+ 1 sin9j = sin(¢,/0y,),
02,2) =[(W)?*—=1](1 —cos@) +1=[0—1](1 — cos),) + 1 = cos(¢,/0},),
©2,3) =ww(1 —cosf) —w*sinf =0—-0 =0,
O3, 1) =ww*(1l —cosf) —w'sinf =0—-0 =0,
©3,2) =wnw*(1l—cosf) +w'sinf =0+0 =0,

©@3,3) =[W)?-1](1 —cosf) +1 =[1—-1](1 —cosb),) +1 =1,
and

dx:¢ij—[@(1’1)_1]Px_@(192)Py—@(1,3)PZ:¢h0—0_0_0=0’
dy:¢jwy—@(2,1)Px—[@(2,2)—1]P)’_@(273)P2:¢h0_0_0_0201
dZ:(f)]'wz_@(3,1)Px—@(3,2)P)’_[@(3’3)_1]Pz=¢h1_0_0_02¢h.
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Therefore, the transformation matrix for a helical joint becomes:

cos(¢y/o;,) —sin(¢,/o,) 0 0

A R s
h
0 0 0 1

If accurate numeric values are known for the elements of the matrix @,(¢;),
then the value of the joint variable may be found from

B = D)3, 4), (4.9)

where @,,(3, 4) refers to row 3, column 4 of the matrix &,.

4.6.2 Revolute Joint

A revolute joint is shown in Figure 4.6.
The following conventions are imposed on the choice of the u,v,w, and u), v, w),
axes for a revolute joint:

1. The w), and w) axes must be chosen along the joint motion axis; they must be
collinear and must have the same positive sense.
2. The origins of the two coordinate systems must be coincident.

These conventions are defined such that, in the case of a two-dimensional application,
the motion lies in the common u;, v, and u;v; planes.

The joint variable for arevolute joint is designated ¢, and is the counterclockwise
angle measured from positive u, to positive u;, about the positive w,,, w), axes.

The transformation matrix @, (¢,,) is easily found by restricting Eq. (4.8) accord-
ing to the conditions stated. Note that for a revolute joint with these joint coordinate
systems, the rotation about the joint axis is # = ¢, and the translation d along the
joint axis is zero. The resulting transformation matrix is:

cos¢, —sing, 0 O
sing, cos¢, 0 O
10
0 1

d)h (¢h) =

0 o (4.10)

0 0

Figure 4.6. Coordinate systems for a revo-
lute joint.
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If accurate numeric values are known for the elements of the matrix @, (¢,) of
a revolute joint, then the value of the joint variable may be found as follows:

(4.11)

o — tan-! [cbh(Z, 1)-«15,1(1,2)}
h — ,

®,(1,1) + ®,2,2)

where @, (i, k) refers to row i, column k of the matrix @,,. The signs of the numerator
and denominator must be considered separately to resolve the proper quadrant for
¢,,- Also, the possible division by zero in Eq. (4.11) must be avoided.'

4.6.3 Prismatic Joint

A prismatic joint is shown in Figure 4.7
The conventions imposed on the choice of the u,v,w), and u;,v,w) axes for a
prismatic joint are:

1. The u;, and u; axes must be parallel to the joint motion axis; they must be
collinear and must have the same positive sense.
2. The v, and v}, axes must be parallel and must have the same positive sense.

Within these restrictions, the axes may be chosen at will. The motion axis of a
prismatic joint is not unique. Any convenient axis parallel to the direction of the
relative joint motion may be chosen. The axis conventions are chosen here so that,
for a two-dimensional application, u,, v, and u),, v may lie in the plane of motion,
as they do also for a revolute joint.

The joint variable for a prismatic joint is designated ¢, and is measured from v,
to v} in the direction of positive u,,, uj,.

For a prismatic joint, the screw axis is u;,, u,, and is located by the vectors: P =0
and w = [1, 0, O]". The screw parameters are § = 0 and d = ¢, and, using Eqs. (3.40)

uy, uj,

Figure 4.7. Coordinate systems for a prismatic joint.

I When programming for digital computation, the atan2(—,—) function serves both of these purposes.
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and (3.41) as we did for the helical joint, the transformation matrix for a prismatic
joint becomes:

100 ¢,
010 O

2@ =10 0 1 o (“.12)
00 0 1

It should be noted that the transformation matrix for the prismatic joint can also
be easily obtained by inspection because the relative orientations of the coordinate
systems u,v,w, and u,v,w, remain identical during the motion of this joint. If
accurate numeric values are known for the elements of the matrix @,(¢,) of a
prismatic joint, then the value of the joint variable may be found from

¢y = P(1,4),

where @,,(1,4) refers to row 1, column 4 of the matrix @,,.

4.6.4 Cylindric Joint

A cylindric joint is shown in Figure 4.8.
The conventions imposed on the choice of the u,v,w, and u,v,w) axes for a
cylindric joint are:

1. The w), and w), axes must be chosen along the common joint motion axis.
2. They must be collinear and must have the same positive sense.

¢l
b, = [ Z} . (4.13)
b,

There are two joint variables

Wy, W,

upy

7 Figure 4.8. Coordinate systems for a cylindric joint.

vy ¢;l
up
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The first joint variable is the angle qb,ll from positive u,, to positive u; measured
counterclockwise about positive w;,, w;, . The second joint variable is the distance ¢>ﬁ
from uy, to uj, measured in the direction of positive w),, w;.

With 6 = ¢} and d = ¢ for screw parameters, the transformation matrix for a
cylindric joint under these conventions is:

cos¢, —sing, 0 0
sing! cos¢! 0 0
D, (¢),) = oh . h . (4.14)
h
0 0 0 1

If accurate numeric values are known for the elements of the matrix @,(¢,,) of
a cylindric joint, then the values of the joint variables may be found as follows:

®,12,1) — th(l,z)]
?,1,1)+9,2,2)]°

¢ = ©,(3,4),

¢} =tan™! |:
(4.15)

where @, (i, k) refers to row i, column k of the matrix. The signs of the numerator
and denominator must be considered separately to resolve the proper quadrant for
q)},; also, the possible division by zero must be avoided.?

4.6.5 Spheric Joint

A spheric joint, sometimes called a ball-and-socket joint, is shown in Figure 4.9. The
only condition imposed on the placement of the u;,v,w, and u) v, w) coordinate axes
for a spheric joint is that they must be chosen such that their origins are coincident
and are located at the center of the relative rotation of the spheric joint.

Figure 4.9. Coordinate systems for a spheric
joint.

Wh

2 When programming for digital computation, the atan2(—,—) function serves both of these purposes.
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Euler-Rodrigues parameters are used to describe the spatial rotation between
the two spheric joint coordinate systems. The choice of Euler-Rodrigues parameters
rather than Cardan or other Euler angles avoids the difficulty of a “gimbal lock”
singularity, as discussed in section 3.7. Therefore, using Euler-Rodrigues parameters,
the spheric joint has four joint variables

i
¢
i
¢

oy = (4.16)

with the additional constraint that
(64)"+ (60)" + ()" + ()" = 1. (4.17)

The transformation matrix for a spheric joint under these conventions is:

(1) ~(a2) ~(¢3) +(s)° 20167 2636} 26167+ 2626 0
50 26143 +2036; (1) +(e3) — (a3) + (o) 26307~ 2010 of
2 2 2 2
20107 —2030; 20707 +20}0, ~(o1) = (8) +(43) +(st) 0
0 0 0 1
(4.18)

If accurate numeric values are known for the elements of the matrix @, (¢,,) of
a spheric joint, then the values of the Euler-Rodrigues parameters may be found as
shown in section 3.8. First, the fourth Euler-Rodrigues parameter ¢; is found from
Eg. (3.51). Then, depending on its magnitude, the values ¢}, ¢7, and ¢; can be found
from Egs. (3.52) and (3.53) if |¢}| > ¢, or from Eqs. (3.54) and (3.55) if |¢}}| < e.

4.6.6 Flat Joint

A flat or planar joint is shown in Figure 4.10.

Figure 4.10. Coordinate systems for a
flat joint.
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The conventions for the assignment of the u,v,w, and u; v, w) coordinate axes
for a flat joint are:

1. The u,v,, and u;v; planes must coincide and must be parallel to the plane of
motion.

2. The w), and w; axes must both be normal to and positively directed to the same
side of this common plane.

The three joint variables for a flat joint are the two rectilinear translation coordinates,
¢}, measured along u, and dﬁ measured along v,, respectively, from w), to w),, and
#; — the angle from positive u,, to positive u, measured counterclockwise about the
positive w; axis:

P
o= 07 |- (4.19)
%

A flat joint can be thought of as a serial combination of three joints, each
with one degree of freedom. The first and the second would be prismatic joints
with translations along their u;,, and v, axes, respectively, and the third would be
a revolute joint with an axis of w;. The transformation matrix for the flat joint

can then be obtained as the product of three joint transformation matrices. Using
Egs. (4.12) and (4.10), we would write:

100 @71 0 0 07|09y —sing; 0 0
010 0|0 1 0 ¢?|]|sing? cos¢? 0 0
¢h(¢h) = h h h
001 0|0 01 O 0 0 1 0
0 00 1 0 00 1 0 0 0 1
The resulting transformation matrix is:
cosg; —sing; 0 ¢,
N3 3 2
@, () = | SNOh 08P O il (4.20)
0 1 0
0 0 0 1

If accurate numeric values are known for the elements of the matrix @, (¢,) of
a flat joint, then the values of the joint variables may be found as follows:

or = @,(1,4),
2 _

o= B, (4.21)
3 _ -1 (ph(27 1) - ¢h(11 2)

= tan [®h(1,1)+¢h(2,2) ’

where @, (i, k) refers to row i, column k of the matrix @,,. The signs of the numerator
and denominator must be considered separately to resolve the proper quadrant for
¢;); also, the possible division by zero must be avoided.’

3 When programming for digital computation, the atan2(—,—) function serves both of these purposes.
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’
Vs Vi

Figure 4.11. Coordinate systems for a
rigid joint.

4.6.7 Rigid Joint

A rigid joint is shown in Figure 4.11.

The single convention for the assignment of the u,v,w, and v, w; coordinate
axes for a rigid joint is that they must coincide.

The rigid joint allows no relative motion between the connected bodies; there-
fore, it has no joint variables. The rigid joint transformation matrix is as follows:

=1 (4.22)

coc o~
oo~ o
o= oo
_ o oo

4.6.8 Open Joint

An open joint is shown in Figure 4.12.

Figure 4.12. Coordinate systems for an open joint.
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There are no restrictions on the assignment of the u,,v,w, and u; v, w; coordinate
axes for an open joint; they may each be chosen completely arbitrarily. Convenience
for definition of motion input or interpretation of results, particularly force results,
may give advantages to a particular choice of axes; see Chapter 17 for details.

Because we choose Euler-Rodrigues parameters to describe the relative spatial
orientation between the two coordinate systems, the open joint has seven joint
variables. The first three joint variables for the open joint are the three rectilinear
coordinates defining the translations from the u,v,w, origin to the u,v,w) origin,
measured along the u, v, w,, axes, respectively. These are followed by the four Euler-
Rodrigues parameters defining the relative orientation between the joint axes of the
“connected” bodies. The total vector of joint variables is

P
9
%
b= | (423)
%
o
%

with the additional constraint

(61)* + (8)* + ()" + (8])* = 1. (4.24)

Here, as with the spheric joint, the choice of Euler-Rodrigues parameters rather
than Cardan or other Euler angles for the rotational joint variables avoids the

possible “gimbal lock” singularity discussed in section 3.7.
Under these conventions, the open joint transformation matrix is as follows:

(1) = (1) = (o) + (41) 26,9}, — 2014, 26805 +2076] ¢!
2 2 2 2
3,6, — 26165 +2459] —(41) + () = (25) + () 20760 — 2617 ¢ |
2 2 2 2
20,4} = 2419, 2005 +20}9] ()~ (e) + () +(4]) &
0 0 0 1
(4.25)

Because there are six degrees of freedom and seven joint variables with one
constraint, it is clear that the open joint places no constraints on the relative motions
between the bodies.

If accurate numeric values are known for the elements of @, (¢,,), then the values
of the translational joint variables may be found as follows:

¢;1, =@,(1,4),
op = P, (2. 4), (4.26)
$ = 9,(3.4),

where @, (i, 4) refers to row i, column 4 of the matrix @,. The values of the
remaining four joint variables, the Euler-Rodrigues parameters for the rotation,
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may be found as discussed in section 3.8. First, the fourth Euler-Rodrigues parame-
ter ¢] is found from Eq. (3.51). Then, depending on its magnitude, the values of ¢},
¢;, and ¢ are found from Egs. (3.52) and (3.53) if |¢/| > &, or from Egs. (3.54) and
(3.55) if [p]| < .

4.6.9 Parallel-Axis Gear Joint

A parallel-axis gear joint is shown in Figure 4.13.

This joint type is chosen as an example to illustrate how the proper transforma-
tion matrix may be derived for a higher pair. In concept, the same general procedure
can be applied to other higher pairs as the need arises, no matter what the joint
type. It is true that the relative motion in certain higher pairs may be difficult to
describe analytically. However, once this relative motion is modeled as a transfor-
mation between coordinate systems attached to the two mating elements, then the
transformation matrix provides a standard canonical representation for this type of
joint and the many methods of the coming chapters become immediately applicable.

The parallel-axis gear joint has four invariant parameters necessary for its char-
acterization: the two pitch-circle radii R, and R}, the transverse pressure angle «,,,
and the helix angle 8,,. The gearratiois ¢;, = R),/R), and the nominal center-to-center
distance is (R, + R)) = (1 + ¢,)R,,.

For a parallel-axis gear joint, the variety of tooth forms modeled here include
spur gears (with pressure angle «,,), helical gears (with helix angle ,,), and herring-
bone gears (by setting 8, = 0), each having an involute tooth profile. A circular
disk rolling without slip against another can also be modeled by treating both the
pressure angle and helix angle as zero.

The helix angle is defined such that positive axial sliding movement of the u),v,w),
gear produces positive change in the angle of the u)v,w; gear with respect to the
u,v,w, gear.

The coordinate systems for a parallel-axis gear joint are chosen as shown in
Figure 4.13. The conventions are:

1. The w;, and w) axes must lie along the respective rotation axes of the two mating
gears; they must be parallel, and must have the same positive sense.

Figure 4.13. Coordinate systems for a parallel-axis gear joint.
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2. The common perpendicular directed from w), to w) is designated positive t,.
There must be one position of the joint (qﬁ% = 0) for which the positive u,, and
positive u; axes are both directed along positive #,.

It is not assumed that the two gears lie in a common plane, nor that the center-
to-center distance of the two gears is equal to the sum of the pitch radii. These
constraints may be provided by other joints and body shapes of the system, those
that control the postures of the two shafts on which the gears are mounted. However,
itis assumed that the two gear axes are parallel. These assumptions are made to avoid
complexity in deriving the transformation matrix.

It is also assumed that the gears do not lose contact with each other and that
the teeth of one gear do not reach the bottom of the tooth space of the mating
gear. If either of these were to happen, the transformation matrix shown would not
accurately represent the relative motion of the joint.

The parallel-axis gear joint has three joint variables:

é
o= |- (4.27)
%

The first joint variable is the angle ¢} from positive u,, to positive #, and is
measured counterclockwise about positive w,,. The second joint variable ¢; is the
possible change in center-to-center distance beyond its nominal value, measured
from w,, to w), along positive #,. The third joint variable ¢; is the distance measured
from the u,v, plane to the u,v) plane along positive w,,, w,. The second and third
joint “variables” defined here are usually constant parameters, but treating them as
variables allows changes in center distance and axial adjustment during installation
or operation. Defining these as constants would result in the calculation of statically
indeterminate force components in these directions. See Chapter 17 for details.

Because of the assumption of involute tooth profiles, even though the center-
to-center distance may not exactly equal the nominal value (R, + R}), or the axial
plane-offset distance q&i may not equal zero, the relative rotation 6 of the gear
attached to u; v, w) with respect to the u,v,w, axes can be calculated

0 = [Ry +R)o} +san (B [(R, + Ry + )] ~ [(R, + Rycose,
— (R, + R;l)sinah] + ¢>2tanﬁh]/R/ :

where F is positive when the tangential force transmitted between the gear teeth
tends to cause the counterclockwise rotation of the u, v, w) gear to increase, negative
if it tends to cause a decrease.

The term including sgn(F) may be ignored in the calculation of 6 with very
little error, probably less than the manufacturing tolerances. This is a great saving
in the difficulty of kinematic analysis when forces need not be analyzed. The term
is included rather than ignored in these equations, however, because it cannot be
ignored in the calculation of fictitious derivatives and becomes very important in
finding the tooth force transmitted through the gear mesh. This term and its deriva-
tives cause the tooth force to be applied at the proper pressure angle, and ignoring
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it causes the parallel axis gear joint to transmit force as high-friction disks with zero
pressure angle. This can be seen by studying the methods of Chapter 17.

These conventions yield the following transformation matrix for a parallel-axis
gear joint:

cost —sind (R, + R, + ¢7)cos ¢}

0

sing  cos® 0 (R,+R),+¢})sing}
1
0

D, (¢y) = (4.28)

0 ;
0 0 1

This transformation matrix is also valid for the case of an internal gear; however,
in such a case, the pitch radius of the internal gear, either R, or R}, must be treated
as negative.

If accurate numeric values are known for the elements of the matrix @,(¢,),
then the values of the joint variables may be found as follows:

¢, =tan™' [@,(2,4)/,(1,4)],
¢? = V@,(1,4)2 + @,(2,4)? — (R, + R)), (4.29)
¢p = 0,3, 4),

where @,(i, k) refers to row i, column k of the matrix &,. To resolve the proper
quadrant for ¢}, the signs of the numerator and denominator must be considered
separately; also the possible division by @, (1,4) = 0 must be avoided.*

4.6.10 Involute Rack-and-Pinion Joint

An involute rack-and-pinion joint is shown in Figure 4.14.

Because the transformation matrix for a parallel-axis gear joint is valid for both
internal and external gears, we might expect that it could also be used to describe
a rack and pinion. However, this is not the case; this would require locating the
coordinate system for the rack element at an infinitely remote center of curvature,
and would provide a very inconvenient description of such a joint.

///\
SRS
N
ANERN
Rh \

1
¢h ,\
Vh\

\ Figure 4.14. Coordinate systems for an
involute rack-and-pinion joint.

uy

4 When programming for digital computation, the atan2(—,—) function serves both of these purposes.
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For the involute rack-and-pinion joint, the orientation must be chosen from the
rack fo the pinion. This must be considered when setting the joint orientation, before
finding the kinematic loops and paths as discussed in Chapter 2. The coordinate
systems are chosen as shown in Figure 4.14. The conventions are:

1. The u,v,w), axes are fixed to the rack and the u) v, w), axes are fixed to the pinion;
the u, v, and u; v} planes are parallel. The axes are chosen such that u,, lies along
the pitch surface of the rack, in the chosen direction of positive relative motion
of the pinion center.

2. The w), axis lies along the pinion axis of rotation. The w), axis, attached to the
rack, is parallel to w),, and has the same positive sense.

3. There is a position of the joint, where ¢>,i = 0, for which u;, and u;, are parallel.

The involute rack-and-pinion joint has three joint variables:
¢
o= 7 |- (4.30)
%

The three values — ¢;, (R}, + ¢7), and ¢; — are the relative coordinates of the u), v} w/,
origin measured along the u,v,w, axes, respectively.

The joint also has three invariant parameters necessary for its complete charac-
terization, the transverse pressure angle «,, the helix angle 8, (that may be zero),
and the pitch radius R}, of the pinion. The pitch radius is positive when the pinion is
on the positive v, side of the rack, or negative when the pinion lies on the negative v,
side of the rack. The helix angle 8, is defined such that positive axial sliding motion
¢; of the pinion produces positive rotational change in the angle of the pinion with
respect to the rack. For spur gear teeth on the pinion, the helix angle is zero; for
herringbone teeth, a helix angle of 8, = 0 can be used.

The variety of tooth forms modeled include spur, helical, and herringbone teeth.
Each is assumed to have an involute tooth profile. A circular disk rolling without
slip against a flat surface may also be modeled by treating both the pressure angle
and helix angle as zero.

These conventions do not define that the pinion center offset distance from the
pitch surface of the rack must match the pitch radius of the pinion, or that the central
planes of the pinion and rack must be coplanar. These constraints can be provided
by other joints and body shapes of the system, those that control the posture of
the rack with respect to the pinion shaft. However, it is assumed that the central
planes of the rack and pinion are parallel, and that the teeth remain in proper
mesh. The second and third joint “variables” are usually small, nearly constant
parameters, but they allow small changes in center distance and axial adjustment
during installation or operation. If defined as constants, they result in the calculation
of statically indeterminate force components. See Chapter 17 for details.

Because of the involute tooth profile, even though the pinion center offset
distance (R), + qbﬁ) may not exactly match the nominal pitch radius, the rotation
angle 0 of the pinion u; axis with respect to the u,, axis can be calculated

6 = —[¢} +sgn(F)¢ptana, — ¢ptang,]/R;,
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where F is positive when the tangential force transmitted between the gear teeth
tends to cause counterclockwise rotation of the u), axis to increase, negative if it
tends to cause a decrease.

The term including sgn(F) may be ignored in the calculation of 6 with very
little error, probably less than the error of ignoring manufacturing tolerances. This
is a great saving in the difficulty of kinematic analysis where forces need not be
analyzed. The term is included rather than ignored in these equations, however,
because it cannot be ignored in the calculation of fictitious derivatives and becomes
critical in finding the tooth force transmitted through the mesh. This term and its
derivatives cause the tooth force to be applied at the proper pressure angle and
ignoring it causes the rack and pinion joint to transmit force as would happen with a
high-friction disk with zero pressure angle. This can be seen by studying the methods
of Chapter 17.

These conventions for placement of the coordinate axes yield the following
transformation matrix for the involute rack-and-pinion joint:

cosd —sing 0 ¢}
sind  cosd 0 R, +¢?
0 0o 1 ¢
0 0 0 1

() = (4.31)

If accurate numeric values are known for the elements of the matrix &,(¢;),
then the values of the joint variables may be found as follows:

¢) = D,(1,4),
¢ﬁ = <1>h(2, 4) — R;,, (4.32)
op = 0,3, 4),

where @,,(i, 4) refers to the element of matrix ¢, in row 7, column 4.

4.6.11 Straight-Tooth Bevel-Gear Joint

A straight-tooth bevel-gear joint is shown in Figure 4.15.

The straight-tooth bevel-gear joint has two invariant parameters, the two pitch-
cone half-angles y, and y;, respectively.

For a straight-tooth involute bevel-gear joint, the coordinate systems are chosen
as shown in Figure 4.15. The conventions are:

1. The w), and w), axes intersect at the common apex for the two pitch cones and
lie along the respective rotation axes of the two bevel gears. Each is positively
directed outward from the apex toward one of the two gears.

2. The common perpendicular to both w;, and w), is given the symbol ¢, with positive
direction chosen in the sense of the vector cross product ¢, = w, x w). There
is one position, where ¢}, = 0, such that the positive u;, and positive u axes are
coincident and both are aligned along positive ,.
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Figure 4.15. Coordinate systems for a straight-
tooth bevel-gear joint.

The straight-tooth bevel-gear joint has two joint variables:

¢)1
¢, = [qﬁg} : (433)

The first joint variable is the angle ¢} measured from positive 1, to positive u,,
measured counterclockwise about positive w;,. The second joint variable ¢; is the
possible increase in the shaft intersection angle beyond the sum of the two pitch-cone
half-angles, v, and y,, measured counterclockwise from w), to w) about the positive
t, axis.

These conventions do not define that the angle 6 between the intersecting shaft-
axes match the sum of the two pitch-cone half-angles. This constraint may be pro-
vided by other joints and body shapes of the system, those that control the postures
of the two shafts on which the bevel gears are mounted. It is assumed that the gears
do not come out of contact and that the teeth of one do not touch the bottom of the
tooth-space of the mating gear. If either of these were to occur, the transformation

matrix shown would not accurately represent the relative motion of the joint.

Because of the assumption of involute tooth profiles, the rotation of the bevel
gear attached to u) v, w), with respect to the ¢, axis may be calculated. This yields the
following transformation matrix for a straight-tooth bevel-gear joint:

cos¢icosg’ — singicosfsing’ —cosg;sing’ + sing.cosfcosg’ —sing;}singd 0

—singlcos¢’ + cos¢icosfsing’ singlsing’ + cosg)cosdcosy’ —cosp)sing 0

D, (¢),) = ,
(e singsing’ singcos¢’ cosé 0
0 0 0 1
(4.34)
where

¢' = (tany,/tany;) ;.
0 =y,+v+o.
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This transformation matrix is also valid for a joint with a straight-tooth internal
bevel-gear; but, in such a case, the pitch-cone half-angle of the internal gear, either
Y1 O y;, must be treated as negative.

If accurate numeric values are known for the elements of the matrix @, (¢;),
then the values of the joint variables may be found as follows:

t / ®, (3,1
1= AN Yh tan-! [—h( ’ )} ,
tan y, ?,(3,2)

¢f =cos' [®,3.3)] -y, — v,

(4.35)

where @, (i, k) refers to row i, column k of the matrix @,,. The signs of the numerators
and denominators must be considered separately to resolve the proper quadrant for
¢} Also, division by &,,(3,2) = 0 must be avoided.’

4.6.12 Point on a Planar-Curve Joint

A variety of different kinds of joints are treated together here because their formu-
lations and transformations are similar. Two typical cases are shown in Figure 4.16.
The name for this type of joint comes from their common characteristic. In each
case, the designer’s intent is to cause a chosen “point” of the “following” element of
the joint to follow a planar “curve” defined by the shape of the “preceding” element.
Typical examples include a pin constrained to follow a slot, or a circular roller center
to follow the pitch curve of a disk cam.

For this type of joint, the coordinate systems are chosen as shown. The conven-
tions are:

1. The u,v, and u), v, axes are attached to the joint elements containing the “curve”
and the “point,” respectively. Both are chosen in planes parallel to the plane
containing the “curve.” The w;, and w), axes must be parallel and both must be
normal to and positively directed to the same side of the plane of the “curve.”
This must be considered when setting the joint orientation, before finding the
kinematic loops and paths as discussed in Chapter 2.

2. The “curve” is defined by two specified functions, u(¢}) and v(¢} ). These func-
tions are continuous, single-valued, and at least twice-differentiable functions of
the same independent variable, ¢,. As a practical matter, these functions must
be programmed for digital computation. Rather than program anew for each
new curve, it is highly advantageous to choose a standard form for the functions
that can be programmed once and is widely applicable.’

A point on a planar-curve joint has three joint variables:
P
%

5 When programming for digital computation, the atan2(—,—) function serves both of these purposes.
6 Fourier series, for example, is chosen as the standard form in the IMP software.
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™N

v

u(p})

(b)

Figure 4.16. Typical situations modeled as a point on a planar-curve joint. Note placement
of coordinate systems. Note also in (b) that the u), v,, w}, axes would not be attached to the
roller but to the follower arm, as shown in (a).

The first joint variable ¢}l is the independent parameter for the functions, u(q&,ll) and
(¢>},), defining the Cartesian coordinates of the curve. The second joint variable ¢>i is
the angle from the positive u,, axis fo the positive u), axis, measured counterclockwise
about the positive w; axis. The third joint variable is the distance ¢>2, from the u,v,
plane to the u;v; plane measured along the w), axis.

These conventions do not define that the u,v, and the u)v; planes must be
coplanar. This constraint may be provided by other joints and body shapes of the
system, those that control the relative posture of the bodies to which the “point”
and the “curve” are attached. However, it is assumed that the planes of the “point”
and “curve” bodies are parallel, resulting in the third joint “variable” remaining
nearly constant. If this third joint variable were defined as a constant, however, this
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would result in the calculation of a statically indeterminate force component in the
w,, direction. See Chapter 17 for details.

These conventions yield the following transformation matrix for a point on a
planar-curve joint:

cos¢; -sing? 0 u(¢))
H 2 2 0 1
®,(4,) = sing; cosg¢; v(gy,) (437)
0 0 1 ¢
0 0 0 1

If accurate numeric values are known for the elements of the matrix @,(¢,),
then the values of the joint variables may be found as follows:

o) = f1@,0,4), ,2,4)],

y o [ P2 — @, 2)}
%_mn[%&n+%@m’

¢ = ®,(3,4),

(4.38)

where @,,(i, k) refers to row i, column k of the matrix @,,. The reason that a closed-
form solution for ¢} is not shown results from the unspecified parametric form of the
functions defining the curve shape, and thus the inability to describe their inverses.
This solution is required in the software, however, to provide an initial value for this
variable, or at least a reasonable estimate, at the modeling posture. Also, the signs
of the numerators and denominators must be considered separately to resolve the
proper quadrant for q&,zl, and division by zero must be avoided.’

4.6.13 Line Tangent to a Planar-Curve Joint

A line tangent to a planar-curve joint is shown in Figure 4.17. The name for this type
of joint comes from its relative motion characteristic. Here the designer’s intent is to
constrain a chosen straight “line” of the “following” element to remain tangent to a

Figure 4.17. A typical situation modeled by a line
tangent to a planar-curve joint. Note placement of
the coordinate systems. Note also that, as pictured,
the value of ¢ is negative.

7 When programming for digital computation, the atan2(—,—) function serves both of these needs.
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planar “curve” defined by the shape of the “preceding” element. A typical example
is a flat surface constrained to remain in contact with a curved surface as exemplified
by a flat-faced follower sliding on the pitch curve of a disk cam.

For this type of joint, the coordinate systems are chosen as shown in Figure 4.17.
The conventions are:

1. The u;,v; and u),v), axes are attached to the joint elements containing the “curve”
and the “line,” respectively. Both are chosen in planes parallel to the plane of
the “curve.” The w;, and w), axes must be parallel and must be normal to and
positively directed to the same side of the plane of the “curve.” This choice must
be considered when setting the joint orientation, before finding the kinematic
loops and paths as discussed in Chapter 2.

2. The u, axis is defined along the “line” that is to remain tangent to the “curve.”

3. The Cartesian coordinates of the “curve” are defined by two specified func-
tions, u(¢;) and v(¢}). These functions are continuous, single-valued, and at
least triply-differentiable functions of the same independent variable, ¢;. As a
practical matter, these functions must be programmed for digital computation.
Rather than program anew for each new curve, it is highly advantageous to
choose a standard form for the functions that can be programmed once and is
widely applicable.®

The line tangent to a planar-curve joint has three joint variables:

i
b= 97 |- (4.39)
4

The first joint variable ¢; is the value of the independent variable for the “curve.”
The second joint variable ¢; is the distance along the positive u’;, axis to the point of
tangency. The third joint variable is the distance ¢; from the u,v, plane to the u)v),
plane measured along w),.

The assumptions do not define that the planes of the “line” and the “curve”
must be coplanar. This constraint may be provided by other joints and body shapes
of the system, those that control the postures of the bodies to which the “line”
and the “curve” are attached. However, it is assumed that the planes of the “line”
and “curve” are parallel, resulting in the third joint “variable” remaining nearly
constant. If this third joint variable is defined as a constant, however, this results in
the calculation of a statically indeterminate force component in the w), direction. See
Chapter 17 for details.

These conventions yield the following transformation matrix for a line tangent
to a planar-curve joint:

cosf —sinf u(¢y) — @7 coso

0

sing  cos® 0 v(p))— prsinG
1
0

@), () = : (4.40)

0 0 é;
0 0 1

8 Fourier series, for example, is chosen as the standard form in the IMP software.
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where

o [aven /a0
o=t [du(qa;)/d«p,:]

If accurate numeric values are known for the elements of the matrix @, (¢,,),
then the values of the joint variables may be found as follows:

o) = @,(1,2)
0 = tan [@h(1,1)+@h(2,2)]’

oL = f1[®,(1.4), 9,2, 4)], (4.41)
¢, = [u(@}) — @, (1, 4] cosd + [v(¢y) — @, (2. 4)]sinb,
¢ = ,(3,4),

where @, (i, k) refers to row i, column & of the matrix @,,. The signs of the numerator
and denominator must be considered separately to resolve the proper quadrant for
6, and division by zero must be avoided.’

The reason that a closed-form solution for ¢}l is not shown results from the
unspecified parametric form of the functions defining the curve shape, and thus the
inability to describe their inverses. This solution is required in the software, however,
to provide an initial condition value for this variable, or at least a close estimate.

PROBLEMS

4.1 Knowing that the translation from body axes xyz to joint axes uvw is by distance
d, find the transformation matrix S,, shown by Figure 4.3.

4.2 Consider a robotic wrist mechanism consisting of three revolute joint with per-
pendicular axes as shown in Figure P4.2. Use joint transformation matrices to show
that this mechanism is kinematically equivalent to a single spherical joint positioned
at point O of the figure.

Figure P4.2. Robotic wrist mech-
anism.

\& = -—

4.3 When the relative motion of two bodies in close proximity to one another is
described in terms of a coincidence relationship between geometric features of
one body and geometric features of the other, the two bodies are said to have a
kinematic bond or coupling between them. For each of the two following kinematic
couplings shown, find a single equivalent joint transformation equation describing
the corresponding relative motion.

9 When programming for digital computation, the atan2(—,—) function serves both of these purposes.



Problems 4.3-4.4

a) A cylinder moving in contact with a plane. (Note that the coupling is only
defined over a relatively small range of motion.)

'-

Figure P4.3a. Cylinder in contact with a plane.

9

Ax

b) A cylinder rolling and sliding on another cylinder without tilting. (Note again
that the coupling is only defined over a relatively small range of motion.)

%

v

Figure P4.3b. Cylinder in contact with a cylinder.

3

Ax

4.4 Figure P4.4 shows a slider-crank linkage to be used in the design of a weighing
device. Enough information is shown to uniquely locate and orient all body axes
and joint axes. Modeling and analysis of this mechanism starts here and continues in
several chapters that follow. Here, in Chapter 4, we are concerned only with forming
certain elements of the model.

Y()y A y3
T 4 ?p >

Figure P4.4. Linkage for a nonlinear weighing device.
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a) Form all shape matrices S,, assuming that the lengths of the parts are equal
to some known length /.
b) Form the joint matrices @, for each joint in symbolic form.

4.5 Figure P4.5 shows an exploded diagram of an Oldham shaft coupling with enough
information to locate all body and joint axes, which are all coincident at the center of
the coupling. The Oldham coupling is a well-known design for torque transmission
between two parallel shafts that may be slightly eccentric. The coupling accommo-
dates this eccentricity (e) while maintaining the same rotational speed for the two
shafts.

Figure P4.5. Oldham coupling
for parallel but misaligned
shafts.

Y15 Vigs v

a) Form all shape matrices S,, assuming that the shafts, slots and sliders are
centered on each of the circular parts, and that all axes are parallel and are
positive in the same directions. The orientations of the joints are chosen
such that the loop and path matrices of Chapter 2 are:

10 00
11 00
L=[1 1 -1 -1]. P=| | |,
00 00

b) Form the joint matrices @, for each joint in symbolic form.



H Posture Analysis by Kinematic Equations

5.1 Introduction

One common means of describing the posture of a mechanism or multibody system
is by specifying a vector of coordinates listing the positions of a set of independent
“input” joint variables; that is, by giving the values of a number of joint variables
¢ equal to f, the mobility of the system. These independent degrees of freedom
are called generalized coordinates and they are often used to specify the posture of
the system because, in most cases, their values uniquely determine the values of all
other joint variables and the position of each point of every body of the system. That
is to say, there is usually only one unique configuration or posture of the system
corresponding to a given set of generalized coordinates.

We will denote a generalized coordinate by the symbol ; and note that each
is equivalent to one of the joint variable values; that is, ¢; = ¢, for some j and
h. Listing the full vector of f generalized coordinates in a chosen order, we define
the generalized position vector that identifies the posture or the configuration of the
system:

(2

v=|" 1 (5.1)

vy

What allows only a subset of the joint variables to become generalized coordi-
nates, whereas others are dependent on these for their values? Well, for example, we
saw that for each spheric joint and each open joint, where Euler-Rodrigues param-
eters were used to describe orientation, we have a constraint equation that makes
one of the joint variables dependent on others. We also saw in Chapter 2 that some
mechanisms and multibody systems contain closed loops of bodies interconnected
by joints, and we will see in section 5.5 how each of these closed loops leads to a
set of “loop-closure” constraint equations. Each situation — where these or other
constraint equations allow the determination of some of the joint variable position
values from others — reduces the number of joint variables that remain independent;
that is, the number of independent generalized coordinates, f, that represents the
mobility of the system.
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(@ (b)

Figure 5.1. (a) Multiple closures of a planar four-bar linkage with the same input angle;
(b) multiple postures of a planar manipulator with the same end-effector posture.

This, however, is not the complete story. In some multibody systems, as is also
the case for some closed-loop mechanisms, the bodies can be configured in more
than one way, even for identical values of the generalized coordinates. In some
open-loop systems, such as robot manipulators, a point (or gripper posture) can be
reached by more than one system posture and depending on which posture is used,
the positions of some bodies may be quite different. Such a case is exemplified by
the closed-loop planar four-bar linkage shown in Figure 5.1a where broken lines
show a second possible configuration of the same system with the same setting for
the independent input angle. Also, in Figure 5.1b, an open-loop planar manipulator
has its end-effector reaching the same posture with two different configurations of
the system, as illustrated by broken lines.

In the different cases, each configuration is referred to as a “closure” of the
system. They result when the nonlinear posture equations have more than one set
of real solutions. In order to precisely describe a configuration of such a system,
it is necessary to specify additional information, over and above the generalized
coordinates, to distinguish one closure of the system from other possible closures.
Therefore, we define the posture of a system by a vector ¢ that explicitly includes
all of the joint variables rather than just the vector of generalized coordinates .
It should be remembered here that some joints may require more than one joint
variable, and all joint variables are included in the ¢ vector:

(o}

¢ = ‘zjz . (5.2)

Pn
These coordinates, of course, are not always independent. They may be related

by Euler-Rodrigues constraints or by kinematic loop-closure equations, as will be
explained later.

5.2 Consecutive Transformations

Just as in the construction of a real machine, we start by manufacturing the individual
parts before joining them together. Also, in the construction of a mathematical
model for a multibody system, we have begun by deriving analytic descriptions of
the individual components, the bodies and the joints. We will now join these pieces
together and show that, in combination, they provide a mathematical model that



5.2 Consecutive Transformations

Figure 5.2. Two adjacent bodies, #— and A+, con-
nected by joint 4.

simulates the real system. Then, in later chapters, we will be in a position to use this
model to perform the various phases of mechanical analysis.

Let us start by showing how, in terms of our transformation matrices, we can
join two bodies by means of a joint with label 4. We recall from Eq. (4.6) that

= ()7,

where r;, and r) refer to the u,v,w, and wu,v,w) coordinates of the same point

measured in two different joint coordinate systems: those attached to the mating
joint elements of the two bodies connected by joint 4.

Because we have allowed labeling of both bodies and joints in arbitrary orders,
we now define the ligatures 2— and A+ to represent the labels of the two bodies that
immediately precede (negatively incident with) and follow (positively incident with)
the joint with label A, respectively, as specified by the chosen joint orientation. This
not very elegant notation is necessary to avoid confusion because, by symbolism,
joint label /& does not infer a value for a body label, such as b or c, but does when
written as A— or h+. It is also important to emphasize that although 4 is a joint
label, A— and h+ are body labels. This is shown in Figure 5.2 where joint and body
coordinate axes are attached to the joint elements and to each adjacent body using
the notation of Chapter 4.

Now, applying Eq. (4.4) to each of the mating joint elements, we see that

Phe = Sh_nlps

and

_ /
ng = Spynlh-

These are two more representations for the same point in the coordinate systems
of the two bodies joined by joint 4. It should be noted that the shape matrix S, ,
is the transformation between the coordinate systems u,v,w, and x,_y,_z,_ and
S}, 4, 1s the transformation between the coordinate systems w;, v, w), and x,, ), 2, -
This means that each body may contain more than one shape matrix, with one
corresponding to each of its joint axes. Referring to Figure 5.2, for example, the
body A— may have one shape matrix S;,_, corresponding to joint 4 and another
shape matrix §,_ ,_ 1) corresponding to a previous joint with label (4 — 1).
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Once we recognize that r,_ and r,, are merely different descriptions for the
same point (see Figure 5.2) with no restriction on what point is chosen, and noting
that r;, and r;, are related by the joint transformation matrix @,(¢,); that is, with
r, = @, (¢,)r,, we can combine these three equations into a single transformation
as follows:

P =S 0y Syt iy, h=1.2,....n. (5.3)

Note here that the order of the matrix multiplications is important. Matrix
multiplication is not commutative. Also, in general, a rotation of coordinate axes
followed by a translation, for example, is not equal to the same translation followed
by the same rotation; that is, @S # S®.

Equation (5.3) says that if we know the position vector of an arbitrary point
in the x;_ y;, z;, coordinate system of the body following joint 4, we can find its
position coordinates in the x;,_y,_z,_ coordinate system of the body preceding joint
h. This concept of transforming to coordinates in the axes of a different body is
extremely important, and is fundamental to the coming chapters. In other words,
this equation represents the kinematic relationship between two adjacent bodies in
a mechanism or a multibody system.

Before going further with our development, let us review our progress so far,
and perhaps tie together a few loose ends. Recall that in Chapter 2 we went to great
lengths to establish the path of each loop through the mechanism or the multibody
system and, in so doing, we started by assigning an identifying label to each body and
another to each joint, not necessarily in any particular order. We then used these
labels in an algorithm for determining the kinematic loops of the system, and the
kinematic paths from the fixed body to each of the moving bodies.

Then in Chapter 4 we defined a number of coordinate systems. Each body was
assigned a body coordinate system x,y, z, that had a subscript b identifying the body
label. Several joint coordinate systems u,v,w, were also defined and each of these
carries a subscript £ identifying the joint label to which it applies. In developing
the transformation matrices, we found the joint matrix @,(¢,) that describes the
relative position of each joint and each of these has a subscript 4 denoting the label
of the joint it describes. However, the shape matrix S,,, which describes geometric
characteristics of a body, rather than being subscripted by the body label alone,
carries a double subscript; it shows first the body label b to which it belongs, and
then the joint label & to which it applies. Also, a body has as many shape matrices as
it has joint elements.

In Eq. (4.4), we have a means to transform the position coordinates of a point
from any joint or auxiliary coordinate system to its appropriate body coordinate
system. Then, in Eq. (5.3), we have a means to transform these to the position
coordinates of the same point in the coordinate system of the preceding body of
the kinematic loop or path. However, because this is possible, we can also apply the
procedure recursively and transform to position coordinates on any previous body in
the loop or path. If we presume for the moment that the bodies and joints are labeled
consecutively along the paths and if, for example, we have position coordinates r5 of
some point attached to body 5 and wish to transform them to position coordinates
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measured in body coordinate system 1, then by repeated applications of Eq. (5.3)
we find that

-1 -1 -1 -1
11 =S814P 4554828 PpS35 3¢ PcSacSapPpSspl's:

Although the bodies and joints of a multibody system are usually not labeled in
consecutive order, this equation shows in concept how, knowing the position vector
of a point in the coordinate system of its own body, where it can be easily measured,
we can find its position vector in the coordinate system of any other body by repetitive
matrix transformations.

We notice in the above equations the continuing pattern of products of shape and
joint and inverse shape transformation matrices. These products appear throughout
our remaining work and are given their own symbol. For each joint /4, connecting
and oriented from body number A— to body number 4+, we define

Tyne =Sin @St h=12,....n (5.4)

However, we must be careful here. This definition can only be applied consistent
with the defined orientation of each joint. If the opposite orientation is desired, then
Typ_ = Th__l’ s must be used as shown in Eq. (5.15) below. This is not the same as
Sh+,h¢h5;ﬂ,h» but is equal to Sh+’h<1§h_1S;ih.

Then, for consecutive products of these transformations along the kinematic
paths, we define

The =Top1 Toprprz - Tecrer Die=0.1,... L (5.5)

In applying these equations, however, we must remember that the subscripts
do not usually occur in numeric order as implied by the subscripts “b+1,” “b+2,”
and “c—1,” “c,” but in the order of appearance of the body labels in the kinematic
paths and loops through the system as were determined in Chapter 2. This may
not be the most elegant mathematical notation; however, the meaning is clear and
comfortable to use for hand computation. For digital computation, a programming
language should be chosen that has provision for hierarchical data structures. Body
and joint data records may then be organized in linked lists (queues) in the order of
the kinematic loops and paths.

We note that Eq. (5.5) also gives us a very convenient and compact notation
because it shows that

TbCTL‘d - de, b, C, d - 0, 1, ceey K. (5.6)

Thus, if we know the transformation 7, from body b to body ¢ and the trans-
formation T,; from body c to body d, then their product gives the transformation
from body b to body d . Even though the two paths may each include several bodies
and joints, the total transformation — consisting of a product of several factors —
is naturally collapsed into a single digraph. With this notation, the transformation
between any two body (xyz) coordinate systems in the multibody system can be
expressed by the simple equation

ry=Tytyy b,d=0,1,...,¢ 5.7
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Figure 5.3. Notation for the Denavit-Hartenberg transformation.

5.3 Denavit-Hartenberg Transformations

A special form of the transformation matrix 7}, can be found if we choose particular
postures for the joint and body coordinate systems in transforming from one joint
to the next in a serial multibody system. This special transformation, named after
its esteemed originators, is called the Denavit-Hartenberg (D-H) transformation
[1, 2, 3]. It combines a consecutive joint matrix and shape matrix into a single
(4 x 4) transformation and is well known in the mechanisms and robotics literature. It
describes the geometry of a joint and the subsequent body by a set of four parameters
known as Denavit-Hartenberg parameters. Here, we choose a cylindric joint to
illustrate the concept because the most commonly used joints in robotic devices,
namely revolute and prismatic joints, can be considered special cases of a cylindric
joint. In the case of a cylindric joint the D-H parameters are the joint angle ¢}, the
joint offset ¢7, the link length a,,, and the link twist angle a,.

Consider a cylindric joint connecting two adjacent bodies of a mechanism as
shown in Figure 5.3. The joint angle qb,i and the joint offset ¢ﬁ for joint /4 in this figure
are the two joint variables for the cylindric joint. In the case of a revolute joint, the
joint angle ¢>,1 is the joint variable and the joint offset qﬁ% =d is a constant parameter,
whereas for a prismatic joint, the joint angle ¢}L = 0 is a constant parameter and
the joint offset q)ﬁ is the joint variable. In addition, the link shape requires two
more constant parameters to uniquely define its kinematic characteristics. One of
these constant parameters is a; — the length of the common perpendicular between
the two joint axes w;, and w,, ;. It should be noted that the length a,, is not always
the physical length of the link, but is the length of the common perpendicular. In the
D-H notation, the u;, ; axis is chosen as the extension of this common perpendicular;
the v, axis is then added to complete the coordinate system, u;, v, W, . The
other constant parameter is the link twist «;,, which is the angle from joint axis w), to
joint axis w,,_,;, and is positive when counterclockwise as viewed from the positive
end of the u, , axis. When the coordinate systems u,v,w; and u;_ v, w;, , are
chosen in this fashion, the x,y,z, body axes are chosen coincindent with the u,v,w,
axes. Two joint parameters, ¢} and ¢7, describe the relative geometry of axis x;,
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with respect to axis x,,; similarly, two constant link parameters, g, and «/,,, describe
the relative geometry of axis z;,; with respect to axis z,,.

The corresponding transformation between the coordinate systems x,y,z, and
Xj 11V he1Zn41 Written in terms of the Denavit-Hartenberg (D-H) parameters is called
the Denavit-Hartenberg transformation. Historically, this transformation has played
akeyrole in the development of methods for kinematic analysis of three-dimensional
mechanisms and robotic manipulators, but it can be considered a special case of the
more general method developed earlier in this chapter.

For the two consecutive links shown in Figure 5.3, let us consider the joint coordi-
nate systems u,v,w,,, u,v,w,, and u, v, . ,w, ., as shown. The D-H transformation
relates the postures of the coordinate systems x,y,z;, and x; 1y, 2, . Here we
have chosen the body coordinate systems for bodies 4 and 4 + 1 to be coincident
with the joint coordinate systems u,v,w,, and u, v, w,_, respectively, so that
XpYpZp = WpVpwy and Xy, 1), 12,41 = Up 1V 1Why- In this manner, S, , = [ and
the D-H transformation can be derived using Eq. (5.4) as:

In this last equation, the term @, is the transformation for a cylindric joint. The
transformation S,;ln , 1s the coordinate transformation between coordinate systems
Xj, 1Y n412n41 and uy v, w), or the inverse of the transformation between the coordinate
systems w, v, w), and Xx;, .1V}, 12,1

The coordinate transformation for a cylindric joint was derived in Eq. (4.14)
as:

cos¢, —sing, 0 0

sing! cos¢! 0 0

D) (¢y) = " " ,
0 0 1 ¢

0 0 0 1

In order to derive the transformation S,;lL , in terms of the D-H parameters,

we use a screw displacement from the coordinate system u),v,w), to the coordinate
system x;, 1 V,,12,41- Referring to Figure 5.3, the screw axis for this displacement is
the u), axis and the screw parameters are d = a;, and 6 = «;,. Now, using Egs. (3.40)
and (3.41), we find:
1 0 0 a,
o1 0 cosa, -—sing, 0
0

hth = :
sine, cosa;, O

0 0 0 1

The resulting total D-H transformation is given by:

cos¢;, —sing, 0 071 0 0 a,

r sing, cos¢, 0 O [|0 cosa, —sina, O
C S 0 1 ¢?||0 sing, cose, O]

0 0 0 1 0 0 0 1
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or

cos¢, —singicosw, sing}sine, a,cos¢)

sing, cos¢,cosa, —cose,sina, a,sing,

T, .= . 5.8
I 0 sina, cosq, o3 8

0 0 0 1

It should be noted that this D-H matrix is a (4 x 4) homogenous transformation
and acts like the transformation defined in Eq. (5.4) relating points in the coordinate
system of one body with respect to the adjacent body. This means that transfor-
mations along the kinematic path defined by Eq. (5.5) can be established in the
same manner using 7, ,, matrices for each joint connecting adjacent bodies of a
multibody system. This type of matrix is commonly used in much of the robotics
literature. In this book, however, we utilize the more general matrix notation of
Egs. (5.4) and (5.5). This not only provides a more general approach, with much
less need for conventions on the placement of axes, but also avoids difficulties that
sometimes arise in use of the D-H matrices. Such difficulties occur when consecutive
joint axes intersect or are parallel and, therefore, allow arbitrary choices for some of
the coordinate axes, or when adjacent joint axes are nearly parallel causing difficulty
in locating common perpendiculars and causing some joint offset values to become
very large. Ambiguity in notation also occurs when applying the D-H transformation
to multi-loop systems [12].

5.4 Absolute Position

The absolute position of a point on a moving body is often of major importance in
a design situation. Obviously, this can be found by applying Eq. (5.7) to transform
the local coordinates of the point, measured in the coordinate system of the body
to which the point is attached. However, to which coordinate system should the
position vector be transformed? Which xyz coordinate system is the primary frame
of reference?

To retain maximum flexibility, we choose a coordinate system x,y,z, that we
define to be the absolute or world coordinate system. The only restriction we place
on the choice of this system is that it be an inertial coordinate system if the analysis
is to include dynamic effects. Otherwise, it is chosen totally arbitrarily to fit the
problem. This absolute coordinate system, carrying the subscript zero, is the one in
which all results are found. Positions measured in this coordinate system are called
absolute positions.

Reviewing section 4.5 reminds us that we reserved the symbol R, to stand for
the absolute position vector of a point of the body with label b:

X
R bo
R;’) 0
Z,
R bU
1

R, = . b=1,2,....¢, (5.9)
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and, from Eq. (4.2),
R,=Tyr,, b=12...,¢ (5.10)

Recalling that the frame member of our multibody system is numbered body ¢
as recommended in Chapter 2, we have already collected data for the transformation
matrix 7;, while we were collecting data for the shape matrices. If body £ is stationary,
then the 7j,, matrix remains constant as the system moves. If not, as in Figure 2.8, it
is variable; however, we have data for it at the initial position, and we may wish to
update 7, at later values of time. In either case, we can write

Rb = Tolebrb, b:(), 1,...,6, (5.11)

where T, can be computed as shown in Eq. (5.5) according to the path found in
Chapter 2 from body ¢ to body b.

5.5 The Loop-closure Equation (Kinematic Equation
for Position Analysis)

Because Eq. (5.7) holds for the position of a point on bodies b and ¢, suppose that we
choose to apply this to a multibody system containing one or more closed kinematic
loops such as those discovered in the loop matrix of Chapter 2. Suppose also that
we choose b to represent a certain body in loop i, then trace through the bodies and
joints in sequence until we meet body c. If we continue around the loop until it closes
on itself, we can write Eq. (5.7) with bodies ¢ and b being the same body. In this case
we have

rb:Tbb}’b, i:1,2,...,NL,
or, transforming to the absolute coordinate system,
Rb == TObTbbTbORb == TOORb’ l = 1, 2, ceey NL,

where the matrix 7|y, is the product of transformations from ground to the first body
of the loop, then around the loop, and then back to ground.

Because we have made no restrictions on the choice of the point R, this equation
must hold for all possible choices of the point. This condition can only be satisfied
in general if 7,, = I when we work in the coordinate system of some arbitrary body
b, or

T00= TObTbbTb(]:I’ l=1, 2,...,NL, (5.12)

when we work in global coordinates.

This equation is the transformation matrix form of the loop-closure or kinematic
equation for position analysis. It shows that no matter which body is chosen as a
starting body, when consecutive transformations are made around a closed kinematic
loop, finally returning to the original coordinate system, this matrix product must
equal the identity transformation — the (4 x 4) identity matrix.

This loop-closure equation inherently contains all of the kinematic constraint
conditions that must be satisfied by a multibody system containing closed kinematic
loops such that the loops remain closed for all possible postures of the system. As
the system moves and the joint variables change, they must all change in unison such
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that this equation is always satisfied for each and every closed loop. This extremely
powerful equation can be used, as will be shown in this and subsequent chapters, to
derive all the kinematic position information possible for the multibody system.

In the case of an open-loop multibody system, such as many serial robotic
manipulators, the development follows in a similar fashion. In this case, however, the
starting body is typically chosen to be the world or base coordinate system and then
consecutive transformations are made until reaching the end-effector coordinate
system. For a robotic manipulator with six joints and six moving links numbered in
sequence, the resulting transformation can be written:

TOI T12 T23 T34 T45 TSé T67 = TO7' (513)

The matrix 7|y, is the transformation describing the posture of the end-effector
coordinate system. In Chapter 3, we discussed several ways for specifying this T}y,
transformation. One example was to use direction cosines of three mutually orthog-
onal coordinate axes in the end-effector as was discussed in Eq. (3.26). Using this
equation, we have:

ut v¢ w* R%
;

w v ow R
Ty, = 7
07
W vi wt R%
7

0 0 0 1

It is useful to point out that if we take the open-loop system described by
kinematic Eq. (5.13) and convert it into a closed-loop system by connecting its last
body or end-effector to ground by some kinematic joint such as an open joint —
making it into a closed-loop system with seven joints instead of an open-loop system
with six joints — then the loop-closure or kinematic equation becomes:

TOl T12 T23 T34 T45 T56 T67 T70 =1 (5‘14)

Comparing Egs. (5.14) and (5.13), it is easy to see that 75, = Togl. In other
words, the kinematics of the two systems are governed by similar equations. This is
why the kinematics of a six-revolute serial robotic manipulator is considered to be
similar to that of a seven-joint closed kinematic chain or mechanism. Another way
of stating this is to say that when we specify the posture of the final body of an open-
loop multibody system (for example, the end-effector of a robotic manipulator) and
require it to perform a specified motion, then, in a sense, we are defining a constraint
that is similar to closing a loop in the system.

Another very useful identity can be obtained from the loop-closure equation
by taking into account the recursive nature of the products of the transformation
matrices. From Eq. (5.6) we have

Ty Top = Tpp = 1.
By pre-multiplying this equation by the inverse of T}, we obtain
T,=T,"" bc=01,....¢ (5.15)

Before continuing, it should be pointed out that, because of the special prop-
erties of rigid body transformations, the inverse of such a transformation matrix is
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extremely simple to form. If we choose the following notation for the translation

and rotation submatrices,
T — @bc rO(
be 0o 11/

then, because of the orthogonality of the rotation submatrix, it is easily verified that
the inverse matrix is of the form

3 e —O!r
Tbc1 - |: (;)C ll)c OC:| ’ (516)

This explicit form of the inverse is very easily evaluated, even by hand compu-
tation. It is also easily programmed for digital evaluation, and operates much more
economically than a general matrix inversion technique.

The Denavit-Hartenberg transformation of Eq. (5.8) also enjoys the same prop-
erty and, in a similar fashion, its inverse is found to be

cos¢; sing, 0 —a
— —sing/cosw, cos@icosa, sina, —¢;sina, (5.17)
"I singlsing,  —cosghsine, cosa, ¢icosw, .
0 0 0 1

5.6 Closed-form Solution of Kinematic Equations
for Joint-variable Positions

According to the previous discussion, we see that in order to solve for the values of
the joint variables ¢ of a mechanism or a multibody system, we must first specify
the generalized coordinates v — the values of the findependent joint variables. We
may also be required to specify additional information if necessary to distinguish
between multiple closures or postures of the system.

Those with experience in applying classical graphic techniques may consider
that determining the posture of a system is a trivial problem because, once a layout
drawing is completed, any of the joint variables can be determined directly from the
drawing. For example, see [13], especially the first paragraph of section 3.7, p. 52,
where this is stated explicitly.

On the contrary, as we will come to appreciate in the remainder of this chapter,
the determination of the position values of the dependent joint variables for a given
set of generalized coordinates is usually the most difficult problem of kinematic
analysis. Once the dependent position values are known, the remaining problems
of kinematics are relatively easily solved. This observation holds true for most ana-
lytic methods and comes about primarily as a result of the nonlinear nature of the
constraints. The rigid-body condition, that two points of a body remain a constant
distance apart, as well as the rotational motions found in many types of joints, invari-
ably leads to quadratic and/or trigonometric equations. Because there must be at
least as many of these equations as unknown joint variables, their simultaneous
solution can be quite challenging.
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However, there are some systems — usually open-loop or single-loop systems,
where the numbers of bodies and joints are small — for which it is possible to
obtain closed-form solutions. We shall present a few examples here to illustrate
the approach. In general, the procedure is always the same; the necessary simulta-
neous equations are found by performing the matrix multiplications indicated in the
loop-closure equation, Eq. (5.12), and these are then solved by whatever algebraic
techniques the analyst is able to muster. More on methods for finding the solution
of the kinematic position equations is given in section 5.7.

The matrix loop-closure equation produces all of the simultaneous equations
necessary for the solution of a given problem and the method of formulation or
the number of equations is not left to chance. None of the essential equations is
overlooked, as might happen if a given problem is formulated intuitively. However,
there is no assurance that their solution by hand calculation is feasible.

EXAMPLE 5.1: CARDAN/HOOKE UNIVERSAL SHAFT COUPLING We choose the uni-
versal shaft coupling as a first example because solutions known from other
methods allow comparison of results. The Cardan/Hooke universal shaft cou-
pling, shown in Figure 5.4, is a spherical linkage consisting of four bodies con-
nected by four revolute joints. It also has two other distinguishing features: first,
that all four revolute axes intersect at a common point, and second, that three
of the four fixed angles at these intersections are right angles. This mechanism
is known both as a Cardan coupling and as a Hooke universal joint. An Italian
mathematician, physician, and astrologer, Girolamo Cardano (1501-76) was the

first to describe this joint, although it is unclear whether he ever constructed
one. An English architect and natural philosopher, Robert Hooke (1635-1703)
first applied it to the transmission of rotary motion.

Figure 5.4. Example 5.1: Cardan/Hooke universal shaft coupling.

It is assumed here that body 3, mounted at joint D, is the input shaft and
its rotation ¥ = ¢, is a given function of time. The output shaft, body 1, has
rotation ¢ ,, whose functional relationship to ¢ must be determined. We also
note that solutions for the dependent joint variables ¢ and ¢, although not
of primary concern, may also be useful for predicting wear or choosing proper
bearings.
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(b)

X, Ulp, VO

yz, V’Ba WC

A3

Figure 5.5. Example 5.1: Placement of body and joint coordinate systems for (a) body 1,
(b) body 2, (c) body 3.

In this example it is not necessary to perform a formal topological analysis, as

discussed in Chapter 2, because the single loop is easily determined by inspection.
The loop matrix is

L=[1 1 1 1]
A B C D

With the body and joint axes chosen as shown in Figure 5.4 and Figure 5.5,
the shape matrices can be found, either directly by inspection of the figures or
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by the methods of section 4.4. They are:

00 1 4 0 0 1 d,
100 h 0 -1 0 0
Tu=LSa=1g 1 ¢ of S4=|1 00 o
0 00 1 0 0 0 1
[0 1 0 0
0010
Sl.leooo’SZ,B:I’
00 01
[0 1 0 0 0 010
S 0010 S 0 -1 0 0
711 0 0 0 7|1 00 0}
0 0 01 0 0 0 1
[1 0 0 0 0 —sing cosp d,cosp
¢ _|0 100 ¢ |1 0 0 h
10 01 4|0 T |0 cosg sing  dysing
00 0 1 0 0 0 1

Because all four joints are revolutes, Eq. (4.10) can be used to evaluate each
of the joint matrices:

cos¢, —sing, 0 0
sin cos 0 0

@y, () = 04”‘ o¢h L ol h=ABCD.
0 0 0 1

Next, following Eq. (5.4), we evaluate the four matrix products. Notice that
joint D is defined here to be oriented from body 3 to body 4. Thus, the T, matrix
is formulated rather than 7,5. See example 5.2 for contrast:

1 0 0 0
_ 0 sing cos¢p, h
— 1_ A A
Tn=3u®adia =1 —cos¢, sing, 0]’
0 0 0 1
singg cos¢y 0 O
0 0 10
Ty, = S13PpS7s =
12 = 515 P52 cos¢gy —singg 0 0]’
0 0 0 1
0 —cos¢. sing. 0
1 0 0 0
Ty = S)cPcSse =
3 =5cPchie = singc  cosge 0|’
0 0 0 1
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sinysing  cosy —sinycospf —hcosy
—cosysing  siny  cosycosf  —hsiny
cosp 0 sing 0
0 0 0 1

-1
L, = S3D¢’DS4D =

Based on these four transformations, we can write the loop-closure equation
from Eq. (5.12):

T41 T, 13Ty = 1.

However, in this particular problem, it is more convenient to rewrite this in
the form

T3y Ty = (T1,T55) 7",

because T}, and T); have no translation terms and, therefore, the matrix inver-
sion can be done very easily by Eq. (5.16).
Taking advantage of this, the previous equation becomes

sinysin g } cosysing, + sinycos¢,cos B } cosycosg, — sinyrsing ,cos B }
—cosysing ! sinysing, — cosycos¢,cosp | sinycosg, +cosysing,cosp | 0
cos B : —cos¢,sinB : sing ,sin B : 0
0 : 0 : 0 : 1
COS ¢ 0 —singyg 0

—singzcos¢g. sing. —cos¢gzcosg. 0O

singgsing. cos¢,. cos¢gsing. 0
0 0 0 1

Because both sides of this equation must be equal, we may now equate
various individual terms to discover the relationships between the input variable
¥ and the remaining dependent joint variables ¢;. The input-output relationship,
for example, is found by equating the elements of the first row, second column.
This gives

¢, =tan™! (—tanycosp).
The value of ¢ is found directly from row one, column one
¢z = cos ™! (sinysinp),

and dividing the elements of row three, column one by those of row two, column
one we find an equation for ¢ in terms of v

— -1 1
9 =tan (cosWtanﬁ) :
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As discussed earlier, we can group these solutions into a single vector that
describes the posture (configuration) of the system as a function of the single
generalized coordinate

b4 tan~! (—tanycosg)
s | cos~! (sinysinB)
¢= éc | | tan™' {1/(cosytanp)}
¢p (4

Although we may be tempted to stop here, thinking this to be a complete
solution, we should note that the quadrants of ¢4, ¢, and ¢ are not yet
determined. We conclude, however, that because the Cardan/Hooke universal
joint can only be rotated without interference in situations where g is an obtuse
angle, cos g is always negative. Also, we note from Figure 5.5b that sin ¢ 5 always
remains negative. Using this information, we can determine from the remaining
elements of the previous matrix equation that sin ¢ is always positive and
that cos ¢, always carries the same sign as cos . Thus, all quadrants can be
determined.

The reason that the quadrants could not be discovered directly from the
equations and that the figure had to be consulted for clues is that there is more
than one way in which this system can be assembled. The same equations also
describe the other possible closure, where the cross is rotated 180° about its
¥, axis and the output shaft is rotated 180° about y,. In order to remove this
ambiguity — to specify which closure is being analyzed - it is necessary to note
that sin ¢ 5 remains negative.

The foregoing analysis only applies to a “perfect” Cardan/Hooke universal
joint; that is, one in which the joint axes truly intersect and do so in exact right
angles. If the angles are not exactly 90°, the situation is not too bad because
the only effect on the previous equations is small. If, however, the axes do not
truly intersect, the linkage is no longer spherical. Such a case might happen, for
example, if the distances d; and d, appearing in the shape matrices of the frame
were slightly different than those in the shape matrices of the output and input
shafts. The analysis would proceed in the same fashion; however, the elements
of the fourth column of the matrix products would not produce exact identities.
At best, they might be equal for only discrete values of i rather than for a
continuous range of input motion. Also, because real machine parts are always
designed with tolerances because of imperfect manufacture, the real universal
joint (as manufactured) might not exactly match the dimensions used in the
previous equations. Yet it might still be movable, if only because of looseness in
the revolute joint bearings and slight flexing of the “rigid” parts.

EXAMPLE 5.2: DISK-CAM SYSTEM As a second example, let us choose the disk-cam
with reciprocating flat-faced follower system shown in Figure 5.6.
Again the loops and paths are obvious by inspection. The loop matrix is

L=[1 1 -1].
A B C
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Figure 5.6. Example 5.2: Disk-cam with reciprocating flat-faced follower.

The coordinate systems are chosen as shown in Figure 5.6. The shape matri-
ces, also obtained by inspection, are as follows:

Tos = SlA :SlB 2523 =S3A =1,

0 -1 0 0 0 -1 0 e
U R I B 0 R,
*“7lo o0 1 0| T |o 1 0

0 00 1 0 0 1

The shape of the cam is defined by the following functions:

L L
1 [Ro"'ﬂ (2¢;—sin2¢;)} sin¢}3+; (1—cos2¢y) cosey, 0<¢j<m,
u(¢p) =
[R(,+% (4n—2¢};+sin2¢}3)} sinqb};—i—% (1—cos2¢y) cosgy, m<¢}<2m,
L L
1 [RW_E (2¢}3—sin2¢}g)] cos¢y— — (1—cos2¢y) singy, 0<¢j<m,
v(pp) =

L L
[R0+ > (47 —2¢p+sin 2¢}3)] cosph—— (1—cos2¢y)singy, m<¢y<2m.
/g T
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From these, using Eq. (4.40) to model cam joint B as a line tangent to a
planar curve joint, we find, after some effort, that

d 1

dpt” (¢5)
o=tan"! | —F—— | =tan"! (~tang,) = ¢}

iu (¢1)

deh P

and
cos¢y  singy u(¢p) — ¢p3cosgl
(DB (¢B) =

0 0 o3

0

—singl cos¢l 0 v (¢h) + ¢isings
1
0 1

0 0

Joints A and C are revolute and prismatic and are modeled by Egs. (4.10)
and (4.12), respectively.

Because the cam is driven by ¥ = ¢ 4, we can now formulate the following
matrix products:

_cosw —siny 0 O
. sinyy cosy O O
T = S @ S_ = ’
31 349414 0 0 10
| 0 0 0 1
[ cosg) singh 0 u(¢h) — picoseh
| —singg cosgy 0 v(ep) + gsingy
T, = $13PpSyp = 3 )
0 0 1 oS
0 0 0 1
(1 0 0 —e
01 0 —(Ry+¢c)
Ty = T3§1 = Szc‘pglsgcl = 00 1 0
[0 0 0 1

Notice here that joint B is oriented from body 1 to body 2 and the matrix
@ is used to find T),. However, joint C is oriented from body 3 to body 2 and
@' is required in finding 7,;. We might, instead, find T, using @ - and invert it.
Either way, an inversion is required in one or the other because the orientations
of joints B and C are not both consistent with the loop orientation. Another
approach would be to reorganize the loop-closure equation itself, as was done
in example 5.1; here we show the alternative approach.
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The loop-closure equation, (5.12), gives

Ty =T T, Tys = 1,
[cos (¥ —¢h) —sin(y —p) 0 u(p))cosy —v(gg)siny — (¢35 +e) ]
cos (¥ — ¢) + (Ry + ¢c) sin (¥ — o)

sin(y —¢L) cos(¥ —y) 0 u(py)siny —v(ph)cosy — (92 +e)

. =1.
sin (v — ¢p) — (Ry + é¢) cos (¥ — o))
0 0 1 ¢g
0 0 0 1

By equating the elements of rows 1 and 2, column 1, with those of the identity
matrix, we find

cos(y —pp) =1, sin(y—¢p) =0, ¢p=1.
Then, equating the elements of column 4 and simplifying gives
u(pp) cosy — v (¢p) siny — (o5 +e) =0,

u(pp) siny +v (¢p) cosy — (Ry + ¢¢) = 0,
¢3 = 0.

Finally, rearranging and further simplifying, the solutions for the joint vari-
ables are

¥
[ 6, ] i
¢113 ;(1—00321/;)—e
o= |=10
o3 L .
s | E(Zw—smzw), O<y¢y <m
£(4n—21/f-|-sin21p), T <y <2
L U 27 -

Taking these solutions back to Eq. (5.11), we find the transformation matri-
ces that show the absolute positions of the two moving bodies. These are

cosyr —siny

T01 = T03T31 = 0 0

0
sinyy cosy 0O
1
0 0 0

o O O
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and

Ty, = Ty I 1, =

EXAMPLE 5.3: SCARA ROBOT

Figure 5.7.
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L :
Ry + 7 2y — sin2vyr)

0<y¢y<m

L
Ry + - 4w —2¢ +sin2¢y) 7w <yY<2mw
T

0
1

For the next example, we choose the Selec-
tive Compliant Articulated Robot for Assembly (SCARA robot), shown in

Figure 5.7. Example 5.3: Selective Compliant Articulated Robot for Assembly
(SCARA). Adept model Cobra 600 (Courtesy of Adept Technology, Inc., Livermore,

CA).

The body and joint labels and the coordinate systems chosen for this robot
are shown in Figure 5.8. Note that this problem has no closed loops and that,
contrary to our usual convention, the fixed body here is labeled body 1. The

shape matrices, obtained by inspection, are as follows:

1
0
T, =
01 0
0
-1 0 0
0 -1 0
Sap = 0 0 1
0 00

S cor o

_ o O

S = O O

1

0

SlA = 0

0
-1 0
0 -1
0 0
0 0

S = O O

S O = O

S = O O

o O

=
iy

Soa =1,
0 -1
0 0
1 0
0 0

S O = O

_ o O O
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‘/&/ y

Figure 5.8. Example 5.3: Placement of body and joint coordinate systems for SCARA
robot.

0100 100 0 100 0
S |00 1Ol g 0L O 0 o 0100
1000 00 1 h 00 1 h
000 1 000 1 000 1

Recognizing that joint Cis prismatic and all others are revolutes, we formu-
late the matrix products

cos¢p, —sing, 0 O
_ sing Ccos¢ 0 0

Ty, = Si4P4S, ) = A A :
12 1ATAY24 0 0 1 hl
0 0 0 1

Cos¢y —singy d, + d;cos ¢y

0
_ sing cos¢y O d;sing
Ty = SzB¢BS3é = 0 i 0 i 1 } i
0

O 9
0 0 1
-1 0 0 O
_ 01 0 0
Iy = S3Cq)CS4C1 = 00 -1 —¢.|
00 0 1
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cos¢, —sing,

_1 sing, Cos¢p
Tys = Sap®pSsp = 0 0
0 0

0
0
1
0

Next, multiplying these together along the path, we get

_cos¢A —sing, 0 X
sing cos¢ 0 y
To=ToTo=| 70" 7" 1 40|
i 0 0 0 1
[cos(¢p, + ¢p) —sin(¢, +¢p) O
TO3 — T02T23 — Sin(¢A + (bB) COS(¢A + ¢B) O
0 0 1
| 0 0 0
[ —cos(¢, + ¢p)  —Sin(g, + ¢p)
—sin(¢, +¢p) cos(p, + dg)
Ty =Ty T3y = A b A b
0 0
i 0 0
Tos = TouTys

[ —Cos(¢y +¢p —dp) —SiN(@, +dp —¢p)

—Sin(¢p, +¢p —¢p) COS(dy + ¢ — Pp)

X, + d,cos¢, + d; ]
cos(¢, + ép)

Yo+ dySing, +d;
sin(¢, + ¢p)

70+ hy
1

0 x,+ dy,cosg, +d; |
cos(¢, + ¢p)

0 y,+d,sing, +d,

sin(¢, + ¢p)
-1 Z0+h — b
0 1

0 xy+d,cosg, +d;]
cos(¢4 + ¢p)

0 yy+d,sing, +d;,

sin(¢, + ¢p)
. | 2 + hl - (¢C
+ hy + hs)
0 1

This last matrix tells the absolute posture, including orientation, of the grip-
per coordinate system x5yszs with respect to the xyy,z, coordinate system. If,
for example, the tip of the tool held by the gripper is located at the position
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relative to body 5, then its absolute position is given by

Xy + d,cos¢, + d;cos(d, + ¢p)
Yo +d,8ing 4 4 dssin(g, + ¢p)
Zg+h — (¢ + hy + hs +4.0in)
1

Rs = Tysrs =

We notice that, in this problem, there is no closed loop. All joint variables
are independent; that is, the system has mobility four. Once four joint motions
are specified as functions of time, then all other position information is found
as shown here. This is the problem that the robotics community refers to as the
direct or forward kinematics problem.

EXAMPLE 5.4: INVERSE KINEMATICS OF THE SCARA ROBOT For our next example,
let us consider the problem of programming the SCARA robot of the previous
example to perform a specified motion. This is the problem that roboticists term
the inverse kinematics problem.

Suppose, for example, that we wish the robot of example 5.3 to cause the tip
of the tool held by the gripper to travel without rotation along a circular path in
an oblique plane. That is to say, suppose that we wish to cause the robot tool
motion, including its orientation, to be that specified by

1 0 0 Scoszmt

T(6) = 0 -1 0 d4sinnt

) 0 0 -1 3sinxt
0 0 O 1

Our task is to find the proper functions of time for each of the joint variables to
achieve this motion specification.

Setting the elements of this desired motion specification matrix equal to
those of 75 found in example 5.3, we find

—cos(¢, + ¢ — ¢p) = 1,

—sin(¢, + ¢5 — ¢p) =0,
Xy + d,cos¢, + d;cos(¢, + ¢p) = Scosmt,
Yo + d,sing, + dssin (¢, + ¢p) = 4sinxt,
2o+ hy — (¢¢c + hy + hs) = 3sinxt.

If we have a robot for which the dimensions are

xo=—12", y,=0, z,=0,
dy=12", dy=10", h =8, h=1", hs=1".
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Then, solving the equations for the joint variables, we find

P4
o
¢c
)
_, [ 32sinwt + /5616 + 2240 cos ¢ — 1432 cos?xt — 240cos3nt — 9cos4nt>

2tan

164 + 80cosnt + 3cos2rt
_1 [ —28+40coswt + 300527[[)
cos <0

6 — 3sinnt

356 + 220cosxt + 9cos?nt

tan-! <40sin wt — +/45744 + 20160 cos t — 8088 cos2nt — 2160cos3wt — 81 cos“m)

Note that this is the solution for positive ¢ 4; there is another solution with
negative ¢ 4.

We see here that to meet the requirement that the gripper follow the spec-
ified path without rotation, it is necessary to specify and solve the “rotation”
equations of the 7s(¢) path. We find after solution that ¢, must be controlled
according to this equation to prevent the gripper from rotating.

As with other loop-closure problems, the task of finding closed-form position
solutions can be awkward, as shown by the form of the previous solutions. We
note also that a new solution must be found for each new command path to be
followed.

EXAMPLE 5.5: FERGUSON’S PARADOX For our next example, let us consider the
epicyclic gear train shown in Figure 5.9. This gear train, called Ferguson’s para-
dox, was first published as [5] in 1764 by James Ferguson (1710-76), a Scottish
physicist, instrument maker, astronomer, and fellow of the Royal Society. In this
device, sometimes called an orrery, sun gears 3, 4, and 5 are all in mesh with the
same planet gear 2. Sun gear 5 is fixed. The input is the rotation of the planet
carrier 1, whereas sun gears 3 and 4 provide two different output rotations.

The loops and paths for this problem, found by the methods of Chapter 2,
are

11 0 0 0 0 —1
L=|11 0 0 -1 -1 o0/,
11 -1 -1 0 0 0
A B C D E F G
(0 1. 0 0000
1100000
P=|0 001000
000O0O0T1O0
000O0GO0TO 0O
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N s Xy
— A
—+—-— 22— — -1
A
C E G
x, X3 Xy Xo X5
A A
l )
it b e el —23‘4—-—244—'_25‘ -
B[]

Figure 5.9. Example 5.5: Ferguson’s paradox.

The gears all have standard full-depth involute-spur (8; = 0) gear teeth with
pressure angle o; = 20° and diametral pitch P = 20 teeth per inch.! The numbers
of teeth on the gears are:

N, =10, N,=101, N, =99, N, =100,

and, from these, as shown in many texts, we find the pitch circle radii. See, for
example, [16, chapter 7]:

¢ =Ry =R;=0250", R,=2525", Rp=2475", R;=2.500".

1 American Gear Manufacturers’ Association (AGMA) and American National Standards Institute

(ANSI) have published standards for interchangeable involute gear tooth forms. Contact American
Gear Manufacturers’ Association, 1001 N. Fairfax Street, Fifth Floor, Alexandria, VA 22314-1587;
www.agma.org or email: website@agma.org.



136 Posture Analysis by Kinematic Equations

From Figure 5.9, the shape matrices are:

Tos = S1p = S3¢ = S3p = Sop = Sap = Sap = Ss¢ = 1,

1 0 0 2750 100 0
¢ |01 0 0 S_0100
M=1to 01 o |7 {oo0 1 20|’
000 1 00 0 1
1 0 0 0 [1 0 0 0]
010 0 010 0
SSB_ 00 1 3// ) SZC_ 00 1 1// ’
0 0 0 1| [0 0 0 1]
[1 0 0 0 [1 0 0 0 100 0
1 1 1
SSD: 0 00 > SSF_ 0 0 O/ ’ Szc= 0 0 9
00 1 2 00 1 17 00 1 —1
0 0 0 1| 0 0 0 1| 000 1

Notice that, as defined in matrix S, ,(1,4), the center-to-center distance of pinion
2 from the shaft of gears 3, 4, and 5 are all 2.750". This produces a correct mesh
at G; however, the meshes at C and E are not mounted at their standard pitch-
circle distances. This explains how the three gear meshes, with different pitch
radii, all coexist. The actual meshes at C and E are not mounted properly and
are not operating at their nominal 20° pressure angles; notice in the following
matrices that the solutions for ¢¢ and ¢2 do not result in zeroes, but ¢Z does.

From Eq. (4.28) we find the following joint matrices for the gear meshes.
Because we have no information about the direction of rotation or loading, we
assume that the sgn(F) terms are negligible:

[cos (11.1¢}) —sin(11.1¢L) 0 (2.775" + ¢2) cos¢}
sin (11.1¢})  cos (11.1¢L) 0 (2.775" + ¢2) singl
‘pc(¢c) = 3 5
0 0 1 o2
0 0 0 1
[cos (10.9¢)) —sin (10.9¢}) 0 (2.725" + ¢%) cos¢L.
sin (10.9¢%) cos(10.9¢L) 0 (2.725" + ¢2)sing},
¢E(¢E): 0 0 1 3 ’
P
0 0 0 1
[cos (11.0%) —sin (11.0¢5) 0 (2.750” + ¢%) cos s
sin (11.0¢%) cos (11.0¢L) 0 (2.750" + ¢%) sing};
P6le) = 0 0 1 2
¢
0 0 0 1
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Having these, we now evaluate the matrix products for each joint:

cos¢, —sing, O
B sing, cos¢, O
I, = SlAq)ASL} = 0 0 1
0 0 0
cosy —siny 0
sinyy cosy O
Ty = SspPpSia =
51 5B¥B1B 0 0 1
0 0 0
cos (11.1¢}) —sin(11.1¢¢) 0
sin (11.1¢}) cos(11.1¢}) 0
Iy = SSCQ)CS;Cl = ( 0 d)C) (0 ¢C) 1
0 0 0
cos¢, —Singp
sing, cos¢
Ty = Ssp@pS3p =
53 5sD¥DV3p 0 0
0 0
cos (10.9¢}) —sin(10.9¢}) 0
sin (10.9¢L) cos (10.9¢L) 0
Iy, = S4E¢ES2_)E% = ( 0 ¢E) ( 0 ¢E) 1
0 0 0
cos¢, —singg
singp,  Cos¢p
Tsy = Ssp@pSip =
54 sFPFO4r 0 0
0 0
cos (11.0¢5) —sin(11.0¢5) 0
sin (11.0¢L) cos(11.0¢L) 0
I, = SSG(stz_(l? = ( 0 ¢G) ( 0 ¢G) 1
0 0 0

2.750"
0
—2
1

k]

(2.775" + ¢¢) cos ¢-
(2.775" + ¢2) sing/:
g¢—1"

1

S = O O
- NN o O

(2.725" + ¢2.) cos
(2.725" + ¢7) singy,
¢p
1

S = O O
- o O O

(2.750" + ¢¢;) cos ¢
(2.750" + ¢Z;) sing,
gz +1"

1

Guided by the non-zero entries of the loop matrix L, we now formulate
the three loop-closure equations. By using Eq. (5.15), we see that negative
entries in the loop matrix always lead to inverse matrices in the loop-closure
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equation products. This is a direct result of the original choices of orientation in
defining the joints, and could be avoided by reversal of those choices. However,
reversing the choices of joint orientation affects the sign convention of the joint
variable(s) found and also the definitions and signs of the force components
found in Chapter 17. As shown, the three loop-closure equations are

Is =15 T12T5§l =1

[ cos(y+ sin(y+ 0 2.750"cosy — (2.750" + ¢Z)]
¢4 —Ugg)  ¢a — 1leg) cos(v + ¢, — 10¢%)
| s+ cos(y+du— 0 2750"siny — (2750 + ¢3)
T | % 1dg)  114g) sin(y + ¢, — 106%)  |”
0 0 1 ¢3G
0 0 0 1 |

Tss =TTy Ty Ty =1

rcos(Y +¢,—  sin(y+¢,— 0 2.750"cosy — (2.725" + ¢2)]
109 —¢;) 1096 — ¢r) cos(v + ¢, — 9.99%)
—sin(y + ¢,— cos(¥ +p,— 0 2.750"siny — (2.725" + ¢2)
0 0 1 o3
0 0 0 1

—1—1
Iss =151, Ty, T3 =1

rcos(y +¢,— sin(y+¢,— 0 2.750"cosyr — (2.775 + ¢2)]
11.1¢L — ¢p) 11191 — ¢p) cos(¥ + ¢, — 10.1¢})
B —sin(¥ +¢,— cos(¥ +¢,— 2.750"siny — (2.775" + ¢)
| 1119l —¢p) 1119l — ¢p) sin(y + ¢, —10.1¢/)
0 0 1 &
L 0 0 0 1 i

Setting the elements of these loop-closure equation products to those of the
identity matrix, we get the following independent equations:

v+, — 1gg =0,

2.750"cos ¥ — (2.750" + ¢¢;) cos (¥ + ¢, — 10¢5) = 0,
2.750"siny — (2.750" + ¢g) sin (Y + ¢, — 10¢¢) = 0,
¢ = 0.

v+ ¢, — 11.1¢- — ¢p =0,
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2.750"cosyr — (2.775" + ¢¢) cos (¥ + ¢, — 10.1¢) = 0,
2.750"siny — (2.775" + ¢¢) sin (¥ + ¢, — 10.1¢5) = 0,
¢e =0,

¥+, —109¢; — ¢p =0,

2.750"cos ¢ — (2.725" + ¢7) cos (¥ + ¢, — 9.9¢5) =0,
2.750"siny — (2.725" + ¢7) sin (¢ + ¢, — 9.9¢1) = 0,
¢z =0,

and, from these, we can solve for the joint variables

¢a| [10v

5 v

¢ (100/101) v
o —0.025"

¢ 0

¢p (1/101) ¥
¢p=|dp | = (100/99) v

¢ 0.025"
b3 0
b —(1/99) ¢
o6 W
% 0
o] L0 4

Finally, guided by the entries of the path matrix, we now express the posture
of each body as a function of the independent variable

_cosw —siny 0 O
siny cosy 0O O
Ty = TisT5, = 0 0 1 3|
| 0 0 0 1
[cos (11y) —sin(11y) 0 2.750"cosy
sin(11y) cos(11y) 0 2.750"siny
Too =Ty 1y, = 0 0 1 1 )
i 0 0 0 1
[cos (y/101) —sin(y¥/101) 0 0O
sin(y/101) cos(y/101) 0 O
Ty = TysTs3 = 0 0 1 2
i 0 0 0 1
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Table 5.1. Example 5.5: Ferguson’s paradox comparison of gear meshes

Nominal center Actual center Actual pressure Actual contact
Joint distance distance angle ratio
C 2,775 2.750” 21.373° 1.612
E 2.725" 2.750” 18.502° 1.610
G 2.750” 2.750” 20.000° 1.611

cos (¥/99) sin(y/99) 0 O
—sin (1#/99) cos(y¥/99) 0 O
Toy = TosTsy = 0 1 17l
0 0 1
Tos = 1.

In the final analysis, we find that a single input crank turns by an angle
carrying a thick planet gear 2 around the periphery of fixed sun gear 5. This also
causes two other almost identical-looking sun gears, 3 and 4, to rotate. However,
sun gear 3 rotates by (1/101) in the same direction as the input crank, whereas
sun gear 4 rotates by (1/99)y in the opposite direction.

It was pointed out previously that the center-to-center distance of 2.750" is
not equal to the sum of the pitch radii for all three gear meshes. Therefore, all
three cannot properly mesh according to their design specifications. A compar-
ison is presented in Table 5.1.

5.7 General Styles for Closed-Form Solutions of Kinematic Equations

In general, finding closed-form solutions for joint variable positions of closed- or
open-loop multibody systems is difficult because of the fact that the describing equa-
tions are typically nonlinear, coupled, and trigonometric. If we take derivatives of
these equations, however, the resulting system of equations becomes linear in the
derivative variables and is much more easily solved. However, this produces a solu-
tion for velocities rather than positions. We will show, in Chapter 6, how linearized
equations can be used to provide numeric solutions to the nonlinear kinematic equa-
tions. In the mechanisms and robotics literature, other powerful and general tech-
niques have also been developed for solving such trigonometric equations. All such
methods first transform the trigonometric equations to algebraic form using identities
such as writing sines and cosines in terms of tangents of half-angles. They then exploit
methods for solving systems of polynomial equations. Among the most powerful of
these is the method of Raghavan and Roth [10, 11], in which they introduce a spe-
cial symbolic elimination method for finding the solution to the general six-revolute
robot manipulator, with later application to other problems of kinematic position
analysis. Another class of powerful methods is those that are based on the use of
homotopy methods of numerical algebraic geometry [14]. These homotopy-based
methods were first developed in kinematics by the pioneering work of Freudenstein
and Roth [6], and later works of Tsai and Morgan [15] and then Wampler, Morgan,
and Sommese [17].
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Figure 5.10. The Stanford manipulator showing body coordinate systems.

Here, we present a method that can be used in cases where there is a particular
arrangement of joint axes, typical in open serial-kinematic chains such as an open-
loop robotic manipulator. For a multibody system such as a robotic manipulator
consisting of six revolute joints, if three consecutive joint axes intersect, then we
can use their point of intersection to partition the kinematic equations, which leads
to simpler equations from which a closed-form solution can usually be found. Such
mechanisms are said to have a “solvable” kinematic architecture. Discussion of other
solvable kinematic architectures for a serial robot manipulator can be found in [8,
9]. It should also be pointed out that, although the main emphasis in this book is
on developing general methods suitable for computer applications, we sometimes
depart from this main goal and, as in this section, present more specialized techniques
to provide a balance between generality and developing intuitive understanding of
the problems being addressed.

Let us consider as an example, the robotic system with six serial joints shown
in Figure 5.10. This robot is called the Stanford manipulator [8]. We consider a
configuration of this robotic system that has its last three joints located such that
their axes intersect at a point referred to here as point C, the wrist center point. For
such a robot, we can write the following general kinematic equation:

Tl2 T23 T34 T45 T56 T67 = T17 ’

where T, is the matrix describing the posture of the end-effector, which can be
written as:
1 X1 *1 X
T N ROI
,
whovyowit RM
7.7 7 7 P
7= 2y ! Rz]7
u; vy Wy o
,

0 0 0 1
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This matrix, which we assume is specified, describes the desired posture for
the end-effector in terms of the three unit vectors describing the orientation of the
end-effector, and the position of the origin of the end-effector coordinate system,

namely:
u;cl v;cl W;Cl Rzl
) vl Wit R !
u% = Z] , v% = Z] , w% = Z] , and R, = ;’7
U Vs w 017
0 0 0 1

The challenge now is to find values of the six joint variables corresponding to
this specified posture of the end-effector. Note that the body coordinate systems are
chosen with the origins of the fourth, fifth, sixth, and seventh coordinate systems
coincident at the wrist center point C. Therefore, the kinematic equations can be
partitioned into two sets: one set describing the position of the wrist center point C,
which is only dependant on the first three joint variables, and a second set describing
the orientations of the unit vectors of the coordinate system of the end-effector. The
two partitioned sets of kinematic equations are:

Re = TypTyTayre,, (5.18)
and (recalling section 3.5)
1
ur = Ty Ty T3y Tys Ts Tzt
1
vy =TTy T3y Tys Tse Tg7v7, (5.19)
wy = Ty Ty Tyy Tys Tss Ty wy.
Because the origins of the fourth and seventh coordinate systems are coincident
at the wrist center point C, then
R*
9
R%
1 7 = RZI
0.

7

1

o
A

Il

X
Q

|

., and re =

= o O O

It should be noted that Eq. (5.18) only involves the first three joint variables.
By pre-multiplying it with Tbj matrices, it can be written to form three kinematic
equations with the three unknown joint variables more evenly distributed on both
sides of the equation as follows:

Tﬁl (¢ )RCI = Ty3(y) 154 (ff’3)”c4 )
T3 @) Ty @)Re, = Ty ($3)rc,
T3 )Ty (6) Ty ($1)Rc, =1,

Once the first three joint variables are found from these equations, then the
matrix 77, can be formulated explicitly and Egs. (5.19) can be rewritten as

4 _ 1,1 4 _
u; = Ty ug, uy = TysT5cTiuy,

4 _ 11 4 _
vi=T,v;, and v; =TT T;v,, (5.20)

4_ 1,1 4_
wy =Ty, wy wy = TysTseTerwy-
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Again, this last set of equations can be pre-multiplied by szl matrices to form
three kinematic equations where the three remaining unknown joint variables are
more evenly distributed on both sides of the equation, and can possibly be solved in
closed form:

T ()i = Ty () Ty (Pt Tigk (5) Tyl (du)ti = Ty ()1t
T @)V = Tos 09 Tyr(b)vs, T (@) Tl (@)Vh = Ty (66)v,
T (@)W = To @) Ter(Bewae T ()T )W = Toa ().
and
T (06) T (5) Ti5' (1t = us,
T (06) T (95) Ty (9)V4 = v, (5:21)
T (06) Tss' (95) Tys' ($)W3 = wy.

EXAMPLE 5.6 In applying this method to the Stanford manipulator, we choose
the body and joint coordinate systems such that the transformation matrices 7,
are in the form of D-H matrices. These matrices become:

cos¢g;, 0 —sing; O cosg, 0 sing, O
sing 0 «cos¢; O sing, 0 —cos¢, O
T12(¢1) = ! ! s T23(¢2) = g 2 5
0 -1 0 h 0 1 0 a
0 0 0 1 0 0 0 1
100 O cos¢p, 0 —sing, O
010 0 sing, 0 cos¢, O
T34 (¢3) = o Tys(9y) = ,
FEIT0 001 ¢y B 0 -1 0 0
00 0 1 0 0 0 1
cos¢s 0 sings O cos¢, —sings, 0 O
sings 0 —cos¢s 0 sing, cos¢, 0 O
Tse(ps) = > o Te(e) =
0 1 0 0 0 0 10
0 0 0 1 0 0 01
The (4 x 4) matrix describing the command posture of the end-effector is as
follows:
Gy
i oviowioy

£ 21 21
u7 V7 W7

0o 0 o0 1

z
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Now, using the first set of partitioned kinematic equations, we can write:

Ap—lp _ 4
Ty Ty Re=Txyre,

cosg, sing, 0 0 || cosp, sing, 0 0] ]x 100 0]f0
0 0 1 —a 0 0 -1 h| |y} 0100 0
sing, —cosg, 0 0 ||—sing, cos¢; 0 0|z “loo1 o 1|0
0 0 0 1 0 0 01 1 0001 1

This results in three equations with the first three joint variables as the unknowns
as follows:

CoS ¢, (Cospxy + sing,y5) — sing,(z5 — h) = 0,
—sing,x} + cosg,ys —a =0,

¢ = sing, (cos¢,x} + sing, y3) + cose,(z5 — h).

The second of these equations can be solved first for ¢, and then the remain-
ing two joint variables, ¢, and ¢5, can be found sequentially from the first and
the third of these equations. Next, we can calculate the transformation matrix
T, =T,T T, because ¢, ¢,, and ¢ are now known.

The vectors u3, v, and wi can now be computed from the first set of
Egs. (5.20). Then the three additional kinematic equations describing the ori-
entation parameters of the end-effector can be obtained using the second set of

Egs. (5.20) as follows:
T Ts'ws = Tgwy, Tee' Tis'vi = Tggv,,  and  To' Ts'ug = Tyuy. (5.22)
The first of these equations results in:

COS¢sCOS¢p, COS¢ssing, —sings 0 |wy'

—sing, cos¢, 0 0wy

singscosg, singssing, cosgs O | ws!
0 0 0 1 0
cos¢, —sings 0 O[O0 0
sing, cos¢, O 0|0 0

| o o 1ol |1
0 0 0 1]/0 0

From the second row, we obtain the following equation: —sin (]54w)7(4 +
cos <1>4w§4 = 0 that results in the solution for the fourth joint variable ¢,. Once
¢, is known, the third row allows us to find ¢5. The second or the third set of
Egs. (5.22) can then be used to find ¢g.
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PROBLEMS

5.1 Find a set of Denavit-Hartenberg parameters to describe the mechanism of
problem 4.4.

5.2 Form the transformation matrices T, ;. for each link in problem 5.1.

5.3 Continue from the results of problem 4.4 to find the following:

a) Form the transformation matrices 7, for all four bodies.
b) Form the loop-closure equation 7Ty, = I in symbolic form.
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¢) Solve the loop-closure equation for closed-form expressions for each of the
joint variables as functions of the independent variable ¥ = ¢ 4.

d) Substitute the results of ¢) into a) and form each of the T{,, matrices as a
function of  alone.

5.4 Verify the inverse transformation matrix shown in Eq. (5.16) at the end of
section 5.5.

5.5 Continue from the results of problem 4.5 to find the following:

a) Form the transformation matrices 7}y, for all four bodies.

b) Form the loop-closure equation 7y, = I in symbolic form.

¢) Solve the loop-closure equation for closed-form expressions for each of the
joint variables as functions of the independent variable ¢ = ¢ 4.

d) Substitute the results of ¢) into a) and form each of the T, matrices as a
function of v alone.

5.6 Consider a robot manipulator as shown in Figure P5.6. The kinematic structure
of this robotic arm is very similar to that of the Stanford manipulator studied in
example 5.6 except that it has an offset (a) between the base and the shoulder (the
first two) joint axes. For this robotic arm, derive and solve the kinematic position
equations using shape and joint matrices.

?s
n

N

Figure P5.6

5.7 For the robot manipulator of problem 5.6, derive the kinematic position equa-
tions using Denavit-Hartenberg transformation matrices and find the solution to
these equations using the partitioning method of section 5.7.

5.8 A Cardan/Hooke universal shaft coupling was studied in example 5.1. This cou-
pling is usually used as a shaft coupling to transmit power between two shafts whose
center lines intersect at an angle. The variations in angular displacements of the two
shafts connected by such a coupling can be eliminated if two of such couplings are
used in series in a symmetrical fashion as shown in Figure P5.8. This results in a
constant velocity shaft coupling and is used in many applications such as in an auto-
mobile drive train. For this symmetrical arrangement of the two Cardan/Hooke’s
couplings, derive the kinematic loop equations. The notation used in example 5.1
can be adopted for this problem.
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Figure P5.8. Double universal h
shaft coupling.

5.9 The DaVinci robot presently used in some medical applications involving surg-
eries is basically a SCARA-type robot such as the one studied in example 5.3 with
the exception that the last joint has a specialized articulated wrist attached to it as
shown in Figure P5.9. This articulated wrist adds five more degrees of freedom to
the system consisting of four revolute and one prismatic joints as shown. Derive the
kinematic equation for the posture of this robot.

< @b b ——»
4 9, b
\ 8B J ¢V\J
P B B
Y | B
—  —

Q

Figure P5.9. DaVinci robot.
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Differential Kinematics and Numeric Solution
of Posture Equations

6.1 Introduction

In Chapter 5 we studied how the postures of some mechanisms and multibody sys-
tems can be found analytically using hand calculations to find closed-form solutions.
Typically, this requires forming the necessary transformation matrices, and ensur-
ing that all dependent position variables are made consistent with the constraints
expressed by the loop-closure equations. In Chapter 5 we solved several example
problems, in both 2-D and 3-D, to illustrate the process, but we also found that
the calculations quickly became burdensome, even for problems with only a few
unknown joint variables. In principle the methods look powerful, but in practice
they quickly reach a limit on practicality.

Does this mean that the methods are not adequate? Not exactly; rather, it means
that we are in need of a better means of calculating. Perhaps these tedious compu-
tations should be automated for solution by numeric methods using a computer.

Let us reflect on the nature of the problem of posture analysis of a multibody
system. In general, the number of bodies (¢) is usually reasonably small, typically
limited by cost and the desire for simplicity and reliability to tens of moving parts or
less. The number of joints (n) is of the same order. The number of closed loops (VL)
is usually much smaller. The number of joint variables (¢) is of the same order as
the number of joints. However, the number of independent variables (v) is almost
always very small. After all, the whole point of our multibody system is to control
the movements of the parts to only those required for proper function of the system.
Thus, the mobility (f) is often only one, and is very rarely as many as ten.

Let us say, for example, that a complex industrial machine is comprised of a
single assembly and that it has mobility of f = 8; let us also say that it contains
only revolute and prismatic joints and has NL = 10 closed kinematic loops. With
these given, the topological formulae of Chapter 2 show that the number of bodies
is £ = 59 and the number of joint variables is n = 68. These are fair estimates for a
quite complex mechanism or multibody system.

Now let us consider the nature of the constraint equations for such a system. The
loop-closure equations are products of transformation matrices containing trigono-
metric functions of ten or so joint variables each. Thus, each constraint equation is
a polynomial of approximately tenth degree in sines and cosines of unknown joint
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angles, and there are 6 NL = 60 such independent equations. However, once we use
trigonometric identities to reduce all sines and cosines to tangents of half-angles,
we have 60 equations of degree 20 in our 60 unknown tangents of joint half-angles.
Eliminating one unknown from this set of equations doubles the degree of those
remaining; thus, we have only 59 equations in 59 unknowns, but of degree 40; then
58 equations of degree 80; 57 equations of degree 160; and so on. Are we getting a
message here?

When (and if) we finally get our long-sought single equation in one unknown,
its degree is horrendous; what will we do with it then to solve for that one unknown?
Because it is a polynomial of extremely high degree, we will take it to the computer
to find its many, many roots, won’t we? What else can we do? After all, a general
polynomial of degree higher than four cannot be solved in closed form [6, section
1.6.3]. Then we will take each of these roots in turn and return to the previous
equation to solve for the second-last unknown; again doing root extraction of a very
high-degree polynomial, collecting even more combinations of roots found. Then
the third-last unknown, and so on. Sure we will!

Fortunately, with the use of computers, there is a simpler way — namely seek-
ing a numeric solution from the very beginning. Because most numeric solutions
require iteration or incremental improvement, and with multibody systems we are
usually dealing with continuous movements, we need to investigate the differential
kinematics of such systems. Differential or infinitesimal kinematics is a rich subject
and includes velocity and acceleration analyses that will be discussed in subsequent
chapters. In this chapter, we start with a simple introduction of differential kinemat-
ics dealing only with first-order differentials, and introduce the important concepts
of derivative operator matrices and the instantaneous screw axis before we present
a systematic approach for numeric solution of the kinematic posture equations.

6.2 Differential Kinematics of a Helical Joint

In studying the differential kinematics of a multibody system, we start by studying the
movement of the helical joint because, based on Chasles’ theorem, it is the general
parent of all other single degree-of-freedom motions. From Chapter 4, we know
that for a helical joint connecting two bodies, the following body’s joint coordinate
system, u, v, w} , moves with respect to the preceding body’s joint coordinate system,
u,v,w,, with the helical motion of the joint itself. This movement is represented by
Eq. (4.8)

cos(¢,/o;) —sin(¢,/o;)

0

sin(¢>h/ol-) cos(¢h/oj) 0 0
0 1
0

D, (d),) = (a)

0 o
0 0 1

Starting from an arbitrary value of ¢, as the reference position, let us con-
sider a differential (infinitesimal) displacement of the joint of size d¢,. After this
displacement, the altered joint matrix becomes

el
Dy (), +8¢y) ~ Py (9y) + [W%(dw} Sy (b)
h
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The partial derivative of the helical joint matrix of Eq. (a) is

—1/0y, sin(¢,/o,) —1/0,cos(¢,/o,) 0 0

i(p () = 1/0;, cos(¢y,/oy)  1/oysin(g,/o;,) 0 0
ag, " 0 0 0 1
0 0 0 0

However, the right-hand side of this equation can be factored into two matrices as
follows:

0 —1/0, 0 07 [cos(¢,/o,) —sin(g,/o,) 0 0
9 5 ()= 1/0y 0 0 O | sin(¢,/0,) cos(¢,/o;,) 0 0
ag, "M 0 0 01 0 0 1 ¢,
0 0 00 0 0 0 1

Observing that the second of these two matrices is identical with the original
form of the joint matrix for a helical joint, we define a symbol Q, for the first
matrix

0 -1/o, 0 O
|1e, 0 000
0 0 0 0

that allows us to write Eq. (b) as
D, (P, +8¢;,) =~ D) (¢),) + [Qh(S‘f’h](ph (91),

where the scalar factor §¢, has been moved inside the bracket. The equation for the
differential displacement of a helical joint then reduces to

5¢h = (bh(d)h + 3¢h) - d)h (¢h) a [Qh5¢h]¢h(¢h)- (6-2)

It is left as an exercise for the reader to verify, by a parallel development, that
the same O, matrix can be used with the inverse of the &, matrix as follows

80, ' ~ @, [-0,00,]. (6.3)

From Eq. (6.2), we can now write an equation for the helical joint transformation
matrix after a differential displacement:

D (¢, +8¢y,) ~ [I + Q89,9 (6.4)

or, for the inverse matrix,
@, (¢ + 8¢y ~ &, [ — 0,84, (6.5)

From the beginning of this section, we have been working in the u,v,w, coor-
dinate system, aligned with the “preceding” element of the joint. However, it is
frequently more convenient to express the equations in the coordinate system of the
preceding body. Suppose, for example, that we identify a point attached to the body
labeled b that follows joint 4 and has coordinates r, with respect to that body. It may
appear that b is just another label for body 4+. In the beginning, this is true. It is
advantageous, however, to carry two labels because we will see shortly that b can be
the label of any body “following” joint 4; that is, any body for which joint # is in the
path to body b.
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If we now shift our viewpoint and imagine that we stand on the body labeled 71—
immediately preceding joint %, then the position of our point, viewed from coordinate
system x,,_y,_z,_, is given by Eq. (5.3)

ry(Py) = Shf,h(phS};l-,hrb’

where the symbol (¢, ) has been chosen to remind us that the point is attached to
body b, but is seen from coordinate system ~— and moves when the joint variable ¢,,
changes. After a displacement of the joint variable the position of the point changes
to

rp(@y + 8¢y) = S 1Py (¢), + 5¢h)S;i,hrb’

or, if the joint is oriented in the reverse sense, then body b to which the point is
attached is body h—, but it now comes after joint / on the path from ground and it
is now seen from coordinate system of body A+

Fy(bp + 803) = Spu n Py () + 8¢h)S;E’hrb.

Because §¢,, is assumed small, Egs. (6.4) and (6.5) may be used to approximate
these two equations by

ry (@), +8¢y) ~ Sl + Qh5¢h](phsﬁ,h’b’
or, for the inverse matrix,
Fo(@n + 863) = S 1@y 1 — Qud,1S," yry-

In these two equations, the square-bracketed expressions are both written in the
joint coordinate system preceding joint 4; that is, in the coordinate system u,v,w,,.
By insertion of appropriate identity factors, they may be expressed in the coordinate
system of the body preceding joint / on the path to body b. This yields

ry @y, + 8¢) ~ (14 S, 4018048, 4 1Sh_ 4 PuSit T (6.6)
or, when joint % has reversed orientation,
rp(y +8¢) ~ [1 = Syy P 186,218, ) 1S 1@y Syt urv: (6.7)

Continuing to work in the coordinate system of the body preceding joint / on
the path to body b, we recognize the small displacement of our point of body b as

dry X [Shf,th&th;l,h] 1y (),
or
Sry > _[Sth,hqjh_lQh‘Sd)hd)hS;.}.,h] 7y (dp),

depending on the orientation of joint /.

We should notice here that body b is no longer required to be the body that is
immediately adjacent to joint /4, as long as the displacement §r,, is caused solely by
the displacement é¢,, of joint 4. These equations are valid for a point attached to any
body b that is displaced by the movement of joint 4 where we recognize that r, and
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dr, are expressed in the coordinate system of the body that precedes joint 4 along
the path to body b. If the displacement of joint # does not affect body b, then these
equations do not pertain. To keep this clear in the equation itself and to simplify the
treatment of joint orientation, we can take advantage of the topological path matrix
P of section 2.5 as follows:

_ b
(Srb ~ P(b, h)[Shi,thS(ﬁhShl.h]rb, h= (68)

or

8ry ~ P (b, h) [S;y 1@, Qu86,2,S,1 117 (6.9)

where P(b, h) symbolizes the entry in row b, column 4 of path matrix P. This
modification not only unifies the signs of the two equations with different joint
orientations, it directly yields zero displacement when joint /4 is not on the path to
the point in question.

We can perform an exactly parallel development while picturing ourselves using
the absolute coordinate system x,y,z,. Here the position of the point of body b is
expressed by

-1
R, = TOh—Sh—.h¢hSh+,hTh+,brb = TopTps
or if joint & happens to be oriented the other way, by
—1¢-1
Ry = Top Sy i@y, Sz p Thep"s = TopTy-

Because we assume (for now) that all motion comes from the displacement of
helical joint %, a small displacement of the joint results in

Ry (pp, +8¢y) ~ TSy [ + Q18¢y,] ‘phsﬁ,h Ty pps
or
Ry (¢, + 8¢3) = Ty Sy @y [ — Q8¢5,] S;E,hTh—,brb'
Now, by insertion of appropriate identity factors, these become
Ry (¢ +88) = Toy_Sp_p [ + Qpdy] (TOh—Sh—,h)_l(TOh—Sh—,h)¢hS/Llr,h Ty b7
or
Ry ($y, +801) ~ Ty Sy 5@y (S nSi i) L — ©1863]
A -1 o
) (T0h+Sh+A,h(ph 1(Shl.hSh—$h)) TonsSps 1@y 1)Shi,h Ty pp-

Remembering that 4— is the body that precedes joint 4 and body A4+ follows
it in the originally defined joint orientation, we find that both orientations are now
expressed by the single equation

Ry (¢, + 8¢3,) ~ [1 + P(b, ) (Tyy_Sy_ 1) Q3 (TS 1) "' Ry
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from which we find
. =1,2,...,¢
SR, ~ P(b, h) [(TOh—Sh—,h)Qh5¢h(TOh—Sh—,h) ]va 1.2

b
he1o (6.11)

’

and the displacement of body b caused by the small displacement of joint /4 is

8Ty, = P(b, h) [(%hfshf,h)Qh&ﬁh(TOhfshf,h)_l] Ty, (6.12)

1,2,....,¢,
1,2,...

, .

= o

We can notice in all of these equations that the movement comes entirely from
the small displacement 8¢, of joint 4. The O, matrix carries the information about
the axis and motion capability of joint 4 and is naturally defined in the joint &
coordinate system. We see in Eqs. (6.6) and (6.7) and Egs. (6.8) and (6.9) how this
axis and motion information is transformed into the preceding body #— coordinate
system or, in Egs. (6.10), (6.11), and (6.12), into the absolute coordinate system. In
all cases, this is done by similarity transformations. Thus, in all of these equations,
the terms in the square brackets of each reflect the same information, the motion
freedom and axis information of Q, and the size of the motion increment 8¢, but
each is transformed to a suitable coordinate system for the object being displaced.

We also notice that body index b is not referenced in the square bracketed
operators, and that joint index 4 and body index #— are only referenced in the square
brackets, not in the items being displaced. This makes perfect sense; joint index &
must appear in each square bracket operator because that joint is the only item
being displaced, and body index #— is sometimes used as the convenient coordinate
system for expressing its axis.

The conclusion from these observations is that when joint /4 is the only joint
being displaced, the previous formulae can be used for the small movement of an
item associated with any body b that is displaced as a result of the small movement
of joint £ that is for any body b for which joint £ is in the path to that body from
the ground. Of course, when multiple joint variables along such a path are displaced
simultaneously, the aforementioned formulae only predict the displacement of the
item associated with body b coming from the displacement of the single joint A.
Combinations with other simultaneous joint displacements will be discussed later.

6.3 Derivative Operator Matrices

Continuing our thinking with infinitesimally small — that is, differential — displace-
ments, it is clear, for example, that if we wish to find the differential displacement of
joint &, we can start from Eqs. (6.2) and (6.3). If we seek the displacement of a point
of body b resulting from the differential displacement of joint %, we can start from
Eq. (6.11).

If we look for the rate of change of the posture of body s+ with respect to
body A— resulting from the movement of the variable of helical joint 4, then we are
looking for the derivative of @, with respect to ¢,,. Using Eq. (6.2), this can be found
directly from its definition:

a

29, =0,8, h=12, .. ..n 6.13
ad)h h h>h ( )
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If we seek the rate of change of the absolute position of a point attached to
body b with respect to the change in position of joint 4, then we are looking for the
derivative of R, with respect to ¢,. Using Eq. (6.11), this becomes

0 _
WR/; =P (b, h) [(TOhfshf,h)Qh(TOh—Shf,h) 1]va
h
and, similarly, for the rate of change of the absolute posture of body b itself with
respect to the change in position of joint 4, we have from Eq. (6.12),
0

00 Top = P(b. [ (TS 1) On Ty Sy 1)~ T
h

Let us now define the following derivative operator matrix
D)= Ty, S, O (Top_Su_ )™ h=1,2,....n. (6.14)

We must be careful in interpreting the notation of this definition. Here the body #—
is the body immediately preceding joint 4 as it was originally defined, irrespective of
its orientation in the path to body b.

This definition immediately reduces the previous two equations to

b=1,2,...,¢,

0
aT)th =P (b,h)D,R,, =12 .. n (6.15)
and
ad b=1,2,...,¢,
@T% = P (b,h) D, Ty, h=1.2 ....n (6.16)

Of Egs. (6.13) through (6.16), Eq. (6.13) is considered the most fundamental
because the others are a direct consequence of this one and the definition of Eq.
(6.14). If, for example, Eq. (6.13) is used to differentiate Eq. (5.10) with respect to
joint variable ¢,, and Eq. (6.14) is then used to simplify the notation, Eq. (6.15) is a
direct result.

It should be pointed out that partial differentiation symbolism is used in these
equations to remind us that they account only for displacements resulting from
changes in the single joint variable ¢,, and do not include possible additional simul-
taneous displacements resulting from other joint variable changes along the path to
body b. Similarly, the factor P(b, k) reminds us that joint # must be on the path from
ground to body b; if joint £ is not on this path, then 7,,,, for example, is not a function
of ¢, and Eq. (6.16) yields zero.

We also stress here that Egs. (6.13), (6.15), and (6.16) are not approximations;
they yield exact values of the derivatives! The approximation of infinitesimally small
displacement used in Eqgs. (6.2) and (6.12) become exact when we pass to the limit
of 8¢, — 0. This observation is extremely important and will be raised again in
evaluating numeric accuracy in coming chapters. This ability to differentiate precisely
is a unique advantage of the matrix methods presented here over other numeric
methods where derivatives are usually replaced by approximate finite differences
and can lead to numeric error.

Reviewing this section reminds us that we started from the assumption of the
previous sections that our displacement is that of a helical joint. However, the same
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concepts can be applied to any single joint freedom, ¢,. Returning to Eq. (6.13),
let us generalize the idea. Let us simply define a derivative operator matrix, Q,,, as
follows:

d
Q, = [-q)h} o', h=12,...,n (6.17)

If joint 4 has more than one joint variable, then we define a derivative operator
matrix Q% for differentiation with respect to each of the joint variables, ¢; .

Once we define Q,, in this way, Eq. (6.13) must hold true for any joint type or
any joint variable, helical or not. Also, Egs. (6.14), (6.15), and (6.16) must hold true
as well. As usual, there is an attendant penalty; we must work out and program the
appropriate form of the Q, matrix for each type of joint and for each variable of
each type of joint. However, using Eq. (6.17), these are not hard to find and all of
the joint types of Chapter 4 are listed as follows.

6.3.1 Helical Joint

0 —1/o, 0 O
| 1/ay, 0 0 0
0, = 0 0 0 1 (6.18)
0 0 0 0
6.3.2 Revolute Joint
0 -1 0 O
1 0 0 O
0, = 0 00 0 (6.19)
0 0 0O
6.3.3 Prismatic Joint
0 0 0 1
00 0O
0, = 00 0 0 (6.20)
00 0O
6.3.4 Cylindric Joint
0 -1 0 O 0 0 0O
1 0 00 0 0 0O
1 _ 2 _
Qh_o ooo’Qh_0001 (6.21)
0 000 0 0 0O
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6.3.5 Spheric Joint

[ 2¢) 24}
P 243 298
| 0 0
247 —2¢)
o = 20} 29
=129} 2¢2
) 0

2¢;
_2¢2
2¢)
0
_2¢}11
_2¢£
2¢;
0

o
0
0
0_
0
0
0
0.

[ 2¢2  —2¢) 2¢}

o | 2w
P gt 243 292

0 0 0

0 0 0

[ 2¢) 297 297
=2¢7 20} 24,
207 —2¢) 20}

o o o O

with the additional constraint equation among the first-order differential displace-

ments that

20,80, + 207807 + 26;50; + 2¢54;, = 0.

6.3.6 Flat Joint

Q

=

I
oo o
oo o
oo oo

6.3.7 Rigid Joint

oS O O O
o O o O

o o oo
S O = O
S o = O
o o O

SO o O

7
_ ¢}1:

(6.23)

The rigid joint has no joint variables. Therefore, no derivative operator matrices are

defined for it.

6.3.8 Open Joint

0001
0000

1_
%=100 0 0
0 0 0 0
2
_2¢5
=1
_2¢h
e
298
20h
="
_2¢h
e

2¢;,
2¢;
2¢]

0
_2452
2¢;
_2¢2
0

I
coc oo

2¢9
_2¢Z
2¢;
0
2¢]
2¢9
2¢;
0

cococo
cooco
cor o
Q
=W
Il
cooo
cooo

20401 — 20705, — 24305 |
20,5 — 2050 + 20,6,
20108 — 2074, — 20,0

O -

—2¢,0;, + 205), — 20;9] |

20585 — 20745 — 20505
20,01 + 20208 — 20765

0

o O o O

S = O O

(6.24)
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(200 —2¢] —2¢} —201¢°+2¢2¢] + 20}
o | 200 200 20, 20,0 —26;6) + 20,0,
208 297 2900 —20)¢) — 2070 — 207 9¢
L0 0 0 0
[ 2¢] 200 200 —20i4] — 20200 +2470;
=200 20] 20  20.80 —202¢] — 20}
2] <20} 20 ~29}0] + 200} ~ 20}9]
0 0 0 0

with the additional constraint equation among the first-order differential displace-
ments that

20486y + 20386), + 20554), + 20,54, = 0.

6.3.9 Parallel-axis Gear Joint

R, + R, @?
Q}1=h,h1 00 —R |1+ h cosol |-
Ry, "\" "R, +R, O
0 0 0 0
0 0 0 0 )
0 -1 0 sin¢}
sgn(F) (R, + R, Z _ 1
QiZ\/ an( )(2h+ L+ 7) : 1 0 0 —cos¢ (625)
R, +R, +¢2]" —[(R,+R})cose,]” [0 0 O 0
[Ry R+ 671" = [(Ry + Kj) oosay ] |0 0 00
0 -1 0 (R,+R),+¢;)sing,
;5 _tang, |1 0 0 —(R,+R),+¢?)cosg}
th ’
R, 1o 00 0
0 00 0
6.3.10 Involute Rack-and-Pinion Joint
0 -1 0 ¢
1|1 0 0 —¢!
0, =—- h
"R, o 00 o0
0 00 0
0000 0 -1 0 —(R,+¢7)
0 0 0 1 sgn (F)tane, | 1 0 0 1— ¢!
2 _ _ h h 6.26
%=100 0 0 R, 0 00 0 » (629)
0000 0 00 0
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0 -1 0 R, +¢}

; _ —tang, 1 0 0 ¢
Qh: /
R, 1o 00 1
0O 00 0
6.3.11 Straight-tooth Bevel-gear Joint
0 = v+ v + i

0 10 0 0 —cosf  —cosg¢,sing 0
0! -1 0 0 0| tany, cos 6 0 sing}sing 0
"710 0 0 0| tany, |cosglsined —sing.sing 0 0l

0 0 00 0 0 0 0

0 0 —sing} 0
0 0 —cos¢l 0
Q%: . 1 1 h (627)
sing;, cos¢, 0 0
0 0 0 0
6.3.12 Point on a Planar-Curve Joint
’ 0 1 / 0 1
u=—ulg,), v=—7viegy),

000 u 0 -1 0 v(g) 0000

00 0 v 1 0 0 —u(e) 00 00
1 _ 2 _ h 3
Qh_OOOO’Qh_OOO O’Q_OO()l

00 0 O 0 0 0 0 00 00

(6.28)
6.3.13 Line Tangent to a Planar-Curve Joint
r_ d 1 /_i 1 //_i/ //_i/
u_afb},u(d)h)’ V_ad)}lv(ci)h), u _ad);u, v _8¢;v’
0=tan1(v—>, o=
u @) = (")

0 -0 0 u+0V 0 0 0 —cos# 0000
1| 0 0V -6u > |0 0 0 —sing 3 |0 000
%G=1o 0 o0 0 c9%=lo00 o | % lo0o01

0 0 O 0 000 0 0000

(6.29)
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6.4 Screw Axes and Ball Vectors for Differential Displacements

Considering an instantaneous or a differential screw displacement, we are now inter-
ested in finding its differential operator matrix. Because a differential displacement
is the limiting case of a finite displacement, we can start with the equation for finite
screw displacement with coordinate systems uvw and u'v'w’ arranged such that we
can write:

,_[e d],
r=9or = 0 1i| r.
For a differential displacement,
. [0 &d]
5r_8<;br__0 0i|r.

However, because

o1 —o4
/) 1.
r=ao r_[ 0 1 i|r,

and, remembering that 6 is the rotational screw parameter, the equation for a dif-
ferential displacement becomes

0P 0P
sr=80r =— |80 lr=(—a!)s0r. (6.30)
20 20
Considering the definition of derivative operator matrices Q, as given in
Eq. (6.17),itis clear that the derivative operator matrix for a one-degree-of-freedom
screw displacement is

06  od 90 . ad 00

D — —|[e" —od —o — - —0d
Q= (g2t )=| 0|, | |=|0 36 90
0 0 0 0

Recall from Chapter 3, Eq. (3.37) that ©® = I +wsin@ + w?(1 — cos#); therefore,

06
55 = Wwcosf +w?sind and ©' =1 —wsind + w?(1 — cosh).

Observing that w is a unit vector and w is skew symmetric, we can write:

~t - ~4

W=—w: w=—w; and w*=w

W= —W.

We now find that (30 /30)@" simplifies to w(sin?d + cos?d) = w. Therefore, the
derivative operator matrix for our one degree-of-freedom screw displacement
becomes:

0D vy — —wd
Q:(%@4»=W a0~ . (6.31)
0 0

Looking over section 6.3 for the different forms that the Q,, derivative operator
matrices take for different joints and joint variables, we notice an interesting pattern.
We see that the bottom row is always zero and the upper-left (3 x 3) submatrix
is always skew-symmetric, which is the same as the form we used in Chapter 3,
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Eq. (3.14), to represent a pair of Pliicker vectors in matrix form. We can therefore
rewrite Eq. (6.30) as follows:

5r = [9 $2 ] r80, (6.32)

where 2 = wand 2 = ad/00 — wd.
Using vector notation, Eq. (6.32) reduces to:

5r=[R2 x r+ 2]56. (6.33)

Egs. (6.33) and (6.32) are respectively the vector and matrix forms of what can be
considered a fundamental equation for differential or instantaneous displacements
written in terms of the two vectors (£2, fl)

Let us now find the components of Eq. (6.33) in the direction of the vector 2
by taking the dot product with that vector; that is, by pre-multiplying the equation

by £2":
Q'sr = 2'Qrs0 + 2'286
and because the vector £ is perpendicular to the Vectorér, this reduces to
Q'5r = 2'260.

However, this equation says that the component of the differential displacement
sr in the direction of £ is independent of the choice of the point, r. This is to say that
all points of the body have equal displacements in the 2 direction. Remembering
from Chasles’ theorem that we expect the pattern to have the properties of a screw,
we can now identify that the 2 unit vector shows the orientation of the screw axis. We
can also recognize the pitch of the screw as the rate of displacement in the direction
of the screw axis per unit rotation of the screw:

@ _go—. (6.34)
56
This is the instantaneous pitch of the screw. Because we are dealing with the dis-
placement of an arbitrary joint type, not necessarily a true helical joint, the pitch
may change as the joint moves.

Let us next find the location of a point P that is on the screw axis, thus uniquely
locating the axis. Remembering that a point on the screw axis experiences only the
displacement along the axis, from Eq. (6.33) we write

E =R+92P=0%.
56

Let us now take the vector cross product of the screw axis direction 2 with all

terms of this equation:
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When we replace this triple-vector product by the vector identity

which in matrix notation reads

Q@P) = (2'P)2 — (2'2)P.
then our equation for point P on the screw axis becomes
QQ+(2'P)2 — (2'2)P =0.

This equation, of course, fits all points on the screw axis and, therefore, does not
yield a unique solution for P. Because we seek a single point to locate the axis, let
us choose the particular point P on the screw axis for which the vector P from the

origin is perpendicular to the screw axis. This is the point P for which (2'P) = 0.
The solution for this particular point P is

QN
Q

P=— (6.35)
R
If we denote the components of the two vectors (£2, fl) as follows:
a - d
a=|b| a=|c|, (6:36)
¢ f

then the expression for P in terms of these six parameters becomes

0 —f e a
f 0 —d||b]|. (6.37)
—e d 0 c

1
P=—
d>+ e+ f?

Thus, overall, we have shown that the Q differentiation operator matrices carry
the full information of the screw axis for the corresponding differential displacement
of a single joint variable. The screw can now be identified because Eq. (6.36) gives
its orientation, Eq. (6.34) gives its pitch, and Eqs. (6.35) and (6.37) give a point on
its axis.

We notice that the (4 x 4) matrix form of Q is convenient for use as a differenti-
ation operator. However, there are only six independent parameters in the operator
and these can equally well be kept in the form of the two 3-D Cartesian vectors 2
and £2 of Eq. (6.36). These vectors are perhaps more convenient for geometric identi-
fication of the instantaneous screw axis. They were developed by Sir Robert Stawell
Ball (1840-1913), Lowndeen Professor of Astronomy and Geometry, Cambridge
University, and are called the Ball vectors of the screw [2].
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The same information can also be stored as a single six-dimensional vector,
called screw coordinates:

Q>
Il

(6.38)

X ™AL TR

f

This format may be best for computer storage, and will appear in later chapters. No
matter which format is chosen, the six parameters identify the same information: the
instantaneous screw axis and the pitch of the differential motion.

Throughout this section we have treated the Q, differentiation operator matrices
as expressed in the u;,v,w, coordinate system of a joint. However, we have already
seen similar forms such as S, thS;i’ ,» Which is expressed in the coordinate system
of body h—, immediately preceding joint 4, and

Dy = (To_Sp- ) (T S_ 1)~

which is expressed in the absolute coordinate system. Each of these is related to Q,,
by a similarity transformation. Therefore, each is of the form

© d} [5 9] [@f —@’d] _ [@5@’ 02 — @5@%}

-1 _
rer _[0 1o ofLO0 1 0 0

Here we see that these other forms of differentiation operator matrices also
have a bottom row of zeroes. The upper-left (3 x 3) rotation submatrix is of the
form @26'and because 2’ = —2, we find that (020 ") = —(OR6"). Therefore,
the upper-left (3 x 3) submatrix remains skew-symmetric after the similarity trans-
formation. Therefore, these transformed differentiation operator matrices are of the
same characteristic form assumed in Eq. (6.36), and any of these can be used for
identifying an instantaneous screw axis or a set of Ball vectors or screw coordinates.
Equations (6.34), (6.35), (6.36), and (6.37) apply equally to all of these differentiation
operators, no matter in which coordinate system they happen to be expressed. The
resulting screw axis is found in coordinates corresponding to the form that is used.

The Ball vectors or screw coordinates discussed in this section uniquely identify
the axis and pitch of a screw, along and about which a moving body is displaced to
a new position with respect to a reference body. Thus, they each identify a unique
screw. It will be noticed, however, that they do not, in general, identify the magnitude
of the displacement taken on this screw. The six parameters Q= (a,b,c,d, e, f)
form a homogeneous set in the sense that the set can be multiplied by any nonzero
constant and still identifies the same screw. Thus, they identify the screw, but not its
displacement. Also, because the set can be scaled by an arbitrary constant, only five
of the six parameters are independent.

Sometimes we may wish to specify the magnitude of the displacement on the
screw, a sixth independent value; we may choose to scale the screw coordinates to
express this magnitude. They will then identify the same screw and also the displace-
ment experienced, all within the same six-dimensional vector, which is no longer
homogeneous. Such a helical displacement of a given magnitude is called a twist, and
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a twist can be identified by properly scaled Ball vectors or screw coordinates. The
differential twist associated with our operator matrix Q,, for example, has scaled

Ball vectors of £2,d¢ and 2,dé.

EXAMPLE 6.1 As an illustrative example, let us find the Ball vectors, the screw

coordinates, and the screw parameters for the differential displacement of the

first joint variable of a parallel-axis gear joint as defined by Eq. (6.25).
Assuming exact mounting of the gear joint, such that ¢>£ = ¢2 =0, we have

0 -1 0 R,sing,
0l = (R,+R)|1 0 0 —R,cosg¢}
R 0 00 0
0 00 0

From Egs. (6.36) and (6.38), we can immediately write the Ball vectors and
the screw coordinates for this joint variable:

R, sing, [ R,sing, |

2, = | -R,cos¢, | —R), cos ¢,
0 Qh _ 0
0 0
.Qh == 0 ) O

1 A

Equation (6.34) gives o, = 0 for the pitch, which makes perfect sense because
#; allows only rotation. Equation (6.37) gives one point on the screw axis

R, cos ¢}
P=| R,sing; |,
0

and we recognize that the locus of this point as ¢/1; changes is the pitch circle,
specified in u,,, v, w, coordinates, whereas the orientation of the screw axis as

specified by flh is parallel to the w,, joint axis.

6.5 Numeric Solution of Kinematic Posture Equations

Once a multibody system has been modeled on a computer, an analysis of the
kinematic architecture of the system is performed in accordance with the methods
of Chapter 2 to identify the complete topology, including numbers of bodies, joints,
joint types and joint variables, number of assemblies, and to identify any kinematic
loops and all kinematic paths. A data structure is then formulated in computer
memory that reflects the architecture of the system modeled.

Numeric data is entered next to specify the exact shapes, sizes, and initial pos-
tures of all bodies or components of the system. Of course, this data entry stage
requires many modeling decisions of the user. Not the least of these is the choice of
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an initial configuration, a single modeling posture of the system that is used for the
specification of numeric data. If a layout drawing of the design exists, the posture
shown in that drawing serves very nicely. If not, it may be worthwhile to create one,
either on paper or in a CAD system. An actual hardware system or a 3-D physical
scale model can serve here as long as we choose a specific position for each general-
ized coordinate. The important thing is to ensure that there is a source of accurate
geometric data, all captured at one consistent configuration of the system and known
to fit together into a real machine, at least at the initial posture.

Choices of postures of coordinate systems are also made at this time. Not only
must there be an agreed upon global coordinate system x,y,z,, but also a body
coordinate system x, y, z, must be chosen for each body, two joint coordinate systems,
u,v,w, and u, v, w;, must be identified for each joint, and other auxiliary coordinate
systems may also be specified.

Next, the postures of all coordinate systems are entered and transformation
matrices are formulated numerically, perhaps by the methods of section 4.4. All
required shape matrices S, and §,,, , are found and stored for later usage. Simul-
taneously, initial values of joint matrices @, = S;i’h Tozl_ To44Sy, » are formulated
numerically for each joint at this initial posture. From these, the methods of section
4.6 are used to extract initial numeric position values for all joint variables ¢, each
depending on its own joint type. Some of these are, of course, the initial (modeling)
position values of the generalized coordinates ;. As all of this numeric data is being
collected, pertinent tests are made to ensure that the numeric values of each joint
matrix @, are consistent with the assumptions made in section 4.6 with respect to the
placement and orientation of joint coordinate systems for the corresponding joint
types. When discrepancies are discovered between modeling assumptions and the
numeric values received, the computer software can warn the user with an appro-
priate message and allow the interactive correction of the model until all data are
consistent with these modeling assumptions.

Finally, when the data entry phase of analysis is completed, the computer mem-
ory contains a validated model of the mechanical system at the initial modeling
posture. This computer model may or may not match the real mechanical system
intended by the user. It may or may not be movable or, if it is, the motion may or
may not represent the true motion of the real machine. However, in any case, it is a
model of a possible mechanical system.

6.5.1 Solution for a Nearby Posture

Once all data are entered and conformity with assumptions is verified, accurate
numeric values are known for all joint variables ¢, at the initial posture of the
system. Suppose, however, that we wish to move the model to another nearby
posture. Suppose that the new desired posture is specified by the user by changing
some or all of the generalized coordinates v/, to new position values that we assume
are “close” to their initial position values. The problem that we wish to solve now is
to find a way to update the other joint variable values to be consistent with the new
generalized coordinate values, thus moving the system model to this new posture.
The original research for this and subsequent sections, before the many extensions
shown here, was first published as [12].
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Because we assume that the new posture is close to the previously known pos-
ture, we now assume that the unknown values of the dependent joint variables are
also close to their preceding known values. That is, we assume that the unknown
values are of the form

bn =¢p+0¢,, h=12,...,n, (6.39)

where 8¢, represent small unknown changes from the known position values. For
joints with more than one variable there will be as many ¢>§ and 8455 values as there
are variables in each joint.

We must now consider how these small changes can be made consistent with the
constraints of the loop-closure equations. Because we have changed the generalized
coordinate position values ;, we must recalculate the numeric values of the joint
matrices @, according to their joint types and the formulae in section 4.6 and the
values of the individual transformation matrices of Eq. (5.4)

Tony =S @St -

As we calculate new Ty, products of transformation matrices along the paths
of the model and products of transformation matrices around the kinematic loops,
we find that the 7|y, products around the loops are no longer equal to the identity
transformation because some joint variables have been changed to new position
values and others have not. Because of this, the loop-closure equations are not
satisfied. Instead of the identity transformation, the products T, for each loop are
in error by small amounts that we represent by the matrix E;:

To=I+E, i=12... NL.

Of course, if we knew the small changes 8¢, of Eq. (6.39), all calculations could
be redone and the errors E; would not exist. Our problem, therefore, is to find the
8¢, corrections necessary to eliminate the errors E; in the loop-closure constraint
equations.

Let us expand the loop-closure equations in Taylor series in the neighborhood
close to the known values of ¢,. To first order this gives

aT,
0+Z 005 +...=1, i=1,2,...,NL,

where there is one term in this summation for each joint variable ¢, that appears in
the loop being considered.

If we take advantage of the D, differentiation operator matrices, then consistent
with Eq. (6.16), our Taylor series becomes

Too+ > LG.h)D,Tydg, +--=1, i=1,2,....NL,
h=1
where L(i, h) symbolizes the loop matrix and is used to provide sign information in
conformity with the existence and orientation of each joint 4 in each loop i.
Post-multiplying this series by T061 gives

n
I+ZL(i,h)Dh8¢h+~-~= Tol, i=1,2,...,NL.
h=1
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Then, dropping all quadratic and higher-order terms and rearranging this equation
slightly, it becomes

n
Y L. mD,s¢), ~ Ty —=1=E, i=12,...,NL, (6.40)
h=1
which is a set of NL (4 x 4) matrix equations relating the » unknown joint variable
corrections, 8¢,

Realizing that each matrix has only six independent entries, we can, without loss
of information, replace each of these matrices by its screw coordinates. Therefore,
referring to Egs. (6.36) and (6.38) for form, we define the following screw coordinate
vectors:

(D, (1,4)] [E; (1,4) ]
D, 2,4) E; (2,4)
~ | D34 B - | EG.4 B
Dy=|pl g | h=t2en E=| ol =12 L
D, ,3) E; (1,3)
| D,2.1) | E2.1) |
(6.41)
With these definitions, Eq. (6.40) reduces to
Y LG.mDys¢,~E,. i=12,... NL, (6.42)

h=1

where 6-D screw coordinate vectors have replaced the (4 x 4) matrices. There is an
equation of this form for each of the NL loops of the system, and they relate the n
error correction unknowns, 8¢,,.

In addition to these equations, we must include an additional equation for each
joint that employs Euler-Rodrigues parameters for its joint variables. From a first-
order Taylor series expansion of Eq. (4.17) we have a constraint equation of the
form

20158} + 267507 + 267007 + 20108 = L — (8)° — (67)" — (#7)” — ()", (6.43)

for each spheric joint and, from a similar expansion of Eq. (4.24), we have a constraint
equation of the form

2075¢] + 207507, + 200805 + 201867 = 1 — (91)" — (#7)" — (#))" — (#1)". (6.44)

for each open joint of the system.

We now wish to display these equations in a more standard form; however, the
process is better shown by example. Suppose we take the gear train problem of
example 5.5, Figure 5.9; the loop matrix for this three-loop example was found to be

A B C D E F G
11 0 0 0 0 -1
L=yt 1 0 0 -1 -1 O
11 -1 -1 0 0 O
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Developing the explicit form of Eq. (6.42) for this example, we find that it is

50,
d¢p
0 0 0 —Dg]|sec E,
0 =-bDp -Db., 0 || |=]|E,
D, 0 0 0 8¢ E,
3¢p
806

The procedure shown by this example can be generalized for any rigid-body
mechanical system. It always results in a set of linear equations of the form

D, Dy 0
D, Dy 0
D, Dy —Dc

Jsp = E. (6.45)

For a system with N L loops and # joint variables, the coefficient matrix J of this
set of equations has (6NL + NC) rows and n columns, where NC is the number
of constraint equations for the Euler-Rodrigues parameters of spheric and open
joints in the system. The coefficient matrix of Eq. (6.45) is called the Jacobian. The
determinant of this matrix was studied in depth by the Prussian mathematician, Carl
Gustav Jacob Jacobi (1804-51), and was presented in [4].

This Jacobian matrix is always of the same form as the loop matrix L found in
Chapter 2 for the same problem, except that each non-zero entry of L that had a
value of &1 is now replaced by a (6 x 1) screw coordinate vector of iﬁh in the
column of J corresponding to the joint variable for joint 4. The zero entries of
L are each replaced by columns of six zeroes. When a joint 4 has more than one
joint variable, then the corresponding screw vectors :I:Di for each joint variable are
entered into successive columns of J. The coefficients of the constraint equations
of the form of Egs. (6.43) and (6.44) relating the Euler-Rodrigues parameters of
each spheric and open joint are entered as NC additional rows of J using these
same columns. The column vector E is filled with the screw coordinate vectors of
Eq. (6.41) showing the errors in closure for each of the loops, with additional entries
from the right-hand sides of Egs. (6.43) and (6.44) for the NC additional constraint
equations. The unknowns of this set of equations (6.45) are the error corrections 8¢,
(or 8¢7) for the joint variables, taken in the same order as the columns of J.

If our application had been a robotic manipulator with body number e being
the end-effector, then let us suppose that T}, represents the desired posture of the
end-effector. In this case, an exactly parallel development leads to the following
equation in place of Eq. (6.40):

Y P(e.h)Dyd¢y, ~ TgT,' — 1 = E,, (6.46)
h=1
that gives
> P(e.h)Dysey, ~ E,, (6.47)
h=1

instead of Eq. (6.42) when put into screw coordinate form. This leads to a Jacobian
matrix that has either [6+NC] or [6(NL+1)+NC ] rows, depending on whether the
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manipulator also includes any closed loops. Otherwise, a manipulator is identical to
other mechanism or multibody applications.

Of course, we started this section by assuming that one or more of the joint
variables had intentionally been changed to a nearby position; those joint variable(s)
already have new values and do not need “corrections.” We may as well delete
these columns from J, and the corresponding “corrections” from the column of
unknowns. Although we will show a better procedure later, for now, let us consider
these eliminated.

If the J matrix is square and non-singular, then Eq. (6.45) can be solved directly
by matrix inversion

s¢p = JE.

More will be said later about problems in which J is either singular or is not square.

Once the ¢ error corrections are found, they are added to the previous values of
the joint variables according to Eq. (6.39) giving improved values for the dependent
joint variables. However, because our equations were linearized by dropping higher-
order terms of the Taylor series, these may still not be of sufficient accuracy. If not,
the process is repeated iteratively until the accuracy is acceptable.

To repeat the process means accepting the improved joint variables to replace
the previous values of ¢,, recomputing the joint matrices @, using these improved
values, finding new transformation matrices and products 77y, and derivative operator
matrices D, new coefficient and error matrices J and £, and then new corrections
3y,

With each iteration of this process, the values of the joint variables improve
to better fit the loop-closure constraints and the 7, matrix products more closely
approximate the identity matrix. Therefore, the £ matrix entries, showing errors
in loop-closure, become smaller and the corresponding Ei columns of values also
become smaller, leading to smaller error corrections 8¢,. Ultimately, when all E
matrix entries and §¢,, corrections become smaller than an agreed upon tolerance
value, the process is declared finished. Much more will be said on this iteration
process and its convergence in the sections to follow. However, after convergence,
the new updated values of all joint variables and all transformation matrices and
derivative operator matrices are in conformance with the loop-closure constraints at
the new posture of the system.

6.5.2 Avoiding Convergence to a False Solution

Once the iteration process of the previous section converges to the specified tolerance
level, are we assured that this numeric solution represents a valid posture for the
real mechanical system? Unfortunately, there are conditions when this may not be
the case. Let us look more closely at what our numeric procedure has and has not
assured.

We have continued to monitor and are assured that the column of constants £;
has become zero within our agreed tolerance. Comparing this with Egs. (6.42) and
(6.41) and remembering from section 6.4 that the bottom row of each D, matrix is
always zero assures us that all off-diagonal terms of each E; matrix have become zero
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in Eq. (6.40). Thus, remembering the orthogonality conditions of all transformation
matrices, we are assured for each loop that

+1 0 0 0
|0 +1 0 0
=L o 0 1 0

0 0 0 1

However, our iteration equation does nothing to ensure that the three diagonal
elements of the rotation submatrices have converged to positive unit values to match
the identity matrix.

We do know, in addition, from the properties of our transformations that the
determinant of each T{, matrix is always positive unity. However, it is still conceiv-
able that our iteration process could converge with a 7|y, matrix having two negative
unit values on its main diagonal. Geometrically, this would mean a rotation error of
180° in a loop about one of the major global axes without correction by our iteration
process. Worse yet, experience has proven that this can and sometimes #as happened
in practice, even for very simple systems moving through small displacements.

Fortunately, once this problem was discovered, a very simple correction was
found. The definition of Ei in Eq. (6.41) is, therefore, modified as follows:

E (1,4)

E (2,4)

E (3,4)

" E(3.3)+E(B.2)+E 22
EQ,1DH+E1,3)+E; @3,3)

| E, 2.2+ E QD+E(1,1) |

S
I
I
-
N
=
F’

(6.48)

This modification is equivalent to adding two of the diagonal terms to each
of the off-diagonal rotation terms in Eq. (6.40) before the screw coordinates are
extracted. However, because the D, matrices have zeroes on their diagonals, this
causes no changes in the D, values on the left side of the equation or in the D,
vectors or the J matrix. It only affects the E; matrices on the right side of Eq. (6.40).
This change in definition of El- has no effect on the convergence or accuracy of the
iteration process when converging toward a valid solution because the changes are
in the quadratic and higher-order terms of the Taylor series. The diagonal terms of
a helical transformation matrix are unity and cos# where, hopefully, 0 is a small
angle. However, the Taylor series of cos 6 for small angles has no first-order term.

However, with this modification, if the process comes even remotely close to
one of the false solutions, a very large correction is made that prevents convergence
toward such a solution. This heuristic modification has been tested in software, has
totally eliminated the problem, and has shown no further problems in over forty
years of extensive use.

6.5.3 Numeric Solution of the Loop-closure Equation

In section 6.5.1, Eq. (6.45) was solved by inversion of the J matrix of coefficients
on the temporary assumption that it was square and non-singular. This strategy was
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used to simplify the explanation and reduce confusion for the reader; however, it is
not the full story.

Let us now consider, for example, the simulation of a simple four-bar linkage
after the input crank angle has been set to a new position. We discover that there
are only three dependent joint variables for which §¢, corrections need be found.
Yet there are six equations. In that case, as for all planar linkages, the out-of-plane
components of the screw coordinate vectors are zeroes, thus leaving only three
nontrivial equations in the three unknowns. Similarly, if we consider a spherical
linkage, such as the universal shaft coupling of example 5.1, only the three rotational
components of the screw coordinates carry values and all translation equations are
null. Therefore, only three unknowns can be found per loop for planar or spherical
problems.

From these and many other situations with special geometry we can see that
there are not always six useful equations per loop. Often, some of the equations
become null or simple identities and cannot yield solutions for unknowns. The J
matrix may carry more rows than columns, yet still be meaningful. Still, it is not clear
at the time the software is being programmed which equations carry meaningful
information for a given problem, and which may be null or trivial identities.

Another circumstance that can lead to difficulty is when special geometric situ-
ations, such as parallelism or intersection of multiple joint axes, lead to some screw
coordinates that are linear combinations of others. Again, this gives a J matrix
that has no inverse, either because it is not square or because it is rank deficient.
The J matrix of Eq. (6.45) results from an algorithm that assures that it always has
(6 NL+NC) equations, but there is no guarantee that these equations are indepen-
dent and nontrivial. Similarly, there is no guarantee that there are (6 NL+NC') joint
variables that need corrections.

We can say with certainty that the (6 NL+NC) equations contained in J rep-
resent all of the kinematic constraints that must be enforced between the unknown
joint variables. There are no other kinematic constraints. No more than (6 NL+NC)
joint variables can be found from the constraint equations. However, this does not
assure that (6 NL+NC) joint variable corrections can always be found because some
equations may be either trivial or redundant or linearly dependent.

It is also possible that a mechanism or multibody problem can be posed wherein
the J matrix has more than (6 NL+NC ) unknown joint variables. This happens, for
example, in problems of higher mobility if less than the full number of generalized
coordinates are identified and given values by the user. In such a case, the additional
joint variables of the undiscovered degrees of freedom cannot be found from the
loop-closure constraints. The positions of those joint variables must be found in
some other way. They cannot be found from Egs. (6.45).

In the general case, therefore, the J matrix may not be square and also it may be
singular in the sense that it may have rank less than (6 NL+NC). How then are we
to solve Eq. (6.45) for its unknown joint variable corrections 8¢, if standard matrix
inversion software cannot be used?

Historically, the earliest solution to this dilemma in this application [12] was
put forward for the case where J has more rows than columns; that is, where there
are more equations than unknown joint variables. The argument was made that
because the process is iterative, the best r.m.s. (root-mean-squared) approximation
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to all (6NL+NC) equations could be accepted, and would then be corrected again,
if necessary, in later iterations. Therefore, Eq. (6.45) was approximated by

(J'J)s¢p = J'E,
and because the coefficient matrix was then square, the solution
sp = (J'J) "JE

was accepted. In general, this approach did give acceptable solutions for many
cases. However, later study showed that it sometimes converges more slowly to a
solution, thus requiring more iterations. Much worse, however, is the robustness of
this approach when the system moves into or near a posture of poor mechanical
advantage. Near such a posture, the determinant of J (if it is square) becomes small
and the determinant of (J'J) becomes quadratically smaller. Thus, the accuracy of
joint variable corrections becomes poor near such a posture and convergence to a
solution is sometimes in doubt.

Fortunately, a much more robust algorithm has been found [10] for the solu-
tion of Eq. (6.45). It is the Gauss-Jordan method of elimination, [6, Sec. 10.4],
named after German mathematician Carl Friedrich Gauss (1777-1855) and German
geodesist Wilhelm Jordan (1842-99), with a special variation of complete pivoting.
Other methods could be similarly adapted if the modified pivoting is tailored to fit.
Cholesky’s method or Crout’s method of lower-upper matrix factorization would be
good alternative choices. However, these have not been tested by these authors.

This algorithm starts by assuming that the joint variables are arranged such that
those representing known generalized coordinates ; carry the largest identification
labels and, therefore, are represented in the right-most columns of the J matrix.
Next the J matrix is filled with screw coordinate vectors as explained in section
6.5.1 and then augmented on the right by a [(6NL + NC) x (6NL + NC)] identity
matrix, where we wish to develop the “inverse” of J. Subdividing the columns of J
into those for the unknown joint variables and those associated with the specified
generalized coordinates, we have

[Jiid511]

Next, we proceed with the Gauss-Jordan elimination algorithm except for a small
but important variation. We seek the largest possible pivot element, but searching
only the J | submatrix. That is, we search only in those columns that do not represent
specified generalized coordinates. Finding the pivot element, we switch this row
to the top and switch this column to the left. Then we divide all elements of the
pivot row by that element, thus making the pivot element unity. Then, by adding or
subtracting correct multiples of that modified pivot row to each of the other rows
in succession, we zero all other elements in the pivot column, thus eliminating that
variable from all equations except the first.

We then identify the largest remaining pivot element, again searching only the
remaining portion of the modified J | submatrix. Switching that row and that column
to second, we also place it on the main diagonal. We then normalize that row and
eliminate that variable from all other equations by subtracting proper multiples from
each of the others. We continue in this same manner and the augmented J matrix
evolves as we do this.
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The Gauss-Jordan elimination operations are, of course, all valid matrix row
operations. Except for the reordering of rows and columns, these combined
operations are equivalent to pre-multiplying the original augmented J matrix as
follows

0
—————— :——“—“:““—_‘1“] (6.49)
0 JZZ_JﬂJll J]Z | J23_J21J11 J13 \_JZ]Jll 1

Here the different submatrices of the original augmented J matrix are shown sep-
arated by horizontal and vertical dashed lines. A second row of symbols has been
added to distinguish rows above and below the current pivot element; also, the orig-
inal J; columns have been separated into columns to the left (J;;) and to the right
(J;,) of the current pivot element.

Thus, as we continue with each new elimination step, we search out a new pivot
element in the lower submatrix containing [J,, — J,; Jl’]ljlz]; we then switch this
pivot element to the top-left of this submatrix by changing rows and columns. When
we eliminate multiples of this row from all other rows, we again reach the state
shown, except that the identity matrix at the top-left has increased in size by one,
and the size of the area to be searched for the next pivot has decreased by one row
and column.

As we continue, we finally reach a state where either (a) we eliminate all rows
of the original J matrix, or (b) the largest pivot element found in the ever-shrinking
[Jy — Iy I 1»] submatrix is either zero or essentially zero (less than a given toler-
ance). The tolerance used here may be set to the round-off tolerance of the computer
system used, but need not be smaller than the strictest dimensional tolerance of the
manufactured part dimensions.* When such a state is reached, the J matrix stored
in computer memory has, within this tolerance, reached the form

Notice that the entries in the rows below J ;' J|5 are also shown as zeroes. These
remainders should be checked by the software. If they are not small — that is, if
non-negligible size elements still remain in this area — it is a signal that the user has
set as a specified generalized coordinate the position of a joint variable that can (and
should) be determined from others. Such a situation should be treated as an error in
the user’s input data.

Once the modified Gauss-Jordan elimination process finishes, the form of the
original Eq. (6.45),

Js¢ =E,

* The IMP software uses a default tolerance of 10710 length units or radians.
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has been reduced to

_ - 59 - A
1 Jlll"]lz J111J13 _ Jlll 0 El
8¢, | = 1 A s (6.50)
0 0 0 —JyJy I||E,
Yol

where E, and E, refer to portions of the original £ vector, but shown subdivided to
fit the subdivision of the preceding matrix. 8¢, refers to the corrections just found.
8¢5 are “corrections” whose labels refer to the specified generalized coordinates /5
and because these are already set to “correct” positions, 8¢5 is now set to zero. §¢, is
a set of “corrections” for joint variables not yet converged, but that cannot be solved
from the loop-closure constraints. Lacking further information, these corrections are
also set to zero. Therefore, the set of equations becomes

8¢y J'E,
8¢, =] 0 |, (6.51)
8¢y 0

with the additional condition that the equations require
. p
Ey, = JyJy Ey.

This condition may not be satisfied exactly, particularly in early iterations. How-
ever, when the iteration process converges, both El and Ez approach zero and the
condition is satisfied automatically.

In applying Eq. (6.51) we must remember that multiple row and column changes
take place during the pivoting steps of the modified Gauss-Jordan algorithm. While
this is happening the original row and column identification labels must be tracked
so that when Eq. (6.51) is applied, the modified ordering of the original J column
numbers can be used to tell which joint variables are to be corrected by the rearranged
elements of ¢;.

The astute reader might legitimately ask why the J matrix was augmented with
a full identity matrix, rather than just augmenting J with the single column £ matrix.
Similarly, why were the columns of J; kept if we are to set §¢; = 0 at the end? The
answers to these questions will become clear in the next and later chapters where we
will see that the information found in these columns at the completion of the iteration
process is extremely useful and meaningful, and comes as a “free” by-product of the
process.

6.6 Identification of Generalized Coordinates

One of the most valuable by-products of the iterative solution process described in
section 6.5.3 is that it automatically discovers the mobility of our mechanical system
and selects a suitable choice of independent generalized coordinates.

As the modified Gauss-Jordan algorithm is applied to the inversion of the J
matrix of the loop-closure equation coefficients, the modified pivoting algorithm
avoids choosing any of the user-specified generalized coordinates and avoids allow-
ing them to be “corrected” by the constraint equations. However, having said this,
the pivoting algorithm does use the largest available coefficients in the remaining
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part of JJ, in the order found, to solve for other joint variables where possible. The
choice of the largest available elements of J for use as pivot elements assures the
best possible numeric accuracy and minimizes roundoff and truncation errors.

As pivot elements are chosen, the choices are made implicitly of which joint
variables are to be corrected; that is, which are to be the dependent joint variables
of the system. All joint variables that are solved from the Euler-Rodrigues or loop-
closure constraints become dependent variables and those that are not solvable in
this way must be independent variables; that is, they are additional generalized
coordinates.

The positions of the generalized coordinates, as we have just seen, are not solved
from the kinematic constraints — the loop-closure equations. Their positions must
be set by other factors. They may be independently set by the user, or they may
take on positions as a result of static and dynamic forces imposed on them. These
are subjects for later chapters. Either way, the joint variables in the group ¢, are
independent and are additional generalized coordinates ; not originally identified
by the user. This explains why we set their “corrections” §¢, to zero, thus leaving
them in their previously known positions.

It may seem arbitrary to choose generalized coordinates for our mechanical
system based on numeric convenience. However, it becomes clear in later chapters
that the choice of the largest pivot elements also selects those joint variables that
have the best mechanical advantage and are, in this sense, not only suitable, but
optimal choices for generalized coordinates.

We should also take careful note that the final decision on the mobility of
our mechanical system is a by-product of our iterative kinematic analysis, not a
declaration made by the user; thus, it is not subject to errors of human intuition or
judgment. The mobility of our mechanical system is

f=n—-rank(J). (6.52)

Also, the generalized coordinates for the system come in two groups. Some of
these (8¢5), which we call specified generalized coordinates (SGC), have positions
specified by the user. We give the symbol NS to the number of SGC joint variables.
Others (8¢,), which we call free generalized coordinates (FGC), numbering NF
joint variables, are discovered by the system during the previous iteration process.
Together they give f= NF + NS total generalized coordinates — the total mobility
of the system.

Note also that the number N F of free generalized coordinates, and the choice of
joint variables representing them, are discovered anew each time our system seeks a
new posture. There is no assurance either that the number NF or the choice of vari-
ables will be the same from one system posture to another. The choice of variables for
the FGCs may change as the system posture changes. As the system moves through
a “dead-center” or other special geometry, it is very possible that even the mobility
may change because a screw axis may become linearly dependent on others, and
there may result an additional (instantaneous) degree of freedom (an FGC) at such
a posture that did not exist at the previous posture and that may not exist at the next.
This is the nature of a dead-center posture. We must be watchful for this possibility
in later phases of the analysis where it can complicate our techniques. However, this
is the physical nature of such a system; such complications can not be avoided.
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6.7 Scaling Internal Length Units

So far in this text no mention has been made of units for the various physical
quantities. This is fitting because the laws of science must hold true in spite of the
choice of units used as long as the units chosen form a consistent set. Thus, there
has been no mention of whether distance units are to be measured in inches or
millimeters or feet or meters or even light years; it should not matter as long as we
are consistent for all distance measurements.

Yet experience shows that our choice of distance unit can have a major impact
on the convergence rate and numeric accuracy of the iterative solution of the loop-
closure equations. Perhaps this is most easily understood by considering the toler-
ance used in testing for convergence. Suppose, as an example, that an automotive
suspension system is being simulated and that, in view of manufacturing tolerances,
we hope to achieve solutions accurate to £0.050 mm. Length and distance data are
entered in millimeters and vary from quite small to perhaps 5000 mm. Thus, we
already see five orders of magnitude difference between what we consider “large”
and “small” distances for such a problem.

However, far more insidious, suppose that the same suspension problem con-
tains a rotating arm of length S00 mm. To what accuracy must we calculate the arm’s
orientation to ensure our required distance accuracy of +£0.050 mm? Remember
that angular quantities are always treated in radians in all higher-level programming
languages; the programmer has little choice. This implies an accuracy of approxi-
mately £0.000 1 radians for calculation of angular quantities; if the arm were longer,
the angular accuracy requirement would be even more stringent. Recalling that our
iterative solution of the loop-closure equations is used to solve for a combination
of both distance and angular unknowns among the elements of 3¢, what accuracy
should be chosen in testing for convergence?

We see that there can easily be about five orders of magnitude difference
between the magnitudes of distances and angular parameters even in a very reason-
able problem. Yet a typical digital computer with 32-bit accuracy in single-precision
calculations can only carry accuracy of about six significant figures. Does this mean
that we must, or even that we should, use double-precision calculations? No! The
real problem here is the difference in magnitude of distance and angular numeric
values and the fact that they mix together in the position equations. This is a problem
of scaling, and should be treated as such. It is the opinion of these authors that most
double-precision software is not required, but is the result of lack of care by the
analyst in problem formulation. Usually, in simulating problems of the mechanical
world, numeric ill-conditioning comes from poor problem formulation, not from the
laws of mechanics.

If, when all data are first entered, we seek out the maximum and minimum
values of all posture origins and point-position coordinate data in the problem, we
can discover the limiting dimensions of the rectangular volume in which the problem
is defined. Suppose that we take the diagonal distance across this volume and define
this distance to be one internal length unit. Then, using this distance as a scale factor,
all distance units for other data can be scaled to this distance as an internal unit of
length. This ensures that all distance values in the numeric model are less than unity,
as are typical angular values that are always in radians. All numeric values are now of
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the same general magnitude. On a 32-bit computer, all calculations are now carried
out to precision of about six significant figures of meaningful accuracy with respect
to each other. When results are printed, the internal distance units are converted
back to the user’s preferred units by inverse use of the same scale factor. J. Angeles
presents an extensive review [1] of many authors’ attempts to find a “characteristic
length,” and then he proves that such a length is not possible for the general case
because it must approach zero. He concludes that a problem-dependent engineering
definition must be used instead.

With this scaling procedure in place, experience shows that position solutions
can be iterated to an accuracy tolerance of about £0.000 01 internal units with only
a few iterations for a typical problem. For our suspension example, this is equivalent
to accuracy of approximately +0.000 57° for angular values and +0.050 mm for
distances. With this scaling procedure, the accuracy is suited to the problem at hand
without the penalties on speed and memory caused by double-precision calculations.

6.8 Quality Index

In section 6.6 we discussed how the mobility of a particular problem may change if
the system reaches a posture where some of its screw coordinates become linearly
dependent on others. We noted that a new FGC may appear as we pass through such
a posture, and then disappear again once the dependency no longer exists. Such phe-
nomena do happen in real mechanism and multibody equipment simulation. Such a
posture might be called a “dead-center” posture in one application. In another, the
problem might be said to have a poor “pressure angle.” In another, we may have
reached the “end of stroke,” and cannot move the input any further. In yet another,
we may say that the system has reached a “toggle” posture. In many different appli-
cations we may hear that a machine has either good or poor mechanical advantage.
We are not yet ready to give a precise definition to the term mechanical advantage;
this must wait for our study of force analysis. Even now, however, we can define a
general measure of how well a system is likely to serve its intended purpose.

Reviewing the Gauss-Jordan elimination method of section 6.5.3, we see that as
each pivot element is identified, these can be multiplied together and, at completion,
this product gives the determinant of the J;; portion of the Jacobian, the submatrix
that is actually inverted. We define the absolute value of this determinant as @,
which we call the quality index of the mechanical system being simulated:

Q = |det(J;y)l. (6.53)

As the name implies, this value is a general indicator of how well a system is
suited to performing its function. Its definition allows the quality index to be found
for any kinematic system at a chosen posture with a chosen set of input variables, and
it describes a qualitative measure of performance similar to many of the application-
specific terms previously named (dead-center, pressure angle, toggle, etc.).

As a system moves from one posture to another, the quality index changes. When
its value is high, that is good; when it becomes small, that is an indication that the
system is approaching a special geometry (singularity) posture where the mobility
(N F) may change. By itself, the value of the quality index ¢ means nothing, and
it depends very much on scaling. However, if this value is monitored as the system
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moves, it is a good indicator of increasing or decreasing functionality of the system
for the task simulated. Note that the quality index has units of internal length units
to a power that depends on the number of distance pivot-elements selected in J;;.
Experience shows, however, that its value is far more stable from one problem to
another than without scaling, and, perhaps in the future, an acceptable range of
values may be found.

We will see in coming chapters that calculation of any derivatives for our
mechanical system is done by inverting the same Jacobian matrix. When its deter-
minant becomes small, this implies that all derivative equations become nearly ill-
conditioned. When the quality index becomes small, all derivatives of the system
become doubtful together. Thus, all aspects of the system’s performance (veloc-
ity ratios, force transmission, influence of friction, positioning accuracy, effects of
manufacturing tolerances, etc.) deteriorate. When one of these degenerates, they all
decay together. This is the meaning of a dramatically decreasing value of the quality
index.

6.9 Convergence and Robustness

The iteration procedure described in this chapter was first proposed in 1963 in
[12] by the first author of this text, and it has been discussed in depth by many
for a wide variety of mechanical systems. That author has been party to many
discussions and inquiries, and has supported the use of this algorithm in commercial
software since 1970; he has shared the experiences of literally hundreds of real-world
applications. Still, there is little agreement on the merits and disadvantages of the
approach. In fact, there is so much disinformation based on opinions of those with
no first-hand experience that this issue has become one motivation for this text. The
primary concerns of critics are on issues of computational speed, rate of convergence,
robustness of the algorithm, and on the size of the largest displacement for which it
will converge.

The first of these questions, that of computational speed and rate of conver-
gence, is often raised by a critic who assumes that any “iterative” technique must
take a “large number” of iterations to converge to an acceptable precision and
will therefore be slow and impractical. That criticism simply does not apply in this
case. Numerical analysis texts show that the Newton-Raphson iteration technique,
which is the technique used here, has quadratic convergence and is often the method
of choice for solution of nonlinear equations in multiple variables because of its
rapid convergence [11, pp.100-02]. This root-finding procedure was first published
by Joseph Raphson (1648-1715) in [9]. However, historians have shown that he had
become aware of private notes of Sir Isaac Newton (1643-1727) that were written in
1671, but were not published until almost fifty years later as part of [7].

The original publication on the application of this method to mechanisms [12]
reports an example set of calculations for a single-loop 3-D linkage with six depen-
dent joint variables. The rate of convergence, taken from that example, is shown in
Table 6.1.

The convergence rate shown by this example is not a fluke; it is typical of the
authors’ fifty years of experience, even for problems with many loops and many more
unknown variables. The first iteration usually corrects all variables so that errors are
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Table 6.1 Convergence rate for an iteration process example

Joint\Iteration 1 2 3 4

2 (deg) —-5.1500 —0.163 0.000 596  0.000 001 6
3 (in) 0.0012 —0.112 0.000 740  0.000 000 1
4 (deg) 0.302 0 0255 —0.000569  0.000 000 5
5 (in) —0.863 3 0.170  —0.000 748  0.000 000 2
6 (deg) —-5.5600 —0.236 0.000 537  0.000 000 1
7 (in) -0.0615 —0.151 0.000 796  0.000 000 1

all of the same general order-of-magnitude. Later iterations improve the accuracy
of all variables simultaneously at a rate of two or three orders-of-magnitude with
each iteration. Typical problems require three or four or (rarely) five iterations to
converge to accuracy close enough for all engineering applications.

Experience shows that a problem never iterates more than six times and still
reaches a solution. Either it converges in fewer iterations or it fails to converge at all.
If it fails to converge, then either (a) it reaches the limit of the computer’s accuracy
without achieving the requested tolerance (which is probably unnecessarily small),
or (b) it diverges quickly and dramatically, giving huge correction terms that become
larger rather than smaller with each iteration.

The first difficulty — decreasing size corrections that do not reach the requested
tolerance — indicates that the requested tolerance limit is too strict for the accuracy
of the computer. The only known choices under these conditions are to relax the
requested tolerance, or to change the software to use double-precision calculations.

The second problem — divergence of the iteration process — indicates that (a) the
posture sought cannot be reached, perhaps because it is past the limit of travel that
the input can physically achieve, or that (b) the new posture is not “nearby” to the
posture from which the iteration process was started, thus defying the assumption
of our Taylor series expansion. When this is the case, an intermediate posture can
be chosen and two (or more) increments can usually be used with success.

This, of course, raises the question of how close is “nearby.” How large a change
in posture can be found with success? How near to the requested posture is required
for the estimates to assure convergence? This question is not easy to answer with a
simply applied criterion.

Once a problem is modeled at some initial posture, it is probably unwise to try
to turn an input crank by 180° or more in a single step; however, it is surprising how
often this may be successful. It is the authors’ experience that it is much more likely
that a solution will be found than that the iteration process will diverge. However,
when a large displacement is taken in a single step, it is also possible that a valid
numeric solution may be found, but not necessarily the solution the user expected or
intended. We must remember that multiple real solutions may exist for the nonlinear
loop-closure equations. There may be more than one configuration in which the same
multibody system can be arranged for the requested input values. However, even if
the process converges to one of these alternate solutions, this does not assure that
the real system can move continuously from one solution to the other. If the iteration
process were to converge to an alternate configuration, then it may be necessary to
disassemble the physical system and reassemble it to reach the later posture. This
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other closure may be a clearly valid solution to the loop-closure equations, but not
one that the user expected or intended.

Fortunately, the iteration process, as presented, does not switch from one closure
to another as long as the new posture is in the neighborhood of the starting posture.
This still does not answer the question, however, of “how close is nearby?” The
author has no comprehensive answer for this. It is amazingly “far” when the system
is in a “nice” posture with a good-sized value for the quality index. However, as the
quality index decreases, it is wise to reduce to smaller displacement increments if
simulated motion is to continue.

Probably the most comforting advice the authors can offer from experience
is that if a real system — one that functions well in the physical world — is being
simulated, then the increment at which the user wishes to see the results reported —
that is, the step size for printing or graphing results — will not cause a problem. This
is not very scientific, but it is an honest report of many years of experience.

The most extensive study of convergence and robustness of this iteration process
was done in 1993 by Olsen in his study [8] of its applicability to the control of a six
degree of freedom serial manipulator. His purpose was to test the validity of the
following premise [3], expressed in different ways in various texts on robotics:

We will split all proposed manipulator solution strategies into two broad classes: closed-
form solutions and numerical solutions. Because of their iterative nature, numerical
solutions generally are much slower than the corresponding closed-form solution; in fact,
so much so that for most uses, we are not interested in the numerical approach to solution
of kinematics.

Olsen’s work was done specifically on a Cincinnati-Milacron model T3-726 robotic
manipulator; however, he used Denavit-Hartenberg parameters with the iterative
solution explained here so that his software would fit any serial, mobility-six robotic
arm without reprogramming, solely by changing data.

His tests were done by starting from a variety of postures, scattered throughout
the robot workspace, and giving commands to move to other specified postures,
also chosen haphazardly. In each case, he recorded the accuracy with which the
commanded displacement was achieved after one, then two, then three iterations.
Finally, he plotted the resulting displacement accuracy versus the requested displace-
ment distance after each iteration of the algorithm. The results of these experiments
are shown in the log-log plot of Figure 6.1.

The figure shows the expected scatter that comes from experimental work.
It also shows scatter coming from differences in the quality index (conditioning
of the equations) in different parts of the workspace. However, it shows amazing
consistency in spite of very large differences in the displacement distances requested.

Figure 6.2, also taken from Olsen, shows the same information as Figure 6.1,
but with the data curve fit to reduce scatter and make the graph easier to inter-
pret. The three shaded boundaries show limitations stemming from the application
itself. The vertical shaded boundary on the right shows the full reach of the robot
workspace. The robot physically cannot move to the right of this boundary. The
horizontal shaded boundary near the bottom of the figure shows the smallest errors
distinguishable by the sensors of the robot. This boundary represents a positioning
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Figure 6.1. Displacement error versus point-to-point displacement distance for different algo-
rithm iterations (copied from Olsen [8]).

accuracy limit of the robot actuators. The third (slanted) boundary shows an accu-
racy limit that comes from the design of the controller on that robot and the fact
that it interpolates instructions in joint coordinates rather than in Cartesian coordi-
nates. This boundary was established experimentally and the solid boundary shows
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Figure 6.2. Displacement error versus point-to-point displacement distance for different algo-
rithm iterations with application limits (copied from Olsen [8]).
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the best-case data; the dashed line represents the worst-case data for this type of
error. Overall, these boundaries set some limits on what accuracy can reasonably be
expected or is meaningful for this application.

Opverall, the conclusion strongly suggested by Figure 6.2 is that even though the
algorithm is iterative, the application limitations are such that it seldom, if ever,
makes sense to iterate! When we consider the context in which the algorithm is
expected to be used, we don’t need (or even want) an algorithm that takes 30-inch
displacement increments. In analysis applications, we usually want results printed or
plotted at much smaller intervals. In a control system, the controller and its algorithm
usually requires much smaller increments. Thus, in general, our “iterative” algorithm
will usually not need to iterate to achieve an appropriate accuracy for the situation.

Olsen also addresses the question of computational speed, and whether this
provides a real limitation on the use of the numeric solution algorithm. He quotes
[3] as follows:

In many path control schemes. . . it is necessary to calculate the inverse kinematics of a
manipulator at fairly high rates, for example 30 Hz or faster. Therefore, computational
efficiency is an issue. These speed requirements rule out the use of numerical solution
techniques which are iterative in nature, and for this reason, we have not considered
them here.

Using this figure of 30 Hz as a guide, Olsen timed his own (iterative) software
running on different microprocessors of that time (1993) with different clock speeds.
Using a computer based on the Intel 386 microprocessor chip with a clock speed
of 20 MHz, his algorithm ran at 67 Hz for a single iteration per posture, or 34 Hz
when two iterations per posture were used. Using the same code on a computer
with an Intel 486 chip and a clock speed of 66 MHz, these rates became 620 Hz for
a single iteration per posture, and 310 Hz for two iterations per posture. We note
that these tests were done on computer chips of the early 1990s and all were faster
than the rate cited in [3] at that time; some were more than an order of magnitude
faster.

Although Olsen’s experiments and conclusions are all based on a particular
application — the control of a specific manipulator through the performance of a
chosen task — his arguments and his conclusions are applicable to an amazing range
of problems. Critics of the iterative approach to kinematic analysis have claimed
for many years that such a method suffers from problems in convergence and is
too inefficient for effective engineering use. Yet criticisms always come from those
who have no first-hand experience and no counter-examples are offered with data
comparable to Olsen’s study. Software operating on desktop microprocessor systems
today show that iteration can be a very effective method, and operates far faster than
the analyst can read or digest results.
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PROBLEMS

6.1 Continue from the results of problems 4.4 and 5.3 to find the following:

a) Form the Q, derivative operator matrix for each joint.

b) Form the D, derivative operator matrix for each joint as a function of .
6.2 Continue from the results of problem 6.1 as follows:

a) Form the Jacobian matrix J as a function of .

b) Rearrange the rows and columns of the Jacobian matrix J and identify J;;

and J,.
¢) Find the determinant and inverse of J,;.

6.3 Prove Eq. (6.3) for the small displacement of the inverse transformation matrix
as shown in section 6.2.

6.4 Continue from the results of problems 4.5 and 5.5 to find the following:

a) Form the Q,, derivative operator matrix for each joint.
b) Form the D, derivative operator matrix for each joint as a function of .

6.5 Continue from the results of problem 6.4 as follows:

a) Form the Jacobian matrix J as a function of .

b) Rearrange the rows and columns of the Jacobian matrix J and identity J,;
and J,,.

¢) Find the determinant and inverse of J;.

6.6 For the Stanford manipulator of example 5.6, derive the Jacobian matrix relating
differential joint displacements to the differential displacement of an end-effector
coordinate system attached at the wrist center point.



n Velocity Analysis

7.1 Introduction

In Chapter 3 we defined the words position and posture as the terms that tell “where”
an item is. Depending on the “item,” we find it convenient to use a Cartesian
coordinate system as a global reference and we choose homogeneous coordinates
to define the position of a point. We use the (4 x 4) transformation matrix 7, to
represent the posture of a rigid body, and we refer to “posture” to emphasize that
we include both the orientation of the body as well as the location of a reference
point. The posture of a mechanism or multibody system can usually be described
by a vector of generalized coordinates iy equal in number to the mobility of the
system. However, because it is sometimes possible that a system can be assembled
in more than one way for identical values of the generalized coordinates, we choose
to represent the posture of a system by the vector ¢ that explicitly includes all of the
joint variables.

In Chapter 3 we defined the term displacement as the change in position or
posture of a point, a joint variable, a rigid body, or a system. Then, in Chapter 6, we
showed how the concept of differential displacement leads naturally to the derivative
of position or posture. We defined the very powerful derivative operator matrices,
Q, and D,, to make the process of numeric differentiation both easy and precise.
However, a quick review shows that derivatives are taken first with respect to a
changing joint variable value because these are the variables on which the joint
transformation matrices explicitly depend. Little is said about the fact that, in most
mechanisms or multibody systems, many joint variables change simultaneously.

Because we wish to study motion, perhaps we should now identify what is meant
by the word motion. A motion is not just any haphazard set of positions or postures.
In a mechanical system, a motion is a systematic or orderly sequence of positions or
postures of a point, joint, body, or system that results in accordance with the laws of
mechanics.

From the beginning we have recognized the simultaneous change of many vari-
ables and we carefully identify the mobility f of our system as its number of indepen-
dent degrees of freedom. We even choose a particular subset of the n joint variables
¢, the generalized coordinates i, which we agree are to represent the independent
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variables. Still, we say little about the ordering or about the relative sizes of changes
in these generalized coordinates.

Ultimately, we must also ask where time enters into our problem or, for that
matter, what is the definition and meaning of time? This is a deep question that
has challenged philosophers throughout history. However, for the purposes of this
text, we say that time is defined by the symbol ¢ and it is the ultimate independent
variable by which the order of events in nature is enumerated. It is a continuous
scalar variable that is always positive and that increases as events occur. Time is
physically measured by a clock and, in multibody and mechanical system dynamics,
is usually measured in units of seconds.

7.2 Definition of Velocity

The term velocity is defined as the time rate of change of position or posture. Just as
the positions or postures of different items have different sets of coordinates, so too
do their velocities.

The velocity of a point, for example, is the time rate of change of its position.
Because we find it convenient to use homogeneous coordinates to express the posi-
tion of a point, we define the absolute velocity of a point by taking the time derivative
of Eq. (5.9)

[ dR*
dt
dR
R=I_\ a ], (7.1)
dR%
dt
0

where R*, R”, R% are the point’s global Cartesian coordinates.
The velocity of body b is given by

_ 4oy 72
0b dt ( )

which may require the time derivative of its Ball vectors or screw coordinates. More
will be said about this shortly.

The (relative) velocities of joint variables are found from the time derivative of
Eq. (5.2)

¢

. é,
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where the velocities within any individual joint are given by the time derivatives of
the individual variables of the joint:

P
(152

b=l =] | AL (7.4)
&'

The velocity of the total system is fully defined by its vector of generalized
velocities that are the time derivatives of the vector of generalized coordinates.
Taking the time derivative of Eq. (5.1) we find

{
v

oy |V

V== | (7.5)
vy

It is true that ¢ of Eq. (7.3) also fully defines the velocity of the system, and may
better fit as the system velocity definition because we chose ¢ to represent the system
position. This is not necessary, however, because there is no ambiguity in velocity
for a chosen closure. We will have need for both ¥ and ¢.

Once the independent motions are known, the motions of the dependent joint
variables are dictated by the motions of the generalized coordinates. They are explicit
functions of the generalized coordinates

¢ =9W), (7.6)

and through these, they become implicit functions of time. Similarly, the motions
of bodies and points are explicit functions of the generalized coordinates and only
implicitly, through them, become functions of time. It is important to understand
this hierarchy as we proceed.

Of course, for each of these velocity quantities we will need a good operational
strategy for numerically finding the indicated derivatives. These methods, which first
appeared in [1], are the subject of this chapter. Before going into detail, however,
we should recognize that, ultimately, time is the underlying independent variable for
all. The f generalized coordinates, both the NS specified generalized coordinates
and the NF free generalized coordinates, are explicit functions of time:

V=90 (7.7)

The SGC motions are directly specified by the analyst, and the FGC motions
are found by the laws of mathematics and mechanics, but all are explicit functions of
time. Finding the FGC motions becomes the primary objective of Chapters 12, 13,
14, and 16.
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7.3 First Geometric Derivatives of Joint Variables

Thinking of this hierarchy of dependency, let us first find derivatives of the joint vari-
ables with respect to the generalized coordinates, on which they depend explicitly.
We call these first geometric derivatives, and we use a prime notation with subscripts
as the symbolism. For a joint that has more than a single joint variable, a superscript
may also be required:

) EY) h=1,2,...,n,
=75, (7:8)
o, j=1,2,....f
How will we find these first geometric derivatives? Well, if we differentiate
the kinematic loop-closure equations with respect to generalized coordinate y;, we
recognize that the loops depend directly on the joint variables and we write

n

9709 Ty ;
_— = —d) .:0, ]:1,2,...,f.
0Y; ; o, "

Next, from Eq. (6.16), we utilize the D,, derivative operator matrices to get

Z":L(.h)Dd)/ ;g =LZNL
L WPhjtoo =Y, |
— ! i=12....f

In the case of a multi-variable joint 4, multiple terms and superscripts are
required. If joint 4 is a spheric joint, for example, then

D¢, ; = Dydi ; + Didic; + Doy, + Dyl .

Now we recognize that T, = [ and we eliminate redundancy by replacing each
(4 x 4) D, matrix by its equivalent (6 x 1) vector of screw coordinates

ZH:L(' h)D 0 i=1,2,...,NL, (79)
L h¢;1,'= o .
— ! i=12....1

with an additional constraint equation of the form

20085 + 2000 + 2000+ 200k =0, j=1,2,....f,  (7.10)

for each spheric joint in the system, and another of the form

2005t 2500+ 20508+ 20000 =0, j=12,....f, (7.11)

for each open joint in the system — a total of NC constraint equations, which come
from taking derivatives of Egs. (4.17) and (4.24) with respect to generalized coordi-
nate i

Because these equations are of the same form as Egs. (6.42), (6.43), and (6.44),
we can now write, similar to the form of Eq. (6.45), that

J¢ =0, (7.12)

where J is the same [(6 NL + NC) x n]Jacobian matrix that resulted at convergence
of the numeric iteration process of section 6.5, and ¢’ is the (n x f) matrix of first
geometric derivatives ¢, ; defined in Eq. (7.8).



7.3 First Geometric Derivatives of Joint Variables

Reviewing the numeric iteration process of section 6.5.3, we recall that the
modified pivoting scheme used there has reordered the joint variables so that all
dependent joint variables are numbered first, followed by the FGC variables, and
finally by the SGC variables. Recognizing that both the FGC and the SGC vari-
ables have been accepted as the generalized coordinates y/, we see that they are
independent of each other by definition. Therefore, the ¢’ matrix must be of the
form

[0 00 09 T

Yy v, oV

9, 3 0D

o, Y, oy,

g 3ny o g | T

=1 oy, Y, I, :[1] (7.13)

1 0 0

0 1 0

0 0o .- 1]

where ¢, is an [(n—f) x f] submatrix of the dependent first geometric derivative
values.

Once we recognize this form for ¢’, we return to Eq. (7.12) and subdivide the
Jacobian into compatible size submatrices:

B
[Jdep } Jind] |:_%P_j| =0.

However, remembering Eq. (6.50), we see that this is the same subdivision
that resulted from the modified Gauss-Jordan elimination process of section 6.5.3.
Reverting to the notation of Eq. (6.50), we have

I } Jp Ji3 ¢Ziep —0
I } Iy Iy _;_ S

and, after the elimination process is complete, these equations are reduced to the

form
1 } Jl_ll JIZ Jl_ll JIS ¢Ziep —0
0 } 0 0 a ; T

which has for its solution
Sy =~ [I0' T2 Iy s (7.14)

Thus, we see that there is absolutely no calculation left to be done. Once the
numeric iteration process of section 6.5 has converged to a solution, the ¢, matrix

187



188

Velocity Analysis

of first geometric derivatives of Eq. (7.13) can be copied directly from the top-
right corner of the Gauss-Jordan row-reduced form of the J matrix, requiring only
negation and augmentation by an (f x f) identity matrix. This is a very useful and
“free” by-product of our numeric iteration process.

These first geometric derivatives are not velocities, even though they are some-
times referred to in this manner. They are rates of change of the dependent joint
variables with respect to changes of the generalized coordinates. Time is not included
in them and they typically have units such as radians per radian. They represent
totally geometric information and are functions of ¢ alone. They are very impor-
tant, however, and arise frequently in our coming work.

EXAMPLE 7.1 Toillustrate the process, let us continue the analysis of the Cardan/
Hooke universal joint started in example 5.1. From that example, we have
already found solutions for the positions of all joint variables and the trans-
formation matrices of the various bodies. From those, we find the derivative
operator matrices for each of the joints. Entries are converted to functions of
the generalized coordinate ¥ alone by use of the position solutions. After a bit
of algebra, these are

00 0 0
0 0 -1 0
DA _— 9
0 1 0 —h
00 0 0
B cosy —cosBsiny —hcosy
0
V1 —=sin2gsin2y /1 —sin28sin2y /1 —sin28sin2ys
—CosV_ 0 0 0
Dy = V1 —sin28sin%y ,
cosgsiny 0 0 0
/1 —sin28sin2y
L 0 0 0 0 |
0 cosgsiny cosy —hcosgsiny
D —cosgsiny 0 —singsiny 0
c —Cos Y singsiny 0 —hsinBsiny
0 0 0 0

0 —sing 0 hsing
sinB 0 —cos B 0

0 cospf 0 —hcosp

0 0 0 0
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Next, we formulate the terms of Eq. (7.12):

o —hcosy _hcosgsiny | hsing |
0 0 0 0
o | 1
—h 0 —hsinBsiny | —hcosp ,
; L | ¢B,] _0
=1 4 0 sinpsiny | cosp ¢ci |
| -
0 —cosBsiny cosy | 0 ®p1
0 —cosy —cosgBsiny ! sing
L V1 = sin2gsin2y | .

Recognizing that the first and third rows of coefficients are simply 4 multiples
of the sixth and negative fourth rows, respectively, and that because ¥, = ¢,
we have ¢}, | = 1. Therefore, the first three equations are equivalent to the lower

[ /21 | J22 Ja3] portion of the Jacobian and can be dropped. Those remaining
can be rearranged into the form

1 0 singsiny
—cosfgsiny cos 41 —cosf
V1 —sin28sin2y Ppq | = 0
—cosyr bc1 —sinp

0

\/W —cosgsiny
The resulting solution for the first geometric derivatives is
r —cosf 7
1 —sin2gsin2y
¢;4,1 singcosyr
1| _| JT-sinpsin’y
?Ci sinBcos Bsiny
Pp.a 1 —sin2Bsin2y

1

It can also be noted that the quality index, from Eq. (6.53), is

Q = |det(J};)| = V1 —sin?2Bsin?y,

and that its value remains in the range (Jcos 8| < @ < 1.00). Because the
denominators of these geometric derivatives are either @ or @2, there should
be no difficulty in the operation of the device or in the numeric evaluation of
these geometric derivatives for reasonable values of §.

7.4 Velocities of Joint Variables

The (relative) velocities of the joint variables, as shown by Eq. (7.3), can be found
in any of three ways. If we wish to do hand calculations, the expressions found for
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the positions of the joint variables can be directly differentiated analytically. This
approach, however, is highly susceptible to human error and is not easily adapted to
computer solution. The second approach is to differentiate the loop-closure equa-
tions with respect to time, as we will see later. The third approach is to take advantage
of the first geometric derivatives. Remembering the hierarchy of dependencies, we
write

. _do ag, d
¢h=d_[h:Zawh dl Z¢h1 I’ h=1,2,...,n, (7.15)

which can be written in matrix form as
b=y (7.16)

Here we see that all dependent joint velocities vary linearly with the generalized
velocities. They are nonlinear functions of ¥, however, through the first geometric
derivatives.

As previously mentioned, we can differentiate the loop-closure equations with
respect to time. From Eq. (6.16) we get

n
> LG, h)Dy Ty, =0, i=12,....NL,
h=1

where, again, in the case of a multi-variable joint /2, multiple terms and superscripts
are required. If joint 4 is a spheric joint, for example, then

D¢, = D}, + Dj,¢j + D;$j, + Diy,-

After recognizing that T, = I, we eliminate redundancy by replacing each D,
matrix by its equivalent (6 x 1) vector of screw coordinates

> LG.h)Dy¢, =0, i=12,....NL, (7.17)
h=1

with an additional constraint equation of the form
2065 + 20407 + 2055 + 20, = 0
for each spheric joint, and another of the form
2635 + 2003 + 286) + 255, = 0,
for each open joint in the system, thereby creating a total of NC constraint equations,
which come from taking derivatives of Eqgs. (4.17) and (4.24) with respect to time.

Then, just as with first geometric derivatives in Eq. (7.12), like Eq. (6.42), we see
that

J¢p =0. (7.18)

Recognizing that the highest numbered f of these joint variable velocities are
the generalized coordinate velocities, these equations can be written as
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and can then be solved as was Eq. (7.12):
ap == [T T2 T TV = GV (7.19)
However, this is identical with Eq. (7.16) and shows no new advantages.

EXAMPLE 7.2 Let us continue the analysis of the Cardan/Hooke universal joint
of example 7.1. If the input shaft is driven at a rate of ¢, = v/, then let us find
the velocities of the other joint variables. These are given directly by Eq. (7.16)
and the first geometric derivatives found in example 7.1:

—cospf

. 1-— sinzﬂsinzww
q?A sinfcosyr
o= | =| Vi-sin?psin’y
bc singcosgsiny
op 1 — sin2BsinZy
i v i

7.5 First Geometric Derivatives of Body Postures

As with joint variables, before we find the time derivative of the posture of a body,
it is wise to consider the hierarchy of dependencies involved. We recall that the
posture of body number b with respect to ground is described by its transformation
matrix 7;,. Because this is made up of a series of products of shape matrices S;; and
joint matrices @,(¢,,), the only variables in the 7, matrix are the joint matrices @,,,
which are functions of the joint variables ¢,. These joint variables are functions of
the generalized coordinates lﬂj that, in turn, are functions of time, ¢.
Therefore, let us take derivatives with respect to each level of the hierarchy in
turn. From Eq. (6.16), we have
3Ty, — P, D, T, b=1,2,...,¢,
8¢h =1,2,...,n.
Next, let us find the derivative of T, with respect to a generalized coordinate
;. Because there may be several joints on the path from ground to body ,

dTy, ~— 0Ty 3¢, b=1,2,....¢,
;= o, 00 =12, f.
However, in view of the previous equation and Eq. (7.8), this becomes
CY b=1,2,...,¢,

=Y P, W) DTy} » .
oy, ; PO j=12, L

where, in the case of a multi-variable joint /4, multiple terms and superscripts are
required. If joint 4 is a spheric joint, for example, then

D). ;= Dyoi i+ Digi + Didyy ; + Didly .
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This particular form arises so often in coming developments that we find it
convenient to define another symbol as follows:

W, iP(b WDy . DT lEent (7.20)
bj = ) WPhjr . .
! p Toj=12,..,
so that the previous equation reduces to
aTOb b=1,2, "g’
by, =2 (720

Studying the form of Eq. (7.20), we see that it is a weighted sum of D, operator
matrices, weighted by the relative rates of change of each joint variable along the
path from ground to body b with respect to the change of generalized coordinate ;.
One immediate conclusion is that, because P(b, h) and qb;L jare both scalar factors,
the screw coordinate pattern of the Q,, and D), matrices is also preserved in the W, ;
operator matrices.

The six independent elements of W), ; define the instantaneous helical motion of
body b with respect to a change of one generalized coordinate, ¥ ;. Note that the six
elements can be interpreted geometrically as an instantaneous screw axis, uniquely
oriented and located in the global coordinate system as discussed in section 6.4, and
scaled in size to show the rate of the helical movement of body b with respect to a
change in generalized coordinate ;.

Note how, in Eq. (7.20), W, ; is found by summing the contributions of the
relative rates of change of the joint variables along the path from ground to body b.
However, once these are summed, we have the rate of change of the posture of body
b with respect to ground. Note also that Eq. (7.21) answers our earlier question of
how the motions of several joint variables that change simultaneously combine to
fully describe the motion of a particular body.

EXAMPLE 7.3 Let us now continue the analysis of the Cardan/Hooke universal
joint of example 5.1 and example 7.1, and find the geometric derivative operator
matrices W, ; for each of its bodies.

From Example 7.1 we have

0 0 0 0
00 -1 0
D,=
AT10 1 0 —h|’
00 0 O
B 0 cosyr —cospBsiny —hcosy 7]
V1—sin2gsin2y /1—sin2gsin2y \/1—sin2gsin2y
—Ccosyr 0 0 0
Dy= | v 1-=sin?Bsin?y ,
cosgsiny 0 0 0
V1—sinZBsin2yr
i 0 0 0 0 i
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0 cospBsiny cosyr —hcosgBsiny
D.— —cosgsiny 0 —singsiny 0
€7 | —cosy sinBsiny 0 —hsinBsiny
0 0 0 0
0 —sinp 0 hsing
D — sing 0 —cosg 0
D=1 0 cosp 0 —hcosB |’
0 0 0 0
and
B —cospf .
/ 1 —sin2Bsin2y
zf"l sinBcos
qf'l =| /1 —sin28sin2y
_/C’i singcosgsiny
$p.1 1 —sin2gsin2y
- 1 —
With these, we use Eq. (7.20) to find
[0 0 0 0 ]
cosp
0 0 - 0
1 — sin2Bsin2y
Wl,l = DA(pA,l = —COS,B 0 hCOSﬂ ’
1 —sin2B8sin2y 1 —sin28sinZy
0 0 0 0 |

Wy =W+ Dpop,

0 sinfcos?y  —sinfcospsiny cosy —hsinpcos?y ]
1 —sin2Bsin2yr 1 —sin2Bsin2yr 1 —sin2BsinZy
—sin B cos?yr 0 cosp 0
= 1 —sin28sin2ys 1 —sin28sin2yr ,
—sin g cos Bsiny cosy —cosp 0 hcosp
1 —sin28sinZy 1 —sin2gsin2yr 1 —sin2gsin2yr
L 0 0 0 0 ]
0 sing 0 —hsing
, —sing 0 cosp 0
W - W D = ,
31 21+ Detey 0 —cosp 0  hcosp
0 0 0 0

Wy =Ws; +Dpép, =0.

Note that W, ; becoming zero confirms that no point of the frame, body 4,

moves when the input shaft is rotated.
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7.6 Velocities of Bodies

In Eq. (7.2) we defined the velocity of a body with respect to the global reference
frame to be the time derivative of its transformation matrix:

=—=, b=12,..., ¢
0b dr
From Eq. (6.16), we have
0T, (p) b=12....¢
“og, L OMPTR@) o
Therefore, employing chain-rule differentiation, we write
— 3Ty, dep,
0 = Z EYSrT
n
=Y P, WD, Ty, b=1.2,....L
h=1

Following the lead of the previous section, we now define yet another derivative
operator matrix

w, =Y P(b.m)Dyd,, b=1.2,... L (7.22)

h=1

As shown previously, in the case of a multi-variable joint 4, multiple terms and
superscripts are required. If joint 4 is a spheric joint, for example, then

Dy, = Dy, + Dydi; + Diiy + Dby
From these equations we can write
Ty = wpTops b=1,2,..., L (7.23)
By substituting Eq. (7.15) into Eq. (7.22), we find
n f .
w, =Y P(b.W)D,Y ¢, ;. b=1.2,....¢L
h=1 j=1
which can be rearranged to read
n f .
w, =Y Y P(b.mDygy, b, b=1.2,....¢
h=1 j=1

and, comparing this with Eq. (7.20), we find that

f
w, =Y W, b=12.. L (7.24)
j=1

This latest formula is simply another way of computing the w, matrices for the
various bodies. Whether Eq. (7.22) or (7.24) should be used depends totally on
convenience.



EXAMPLE 7.4 Continuing Example 7.3, the w, matrices for each of the bodies of

7.7 First Geometric Derivatives of Point Positions

a Cardan/Hooke universal shaft coupling are easily found by Eq. (7.24):

0 0 0 0
cosp .
0 0 _
. 1- sinzﬁsin%/fw
@ =W ¥ = —cosB J 0 hcospB
1 —sin2BsinZy 1 — sin2Bsin2y
_0 0 0 0 i
W, = Wz.ﬂb
r 0 sinBcos?y . —singcosBsinycosy . —hsinpcos?y .
1 —sin2BsinZy, 1 —sin2Bsin2y 1 —sin2Bsin2yr
—singcos?y . cos B .
= 1 —sin2Bsin2y 0 1—sin2ﬁsinzz//1// 0
—singcosgsinycosy . —cosf . 0 hcosp .
1 —sin2Bsin2y l—sinzﬂsinzwv/ l—sinZﬂsinzww
L 0 0 0 0 _
0 sinByr 0 —hsin By
, —sinByr 0 cos By 0
@3 51 0 —cos By 0 hcos By
0 0 0 0
wy =W, ¥ =0.

7.7 First Geometric Derivatives of Point Positions

We recall from Eq. (4.2) that the global position of a point attached to body b is
given by

R,=Tyr,, b=12,..¢

Now, because the point is attached to body b, which remains rigid, the point’s
local coordinates r, are constants. The transformation matrix 7,,, for body b, how-
ever, is a function of the joint matrices along its path, which are functions of the joint
variables ¢,,, and these are functions of the generalized coordinates i that, in turn,
are functions of time.

Derivatives of our point’s position with respect to a single joint variable on its
path are found by Eq. (6.15). In this section, we wish to find the derivative of the
global position of our point with respect to the generalized coordinate ;. Using
Eq. (7.21) to differentiate the previous position equation and remembering that r,
is constant, we get

IR,

R}v.j = 8_1p/ = Wb,jTOhrb = Wb.ij’

E’

b =
i ; (7.25)

1,2,...,
1,2,...,
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7.8 Velocities of Points

Equation (7.1) defines the velocity of a point as the time derivative of its global
position. Using chain-rule differentiation we get

f f

. de 3Rb dll/] / .
R,=—t= Za_th = ZRb,jwj, b=12,...¢
j=1 ] j=1
Then, by Eq. (7.25), this becomes
. f .
R,=> W, Ry, b=12_..¢ (7.26)
j=1
and according to Eq. (7.24),
R,=wyR,, b=1,2,..., ¢ (7.27)

Thus, we see that the same derivative operator matrices found for taking either
geometric or time derivatives of body postures are also used for differentiating point
positions.
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PROBLEMS

7.1 Continue from the results of problems 6.1 and 6.2 as follows:

a) Form the matrix of first geometric derivatives of the joint variables.

b) Form the matrix of first time derivatives of the joint variables.

¢) Form the first geometric derivative operator matrix W, ; for each body.
d) Form the velocity operator matrix w, for each body.

7.2 Continue from the results of problems 6.4 and 6.5 as follows:

a) Form the matrix of first geometric derivatives of the joint variables.

b) Form the matrix of first time derivatives of the joint variables.

¢) Form the first geometric derivative operator matrix W), ; for each body.
d) Form the velocity operator matrix w, for each body.

7.3 Consider the double Cardan/Hooke joint of problem 5.8. Derive the equation
for the velocity ratio of the output to input shafts and show that this mechanism is a
constant velocity coupling.
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8.1 Definition of Acceleration

The term acceleration is defined as a time rate of change of velocity. The acceleration
of a point, for example, is the time rate of change of the velocity of that point. Because
we find it convenient to use homogeneous coordinates to express the position and
velocity of a point, we define the absolute acceleration of a point by taking the time
derivative of its absolute velocity from Eq. (7.1):

[ d*R%

d?

o | LR

R=—7= |, (8.1)

d*R%

dr?
0

where R*, R, R% are the point’s global Cartesian coordinates.
Consistent with our description of the velocity of body b in Eq. (7.2), the accel-
eration of body b is given by

. a’T,
Ty =—52, b=12,....¢ 8.2
0b dr2 ( )
that may require the second time-derivative of its screw coordinates. More will be
said on this shortly.
The accelerations of joint variables are the time derivatives of their velocities.
From the time derivative of Eq. (7.3) we have

1

. d¢ | b

¢ = e ; (8.3)
b
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where the accelerations within an individual joint are given by the second time-
derivatives of the individual motion variables of that joint. That is

é

L& o

b= =] (34)
d')'hh

The acceleration of a complete mechanism or multibody system is defined by
its vector of generalized accelerations that are the time derivatives of the vector of
generalized velocities. From the time derivative of Eq. (7.5) we find

2
. d*y I/.flz
vy

It is true that ¢ of Eq. (8.3) also fully defines the accelerations of a mechanical
system, and may be better fit as the system acceleration definition because we defined
¢ to represent the system posture. This is not necessary, however, because there is
no ambiguity in accelerations coming from multiple closures. We will have need for
both ¢ and .

Of course, to solve acceleration problems by hand calculation, we can proceed
by directly differentiating with respect to time the velocity equations found in Chap-
ter 7. However, recalling that we are seeking a numeric method suited to digital
computation, we prefer to recall from section 7.2 that kinematic quantities are found
as functions of the joint variables ¢ that are functions of the generalized coordinates
¥, and that these, in turn, are functions of time. The methods of subsequent sections
were first published as [1].

8.2 Derivatives of the Q,, Operator Matrices

Because we will use chain-rule differentiation, we first seek the derivatives of our
Q,, derivative operator matrices. Reviewing section 6.3, we recall that several of the
0, matrices contain only zeroes and ones because their instantaneous screw axes
and Ball vectors remain constant in the coordinate system of the body preceding the
joint. However, for some of the joints, the instantaneous screw axes or Ball vectors
are not constant, but vary with changes of the joint variables. Thus, we need to seek
out formulae for derivatives of each of the Q,, operators with respect to each of the
joint variables on which it depends. In general, remembering that a joint 2 may have
more than one joint variable, these are of the form

ﬁ_ wi  h=12,....n,

h— Q8 8.6
Crs Pogi=1,2,..., f 8.6)



8.2 Derivatives of the Q, Operator Matrices

The derivative of Qi with respect to a generalized coordinate Vs therefore, is
given by

an f, h=1,2,...,n,
ZQ’gl dhi &=12..... [ (8.7)
ji=1,2,....f

However, as we have done above, we will often write this with the reduced symbolism

h=1,2,...,n,
8Qg
8¢ Qd’h/’ g=1727-"7fh9
i=1,2,....f

The derivative of Q% with respect to time is
Iy

ng 0 h=1,2,....n,
ZQg b, 1, (8.8)
g=12,.... f.

Again, in the interest of brevity, we will often write this in the reduced symbolism,

ng Q¢ h=1,2,....n
Poe=1,2,... f,

Because the form of Q;f"i depends on the type of joint in question, we must seek
these out separately for each of the joint types.

8.2.1 Helical (Screw) Joint

A helical joint has only one joint variable and its Q,, operator matrix consists entirely
of constants. Thus,

Q) =0. (8.9)

8.2.2 Revolute Joint

A revolute joint also has only one joint variable and its O, operator matrix also
consists entirely of zeroes and ones. Thus,

0, =0. (8.10)

8.2.3 Prismatic Joint

A prismatic joint also has only one joint variable and its O, operator matrix also
consists entirely of zeroes and ones. Thus,

Q0 =0. (8.11)
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8.2.4 Cylindric Joint

A cylindric joint has two joint variables, and both of its Q) operator matrices consist
entirely of zeroes and ones. Thus,

1 _ 1,2 1

2,2
h — 2h T Xh 0

ok (8.12)

8.2.5 Spheric Joint

A sphericjoint has four Euler-Rodrigues parameters as joint variables and the forms
of the four Qi operator matrices are given in Egs. (6.22). Differentiating these, we

find

2 0 0 0 02 0 O
/1,1= 0200 /1'2: -2 0 0 0
h 0 0 2 0f h 0 0 0 0}
L0 0O 0 O 0 0 0 O
0 0 2 07 0 0 0 0
/1,3= 0 0 00 /1,42 00 -2 0
h -2 0 0 0f’ h 0 2 0 0}’
L 0 0 0 0] 10 0O 0 0
0 -2 0 07 2 0 0 O
2,1 _ 2 0 0 0 22 _ 0 2 0 O
h 0 0 0 0| =k 00 2 0f
10 0 0 0] L0 0 0 0
[0 0 0 07 0 0 -2 07
/2,3= 0 020 /2,42 0 0 0 0
h 0o -2 0 0}’ h 2 0 0 0}’
0 0 0 0] 0 0 0 0]
0 0 =2 0] 0 0 0 07
/3,1= 0 0 00 ,3’22 00 -2 0
h 2 0 0 0}’ h 0 2 0 0}’
00 0 0] 0 0 0 0]
2 0 0 0 0 -2 0 0
/3,3: 0200 /3,4: 2 0 0 O
h 00 2 0of h 0 0 0 0}’
10 0 0 O 0 0 0 O
[0 0 0 07 0 0 -2 0
1 _ 0 02 0 42 _ 0 0 0 0
h 0o -2 0 0}’ h 2 0 0 0}’
10 0 0 0] 10 0O 0 0
0 2 0 07 2 0 0 0
w3 _|=2 0 0 0 a4 |0 2 00
L 0 0 0 0] L0 0 0 0




8.2 Derivatives of the Q, Operator Matrices

In addition, each spheric joint has a constraint equation relating the second
geometric derivatives of its Euler-Rodrigues parameters with respect to generalized
coordinates ¥; and /.

20400+ 205077k + 200+ 288k

= =20, b1k = 205 ik — 20 1Dk — 200 Bik- (8.14)

8.2.6 Flat Joint

A flat joint has three joint variables and the forms of the three Qf operator matrices
are given in Egs. (6.23). Differentiating these gives

1,1 1,2 /1,3 2,1 2,2 2,3
W =Q =0, =0, o =@ =0, =0,
0 0 0 0 0 0 0 1
00 0 -1 00 00O
3,1 3,2 3,3
A , 2= , ~ =0. 8.15
h 000 0 h 0000 h ®.15)
000 O 00 00

8.2.7 Rigid Joint

A rigid joint has no joint variables and no Q;, operator matrices. Therefore, there
are no Q) matrices.

8.2.8 Open Joint

An open joint has seven joint variables and the forms of the seven Qf operator
matrices are given in Eqgs. (6.24). Differentiating these gives:

1 _ 1.2 _ 13 _ 1.4 _ 1,5 _ 1.6 _ 1,7 0
h — Xh T Xh T Xh T Xh T Xh T -
21 _ 22 _ 23 _ 24 2S5 _ 26 _ 2T 0
h — *h T Xh T Xh T Xh T Xh T -
3.1 _ 32 _ 33 _ 3.4 35 3.6 37 0
h — =h T Xh T ®h T Xh T =Xh T -
4,1 4,2 4,3
n = ;1 = ! :0’
[2 0 0 0 02 00
aa_ 00200 as_|"2 000
4 0020 =" 000 0|
|10 0 00 00 0O
i 02 0 0 0 0 0
ws_| 00 00 a7 |00 =20
4 -2 00 0| " 0 2 0|’
. 00 0 O 0 0 0
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/5,1 — 75,2 — /5,3 =0
h h ’

0 -2 0 07 2 0 0 0
s4_ |2 000 ss_ |0 200
e =lo 000" % Tloo0 2 0|

0 0 0 0 0000

0 0 0 0] 0 0 -2 0]
s6_ |0 020 s7 |00 00
e =1lo =2 0 0" % T2 0 o0 0}

0 0 0 0 00 0 0]
=0t =000 =0,

0 0 -2 0] 0 0 0 0
64 |0 0 00 6s |00 =20
m =120 000 % Tlo2 o ol

00 0 0 00 0 0

™ 0 0 0 0 =2 0 0
,6,6_02001 e |2 00 0
mTlo o 2 0" % Tlo o0o0 0|

00 00 0 000
Z,l — Z,Z — QZ3 — O,

0 0 0 0] 0 0 -2 0
g4 |0 020 25 (00 00
T lo =2 0 0|0 % |20 0 ol

0 0 0 0 00 00

02 0 0] ™ 0 0 0

26 |=2 0 0 0 27 |02 00

=1 0000 % Tloo 20 (8.16)
L0 0 0 0 0 0 00

In addition, each open joint has a constraint equation relating the second geo-
metric derivatives of its Euler-Rodrigues parameters with respect to generalized
coordinates v; and ¥

28500k 20080k + 285D0S 1+ 20080k
= =203 itk — 205 Bk — 200 1010k — 207 ik

8.2.9 Parallel-Axis Gear Joint

(8.17)

A parallel-axis gear joint has three joint variables and the forms of the three Qf
operator matrices are given in Eqgs. (6.25). Differentiating these, we find

0 0 0 cos¢,
a1 R,(R,+R,+¢7)|0 0 0 sing,;
" R, 000 o |
0 0 0 0
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cosg; |

sing;,

[0 0 0 sing, |
_ 1
2 _ Ry 00 0 —cosg, 13 _
h = pr ’ n =Y
Rilo oo o
000 o0 |
’ 2
Q;12.,1 _ sgn(F) [Rh + Rh + (P%]
Ri,\/ (R, +R;, + 92|’ — [(R,, + R;) cosa, ]
[0 0 0 —sing; |
0 0 0 cosg,
+ b
0 00 0
000 0 |
2,2 sgn(F) {[Rh + R, + ¢£]3 —2[R,+ R, + ] [(R, + RZ)Cosah]z}

n =

h R;,

B2 _ tan g,

e}
o o o o

0 0 0 sing ]|

0 0 0 —cos¢;

0

o o o o
o o o o
o o o o

sing,

—cos¢,

32
{[Rh + R, + ¢ﬁ]2 —[R, + R;)cos%]z}

2,320

cos¢,

sing,;

3,3:O

(8.18)
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8.2.10 Involute Rack-and-Pinion Joint

Aninvolute rack-and-pinion joint has three joint variables and the forms of the three
Q% operator matrices are given in Egs. (6.26). Differentiating these, we find

0000 000 -1
n1_ 110001 n2_ 11000 0O 13 _ o
h_R;lOOOO’h_RZOOO o> = =7
0000 000 O
[0 0 00
21 Sgn(Ftane, |0 0 0 1
h = R, 000O0f
L0 00O
(8.19)
0 0 0 -1
n2  SgN(Fitane, [0 0 0 0 23 _ g
h = R, 000 O0f O
1000 O
000 O 0001
51 _tanB, 10 0 0 -1 52 tanB, 10 0 0 0 53 _ 0
h_R;i OOOO’h_RZ 000O0| = —
000 O 0000

8.2.11 Straight-Tooth Bevel-Gear Joint

A straight-tooth bevel-gear joint has two joint variables and the forms of its two Qf
operator matrices are given in Egs. (6.27). Differentiating these give

i 0 0 sing}sing 0
11 _ tany, 0 0 cos@)sing 0
" tany, | —sing}sind —cos¢; sino 0 0o |’
L0 0 0 0
i 0 sinf —cos¢; cost 0
1, _ tany, | —sind 0 sing.cosd 0
" tany; | cos¢) cosé —sing}coso 0 0o |’
L0 0 0 0
0 0 —cos¢, 0
2,1 _ 0 0 Sin(b}ll 0
" cos¢g; —sing} 0 0’
0 0 0 0

> =0. (8.20)



8.3 Derivatives of the D,, Operator Matrices

8.2.12 Point on a Planar-Curve Joint

A point on a planar curve joint has three joint variables and the forms of the three
Q;‘; operator matrices are given in Egs. (6.28). Differentiating these give

ou’

w =" 0 0 0 w
8¢h A1 0O 0 0 v 2 _ ~1.3 _ 0
7 81/, h - O 0 O 0 ’ h - h o
Vi= —,
o] 0 0 0 O
00 0
p1_ |0 0 0 —u 22 _ 023
h 000 0] = h ’
000 O
;l3,1 _ Q;,z _ Q;lﬁ -0 (8.21)

8.2.13 Line Tangent to a Planar-Curve Joint

A line tangent to a planar curve joint has three joint variables and the forms of the
three Qfl operator matrices are given in Egs. (6.29). Differentiating these give

» ou’ » v 9// [ulv/// _ u///vl][(u/)Z + (v/)2] _ 2[u’u” _ V/V”]
= —, \% = —, == ’
¢y, Iy, [@)? — 2]
0 0" 0 uw+6V +0"
11 9" 0 0 v/ —6u—0"u iz s
h ’ h — Xh O’
0 0 0 0
0 0 0 0
0 0 0 6'sind
2.1 _ 0 0 0 —6'coso 22 _ 023 _
h 000 0 CooTh h ’
0 0 0 0
3,1 _ 32 _ 33
Al B2 = 03—, (822)

8.3 Derivatives of the D, Operator Matrices

Using chain-rule differentiation for finding accelerations, we seek the derivative of
the D,, operator matrix, defined in Eq. (6.14),

D, = (TOhfshf,h)Qh(TOhfshf,h)_lv

where we recall that 41— is the label of the body that precedes joint /4 according to its
defined orientation. Suppose that we seek the derivative of this D), operator matrix
with respect to one of the joint variables, ¢,.
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We start by finding the geometric derivative of the inverse transformation matrix
T-'. We differentiate the identity

0h—

To?i Ty =1
as follows:
Ty, T,
o Ty, Tozl— s =0,
0¢, 0¢,
which we rearrange to read
-1
ATy —_7-1 9 T -1
8¢g 0h— 8¢g 0h—"
Eq. (6.16) is now used to reduce this to the form
ATy, h—=1,2,....¢,
A, & g=1,2,...,n

Next, we find the derivative of the D, operator matrix with respect to the joint
variable P,
aD,  O(Ty,_Sy_p)
CLoR 09,

d
O (Ty,_Sy_ )" + (T()hfShf,h)a%J (Ton-Sp-p)™"
s

(TS )"
8¢g

which, with the aid of Egs. (6.16) and (8.23), becomes

)

+ (Top—S)— 1) Oy,

aD ) B
BTbh = P(h—, g)Dg(TOh—Sh—,h)Qh(TOh—Sh—,h)_l + (Top-Sn—1) C1p g (Top_Sp_ ) !
4

—(ToSi— ) Qn(Tyy,_S;,_ )~ P(h—, &)D,,

where §,, , is the Kronecker delta, signifying that the second term does not appear
unless ¢, and ¢, refer to variables of the same joint; that is, unless & = g.
Comparing the first and third terms of this equation with Eq. (6.14), however,
and recognizing that P(h—, g) and §,, , are scalars, the previous equation simplifies
to the form
oD,

?% = P(h—,g)[DgDh — DhDg]

+ 8 [ (TS QT Sy )], g h=1.2,....n.  (824)

To differentiate the D, operator matrix with respect to the generalized coordi-
nate y;, we write

0D, _ Z aDh¢, )
3#,], = 3¢g 8]



8.4 Second Geometric Derivatives of Joint Variables

Here, again, in the case of a multi-variable joint /4, multiple terms will be required.
If joint 4 is a spheric joint, for example, then

aDh ’ _aDh 1 8Dh 2 8Dh 3 8Dh 4
3¢g d)g,f - 3¢§ (‘bg,f + 3¢§ ¢g,j + 3(15; ¢g.,j + 3¢§ ¢8,j’
By Eq. (8.24), the equation that follows it becomes
aD z
8_1/.1 = Z [P(h—, 8)(DyD), — DD )y 1+ [(To Sy 1) Qi j Ty Sy ) ™',
] g:l
and, by Eq. (7.20), this further simplifies to
aD,,
—=W,_.D,—D,W,
aw] h—,j~h h' h—,j
S 4 h=1,2,...,n,
+ (TOh—Shf,h)th’h,j(TOh,Sh,,h) ) . (8.25)
i=12,..., f.

To differentiate the D, operator matrix with respect to time, we write

dD,, _ Xf: oD, .
dt P ay;
which, by Eq. (8.25), becomes

f
=> W, ;D)= D,W,_ ; + (To_Si_ ) Qih j Ton_ S )" T},
j=1

dD,
dt

and, by Egs. (7.24) and (7.15), this reduces to

dD
d_[h = a)thh — Dha)h7

+ (T Sp- ) O (Top S )™ h=1,2,....n. (8.26)

8.4 Second Geometric Derivatives of Joint Variables

Remembering the hierarchy of dependency explained in section 7.2, let us now find
the second derivatives of the joint variables with respect to the generalized coordi-
nates on which they explicitly depend. We call these second geometric derivatives
and, as in section 7.3, we use a prime notation with subscripts as the symbolism:

¢Z'k=i 9\ _ 9 h=12...n (8.27)
K=y \ow, ) T v k=12, F.

Of course, for a joint that has more than a single joint variable, superscripts may also
be required.

How will we find these derivatives? Well, in section 7.3 we differentiated the
loop-closure equations with respect to generalized coordinate 1; and found that

i=12,...,NL,

n
L, h)Dy ¢y, ; =0,
Z (i, D¢y, ; i=12,...,f

h=1
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is a set of mandatory constraint equations among the first geometric derivatives that
ensures that their values change compatibly with the geometric requirements of loop
closure. However, a similar requirement also holds among the values of the second
geometric derivatives. Therefore, we differentiate again with respect to generalized
coordinate V/:

D, i=1,2...,NL,

L@, h) {D ¢//' + ¢/ } =0, .
hX_; hPh, jk AV, h.j Lk=1,2,...,f.

Using Eq. (8.25) to take the indicated derivative gives

Z LG, WDy ik + Wi sk Dy — Dy,
h=1

+ (T()hfShf,h)Q;:(p;z,k(T()hfshf,h)il]‘ﬁ;z.j} =0,
which we rearrange to read

Y L. WD, i =—Y LG W[W, D, —DW,
h=1 h=1

+ (T Si 1) Qnh i Ty S i)~ 5, - (8.28)

We now define a new (4 x 4) matrix C; i for each loop as follows:

n
z{,/j,k = - Z L@, h)[th,th - Dhth,k

h=1
+ (Ton—Sh- i) Q3 i Ton—Sn—) "' 14 =12 M g 0g)
0h—="h— 1) LnPh kL op—On— M k=12, .
so that Eq. (8.28) reduces to
. . . i=1,2,...,NL,
2 LG =Clie 15 (8:30)

h=1

We will see the individual terms of the sum included in C} ik again. They will
appear in section 8.6 where we seek second geometric derivatives of body postures.
We will see that Eq. (8.28) is the specific case that states that the second geometric
derivative of the posture of the stationary body is zero. Compare this with the
definition of the A, ; , operator matrices in Eq. (8.47). Some economy can be gained
by calculating, summing, and storing the terms of A, ;, in the order in which joints
are met as the loop is traced along the paths to each successive body. Once each loop
is completely traced, the C/;, matrix results.

It is left as an exercise to verify that the upper-left (3 x 3) submatrix of C/,
in Eq. (8.29) is skew-symmetric as were the Q),, D), and W,,_; operator matrices.
We can also see that this must be true for compatibility with the left-hand side of
Eq. (8.30). Once this is recognized, we eliminate redundancy in Eq. (8.30) by putting
it into (6 x 1) screw coordinate form

i=1,2,...,NL,

n
LDl = 8.31
; (i, M)Dydy j i MR i k=1,2,..., ], &3
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where ﬁh is as defined in Eq. (6.41) and

K4 (L 4]

Clic(2.4)

G4 i=1,2,...,NL,

ijk = s (8.32)
Cli4(3.2) Lk=1,2,..., 1

¢l (1,3)

_C”]k(Z 1)_

In addition to these equations, of course, we also have a constraint equation of
the form

20080 205007k + 2000 T 2055k

= =204 b1 — 200 Bick — 200 Bk — 20 b S k=1.2.....f.

for each spheric joint ¢, in the system, and another

2000 1+ 200D i + 20800 + 20000
= 20 b — 207 dr i — 208 Wik — 200 b dk=1.2.....f.

for each open joint ¢, in the system, a total of NC constraint equations, which
come from taking derivatives of Egs. (7.10) and (7.11) with respect to generalized
coordinate .

Because, for any particular choice of j and k, Eq. (8.31) is now of the same form
as Eq. (6.42), we can write, from Eq. (6.45), that

Tl =Clp jk=12,....f, (8.33)

where J is the same [(6NL + NC) x n] Jacobian matrix that resulted from the
numeric iteration process of section 6.5, and gb;’ « for a given choice of j and k is an
(n x 1) vector of second geometric derivatives that are yet to be determined. The
[(6NL + NC) x 1] column CA];/ « 18 composed of the NL (6 x 1) vectors from the
right-hand sides of Eq. (8.31) for each loop, augmented by the NC right-hand sides
of Eq. (8.14) for each spheric joint and Eq. (8.17) for each open joint.

Reviewing the numeric iteration process of section 6.5, we recall that the modi-
fied pivoting used in the Gauss-Jordan process reordered the joint variables so that
all dependent joint variables are numbered first, followed next by the NF joint vari-
ables of the FGCs, and finally by the VS joint variables of the SGCs. Recognizing
that both the FGC and the SGC joint variables have been accepted as generalized
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coordinates y, we see that, by definition, they are independent of each other. There-
fore, for a particular choice of j and k, the ¢;’  matrix must be of the form

¢1]k
¢2]k
Sipix
¢;/k = ;Llff,j,k = 0 s j, k = 1, 2, ey f, (834)
0 0
L 0

where ¢, , ., is an [(n—f) x 1] submatrix of the dependent second geometric deriva-
tive values to be found for each combination of j and k.

Once we recognize this form for ¢}, ., we return to Eq. (8.33) and subdivide
it into compatible-size submatrices:

[Jdep } Jind] |:¢Zgg’j’k:| = I:A;/k] .

However, we see that this is the same subdivision that resulted from the modified
Gauss-Jordan elimination process. Reverting to the notation of Eq. (6.49), we have

M1 Je Ju | [Pk _r@ﬂﬂ
0 (C}/,k)2

and after the Gauss-Jordan process is complete, these equations are reduced to the
form of Eq. (6.50):

_ _ ” -1 1

I } Jn] J1 Jn] J13 ¢1166,/1k Tia } 0 (C 1
T 0 o0 =1 T e |
0 | 0 0 0 Indy 1 (€l

which has for a solution

Brep i = I (Clr. jk=1.2,...f, (8.35)
with the additional condition that
(€} )y = Iy I (€l =0, jk=1,2.... f. (8.36)

Thus, the calculations for finding the set of all second geometric derivatives of
the joint variables can proceed in a set of nested loops, each incrementing counters
jand k from one to f. Of course, it reduces the computational load by half to notice
from Eq. (8.27) that

h=1,2,...,n

o ) 8.37
Phk.j = Ph.jk hk=1,2,...,f. o

For each choice of j and k, the corresponding C7'; , matrix is formed by Eq. (8.29)
for all loops i and, from them, the C” ik Vectors are formed by Eq. (8.32). These
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are augmented by the NC right-hand sides of Eq. (8.14) for each spheric joint and
Eq. (8.17) for each open joint. Finally, Eq. (8.35) is used to provide values of Diep. i k
for Eq. (8.34).

For each combination of j and k, it is also wise to check that Eq. (8.36) is satisfied
within a satisfactory numeric tolerance.! However, from the authors’ forty-plus years
of experience, when a problem having physically realizable input data is properly
formulated, this test has never been found to fail.

The second geometric derivatives just found are not actual accelerations, even
though they are sometimes referred to as such. They are second rates of change of
dependent joint variables with respect to changes of generalized coordinates. Time is
not included in them and they typically have units such as radians per radian squared.
They represent totally geometric information and are functions of the generalized
coordinates i alone. They are very important, however, and arise frequently in our
coming work.

EXAMPLE 8.1 To illustrate the previous methods, let us continue the analysis
of the Cardan/Hooke universal joint studied in previous examples. In example
5.1, we found solutions for the positions of all joint variables and the various
transformation matrices. In example 7.1, we found the D, derivative operator
matrices, the Jacobian, and the first geometric derivatives for each of the joints.

These are
[0 0 0 0
0 0 -1 0
Pa=lo 1 o —n|
|00 0 0
0 cosyr —cos Bsiny —hcosy
J1—sin2gsin2y /1 —sin2Bsin2y /1 —sin28sin2y
___eosv 0 0 0
Dy = V1 —sin28sin2yr ,
cosBsiny 0 0 0
V1 —sin28sin2y
L 0 0 0 0 A
i 0 cosgsiny cosyr —hcosgBsiny
D —cosgsiny 0 —singsiny 0
c” —Cos Y sinBsiny 0 —hsinBsinyr
0 0 0 0
[0 —sing 0 hsinp
D sing 0 —cosp 0
b=1 0 cosp 0 —hcosp
| 0 0 0 0

1 The IMP software system uses a default tolerance of 1075 for this test.
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B —hcosyr

0 —hcosfBsiny | hsing
V1 —sin2Bsin2y :
0 0 0 !
!
—h 0 —hsingsiny ' —hcosp
______________________ e
J=11 0 sinBsiny : cosp ,
0 —cosgsiny cosy |
V1 —sin2gsin2y !
!
0 —cosy —cospsiny | sing
V1 —sin2gsin2y !
!
—cosp
1 —sin2Bsiny
singcosy
= | /1 —sin28sin%y
sinBcosBsiny
1 —sin2B8sin2y
1

In example 7.3, we found the W, | derivative operator matrices

0
0

hcosp
1 —sin28sin2yr
0

—sin B cos Bsiny cosyr

—hsinpcos2y ]

0 0 0
0 0 .CO—S'B.
1 —sinZBsinZyr
Wi = —cosp
- 0
1 —sin28sin2yr
| 0 0 0
B 0 sin B cos?yr
1 —sin2B8sin2y
—sinBcos?yr 0
W= 1 —sin28sinZyr
—sin B cos Bsiny cosy —cos
1 —sin28sin2y 1 —sin2Bsin2y
i 0 0
0 sing 0 —hsing
We. — —sing 0 cospf 0
3710  —cosp 0  hcospB |’
0 0 0 0
W,1=0.

1 —sin2Bsin2y
cosf
1 —sin28sinZy,

0

0

1 —sin2Bsin2y
0

hcosp

1 —sin2Bsin2y

0

Recognizing that, for this example, all joints are revolutes and, therefore, that

all Q) matrices are zero, we formulate the following matrices:

(W4,1DA - DAW4,1)¢,/4,1 =0,
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Wy 1Dg — DWW, )¢5,

0 —cospBsiny —cosy —hcosgBsiny
_ sinpcospcosy | cospsiny 0 0 0
(1 —sin2Bsin2y)? cosyr 0 0 0 ’
0 0 0 0
(W2,1DC - DCW2,1)¢/C,1
0 cosBcosyr —siny —hcosgcosy
_ sinBcospsiny | —cospcosy 0 —singcosy 0
~ (1 —sin2Bsin2y) siny singcosy 0 0 ’
0 0 0 0

W3 ,Dp — DpW; 1)¢p, = 0.

From these, we now form the C7 | | matrix of Eq. (8.29). Noting that there is
only one loop and one degree of freedom, the result is

v singcos g
LLI™ (1 — sin2Bsin2y)

sin2Bcos Bsin3y cosyr
(1—sin2Bsin2y)

—hsin?g cos Bsin3y cos v
(1—sin2gsin2y)

0 1+ sin2gsin2y

—sin2p cos Bsin3y cosy

(1—sin2gsin2y) 0 sin B siny cosy 0
—(1+sin2gsin2y) —sinBsiny cosyr 0 hsin Bsiny cosyr
0 0 0 0

Next, we formulate the terms of Eq. (8.33):

0 —hcosy —hcosgBsiny ! hsinp
V1 —sin2Bsin2y }
0 0 0 } 0
—h 0 —hsingsiny ' —hcosp 414
1 0 singsiny : cosf B.1.1
cospsin | P
0 —cospsiny cosyr ! 0 ;//__
V1 —sin2BsinZy } D,1,1
0 —cosy —cosBsiny ! sing
V1 —sin2BsinZys }
T —hsin?BcosBsin3y cosy ]
(1 —sin2Bsin2yr)
0
_ sinfoosp | __lempsinycosy
" (1 —sin2Bsin2y) —sinBsiny cosyr
1+ sin?Bsin?y
—sin?Bcos Bsin3y cosy
L (1 —sinZBsin2yr) i
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Asinexample 7.1, we recognize that the second row of the right-hand column
is zero and the first and third rows are 4 multiples of the sixth and negative
fourth rows, respectively, and that because ¥ = ¥, = ¢, we have ¢}, ;| =0.
Therefore, these equations can be reduced to the form

1 0 singsiny
. ¢//
—Cos A1
Bsiny cosy ’
V1 —sin2BsinZys B.1.1
0 —cosy _cosfsiny | L¢C11

J1—sin?gsin2y
—singsiny cosy
__ sinpcosp 1+ sin?gsin?y
L—sin?gsin®y | _gin28c0sBsin®y cosy
1 —sin2Bsin2y

The resulting solution for the second geometric derivatives is
DA —2sinBsiny cosyr

$g11 | sinpcosp —/1 = sin2Bsin2y cos Bsiny

Pe (1 —sin?gsin?y)? (1 + sin?Bsin?y)cosy

¢p.1.1 0
From example 7.1 and Eq. (6.53), the quality index is

Q = |det(Jyy)| = v1 —sin?Bsin?y,

and its value remains in the range (cos 8 < @ < 1.00). We see here that the
denominators of the second geometric derivatives are the fourth power of the
quality index. Thus, as before, there should not be difficulty in the operation of
the device or in their numeric evaluation.

8.5 Accelerations of Joint Variables

The (relative) accelerations of the joint variables, as shown by Eq. (8.3) can be
found in any of three ways. For hand calculations, the expressions found for the
positions of the joint variables can be directly differentiated analytically on a case-
by-case basis. This approach, however, is highly susceptible to human error and is
not easily adapted to computer solution. The second approach is to differentiate
the loop-closure equations, as was done in the last section to find second geometric
derivatives. The third approach is to take advantage of the second geometric deriva-
tives. Remembering the hierarchy of dependencies, we can differentiate Eq. (7.15)
as follows:
. d*, / R L ,
=" = DG Vi h=12,....n  (838)
j=1 k=1 j=1
Here we see that all dependent joint accelerations vary linearly with the gen-
eralized accelerations and quadratically with the generalized velocities. They are
nonlinear functions of ¥, however, through the geometric derivatives. The double
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summation cannot be expressed in matrix form because ¢, ik is a three-dimensional
array.

As discussed earlier, we can differentiate the loop-closure equations with respect
to time. From section 7.4 we have

n
ZL(i,h)Dhqsh =0, i=1,2,...,NL.
h=1

Differentiating this again with respect to time gives
n
. dD, .
> LG h) [Dhqsh + d—t”th} =0, i=1,2,...,NL.
h=1

Here again, in the case of a multi-variable joint /#, multiple terms will be required. If
joint 4 is a spheric joint, for example, then

Dy, = D;dj, + Dig, + Diydy, + Dy
Along with the use of Eq. (8.26), this can be rearranged to read

Y L. MWDy, = - L(i,h)[w, D, — Dy,

h=1 h=1
+ (T Sp ) Qb (TS )y, i=1,2,...,NL, (8.39)

with an additional constraint equation of the form,
2016h + 20307 + 20065 + 2016 = —2(1)” —2(47)” — 2(3)” - 2(d1)”
for each spheric joint in the system, and another of the form,
26161 + 2030, + 20565 + 20067 = —2(61)" = 2(3)” —2(8f)” —2(d7)",
for each open joint in the system; a total of NC constraint equations, which come

from taking the derivatives of Egs. (4.17) and (4.24) with respect to time.
Parallel to Eq. (8.29), we now define

C=— ZL(:’, h)[w,_D;, — Dyw,_
h=1

+ (T Sp- ) O (TopSp_ ) by, i=1,2,...,NL,  (8.40)
and the corresponding screw coordinate vectors
[C(1L,4)T
C,(2,4)
C.(3,4)
¢3,2)
G,(1,3)
KeleAol

(@
Il

I
=
N
=z
&~

(8.41)

so that Eq. (8.39) becomes

J¢ =C. (8.42)
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After recognizing that ¢ has the form

ol
b,
G=| 9y | = [‘l—s‘f—"] (8.43)
Vi v
N7

and can be solved in the same manner as for the second geometric derivatives. In its
reduced form, we have

_ _ . -1 | 2
I Ity IRt [%p} I e
v o 0 - -0 = —JL.J-b a
0 | 0 0 v 21°11 G,
Therefore, we see that the solution is
q.sdep = Jﬁl(él — [ J13]1ﬁ)’ (8.44)
with the additional condition that
62 —Jy Jﬁlél =0. (8.45)

EXAMPLE 8.2 Let us continue the Cardan/Hooke universal joint of example
8.1. If the input shaft is driven at a rate of ¢, = ¥, and if this rate is constant
(diD =4/ = 0), then let us find the accelerations of the other joint variables.
These are given directly by Eq. (8.39) and the second geometric derivatives

found in example 8.1:
b4 —2sinBsiny cosyr

$5 sin g cos B2 —/1—sin?Bsin?y cos Bsiny

déc | (1 —sin2BsinZy)? (1 —sin?Bsin?y)cosyr

$p 0

8.6 Second Geometric Derivatives of Body Postures

Before we find the acceleration of a body or point, let us first find the geometric
derivative of the W, ; operator matrices. From Eq. (7.20), we have

W X":P(b HDL6! b=1.2,....¢
b,j = ’ h%h,j> .
I Toj=12,
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Differentiating this with respect to generalized coordinate v, gives the new,
second geometric derivative operator matrix A4, ; ,, defined by

W, b=12...¢

A, = b 8.46
PIET T jk=1,2,.., f, (8.46)
and, using Eq. (8.25), we find
Ap ik = ZP([” h){Dh¢i/t/,j,k + [W,_ D), — D)W,
h=1
+ (TS ) Qhhic TS ) 11} b=l (8.47)
0h—2h— 1) Pk Lop—On_pn hjl ik=12. . f .

Here again, in the case of a multi-variable joint 4, multiple terms will be required. If
joint 4 is a spheric joint, for example, then

Dy} ; = Didi; + Didiy s+ Didiy; + Dy .
Now, to find the second geometric derivative of the posture of a body, we start
with Eq. (7.21)
aT,, b=12,...,¢
=12,.... f,

and differentiate again, with respect to the generalized coordinate . Using
Egs. (8.46) and (7.21), we find

T o= (aTOb> Ay W W T L Pl gag)
0b,j,k — awk 3Wj b,j.k b,j"" bk’ 10b> i k=1.2..... f .
We note here that, in general, A, , ; # A,, ;  in spite of the fact that the order of
the subscripts implies an order of taking derivatives. Similarly, in general,

Wy, W,
Y, Wy
However, it is true for the general case that
A W, W, =A wow, ., DT hEeob (8.49)
4+ = o+ . , .
b.k,j b,k""b,j b,j.k b,j"" bk ],k: 1’2’.“’](.

EXAMPLE 8.3 Let us now continue the analysis of the Cardan/Hooke universal
joint of example 8.1 and example 8.2, and find the second geometric derivative
operator matrices for each of its bodies. From the previous examples we have

00 0 0
00 -1 0
D, =
01 0 —h
00 0 0
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B cos Y —cosBsiny —hcosyr
0
J1—sin28sin2y /1 —sin2gsin2yy /1 —sin2Bsin2y
st_ 0 0 0
Dg=|Vl- sinZBsinZy ,
cos Bsiny 0 0 0
V1 —sin2BsinZy
L 0 0 0 0 ]
i 0 cos Bsiny cos —hcosBsiny
D —cosgsiny 0 —singsiny 0
€7 | —cosy singsiny 0 —hsinBsiny
i 0 0 0 0
—cospf
, 1 —sin2Bsin2y
0 —sing 0 hsinp D1 _
) 0 0 " singcosy
D, = sin B —Ccos B 1/9,1 _ T —sin2Bsin’y ’
0 cosB 0 —hcosp bci sin fcos Bsin iy
o0 0 0 9pad | _Losin’psin’y
1
0 0 0 0 ]
cospf
0 0 - 0
1 — sin2Bsin2y
Wii= —cosp 0 hcosp ’
1 —sin2Bsin2y 1 —sin2Bsin2y
1 0 0 0 0 _
B 0 sinfcos?y  —sinfcosBsinycosy —hsinBcos?y ]
1 —sin28sin2y 1 —sin28sin2y 1 —sin28sin2y
—sinpcos?y 0 cosp 0
Wz,1 = 1 —sin2gsin2y 1 —sin28sin2y
—sin g cos Bsiny cosy —cosf 0 hcosp
1 —sin2gsin2y 1 —sin2gsin2y 1 —sin28sin2yr
L 0 0 0 0 N
0 sinB 0 —hsing
W —sing 0 cos B 0
31 0 —cosf 0  hcosB |’
| 0 0 0 0
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0, =0=0c=0p=0,
P11 —2sinBsiny cosyr

Pp11 sincosf —cosBsinyy/1 — sin?Bsin?y

P11 T - sinZ2gsin2y) (1 + sin?Bsin%y)cosy

"
¢D,l.l 0

Next, we calculate

[W4,1DA —-D,W,; + (T04S4A)Q:4¢1/4,1(TO4S4A)_1] ¢4, =0,

Al,l,l = DA¢1/¢/\,1,1 + [W4,1DA - DAW4,1 + (TO4S4A)Q14¢1/4,1(T04S4A)_1] ¢1/4,l

0 0 0 0
_sin?BcosBcos2y [0 0 —1 0
 (1—sin2Bsin2y)2 [0 1 0 —h|’
0 0 0 0

[Wy.1Dy — DgW, 1 + (Ty,S1) Qs 1 (Ty1S15) 1654

0 —cosfBsinyy —cosy hcosgsiny
singcospcosy | cospsiny 0 0 0
T - sinZ2Bsin2yr)? cosyr 0 0 0 ’
0 0 0 0

Ay =A 1, +Dpopiy+ W Dy — DWW, + (T01513)Q2;¢’}3,1(T01513)_1] b51

singcosp
(1 —sin2Bsin2y)?

0 —cosfsin2y —(cos2y + sin?Bsin?y) hcosBsin2y
cosBsin2y 0 0 0
cos2y + sin?gsin?y 0 0 hsingsin2y

0 0 0 0

[Wy1De — DcW, ) + (Tozszc)Q/c¢,c,1(Tozszc)il] bca

0 cospcosy —siny hcospBcosyr
sinBcosBsiny | —cosBcosy 0 —singcosy 0
- (1 —sin2Bsin2yr) sinyr singcosy 0 —hsinBcosy |’
0 0 0 0

Ay =Ay11 +Dedln +[Wo Do — DW, 1 + (T0,8,0) Ot (Tozszc)_l]‘f’/c,l =0,
(W31Dp — DpWsy + (T3S3p) Opép 1 (T0353D)_1]¢b,1 =0,
Ay11=A511+Dpdp 11 +[Ws1Dp—DpWs 1+ (T038:5)Opdp (T03530)71]¢b,1 =0.
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Note the order of the calculations performed in this example; here we see
how the calculation of the portions of C” in example 8.1 is done in parallel with
building the A, ;, matrices. It may be instructive to compare the form of Eq.
(8.28) to that of Eq. (8.47). Because, for this problem, each row of the loop
matrix L is a possible path through the system back to the frame, body 4, it
should be expected that A, | ; = 0.

8.7 Second Geometric Derivatives of Point Positions
To find the second geometric derivative of the position of a point, we start with

Eq. (7.25)

. 9R, b=1,2,...,¢,
Roj=gy, =Weilor =Wo iR
] T ALy e o

and differentiate again, with respect to the generalized coordinate ,. Using
Egs. (8.46), (7.20), and (7.25) we find

bk = Gy ;) bk PRI k=12, f. ‘

8.8 Accelerations of Bodies

In Eq. (7.22) we defined the velocity operator for a body as
w, =Y P(b.mDyg,. b=12....¢
h=1

Before finding the acceleration of a body, let us first define the new acceleration
operator o,

d
ab:%, b=1,2....¢ (8.51)

which can be found as the time derivative of the previous equation,
“ . dD, .
=Y P(b,h){D —ltgt, b=1,2,....¢
o ; (b, h) { n®n + i ¢h}

Again, in the case of a multi-variable joint 4, multiple terms will be required. If joint
h is a spheric joint, for example, then

D¢, = D}y, + D3 dj; + Dydj, + Dy
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By Eq. (8.26) the previous equation now expands to

ay =Y P(b.h)[Dydy + [0_Dy — Dyooy_ + TS 1) Qi (TS )~ ).

h=1
b=12,...,¢,

for evaluation.
As another alternative, we might start with Eq. (7.24)

/
wy=Y W, i, b=12...¢
j=1

and use the chain rule to differentiate with respect to time

f rf
=Y Wy i+ 33 Ay e b=1.2,....¢

j=1 j=1 k=1

(8.52)

(8.53)

This is an entirely separate but equivalent formula for «, to the previous one.
Whether Eq. (8.52) or Eq. (8.53) is preferable depends on the particular situation;

we will have future needs for both.

Next, we recall that in Eq. (8.2) we defined the acceleration of a body to be the
second derivative with respect to time of its transformation matrix with respect to

the global frame:

. AT,
TOsz;b, b=1,2,...,¢.

From Eq. (7.23) we have
TOb:a)bTOb, b:1,2,...,€,
and, differentiating this again with respect to time, we get

dw daT,
d_thOb+wb dfb', b=1,2,....¢,

T()b =
which, by use of Egs. (8.51) and (7.23), becomes
T0b= (ah+a)b(1)b)TOb, b=1,2,...,e,

or, by Egs. (8.53) and (8.54), can be written as

! rof

j=1 j=1 k=1

(8.54)

. (8.55)
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EXAMPLE 8.4 Continuing from example 8.3, the «; matrices for each of the bodies
of a Cardan/Hooke universal shaft coupling are easily found by Eq. (8.53):

o) = W1,1K5 +A1,1,1¢2

cos B

- (1 — sinzﬂsinzww +

=W, ¥ +A2,1,1¢2

sin%Bcos B cos2y .2) 0 0

1 —sinZBsinZyr

0

0 -1
0

S O = O
S O O

B 0 singcos?y  —sinfcospBsinycosy —hsinBcosy |
1 —sin28sin2yr 1 —sin28sin2y 1 —sin28sin2y
—sin g cos?y cosfp
. S 5 0 S 5 0
= 1 —sin2Bsin2y 1 —sin28sin2y
—sin g cos Bsiny cosy —cos 0 hcosp

1 —sin28sin2y, 1 —sin28sin2yr 1 —sin28sin2y

i 0 0 0 0

sin B cos B2

(1 — sin2Bsin2yr)2

0 —cosBsin2y —(cos2y + sin?gsin?y) hcosBsin2y
cosBsin2y 0 0 0
X
cos2y + sin?Bsin?y 0 0 hsingsin2y
0 0 0 0
a3 = W3,1K5 +A3,1,1‘ﬁ2
[0 sin B 0 —hsing]
_; —sing 0 cosf 0 sin B cos Bsin v
0 —cosp 0  hcosB 1 —sin?gsin?y
0 0 0 0 |
[ 0 cos oSy —siny —hcosBcosy |
—cosfgcosy 0 —singcosyr 0
X b
sinyr singcosy 0 —hsingcosy
0 0 0 0 ]

oy =Wy ¥ + Ay 19° =0.




Problems 8.1-8.2

8.9 Accelerations of Points

Next, we recall that in Eq. (8.1) we defined the acceleration of a point to be the
second derivative with respect to time of its global position vector:
2
_ d°R,
T dr

b=12,...,¢
From Eq. (7.27) we have
R,=w,R,, b=1,2,....¢,

and, differentiating this again with respect to time, we get

which, by use of Egs. (8.51) and (7.27), becomes
R, = (@, + 0y0)Ry, b=1,2,....¢, (8.56)

or, by Egs. (8.53) and (8.54), can be written as

f o f
Ry= Y "W, i+ Y (A + Wy Wy ¥ ¥ | Ry b=1.2,.... L.
j=1 k=1 j=1

(8.57)

Thus, we see that the same derivative operator matrices found for taking either
second geometric or second time derivatives of body postures are also used for
finding second derivatives of point positions.
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PROBLEMS

8.1 Continue from the results of problems 6.1, 6.2, and 7.1 as follows:

a) Form the matrix ¢” of second geometric derivatives of the joint variables.

b) Form the second geometric derivative-operator matrix A, ; , for each body.

¢) Form the set ¢ of second time derivatives of the joint variables.

d) Form the second time derivative (acceleration) operator matrix «, for each
body.

8.2 Verify that the upper-left (3 x 3) submatrix of C;, in Eq. (8.29) is skew
symmetric.

223



224

Acceleration Analysis

8.3 Continue from the results of problems 6.4, 6.5, and 7.2 as follows:

a)
b)
<)
d)

Form the matrix ¢” of second geometric derivatives of the joint variables.
Form the secopd geometric derivative-operator matrix A, ;, for each body.
Form the set ¢ of second time derivatives of the joint variables.

Form the second time derivative (acceleration) operator matrix «,, for each
body.



Modeling Dynamic Aspects of Mechanisms
and Multibody Systems

9.1 Introduction

In the very beginning of this text, section 1.1, we observed that the science of
mechanics is composed of two parts called statics and dynamics, first distinguished
by Euler in 1765. His advice is, perhaps, worth repeating here [1]:

The investigation of the motion of a rigid body may be conveniently separated into two
parts, the one geometrical, the other mechanical. In the first part, the transference of the
body from a given position to any other position must be investigated without respect
to the causes of the motion, and must be represented by analytical formulae which will
define the position of each point of the body after the transference with respect to its
initial placement. This investigation will therefore be referable solely to geometry, or
rather to stereomety [the art of stone-cutting].

It is clear that by the separation of this part of the question from the other, which belongs
properly to Mechanics, the determination of the motion from dynamic principles will be
made much easier than if the two parts were undertaken conjointly.

We also noted that dynamics is made up of two major disciplines, later recognized
as the distinct sciences of kinematics and kinetics, which treat the motion and the
forces producing it, respectively.

As should be evident from the preceding chapters, one predominate challenge
in the analysis of multibody systems, particularly those with closed-loop topology,
is that of kinematics, and one major emphasis of this book has been on that topic.
As Euler advised, the methods of the preceding chapters have been totally derived
from geometric principles. The units of all parameters defined up to this point have
been solely those of length and time.

Statics and kinetics, however, are also extremely important parts of a complete
design analysis. The engineer or designer is vitally concerned with the forces trans-
mitted between the parts of a system so that they can be designed to withstand the
stresses induced. The work and energy that the system produces or requires are of
significant interest. Therefore, these topics and units, including those of force and
energy, are also covered in depth in the coming chapters.

Of course, every student, from their first introduction to Newton’s laws, has
been taught that the first requirement when analyzing a system to find forces is to
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Figure 9.1 Differential particle of mass

“draw a free-body diagram” of the system being studied. This is excellent advice
for hand-calculation methods. However, such approaches do not lend themselves
to computer evaluation. Computers gain no guidance about the solution of such
problems from hand-drawn diagrams. The techniques that we seek here need not
depend on such an approach but, instead, will be based on energy. In the energy
approach, applied forces can be handled through work-energy principles where the
energy contribution of the applied forces are computed from the work performed
by such forces.

9.2 Modeling Kinetic Energy

In order to use an energy approach, we will require the formulation of an expression
for the kinetic energy of our multibody system. To derive such an equation, let us
start by considering a single differential particle of mass dm as shown in Figure 9.1.
In terms of the global components of the velocity of this moving particle, its kinetic
energy is

dH = L{(R*)* + (RV)> + (R")*}dm
RX
. . . RY
=1[R¥ RY RZ 0]| . |dm
RZ
0
= IR'Rdm.
Let us suppose that this is a single particle of mass on moving body number b
and, from Eq. (7.27), substitute our matrix form for its absolute velocity,

dH, = 57, Tgywyw, Toprydm.

On integrating this over all particles of body b, we see

H, = %/rﬁ, [TébwzwaOb] rydm.

Unfortunately, this formula presents a significant problem. When we consider
which elements of this integral change from one particle to another, we see that every
particle of body b uses the same transformation matrix 7, and the same velocity
operator matrix w,. However, because r, changes for every particle of body b, and
because matrix multiplication is not commutative, we cannot factor the invariants
out of the integral. Therefore, if done in this way, the integration must be performed
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anew, probably numerically, every time the posture or the velocity of the body
changes. This is certainly not an attractive prospect.

Fortunately, there is another approach. Starting again in formulating the expres-
sion for the kinetic energy of the particle, and recalling that the trace of a square
matrix is defined as the sum of the terms on the principal diagonal, we can write

dH = H{(R¥)? + (RV)? + (RH)%}dm

TRXRX RXRY RXR? 0
1 RYRX RYRY RYRZ 0
= strace o o o dm
R?’RX R?RY R?R* 0
0 0 0 0
RY | .. ‘ .
= Itrace 1Y [R¥ RY R? 0]|dm
L 0

= ltrace(RR")dm.

The huge advantage of this seemingly minor change does not become apparent
until we substitute Eq. (7.27) for the velocity of the differential particle into our new
energy expression. This now gives

dH, = 1trace(w, Ty, r,1, Ty,wh)dm, b=1,2,..., L

When we recognize that o, and 7|y, are invariant for every particle of body b,
the integral can now be written

1
H, = ztrace (waOb [/ rbr’bdm} T(jbwﬁ,> , b=1,2,...,¢ (9.1)

The integration over all particles of the body no longer depends either on the
posture of the body (7,,) or on its velocity (). It is now an integral over the local
coordinates of the particles of mass. It is now possible to perform the integration
once, for all postures and all velocities of the body, as will be shown in the next
section.

9.3 The Inertia Matrix

Let us define the matrix

J, = /rbr’bdm, b=1,2,...,¢. (9.2)
When we expand the terms, we see
2
()" nn nnoon
A (R A A
JbZ/ oy (1) brbz bldm, b=1.2.....¢
T () R
noonoon 1
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However, because integration is a process of repetitive summation and because
matrix sums are performed by summing individual terms, the integral can be per-
formed on a term-by-term basis. Therefore,

() dm [ ridm [ rrsdm [ ridm
2 Z
B N L e ) I
b= , =1,2,...,¢
[rirsdm  [riridm (r,z))zdm [ ridm
[ ridm [ rydm [ ridm [dm

Checking with any of a number of texts on mechanics reminds us that many of
these integrals are known from the definitions of the mass distribution parameters
of a rigid body, [2]. For example, if we denote the total mass of body b by the symbol
m,, and the location of its center of mass, measured with respect to the local body
coordinate system by the vector 7,, then the definition of the elements of the center
of mass location are given by

1 1 1
ﬁ:—/r’gdm, T*Iy):—/rly)dm, 7i=—fr§dm, b=1,2,...,¢, (9.3)
my my my

and the integrals in the fourth row and column of the J, matrix become

S () dm  [rirdm [ rrdm  my
S _ | Srndm [0 dm o [rirdm w7
=

[rirsdm [ rir,dm f(rf})zdm myF;

m,ry, mb;yb myry my,

Checking further with mechanics texts [2] reminds us that the remaining off-
diagonal integrals are known as the mass products of inertia of the body. They
usually carry symbols such as

¥ = f,«;r;dm, B = /rﬁr;dm, IF = /r;r’;,dm, b=1,2,....0. (94)

Different texts do not agree on whether the mass products of inertia should include
a minus sign as a part of their definitions. No minus sign is shown here; however, the
reader is advised to use care if comparing with different texts.

Using our notation, the mass moments of inertia are usually defined as follows

p= {6 Girfam, 57 = [ {3 + i) fam.

(9.5)

Igzzf{(,be)2+(rZ)2}dm’ b:l,Z,...,E.

These are sometimes called “polar” moments of inertia and the definition of /%%, for
example, integrates the square of the distance of each mass particle from the z axis.
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Once we express the aforementioned J, matrix in terms of these definitions for
the mass moments and products of inertia, we obtain an inertia matrix for each body:

=B+ 5+ ) 1, I myr,
e memen o

’ I 8 Mo+ B~ 1) my |
myry myr, myry my

b=1,2,....¢. (9.6)

Because these are values that designers may already know about the mass dis-
tributions of the individual parts of their devices, or that they might find reasonable
to obtain through experiment or through their favorite CAD system, these values
form a very suitable model in which the user can be requested to supply the mass
distribution data for each moving body [4].

As might have been expected, we note that each J, matrix is symmetric. This
becomes very important in section 10.3 when finding the equations of motion.

The data for the mass distribution of a body is collected totally in the local
coordinate system of the moving body. Thus, the J, matrix is, by its very definition,
expressed in that coordinate system. However, when we substitute Eq. (9.2) into
Eq. (9.1),

H, = trace(w, Ty, J, Thoh), b=1,2,....¢,

we see the matrix product 7j,/, T,. After review of this derivation, we recognize
that this product, called a similarity transformation, yields the transformation of the
inertia matrix to the global coordinate system where it combines with the global
coordinate velocity matrix w, of the same body. This matrix product is of size (4 x 4)
and all entries have the same arrangement and the same physical interpretation as
those of Eq. (9.6) except that they are transformed to the global coordinate system.

Of course, the total kinetic energy of the system is found by summing the kinetic
energies of all individual bodies:

¢ i
H=Y H,=1) trace(w,Ty,J, T},o}). (9.7)
b=1 b=1

When the record for storage of the data for a body is formed in computer
memory, the software should require that each body record include storage locations
for the elements of the inertia matrix, preferably expressed in the local coordinate
system of the body. These storage locations can be initialized to zeroes. When data
are supplied by the user for the mass of the body, this data can be stored in row
four, column four, thus simulating a point mass located at the origin of the body
coordinate system. When the body coordinates of the center of mass are given, the
elements of the fourth row and column are formed; the mass data then still represents
a point mass, but at the newly specified location on the body. Finally, when mass
moments and products of inertia are supplied by the user, the remaining elements of
the matrix are formed and the inertia matrix no longer represents a point mass, but
a distributed mass. Any body for which mass data are not supplied is considered to
have negligible (zero) mass when compared to those for which nonzero mass data

are supplied.
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9.4 Systems of Units

The units of the data in the J, inertia matrix are also of great importance. As is usual
in engineering design analysis, it is probable that time is measured in seconds. Up
to this point, it has been assumed that all data for lengths or distances are entered
in one self-consistent set of distance units, but no particular system of units has
been specified. Lengths might be measured in meters, millimeters, feet, or inches
depending on the application and the preference of the analyst. Any of these or
other length units can be chosen as long as all lengths are specified in the same units,
and the user must also be satisfied with these chosen units for all values reported as
simulation results involving distances.

As we progress in our study of dynamics, we will also choose a standard unit
for force, almost certainly the Newton if the meter or the millimeter is chosen for
length, or the pound if the inch or the foot is chosen as the unit of length.

Once these choices are made, then consistency demands that mass data must be
given in units of force seconds squared per unit length. This is called a gravitational
system of units. See, for example, [5] Uicker, op.cit., section 13.3.

With such a system, use of Newtons for forces and meters for lengths requires
that mass data be given in Newton seconds squared per meter (N-s?/m), which are
named kilograms (kg). However, use of Newtons for forces and millimeters for
lengths requires mass data in Newton seconds squared per millimeter (N-s>/mm),
which are named megagrams (Mg).

Similarly, use of pounds for forces and feet for distances requires mass data
in pound seconds squared per foot (/b-s*/ft). Pound seconds squared per foot are
named slugs in some texts. However, to the authors’ knowledge, this term is not
used anywhere outside of academia and, therefore, it is avoided in this text. Use
of pounds for forces and inches for distances requires mass data in units of pound
seconds squared per inch (/b-s*/in), which have no other name. The term pound
seconds squared per inch (/b-s*/in) must be used for mass.

For user friendliness, it may be preferable to allow the user to supply mass and
inertia data in terms of weight units and to have the software convert to mass units by
dividing by the standard gravitational constant. However, it is strongly recommended
that this be done as data are entered and that all data for a particular application be
stored in computer memory in one consistent system of units as just discussed.

9.5 Modeling Gravitational Effects

The mass distributions described by the J, inertia matrices can also be used for
modeling the effects of gravitational loads in our multibody system. If we define
a homogeneous coordinate vector for the local position of the origin of a body
coordinate system,

: (9.8)

— o O O
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then, from Eq. (9.6), we see that
myry,
myF, _
Jpro = _g = Myry, b=1,2,...,¢.

mbr
my,

Transforming this homogeneous coordinate vector from local body coordinates
to global coordinates, we get

my,

m —
Todyro =Ty, | 0 | =myTyfy=mR,. b=1.2....¢ (9.9)
myry

my

and because it is easily verified that Tj,r, = r,, the equation can also be written in
the form

TObe}’O = (TObeT(gb)ro, b = 1, 2, ceey E, (9.10)

if this proves to be more convenient when coding the software.

Next, we require the computer user to specify the magnitude and direction of
the gravitational force field, if any, which acts on the bodies having mass. This vector
is defined in homogeneous coordinate form with components along the global axes
and is given the symbol g:

1. (9.11)

Note that there is no stipulation that the g vector need have the magnitude of
standard gravity, although it often may, and it can conveniently default this way in
the software. Still, without this constraint, it occasionally becomes possible to use
the g vector to model a distributed force field that is not the result of gravity. For
example, if a vehicle is rounding a curve of known radius at a known speed, it may
be advantageous to model the centrifugal force field by specifying that g includes
an appropriately sized component in the outward radial direction in addition to the
vertical gravitational component. In this manner the vehicle can be subjected to a
centrifugal force field on all parts having mass, even though the simulation may be
done in a quasi-static mode.

With the gravitational g vector known, it becomes possible to write an expression
for gravitational potential energy. Assuming that a zero-reference position is defined,
where the center of mass of body b coincides with the global origin, the gravitational
potential energy of body b with respect to this reference is

V, = —mygr, b=12...¢L

The negative sign recognizes the convention used here that positive represents
energy contained within the body and signifies that when a body is moved opposite
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to the direction of the gravity vector, work is done and the potential energy of the
body is increased.

Using Egs. (9.9) and (9.10), the gravitational potential energy of body b
becomes

Vy = =& (Tody Tep)re b=1,2,....,¢.

Therefore, the total gravitational potential energy of the system is

€

V== ¢(Toy Tiy)ro- (912)
b=1

9.6 Modeling Joint Stiffness

Sometimes a real spring is designed to act directly with a joint variable, as is the
case with the struts of many automotive or aircraft suspensions, or the coil spring
of a clock or a wind-up toy. In other situations, the analyst may wish to simulate
the stiffness of a motor or control system that acts within a joint. Therefore, we
assume that our mechanical system model may include a stiffness value k,, acting
directly with the movement of joint variable ¢,,. Such a spring or stiffness provides
a linear restoring force of magnitude k,(¢, — ¢,,), Where ¢,, represents the “free
position” of joint ¢,, at which position the restoring force is zero. Of course, when
the movement of joint variable ¢, is a rotation, then k, is a torsional stiffness, ¢, is
an angle, and k,(¢;, — ¢,,) is the magnitude of a restoring torque.
The potential energy stored in such a spring or joint stiffness is

V, =3k, (@, — bp0)>. h=12,....n,

and the total potential energy stored in all such springs of the model is

V=1 k@, — buo) (9.13)

h=1

As previously explained for mass data, the record created in computer memory
to store each joint can include memory locations for storing values of a stiffness and
a free position associated with each joint variable. These can be initialized to have
values of zero. At a later step in the creation of the system model, data may (or may
not) be supplied to represent the existence of a nonzero spring rate or stiffness for
one or more of these joint variables.

9.7 Modeling Joint Damping

Just as a joint can display stiffness as modeled in the previous section, so too, it
can show energy dissipation through damping. Here we assume that this energy
dissipation can be modeled as viscous damping, that is, that there can be a resisting
force or torque acting against the motion of a joint variable, which is of magnitude
—c, ¢, proportional in size but opposite in sense to the (relative) velocity of the joint
variable. Here ¢, is the viscous-damping coefficient.
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During an infinitesimal displacement 8¢,, of this joint variable at velocity ¢, the
energy loss from the system through such damping is

8U, = —c,¢,8¢,, h=12,....n.

If we express the displacement and velocity of this joint variable in terms of the
displacements and velocities of the generalized coordinates, then

f
8= sV, h=12,....n,

k=1

and
G=> . h=1.2....n.
j=1
Then the infinitesimal energy loss from this joint variable is

fof
SU, ==Y ) (@ucndp ¥ )8V, h=12.....n

k=1 j=1

The total energy loss from all viscous joint damping during this small displace-
ment is

f f n
U =— Z Z (¢;zkch¢;,j1/}j)5wk~ (9.14)
1

k=1 j=1 h=

Again, the record created in computer memory to store each joint can include a
memory location for storage of a value for a viscous-damping coefficient associated
with each joint variable. These can be initialized to have coefficient values of zero.
At alater step in the creation of the system model, data may (or may not) be supplied
to represent the existence of nonzero viscous-damping coefficients for one or more
particular joint variables.

Many other types of energy dissipation have been proposed in the literature
beyond the viscous-damping model shown here. Coulomb damping, hysteretic damp-
ing, proportional damping, quadratic damping, and others are covered in various
texts, [3]. Arguments abound over which is the more appropriate model in a given
situation. However, these are not the purpose of this text, and only viscous damping
is presented here. Others can be implemented in matrix notation by similar methods
if the reader wishes to do so.

9.8 Modeling Point-to-Point Springs

Many multibody systems include one or more springs connected between points of
the moving bodies. If we assume that the endpoints of such a spring are the points
R, and R, of two different bodies labeled b and ¢, then we can define the symbol
R, to represent the vector between these two points. Note that the digraph bc as a
subscript signifies only a single spring, yet it includes a pair of points, the endpoints
of the spring, and a pair of integers are referenced. These are the labels of the bodies
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containing the two endpoints. Still, there is only a single spring — a single point pair —
for each such digraph

R,,=R,—R.=Tyr,— Tyr., bc=12 ¢ (9.15)

The distance between the two points is

e = R Ry, bie=1,2,...,8, (9.16)

and the unit vector showing the orientation of the vector between the two points is
defined by the symbol

Ltbc :Rbc/gbc’ b,C: 1,2, ...,g, (9.17)
so that
Ry =4¢pup, bc=12,...,L

We now assume that our mechanical system model includes a linear spring with rate
k. and free length ¢, ,, which provides a tensile force of magnitude k,.(¢,. — £;)
directed onto point b from point ¢ and having an equal and opposite reaction force
onto point c. The potential energy stored in such a spring is

Vie = sk (bye — €,0)*, bic=1,2,....,¢,
and the total potential energy stored in all such springs of the system is

V=3 koellye = o). (9-18)
bc
Note that no symbol has been defined for the total number of such springs in
the model and no numbering convention or order has been chosen for their identifi-
cation. In the actual software, the records for these springs will, almost certainly, be
implemented in a linked list or queue, and the summation will be accomplished by
incrementing through this list.

9.9 Modeling Point-to-Point Dampers

Many multibody systems also include one or more dampers in the form of dashpots
connected between points of the moving bodies. As with point-to-point springs, we
assume that the two endpoints of such a damper are the points R, and R, of two
different bodies labeled c and d. We again assume that the energy dissipation can be
modeled as viscous friction; that is, that there is a resisting force that is proportional to
the relative velocity, —c ;£ 4.4, acting along the line between the two points. During
an infinitesimal virtual displacement §R_, between the two points, the energy loss to
the system is

SUCd = —CcdﬁcduidaRcd, C, d = 1, 2, ceey E. (9.19)

Next, we express the displacement and the relative velocity across this damper
in terms of the motions of the generalized coordinates. The displacement is

f
SR,y =Y (W, R, —WyR)SY;,
j=1
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and we define

R, =W.R —W,R =R,—R, °“%=bL&-t (9.20)
cdj cjtte dj*’d cj dj’ ]-:1’2’”_’]0’
so that
f
SRy=» Ry, cd=12. L (9.21)

=1
From Eq. (9.16),
g%d = Ri'dRcd’
2egbeg = R Ry + R Ry = 2R R 4,

A
beqg = Uy Ry,

f .
= Uy 21 WiR. =Wy RDY;,
j=

f
bog=Y UR Wy cd=12,.... L (9.22)
j=1

Therefore, substituting Eqs. (9.22) and (9.21) into Eq. (9.19), the amount of
energy dissipated by such a damper is

f ot
Uy =— Z Z R,ctdjucdccdutcdR,cdkwk(Swﬁ
j=1 k=1
and the total energy dissipated by all such point-to-point dampers during such a
motion is

f !
SU ==Y "> RliyjtegCoqltg Reg V18- (9.23)
j=1 k=1 cd
As previously explained, the record created in computer memory to store data
for each point-to-point damper can include a memory location for storage of a
viscous-damping coefficient associated with that damper. Also aforementioned,
many other types of energy dissipation are possible beyond the viscous-damping
model shown here. Coulomb damping, hysteretic damping, proportional damping,
quadratic damping, and others are covered in various texts, [3]. Others can be imple-
mented by similar methods using matrix notation if the reader wishes to do so.
Notice again that no symbol has been defined for the total number of dampers
in the model and no numbering convention or order has been chosen for their iden-
tification. In the actual software, the records for such dampers will almost certainly
be implemented in a linked list or queue, and the summation will be implemented
by incrementing through this list.

9.10 Modeling External Forces and Torques Applied with Joint Variables

For a good simulation tool for multibody dynamic systems, it is also necessary to
model applied forces and torques that may act on the system. There are two major
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categories of such applied forces or torques; some are external forces or torques
that act directly within the joints along with the joint variables whereas the other
type consists of external forces or torques applied at specific locations on the moving
bodies.

In this section, we will model the first category, where an external force acts
directly with a rectilinear joint variable or an external torque acts directly with
a rotational joint variable. Such a force might, for example, be the result of the
action of an electric or hydraulic motor or actuator within the joint labeled /4 that
is programmed to provide a prescribed force or torque as a given function of time,
or the force or torque might be applied by an intricate control system in joint / that
provides a force or torque as a known function of system geometry.

In any case, we assume that the functional variation of the force or torque acting
with joint variable 4 is described by a known function f; (¢, t).! The software may
even allow reading a table of numeric data, possibly empirical, and when the data
is read, the software can perform a Fourier transform to produce a differentiable
periodic function.

We adopt the sign convention that the force or torque is positive when it acts
to cause a positive displacement of joint variable ¢,. Therefore, the work done by
such an applied force or torque onto the system during a small displacement is the
product of the force or torque and the displacement of the joint variable:

,
U, = [,(9. 08¢, = > _ ) [1(@.08Y;, h=12,..n.

j=1

The total work done on the system by all such applied joint forces or torques
during a small displacement of the system is

[ n
U =33 ¢1fu(9.D8v;. (9.24)

j=1 h=1

9.11 Modeling External Forces and Torques Applied to Bodies

The other major category of force systems is composed of external forces and torques
having specified magnitudes and orientations applied to the moving bodies. In order
to achieve a high degree of flexibility in modeling, we assume that each such force
is applied at a specified point, having location r, on the body labeled b; a torque is
applied anywhere on body b. Also, a force or torque is oriented to act along a line
directed toward specified point r, from specified point r, on bodies labeled ¢ and d,
respectively.

Note that the bodies and points b, ¢, and d may be, but are not required to be,
distinct from each other. If, for example, both ¢ and d refer to points on the same
body, then the force or torque always has a fixed orientation with respect to that
body, even though that body may rotate. If, as another example, c and d both refer to
points on the fixed frame while body b is moving, then the global orientation of the
force or torque is constant. The variety of modeling possibilities is almost unlimited,

1 Within the IMP software, there is an extensive library of functions that can be combined by mathe-
matical operators to describe most situations.
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and no situation has yet arisen that could not be modeled. The only restriction is that
points r, and r,; never become coincident because this would cause the orientation
of the force or torque to become undefined.

As we did in section 9.8, we define

Rcd = Rc - Rd = T()crc - TOdrd'

Then, as in Eq. (9.16), we define the distance between the two points as

ch = vV RZdRcd’

and, as in Eq. (9.17), we define a unit vector showing the orientation of the line
between the two points as

Ug = Rcd/ecd'

We assume that the functional description of the magnitude of the external force
or torque acting on body b is known and is described by a given function of time and
system geometry: f,, (¢, t) for a force or 7, ,(¢, t) for a torque. We assume that the
force is positive when pointed toward the point 7, from the point r,. Therefore, in
global coordinates, the force vector is

f.00.t) =u,frq@.t), becd=12 .. ¢ (9.25)

As was done in the case of the force, the unit vector u,, for a torque is found
from two points on bodies ¢ and d. Therefore, in global coordinates, the externally
applied torque vector is

Tbcd(¢’t) = ucdrbcd(¢7t)s b9 C,d= 19 2, 76 (926)

If we consider the combination of a force f, , (¢, t) applied at point b along u_,
and a torque t,,(¢, t) along the same line u_,, this force and torque pair is referred
to as a wrench.

Now let us consider a rigid body with a system of forces and torques applied to
it. We know from elementary statics that, at any general point of the body, such a
force and torque system is equivalent to a single resultant force f (¢, #) and a single
resultant torque (¢, t) acting at this point, as shown in Figure 9.2. This resultant
torque can be resolved into two components: one 7,(¢, ) in the direction of the
resultant force, and one 7, (¢, t) perpendicular to it as shown.

Figure 9.2 Resolving the resultant force (f) and torque () at a point into
an equivalent wrench (f, ,). Note thatr x f = —7,,.
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Now an axis u can be found that is parallel to the line of f and is in the plane
perpendicular to t,, but is shifted by a distance r, where r x f = — t,,. The resultant
force T and torque 7, can be replaced by a wrench consisting of a force f(¢, 1) = uf(¢,
t) along and a torque 7,(¢, t) = ut (¢, t) about this axis (in a plane perpendicular to
the force). For any force/torque system acting on a rigid body, this axis u is unique
and the corresponding construction leads to Poinsot’s theorem [4], named for the
French mathematician, Louis Poinsot (1777-1859):

A general system of forces and torques acting on a rigid body is equivalent to a wrench
about a unique axis consisting of a force along this axis and a torque about this same axis.
The axis is called the screw axis for the wrench. Moreover, any system of wrenches acting
on a rigid body is equivalent to a single wrench acting on the screw axis.

In general, a screw is a line having a linear magnitude named piftch associated with
it. In the case of differential displacements, Ball vectors define a screw that we call a
twist that describes the velocity distribution of a rigid body. Similarly here, a wrench
defines a screw that describes the force distribution on a rigid body. This indicates
that Poinsot’s theorem can be considered a dual of Chasles’ theorem of differential
kinematics or that a form of duality exists between the velocity distribution of a rigid
body and the force distribution on a rigid body. A differential twist has an amplitude
that is the differential rotation of the body and the pitch of the twist is the ratio
of the differential translation to this amplitude, o = §d(¢, t)/30(¢, t). Similarly, a
screw defined by a wrench has an intensity that corresponds to the magnitude of the
force and its pitch is defined as the ratio of the magnitude of the torque divided by
this intensity, & = 7(¢,t)/f(¢, ). When the pitch is zero, a twist represents a rotation
whereas a wrench represents a force. Similarly, an infinite pitch corresponds to a
translation for a twist and a torque for a wrench.

In Chapter 6, we showed that a (4 x 4) matrix can be used to represent a screw
corresponding to a given twist. Similarly, we can represent a screw associated with a
given wrench in terms of a (4 x 4) matrix in the following manner. We first define a
(3 x 3) skew-symmetric matrix i whose vector kernel is the unit vector u«; observing
that T = Ahf, we can then form a (4 x 4) matrix as follows:

0 —-u* uww hut
u® 0 —u*  hw u hu
Fenl v w0 el = @0 [0 0] (9.27).

0 0 0 0

In Eq. (9.27), the factor f(¢, ) corresponds to the intensity of the screw associated
with the wrench and the (4 x 4) matrix is a matrix representation of the screw. The
screw coordinates in the form of a (6 x 1) vector can be extracted from this (4 x 4)
matrix as:

4 [hu} _ | ’ (9.28)
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and the corresponding wrench is

f@.0) = fg.0) (9.29)

However, the specification of a wrench depends on the choice of the coordinate
system. For example, the specification given in Eq. (9.27) is based on a coordinate
system that has its origin on the axis of the wrench. We know from Chapter 3,
however, that the (4 x 4) matrix representation of an axis can be written in terms
of any other coordinate system using a similarity transformation. Let us consider,
for example, shifting the origin of the coordinate system used for the specification
of the wrench axis in Eq. (9.29) while keeping its orientation. Then, if r represents a
vector from the origin of the new coordinate system to any point on the wrench axis,
the coordinate transformation between the two coordinate systems can be described

by
I r
T = ,
0 1
and, using a similarity transformation, the specification of the wrench in this new
coordinate system becomes:

) e i | |

Therefore, in this new coordinate system, the wrench is given by

i hu—ur
f(@.0) [o 0 } , (9.30)
Or, in (6 x 1) format,
fo.0 = f@.0) [h“ +ur X “] . (9.31)

Now if the force distribution on body b of a multibody system is specified
by a wrench as given in Eq. (9.29), the wrench can be written in terms of any
other coordinate system of the multibody system by using the correct kinematic
transformation matrix 7 in the form of a similarity transformation applied to
Eq. (9.29).

Although wrenches provide an elegant representation of the force distribution
in a multibody system, we will treat forces and torques and their contributions to
the energy of the system separately in terms of the work performed by each. We
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do this because treating forces and torques separately provides more convenience
and flexibility for the user of a general purpose algorithm or computer program for
complex multibody systems. In the remainder of this text, therefore, we treat these
separately.

For the point of body b where an external force is applied, we can express a
small displacement in terms of displacements of the generalized coordinates

f f
SR, =Y W, Ry, =Y Ry,

j=1 j=1

The work done onto the system by an external force during a small displacement,
then, is the vector dot product of the force and the displacement. Therefore,

f

8Upeq = SRy = ZRZj”cdfbcd(‘Ps D8y ;.
j=1

The total work done by all such externally applied forces acting on the system
during this small displacement is

f
U =3 Rijtteq foea @ D3Y). (9.32)

j=1 bcd

For an arbitrary location on the body labeled ¢ to which an external torque
is applied, we can express a small displacement in terms of displacements of the
generalized coordinates:

f
SR, =Y W,R5Y;.
j=1

After reviewing the material of section 6.4, however, and recalling that there is
no particular point of application for a torque, we see that the small twist of the body
labeled c is expressed by the form

i 0 800 80 SRy ]
sY, oy, 8y,

f ;o|os o %" Ry
aeL.:ZWcjal//j:Z 8, Sy, 8y |8y
= P sel a0 0 SR
s, oy, 5,
L0 0 0 0 |

If we rearrange these terms into Ball vector form as shown in Eq. (6.32), we find
that a small angular displacement of the body labeled c is given by the second Ball
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vector
592‘0
o 5,
86, I P W,;(3.2)
~ i )
=180 (=2 Gy, (P 2 D) oY,
.z j=1 J j=1
SGCU 8920 Wc}(z’ 1)
W,
;
=Y Wy, c=12.....¢ (9.33)

j=1

where W;(j, k) symbolizes the element from row j, column k of the (4 x 4) matrix
W,;, and where W ; signifies that elements of the (4 x 4) W; matrix have been
rearranged into a (3 x 1) column matrix in the order defined in Eq. (9.33) for the
second Ball vector. Throughout all software, the W,; matrices and also the O, D,
and A, matrices can all be calculated and stored in Ball vector (screw coordinate)
form, thus saving time and redundant storage.

The work done onto the system by an externally applied torque during a small
displacement is the vector dot product of the torque and the small angular displace-

ment expressed by the second Ball vector:

’
~t : ~t
SUge =00, Toge = D W jlhg,Toge (9. 08V}, c.de=1,2,... L.
j=1
Therefore, the total work done by all such externally applied torques during this
small twist is
f
~t ~t
§U = Z 8901cde = Z ZWcjudefcde((f)a [)SWJ'- (9.34)

cde j=1 cde
Again, no symbol has been defined for the number of such torques in the system
model and no numbering convention or order has been chosen for their identifi-
cation. In the actual software, the records for these torques are almost certainly
implemented in a linked list or queue, and the summation is accomplished by incre-
menting through this list.
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PROBLEMS

9.1 Form the inertia matrix entries for each of the geometric shapes shown:

Rectangular prism

Thin rod

Circular disk

Solid Cylinder

Hollow cylinder




Problems 9.1-9.3 243

Cone

Sphere

9.2 Figure P9.2 shows a connecting rod made of steel with density of 7 830 kg/m>.
The dimensions are shown in mm. The thicknesses of the two hubs are each 50 mm,
and the shaft has constant thickness of 30 mm. Determine the inertia matrix for this
connecting rod with the body coordinate axes shown.

|« 350 :i

85D
45 D! :
/ 40D 25D Figure P9.2

45 23

9.3 Figure P4.5 shows an Oldham shaft coupling made of steel with density 2.8 Ib/in?.
The two shafts are each 6.0 in length with 0.5 in diameter. The circular hubs are each
of 2 in diameter and 0.75 in thickness. The slots and rectangular ribs each have 0.50
in width and 0.375 in thickness. Determine the inertia matrix for each of the moving
links with local body axes oriented as shown in Figure P4.5.
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10.1 Introduction

Throughout earlier chapters we have carefully formulated our equations in a very
general, multi-degree of freedom form. In fact, our only two limiting assumptions
so far have been: (1) that all bodies of our system are totally rigid, allowing no
deformation or deflection, and (2) that all joints act precisely as described by their
mathematical models shown in section 4.6, exhibiting no effects such as backlash or
clearances. Indeed, our efforts have produced a kinematic model of our system that
is extremely general and powerful. Even though its solution may be tedious for hand
calculation, we recognize that evaluation is intended by digital computation and we
hope to continue this generality and precision throughout our work in dynamics.

10.2 Lagrange’s Equation

Although it may be possible to formulate the equations of motion for a general
dynamic system by sketching free-body diagrams, assigning sign conventions and
notation, and applying Newton’s laws, such an approach is not used here because
we are interested in complex and diversified three-dimensional mechanisms and
multibody systems and our focus is on developing methods that can be coded for
computation in a general setting. An approach based on energy and Lagrange’s
equation is adopted here, which results in a very general form and minimizes the
potential for errors in formulation. Before we discuss the method, however, let us
review a very brief history of energy methods in mechanics.

The concept of virtual work had been suggested by Aristotle (384-322 BC)
in [2] and by Galileo Galilei (1564-1642) in [3], and then by Johannes Bernoulli
(1667-1748), who stated the principle of virtual work in a letter, dated January 26,
1717, to French physicist Pierre Varignon (1654-1722), and it was later published
by Varignon in [10]. However, it was Pierre Louis Moreau de Maupertuis (1698—
1759) who first enunciated the principle of least action in a public session of the
Academy of France on April 15, 1744, and published it in [8]. Then it was Joseph
Louis Lagrange (1736-1813) in [7], and Sir William Rowan Hamilton (1805-65) in
[4], who developed methods based on work and energy that are especially applicable
to the class of dynamic systems that we now study.



10.3 Generalized Momentum

Maupertius’ principle of least action (sometimes called Hamilton’s principle)
states that nature is thrifty; that is, that nature finds a motion for a system between
some beginning state and some ending state for which action, the difference between
the system’s kinetic energy H and potential energy V, is a stationary value. Through
his ingenious first use of the calculus of variations, in [6] Lagrange developed this
principle into what is now called Lagrange’s equation. The particular form of this
equation that fits our situation is as follows:

i(%)—ﬁ—i—av E, i=12,...,f, (10.1)
;) Y Y,

where F; are generalized forces applied at each of the f generalized coordinates
¥; to account for effects that are not modeled by the kinetic and potential energy
functions, H and V. Consistent with our energy approach, this form of Lagrange’s
equation (see, for example, [9]) requires that these generalized forces be found by
modeling the work done during a small displacement of the system:

f
SU =Y Foy, (10.2)
i=1
Once the work is expressed in this form, the generalized forces F; can be identified
for use with Eq. (10.1).

10.3 Generalized Momentum

In applying Lagrange’s equation, shown in Eq. (10.1), one of our first tasks is to find
the partial derivatives of the system’s kinetic energy with respect to its generalized
velocities. These derivatives yield the components of the generalized momentum of
the system. Because of this physical significance, we assign a new symbol p; to these
derivatives:

pl:g_gi’ i=12,...,f (10.3)
Using the model in Eq. (9.7) for the kinetic energy of our system, we write
3 ¢
Pi= gy [ Ztrace waObeTO,,wb)} i=1,2,.... 1. (10.4)

Next, recognizing that o, are functions of the generalized velocities, we refer to
Eq. (7.24) to recall that

dw b=
—b = ZW,,, =Wy . (10.5)

1,2,...
I, aw P =1,2,....f.

Using this in Eq. (10.4), and recognizing that all other factors are functions of
position, but are independent of velocity, we find
¢ ¢
=3 Y _trace (W, T/, Tjo) + 3 D trace (w, Ty, J, o, Wyy).-
b=1 b=1
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However, because the trace function produces a scalar result, which is identical to
its own transpose, we can transpose the second term here to show that
¢ ¢
pi =13 Y _trace (W, T, J, Tyyoh) + 5 > trace (W, Ty, 4 T,o0).
b=1 b=1

and because the inertia matrix J, is symmetric (J; =J,), we see that

¢
pi= Yy _trace (W, Ty, J,Tj,e}) . i=1.2.....f. (10.6)
b=1
This equation gives the components of the generalized momentum of our system.
These show the components of momentum (or angular momentum) of the system,
as experienced at each of the generalized coordinates.

10.4 D’Alembert Inertia Forces

We can now continue with our development of the equations of motion of our
system. If we take the overall effects of the moving masses, as described by their
kinetic energy, these are the generalized d’Alembert inertia forces of the system.
Equation (10.1) gives these as

d oH

—(p;)——, i=1,2,...
d[(pl) 3¢i7 L [t] 7f’

and Egs. (10.6) and (9.7) show these to be
d [ < 9
G — = LX:; trace (WbiTObeTgba)ﬁ,)} 3, |:22trace w,,TObeTO,,w,,)}

Next we use Eq. (7.24) to expand the forms for the angular velocity operator
matrices (w,) so that the generalized velocities appear explicitly in the expressions

dyn __
GO =

t
4 f
d ,
G = o > “trace | Wy, Ty, gy | D W0
b=1 j=1
t

¢ f /
9 j '
iy 3> trace | [ D W4 | Tods Top | D Wit
il b=t j=1 k=t
We now perform the time derivative required in the first term by use of the chain
rule
¢ U t
G = Z trace | W, T,/ Ty, Z W,i¥,
b=1 =1
P I / AT
b3S oo | Wit (S ) | 1,
— Y,
=1 Vi | b= k=1
5 ¢ f ) ! . [
~ 3 Z trace Z Wy | Towds To Z Wor ’

L b=1 j:1 k=1



and we use the derivative operator matrices of Egs. (8.46) and (7.21) to perform the

10.4 D’Alembert Inertia Forces

derivatives indicated

dyn __
G =

t

¢ !
Z trace | Wy, To,J,, Ty, Z WiV
b=1 =1
F e [ f .
+ Z Z trace A},ij T()b']b TOtb Z ka I/Ik
j=1 | b=t B k=1
;o oe [ /
+ Z trace | W, W, Ty,J, Ty, Z
j=1 | b=1 L k=t

. -
+ Z{ trace | Wy, To,J, Ty, ZAbkjwk)

k=1

Wik ‘/}k) v

¢ i f
[ trace | W, T,/ Tg, Wy, Zkawk) v;

¢ [/ 1
- %Ztrace ( At | Towds Top Zkaiﬁk j|
f .
W Towd, To Zkalﬁk
k=1
f
Towdy Top Wi ZkaWk
k=1

f
ZWb,lﬁ) Toods Top (ZAbsz

By recognizing similar factors, we can regroup these terms as follows:

dyn __
Gin =

t
‘ f
Z trace | W, 7,7, Ty, Z Wyt )

b=1 j=1
f

Z (Apij + Wbinj)¢j Topd, Ty,
=1

4
+ Ztrace
b1

f
Z Wik 1ﬁk)
k=1

I r
k=1

t

)f

t

b=1 j=1
¢ f ) ! .
-1 Z trace Z (Apji + Wy, Wi ¥ | Topdy T Z Woibi
b=1 =1 k=1
¢ f ) f .
— 3> trace § [ YWy | Ty Ty | D (Apy + WyWi) v
b=1 j=1 k=1
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Next, we transpose the last term to give

b=1 j=1

t
¢ f
G = Ztrace Wy Ty, Ty, (Z Wbil/;f)

t
¢ f f
+ Z trace Z (Apij + WuW ) | Topdy Ty, Z Wik Wk)
j=1 k=1

t
€

o r
+ Ztrace W, Tondy T, Z Z (Apjic + Wy Wy ¥ 0
b=1 =1 k=1
_ ; ,
(Aaji + ijWbi) Ui | Toods Top Z Wy
b1 | =1 k=1

|
YIS
-

—+

=

W)

(o]

0]
(]~

- t

4 f f

— 5 ) trace Z (Apki + WiWy) e | Tondy T (Z Wovri | ¢
k=1 ] j=1
and by interchanging the labels of the indices j and k in the last line, it combines
directly with the fourth line to yield
¢ f !
G =" "trace | W, Ty, Toy | D Wi,
b=1 j=1

f f

+ Z trace Z (Apij + Wbinj)ij Towdy To Z Wi
j=1 k=1

t

t

o f
+ Y trace { Wy, T/, Ty | DD (Ay i + Wiy Wi v

b=1 j=1 k=1
¢ f . ! A\
- Z trace Z (Apji + Wy Wi | Topd, T, Z Wik
b=1 =1 k=1

However, according to the identity expressed in Eq. (8.49), we see that the
second and fourth lines of the previous set of equations nullify each other. This
leaves

t

¢ f
G = Z trace | W, T, J,, T3, Z Wy
b—1 =1

t
£

fof
+ Y trace YW, Ty, Ty | Y (Apj + Wy Wy | ¢ i=1.2,..., f.
b=1 j=1 k=1
(10.7)
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Also, using Egs. (8.53) and (7.24) these can be written in the form
¢
G =) "trace[W,, Ty, J, Ty (o, + wpw,)' ], i=1.2,.... f. (10.8)
b=1

10.5 Generalized Restoring Forces

The next contribution to our equations of motion is the set of generalized restor-

ing forces, sometimes called generalized static forces. These are the effects that

are derived from potential energy expressions. Using the symbol GY', we see from

Eq. (10.1) that
v

G'=—, i=12,...,f 10.9

P f (109)

Reviewing the different sections of Chapter 9, we expect to find restoring forces

from the effects of gravity, joint stiffnesses, and point-to-point springs. Adding the

contributions of Egs. (9.12), (9.13), and (9.18), we find that the total potential energy
from these three sources is

L n
V== gl Tiro+ 5 Y k(@ — 300> + 3> keq(log — Lego)*. (10.10)
b=1 h=1 cd

Before taking the derivative of this expression, let us first recall Eq. (9.16),
¢, =R R, cd=12,...,¢
Defining another new symbol, £, ,. = d¢_,/9v;, we take the derivative of the previous
equation with respect to the generalized coordinate v;, which gives
2le4beqi = RegiRea + ReqRigi = 2Ry Rey;.
Dividing this by 2¢_,, and using Eq. (9.17), we obtain
c,d=1,2,...,¢,

Cogi = 0eg/ OV = UeqReyi = Ryitteq, i=1,2,.... f.

(10.11)

Finally, we are prepared to evaluate Eq. (10.9) by taking the derivative of
Eq. (10.10):

¢ £
Gl =— thWbiTobeTotbro - Zg[T()b]b T()thlgirO

b=1 b=1
+ Z Gpiky (D), — bpo) + Z Caikca(Ceg — Leao)-
h=1 cd

It is easily verified from the definition of 7, that W},r, = 0; therefore, the second
term of this equation is null. Using Eq. (10.11) to express the final term, we obtain

¢ n
Gl = =Y dWyuToy Topro + ) Bhikn @y — buo)
b=1 h=1

+ Y Rlgttegkey(beg — Legy) i=1.2..... . (10.12)
cd
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This is an expression for the restoring force experienced at each generalized
coordinate as the result of the combined effects of gravity, joint stiffnesses, and
point-to-point springs.

10.6 Generalized Applied Forces

The final step in finding the complete equations of motion is to evaluate the general-
ized applied forces, F;. As explained following Eq. (10.1) and in Eq. (10.2), we must
first write an expression for the work done during a small displacement of the system.
However, a quick review reminds us that we have already written these expressions
in Chapter 9. Therefore, we can collect the expressions for the work done onto our
system by joint damping, from Eq. (9.14), point-to-point dampers, from Eq. (9.23),
forces applied at joint variables, from Eq. (9.24), forces applied at moving points,
from Eq. (9.32), and torques applied on moving bodies, from Eq. (9.34). In a single
expression, the overall work done on our system during a small displacement is as
follows:
n f

f
SU = Z |: — Z (¢1/1ich¢l/1jw.j) - Z ZRZciubchcuZCR;?Cjw.f

f
i=1 j=1 h=1 j=1 bc

n ot
+ D B fu( @)+ D Rt foea (@ 1) + D W oo (8, t)}sw,-.

h=1 bed cde

According to Eq. (10.2), we can now identify from this work expression the
generalized force F; acting on each of the generalized coordinates during the small
displacement §v:

fon f
F=- Z Z Bhicnii ¥ — Z Z RicttyeCocthe RV

j=1 h=1 j=1 bc

+ D Bufu (@D + D Ryt frea($1)

h=1 bed

~t
+ Y Wl T (0.1), i=1,2,.... f. (10.13)

cde

10.7 Complete Equations of Motion

Finally, we collect all the parts of Eq. (10.1) to form the full equations of motion of
our multibody system. Collecting Eqgs. (10.7), (10.12), and (10.13), we obtain

t

¢ f
b=1 j=1
¢ o o
+ > trace { Wy, Ty, Ty | DD (Ayj + Wy, W) v
b=1 j=1 k=1
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4
- Zg[WbiTObeTébrO

b=1
+ Z ¢glk (¢ ¢g0) + ZR di Ldde (gcd ch)
g_l
n
== Z Z ¢;‘ich¢;lfwf - Z Z RZCiubccbcu;)cR/bcjwj
j=1 h=1 j=1 bc

+ Z¢hl h(¢ t)+ZRl cdfbcd(¢ t)

bed

+ chiudeT0116(¢’ t)’ i = 1’ 2’ R f (1014)

cde

However, because it is usual practice in mechanical system dynamics to show
the effects of gravity as applied forces and the effects of damping as restoring
forces —in spite of how we have derived their expressions — we may wish to rearrange
these equations into the following form:
¢ f '
> trace | Wy, To,d, oy | D W0
b=1 j=1

t
4

ff
+Ztrace W,,. Topd), Ty ZZ(Abijerjka)l/fﬁ/fk

b=1 j=1 k=1
[ n . f .
+ Z Z PiCnbni¥; + Z Z Ry it Cpcllp Ry
=1 h=1 =1 be
+ Z ¢glk (¢ ¢g0) + ZR di cdkcd (ch cdo)
g=1

14

= Zg[szTObeTObrO +Z¢hth(¢ )+ ZR bilted Foca (P2 1)

b=1 h=1 bed

T
+ Y Wty T @ 0. i=1,2,... f. (10.15)

cde

These are the complete dynamic equations of motion of our system. They are
a coupled set of second-order (v/;), highly nonlinear (v 4) differential equations
with variable coefficients. The solution of these equations is not a trivial task. This
will require numeric integration. Worse yet, although it does not show explicitly,
numeric iteration will be required repeatedly, throughout the motion, to insure that
the kinematic loops remain properly closed. Yet the solution of these differential
equations does describe how the motion of our system develops from some set of
initial conditions, and it is from the solution of these differential equations that the
values of the free generalized coordinates, and their velocities and accelerations, are
determined.
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252 Dynamic Equations of Motion

The dynamic equations of motion can also be written in terms of acceleration
terms that were discussed in Chapter 8. For example, using Eq. (8.55), Eq. (10.15)
can be rewritten as:

f
Z trace (W, Ty, J, 15, ] + Z Z PpiCndh ;W + Z Z Ry ity Cpellye Ry ]‘p
b=1 j=1 h=1 j=1 bc
+ Z ¢glk (¢ ¢g0) + Z Rcdl cdkcd (ecd - zch)
g_
4 n
= ZgIWbiTObeTébrO + Z Gpifn (@, 1) + ZRZiucdfbcd(¢’ 1)
b=1 h=1 bed
1
Y Wy, Tego (. 1), (10.16)
cde

where T, = (o, + w,w,) Ty, Which can be computed recursively from positions,
velocities, and accelerations using:

TOb = TO,bflbel,b7
Ty, = 0y Top,

Ty, = oy Top, + 0, Ty,

Let us now consider an open-loop serial multibody system such as a robot
manipulator with no springs or dissipative elements. If the system is composed of
¢ = n + 1links connected by # single-freedom joints, then, with the fixed link labeled
1 and the moving links labeled 2 through ¢, the dynamic equations of motion further
simplify to:

¢

Ztrace Wy Towd s T ] = ngszTObeTObro‘f'Z%lfh@ 1) + Rijtteg frca (@ 1)
b=2 b=2 h=1

~t
+ Wéiuderﬁde(d)’ t)v = 1: 2’ e N, (1017)

where the final two terms on the right-hand side represent force and torque loads
applied on the distal link of the chain, and f, (¢, t) is the functional variation or the
intensity of the joint torque/force in each joint 4. If we assume no external force and
torque on the distal link and substitute from Eq. (8.55) into Eq. (10.17), we obtain
the so-called Uicker-Kahn formulation [5] of manipulator dynamics written in terms
of the more general notation of this book:

t

4
Z {trace W, Ty J, T, ZW,,]w + ZZ (Apji + Wy, Wy ¥
=2

j=1 k=1

- gIWbiTObeTébrO}

=Y tufu@.0). i=12...n (10.18)
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PROBLEMS

10.1 Continue from the results of problem 4.4 through 8.1 to write the nonlinear
dynamic equations of motion of that nonlinear weighing system under the following
assumptions:

a) Only body 3 has mass; its mass is symbolized by m.

b) There are no dampers.

¢) The only spring acts within joint D; it has a stiffness of k with a free position
of ¢y

d) Gravity of magnitude g acts in the negative global Y direction.

e) A vertical load of weight W is applied at point E at the free (left) end of
body 2.

10.2 Verify that W/.ry = 0.

10.3 Continue from the results of problem 4.5 through 9.3 to write the nonlinear
dynamic equations of motion of the Oldham shaft coupling under the following
assumptions:

a) Bodies have the dimensions and mass distributions specified in problem 9.3.

b) There are no dampers.

¢) There are no springs or joint stiffnesses.

d) The effects of gravity are negligible in comparison with the applied loads.

e) The shaft coupling is driven by a torque on the shaft of body 1 against a
constant load torque M/, on the shaft of body 3.

10.4 Continue from the results of problem 10.3 using a value of e = 0.25 in for
the shaft eccentricity. Make a plot of the steady state (¢ = 0) variation with unit
rotational velocity of the input shaft torque for one cycle of operation.
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m Linearized Equations of Motion

11.1 Introduction

The general equations of motion, developed in Chapter 10, are, without question,
the complete and proper model of our dynamic system. However, because of their
nonlinear character, they are not directly amenable to the use of the many mathe-
matical tools that are available for linear systems. For example, many vibration and
automatic control techniques are directly valid only for linear systems. Indeed, even
the electronic instrumentation that is available for measurement of the dynamics of
multibody systems is often designed to operate in the frequency domain and, thus,
inherently assumes that the system treated is linear.

If there is any hope for a general solution technique for these equations of
motion, it is probably through numeric integration by digital computer. We will
investigate such an approach in Chapter 14. However, before looking at the general
case, let us first study the dynamics of our system in the local vicinity of its current
posture.

11.2 Linearization Assumptions

At its current posture, whatever posture this might be, we assert that the system in
question exists in accordance with our general dynamic equations of motion. If it is
not in equilibrium in the sense of being stationary or operating at constant velocity,
then it is in dynamic equilibrium, meaning that its accelerations are consistent with
these same equations of motion.

Also we expect that, during the next interval of time, our system will continue
in its current state of motion, perhaps with acceleration if the applied forces are
not in balance. Also, at least if the time interval is short, the system will not stray
very far from its current geometry and velocity. Thus, for the current time ¢* with
the current system posture and velocity described by " and v*, the motion will
proceed according to the equations

t=1"+1,
Vit +2) = i+ x,@),
Y+ =Y v, =12 f. (1L.1)
Uitr +2) = v,@).



11.3 Linearization

where we have defined the new variable 7 for the time increment commencing at
this instant, and x;(z) and v,(?) to represent the changes in the position and velocity
values of the generalized coordinates during the coming time increment. We should
note that the treatment of position and velocity as independent of each other was
an essential assumption in the derivation of the Lagrange equation by the calculus
of variations. The requirement that the new generalized velocities be equal to the
derivatives of the generalized positions is not included in their definitions, but will
be included as additional differential equations:

5@ =Y +v,@, i=12,...,f (11.2)

Atz =0 we will have x,(?) = v,(#) = 0 and, at least for a short time interval z the
motion will persist in such a way that all x,(¢) and v,(¥) are small. Indeed, we assert
that there exists an upper bound on # that ensures that all x;(z) and v;(7) are small
for that interval. By small, it is meant that x;(7)* < x;(7) and v;(?)* < v;() so that all

quadratic and higher degree forms of x;(z) and v,(¥) can be ignored in comparison
with x,(2) and v,(%).

11.3 Linearization

Therefore, for the general dynamic equations of motion, as found in Egs. (10.15)
and repeated here,

e
> " trace[W, Ty, T, Wi 1
j=1 b=

—_

4
Ztrace W, TO,,J,,TO;,(Ab]k + WyWi) ]Kﬁ W
1 b=1

+
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\
Il
N
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¢hich¢h jll/ j

:‘
,_.

J’_
- HM\

1t t / [
+ Z Z RbciubccbcubcRbcjwj

j=1 bc
+ Z Gpiky (D), — bpo)

+ Z Ry ittpekpe (o = Lhep)
¢
= Z W, Topd TopTo
b=1

+ Zczs,;,-fh(qs,z)

h=1
+ Z Ryt g foca (@ 1)

bed

~t
+ Y Wty T (@), i=1.2,... f, (11.3)

cde
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256 Linearized Equations of Motion

we can make the substitutions indicated by Egs. (11.1), expand all coefficients in
Taylor series about their current positions and velocities, and discard all terms that
are of quadratic or higher degree in the variables x,(7) and v;(2):

foe
Z Z trace(Wy,; Ty, T5s W) | v,

MN

trace[ Wy, Ty, T, (A jic + Wy W) 10 0 [*

+
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M- M-
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Il

1
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-
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I
—_
~
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_
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N

f n
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f f
/t t / AES /t t / *
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f t
+ ZZ[WCi(I_ ucdutde) dej cde(¢ t)/ede:” Xj
j=1 cde
f
+> W ill g Thgeg @ DO X0 i=1,2,..., f, (11.4)
=1 cde

where new symbols are defined as follows

fog(@. 1) = 3£,(9,1)/3¢,,
Focag@: 1) = 3 foea (P, )/ 3¢y, (11.5)
ca'eg((p t) = 01, cde(¢’t)/a¢g-

The coefficients in Egs. (11.4) are all evaluated numerically at time 7 and the
only variables remaining in these equations are 7, x,(?), v;(#) and their time derivatives.

If we rearrange Eqgs. (11.4) into standard form, in decreasing order of the deriva-
tives, we see

foe
Z trace( Wb,TobeTObij)’ j
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f n
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cde

11.4 Linearized Equations of Motion
From the coefficients in Egs. (11.6), we now define the following:

* the system mass matrix, [M]

4
_ t t\* l . f,
= b;trace(WbiTObeTObij) Cia (11.7)

¢ the system damping matrix, [D]

n
_ ’ ’ it t pro|*
D = Z (PpiCnnj) + Z R}ty Cpetth Ry |

h=1 be
by i=1,2 f
+ ;;wace[wbiTObeTéb(Ab,-k+Wb,ka)f] Vi G, o)

* the system stiffness matrix, [K]
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* and finally, we define the column vector of generalized applied forces, F

e
F(¢" Z Ztrace Wi Towd s Top (Ap jic + Wiy W) T Vv

1 k=1 b=1

Mx

-
Il

N

!
M -

/ /oK ok it t / * ok
(PpiCn®n;) Vi — ZRba”beraubcRbe;‘ v;

h=1 bc

Il
_

J

n

¢hzkh(¢h ¢h0)’ _ZRbczubckbc(gbc Zch)‘
bc

3‘
._;

+ thWbiTObeTOtb ol + Z(p},zi*fh((p*’ 1+ ZRZI‘ e foea(@*.2),

b=1 h=1 bed
~t
+ ZWciu de|*rcde(¢*vz)ﬂ l=17 23-~'7fa (1110)
cde

where the notations f,,(¢", 7), f,.4(¢", %), and 7 _,,(¢", 7) signify that the applied forces
and torques f;,(¢", 7), froa(¢", 7), and 7,,,(¢", 7) are each evaluated for the current
posture, but may still be variable functions of time.

With these definitions of the coefficient matrices in Egs. (11.7), (11.8), and (11.9)
and the column matrix of applied forces in Eq. (11.10), we are now able to express
the linearized equations of motion, from Eq. (11.6), in the very compact form

MV + Dv + Kx = F(¢*, %), (11.11)
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where x is a column matrix of the changes x;(z) that are experienced by the f gen-
eralized coordinates ;" after time ¢°, and v(?) is a column matrix of the changes
in velocity from their values of 4 after time ¢*, as expressed in Egs. (11.2). This
set of differential equations must be solved simultaneously with Egs. (11.2), subject
to the initial conditions that, at time ¢*, where 7 = 0, we have x(0) = v(0) = 0. It
must be emphasized again that the coefficient matrices and the column vector of
generalized forces have all been evaluated numerically at time ¢* and, for a short
time interval %, are treated in Eq. (11.11) as independent of changes in geometry.
We should remember that the variations of f,(¢", 7), f,.4(¢", %), and 7, (¢", ) with
changes of geometry are approximated to first order and included in the stiffness
matrix through values of f',,. (", 1), f'p.4,(¢", %), and 7', (¢", 7) as defined in
Eq. (11.5).

By reviewing Eqs. (11.7), (11.8), and (11.9), we see that these coefficient values
cannot change unless or until the system moves to a new posture, or the velocities y*
change. Experience also shows that, even for complex mechanisms and multibody
systems, these values are usually weak functions of system geometry and do not
change in surprising or dramatic fashion. Unless the system geometry changes —
say, by changes in x of a 0.25 radian (or length unit) or more — it is not likely that
these coefficient values will change noticeably, even if they are reevaluated. The
same holds true for the geometric factors in Eq. (11.10). However, depending on the
application to which the system is subjected, the applied forces and torques, f,(¢",
1), frea(®", 7), and 7, (¢", 7) may be large and/or quickly changing, perhaps even
impulsive, functions of time.

11.5 Dynamic Equations with Specified Input Motions

In section 6.6, we separated the fdegrees of freedom and, therefore, the generalized
coordinates into two groups. Those that have known input motions we defined
as specified generalized coordinates (SGCs); there are NS of these. Those whose
motions are not known we named free generalized coordinates (FGCs); there are
NF of these. We now give these two sets the symbolism {v ¢} and {y/ z}, respectively.

Next, we consider for which of these sets we have written the equations of
motion. There is no question; because our energy and virtual work expressions were
written to include all energy — regardless of cause or origin — we must agree that the
equations found, both the nonlinear equations found in Chapter 10, Egs. (10.15),
and the linearized versions of Egs. (11.11), are written for the combined sets of all
degrees of freedom, including both FGCs and SGCs.

Recalling from section 6.6 that the FGCs precede the SGCs in the order of their
identifying labels, we make the distinction between the two sets clear by subdividing
the matrices of Egs. (11.11) as follows:

Mg MFS1| {VF} |:DFF DFS] {VF} [KFF KFS:| {XF} {FF}
S+ + = . (11.12)
[MSF Mg | |V Dgr Dgg | (v Kgp Kgs ] |xg Fg

The upper submatrices describe the NF equations necessary to solve for the
motions of the FGCs; the lower submatrices represent the NS equations for the



Problems 11.1-11.2

SGCs. If we expand the upper equations and rearrange them into the usual form,
putting known information on the right of the equal sign, we have

Mppve + Dppve + KppXp = Fp — Mpgvs — Dpgvs — Kpgxg = G, (11.13)
for the FGCs. Once these are solved for x; and v, the remaining equations
Fo=Mg vy +MVg+ Dspvp + Dggvg + Kopxp + Kgoxg, (11.14)

can be evaluated to find F. These give the driving forces and torques that must be
applied at the SGC joint variables at each instant in order to actually achieve the
SGC motions that are specified. Thus, all the equations are useful, but only those in
Eqgs. (11.13) need to be solved as differential equations. That is, only these need
to be time integrated. Those in Egs. (11.14) need only to be numerically evaluated.
However, this last set is still very important in the sense of its engineering significance.

PROBLEMS

11.1 Continue from the results of problem 4.4 through 8.1, using the assumptions of
problem 10.1 and the following numeric data: / = 5 in, m = 9.6522 lb, k = 15 1b/in,
¢po =201n. Find the linearized equation of motion near the posture where ¢ = —30°.

11.2 Continue from the results of problem 10.4 and determine the values of the
mass matrix, damping matrix, stiffness matrix and generalized forcing function for
the linearized equation of motion of the Oldham shaft coupling operating at y* =
100 rev/min.
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m Equilibrium Posture Analysis

12.1 Introduction

A challenge that arises occasionally in the analysis of mechanisms or multibody
systems is that of determining a posture of static equilibrium for a mechanism or
multibody system under a given set of applied loads. An example might be the
question of how much a vehicle suspension will be displaced by putting a variety of
known loads in its luggage compartment, or how much the rear axle will drop if the
vehicle is hoisted through a known distance by the right-rear bumper. Can these be
determined by analysis at the time the vehicle is being designed?

The description of such problems can be formulated from the equations of
motion of the system Eq. (10.15). The requirement, however, is to determine values
of the generalized coordinates v for which the system is in a posture of static
equilibrium.

One way to find such a posture is to time integrate the equations of motion until
all transients disappear through friction or damping. However, such a solution may
be slow and inefficient. In this chapter, we hope to find a more direct technique for
finding an equilibrium posture.

Once a system reaches a posture of static equilibrium and all transient effects
subside, the generalized velocities and accelerations vanish. Let us assume that the
applied loads are not time varying. However, they may still be functions of system
geometry. Therefore, until the final posture is found, their final values may not be
known.

At such an equilibrium posture, Eq. (10.15) takes the form:

Z Gpiky, (b, — bpo) + Z RpcittpcKpe (e = Lhep)

h=1 be
4 n
= thWbiTObeTO[brO + Z¢;zifh(¢)
b=1 h=1

.t
+ ) Ritteg Frea@) + D Wty Togo($).  i=1.2..... f.

bed cde



12.2 Seeking a Nearby Posture of Equilibrium

12.2 Seeking a Nearby Posture of Equilibrium

As we begin with a new system, we may not know the equilibrium posture, and
we usually have no way to assure that the generalized coordinates are initially
in a proper position for equilibrium. Because the final geometry is unknown, the
previous equations may not be balanced initially; in fact, they are probably not
balanced. Therefore, we transfer all terms to the right side of the equation, and
give this total combination of forces the symbols F; that, initially, represent the
generalized unbalanced loads. From these equations we hope to seek a position
for the generalized coordinates of our system for which these generalized forces F;
become zero:

Z¢hzkh(¢h ®no) — ZRbClubckbL(ebL Lhe0)

+ ZngzTobeTOhrO + Z¢hl fu(@) + ZRbl Ueq Fpea (@)

b=1 h=1 bed
~t
+ ZWciudeTcde((p)’ = 1’ 27 e f (121)
cde

Let us now assert the hope that the true posture of static equilibrium is rea-
sonably close to the current geometry. Said in another way, there may be multiple
solutions and we will be satisfied with finding the equilibrium posture that is near-
est to the current geometry. With this in mind, we expand Egs. (12.1) in Taylor
series to first order, dropping all quadratic and higher-order terms, just as we did in
Chapter 11. This gives us a new formula for the generalized forces F; at a new posture
that, hopefully, is near the current posture. We then set the generalized forces at the
new posture to zero with the hope that this new posture will more nearly describe
an equilibrium posture:

f

j=1
n I n f
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From this expansion, we now collect all zero-order terms. This gives an expres-

sion for F; identical to Egs. (12.1), but which is numerically evaluated at the current
system posture and may not be zero.

Collecting the first-order terms, however, gives us
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f n
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From these we identify the system stiffness matrix K as follows. Note the sign
reversal; this resulted because, when we performed the Taylor series expansion, we
brought all terms to the right side of the equation whereas K is usually on the left:
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] - 9y Ly e ey f!
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and we note with satisfaction that this matches our previous definition in Egs. (11.9).
Fitting the pieces back together, these definitions allow us to write our Taylor
series expansion of Eqs. (12.1) in the form

K8y ~ F, (12.3)

which, of course, we only expect to be approximately equal because we have dropped
the higher-order terms of the Taylor series. We can, however, proceed to solve
Eq. (12.3) as follows:

sy ~ K'F, (12.4)
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and then use these changes to adjust the generalized coordinate position values
vyl +8y;, i=1,2,..., f (12.5)

Once the generalized coordinate positions are modified, we must apply the
numeric technique discussed in Chapter 6 to update the dependent joint variables,
the transformation matrices, and all other geometric data. When this is done, the
system should be at a new posture that is closer to equilibrium than the previous
posture, but perhaps is still not exact.

How closely we have achieved equilibrium can be determined by reevaluating
the unbalanced generalized forces of Eq. (12.1). From the magnitudes of these forces
and the posture changes of Eq. (12.4), we can evaluate whether we have achieved
an equilibrium posture within acceptable accuracy. If not, we can recursively apply
Egs. (12.2), (12.4), (12.5), and the posture solution of Chapter 6 until the desired
accuracy is achieved.! We can then declare that an equilibrium posture has been
found.

Of course, the process just described is a traditional Newton-Raphson numeric
iteration process looking for a zero of the function F,. As with all Newton-Raphson
processes, it has an excellent (quadratic) convergence rate once in the vicinity of a
solution. However, it also sometimes experiences difficulties, as will be discussed in
the following section.

12.3 Seeking Equilibrium with Some Generalized Coordinates Specified

If we have a multiple degree of freedom system and some of the freedoms are SGCs,
then we may wish to find an equilibrium position for only some of the generalized
coordinates — the FGCs — under a given set of loads. An example of this might
be finding the equilibrium posture of a vehicle with a known load in the luggage
compartment, as previously described, but with the steering wheel set to a specified
angle (as an SGC).

This situation presents only one additional complication. Before seeking equi-
librium, any SGCs must be moved to their prescribed positions and the system geom-
etry must be updated by the iteration process of Chapter 6. After this is done, the
Newton-Raphson search for equilibrium can be performed in the manner described
in section 12.2, with the exception that Egs. (12.1), (12.2), (12.4), and (12.5) need
only be formed for the FGCs rather than for all generalized coordinates, while hold-
ing the SGCs at their specified positions. Convergence is still excellent once in the
vicinity of a solution. However, sometimes difficulties are still encountered. These
are discussed next.

12.4 Large Increments of the Generalized Coordinates

One of the difficulties that can arise results when Eq. (12.4) predicts a very large
increment for one or more of the generalized coordinates; in fact, so large that the
iteration process of Chapter 6 does not converge, or converges to a different closure
of the kinematic loop equations. Experience shows that this problem is usually

L' The IMP software uses a default accuracy of [§y;| < 1075. The user can override this limit if desired.
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Figure 12.1. (a) Unbalanced; (b) Equi-
librium posture. (a)

TSor—f )

(b)

the result of faulty data supplied by the user, such as with gravitational forces on
masses with data mistakenly supplied in grams rather than in kilograms, or with
stiffness matrix entries found from torsional spring rates erroneously supplied in
inch-pounds per degree rather than per radian.

Whatever the cause, failure of the posture analysis equations can be quite frus-
trating to the user of the software. To help avoid such failures, after the calculation
of the recommended increments for the generalized coordinates from Eq. (12.4) it is
wise to test the magnitude of the total §v vector and to scale its components propor-
tionally smaller if the total vector is beyond a chosen limiting size.” This may slow
convergence toward equilibrium, but it dramatically reduces the chance of failure of
the iterative posture solution.

12.5 Stable versus Unstable Equilibrium

If the Newton-Raphson search for equilibrium is applied exactly as described in
sections 12.2, and 12.3, it can lead to other unexpected situations. As an example,
consider the slider crank system shown in Fig. 12.1a. With a large force P applied on
the piston as shown and with gravity acting perpendicular to the plane of the page,
we would probably expect to find an equilibrium posture with the piston translated
to the far left and with the crank near the 180° position, as shown in Fig. 12.1b.
Without modification, however, our software would actually move the piston to the
right and would find equilibrium at a crank angle of very nearly zero!

How could this be? What would cause movement to the right when the force P
appears to demand movement to the left? Well, if we carefully reconsider what the
Newton-Raphson search procedure was asked to do, we see that it was only asked to
find a nearby posture with F; equal to zero. It was not told to move in the direction
implied by the unbalanced forces. How can this be cured? First, if movement is in
the “wrong direction,” how can this be detected?

We also know that, for a posture of stable equilibrium, potential energy should
become a minimum. Does this result from our Newton-Raphson search procedure?
Again, our procedure was not formulated to assure this.

2 The IMP software uses a default limit of |§y| < 1.0 (radian or length unit) for this test. The user
may override this limit if desired.
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If we expand potential energy in Taylor series, we see
V—V*+2f:avéw+ (12.6)
T Ty T '

and, from the Lagrange equations, Egs. (10.1), we know that, under static con-
ditions,
1%
— =F,
Y,

Therefore, using Eq. (12.6), we can write

i=1,2,...,f (12.7)

V=V _—V*=Fsy <. (12.8)

This shows that the dot product of the vector of generalized unbalanced forces and
the vector of generalized position increments found from Eq. (12.4) tell us whether
the system’s potential energy will increase or decrease during such a change of
posture. Thus, we have found a very convenient test to tell whether our search is
progressing toward or away from a posture of less potential energy. However, this
test does not show how to cure the problem when the test shows that potential energy
is increasing.

However, looking again at Egs. (12.7), we see that the generalized unbalanced
force vector F is equal to the gradient of the potential energy function, of which
we hope to find a minimum. Also, an abundance of numerical methods exist in the
literature that can generally be categorized as steepest descent methods; for example,
see [1], section 10.6. All of these require that, from some starting point, the search for
the minimum of a function should proceed in the direction of the negative gradient
of the function. For our situation, this gives

Y=yt —uF, i=1,2,...,f (12.9)

where p controls the size of the vector increment of the generalized positions.

The increment size @ may be chosen in a variety of ways depending on which
search method is chosen, and much has been written about the advantages and
tradeoffs of the many methods available, and their rates of convergence toward a
solution. However, in our specific application, we already know that once we find
the neighborhood of a valid solution, the Newton-Raphson method of Egs. (12.4)
and (12.5) exhibits quadratic convergence and none of the steepest descent methods
improve on this. Therefore, we only need Eq. (12.9) to avoid stepping toward a false
solution; that is, toward a posture of unstable equilibrium, as indicated by failure of
the test of inequality in Eq. (12.8).

Our newly modified algorithm starts each search increment by forming
Eq. (12.4). Next, the inequality (12.8) is tested and, if this test is passed, the gen-
eralized coordinates are incremented according to Eq. (12.5). For those situations
where the inequality test fails, however, Eq. (12.9) is applied instead with an appro-
priate value of u. The software might use a default step size such as u = 1.0/|F|.
This gives the system a noticeable change in posture (particularly because rotational
generalized coordinates are measured in radians) and, hopefully, the search will then
continue toward a posture of stable equilibrium by Eq. (12.4).
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12.6 Postures of Neutral Equilibrium

Another problem that can be encountered in seeking equilibrium is that, as we apply
the previous procedure, we may reach a posture where the stiffness matrix becomes
singular or nearly singular and Eq. (12.4) cannot be applied. Let us discuss how this
can occur and what can be done in such a situation.

Let us consider the portion of Eq. (12.3) that corresponds to the FGCs alone, as
discussed in section 12.3. The equations start in the form

[K]{oy} = {F}.

Let us suppose that we employ a Gauss-Jordan row-reduction process with full
pivoting for the solution. As we proceed, the augmented K matrix evolves at each
step as follows:

ki [k ke (R [ ki KR
_Klel_ll 1 K21 K22 } F2 10 K22 _ K21K1_11K12 } F,z _ K21K1_11F1

We seek out each new pivot element from the lower-right portion of the matrix,
the portion that contains [K,, — K, K'K 1»] and attempt to continue the reduction.
If at some step we find that all elements of [K,, — K21K1_11 K,,] are too small to
consider,’ then the reduction process must cease. At such a step, the equations have
been reduced to the form

[1 K;llKlz] {81#1} | KR
0 & Y, B~ KyKi'F .

That subset of the FGCs that, as the result of pivoting, has ended in the subgroup
{8y,} can now be treated in either of two ways: we can set these {§/,} to zero in
the hope that they may be corrected in the next search step, or we can use the
corresponding unbalanced generalized forces {F, — Ky K;;'F;} and Eq. (12.9) for
that subgroup and then use the solution of the upper equations; that is {§y} =
{K'F, — K} K1,8v,) for the others.

Once the search for equilibrium concludes, any generalized coordinates that
remain in the subgroup {8v,} of the FGCs are said to be in neutral equilibrium. If
Eq. (12.9) is used as the basis for its increment, it is important that such steps be
counted and an upper limit set. As an example, suppose that our vehicle with the load
inits luggage compartment is postured on a smooth horizontal road and suppose that,
as the result of numeric truncation error, a very small unbalanced load is calculated
in the forward direction even though there is no fore and aft stiffness for the vehicle;
then Eq. (12.9) will produce a small forward movement of the vehicle. Next, the
same unbalanced load is found again, and another small movement results. When
this happens repeatedly, no progress is made that can relieve this deadly embrace
and an endless loop is the result. Thus, an increment counter with an upper limit is
of critical importance.*

3 The IMP software uses ¢ = 10~ for this test. The user can override this limit if desired.
4 A default upper limit of 25 steps is used by the IMP software for this test. The user can override this
limit if desired.
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PROBLEM

12.1 Continue problem 11.1 and find the equation relating W and ¢ such that the
scale is in equilibrium at each posture. Plot a graph of W versus i under these
conditions for the range —85° < ¢ < 0°.



Frequency Response of Mechanisms
and Multibody Systems

13.1 Introduction

When a mechanism or multibody system such as a rotating machine powered by
an electric motor or an internal combustion engine is driven cyclically, it may oper-
ate with periodic motion, but not usually with harmonic motion. Such a system is
not characterized by the linearized equations of Chapter 11 because its kinematic
parameters and its dynamic equation coefficients change throughout the cycle of
operation. For these or other situations where the linearized equations of motion do
not pertain, the entire field of frequency response is not applicable and the methods
of this chapter should not be used.

However, there are situations where a mechanism or multibody system operates
over a limited amplitude range and is described quite well by linearized equations
of motion with approximately constant dynamic coefficients. Examples include the
vibratory motion of vehicle suspensions, belt-tensioning idler pulleys, or many vibra-
tion isolation systems. These and other situations, where the linearized equations of
motion do pertain, are the focus of this chapter.

13.2 Homogeneous First-order Equations of Motion

As early as 1750, Daniel Bernoulli (1700-82) [1] — the son of Johann Bernoulli
(1667-1748), Leonhard Euler (1707-83) [3], and Joseph Louis Lagrange (1736—
1813) [6], had been using trigonometric series to represent periodic functions, but it
was Marquis Pierre Simon Laplace (1740-1827) [7] and Baron Jean Baptiste Joseph
Fourier (1768-1830) [4] who showed how these can be used in the solution of linear
differential equations.

Let us start by considering the linearized equations of motion of our mechanical
system. Equation (11.13) for the free generalized coordinates is

and these must be solved along with Eq. (11.2) to ensure that

T (132)
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Here we consider only the equations dealing with the NF free generalized
coordinates (FGCs) because the motions of the specified generalized coordinates
(SGCs) are known a priori.

Because we believe that our system exhibits periodic motion for its transient
response to a disturbance, we attempt to use a harmonic form for a trial solution

xp =€) e,
and, from Eq. (13.2),
v =M} — i

Substituting these into Eq. (13.1), taking the homogeneous part, and dividing by the
common factor of e leaves

[M*Mpp +ADpp + Kpp] & = 0. (13.3)

However, for this equation to have a nontrivial solution, the coefficient matrix must
be singular:

det[A*Myp + ADpp + Kpp] = 0.

Because this determinant is of size (NF xNF) with elements that are each
quadratic functions of A, it produces a polynomial of degree 2N F in A. Assumedly,
the 2NF complex values of A that satisfy as roots of this equation could be found by
a numerical search. This equation could have been studied in depth but, historically,
this was not to be. Instead, the following parallel linear form shown in Eq. (13.9) has
received much more attention.

Instead, we return to Eq. (11.13), including the applied forces. Augmenting these
with Eq. (13.2), in the form of the identity Mpzx; — Mppve = Mppyis, this set of
differential equations can be written in the form

- -

Mg 0 XF —Dpp —Kpp] | XF Gr

However, by adding Dyp%p — Dppvp = Dppii, which is another variation of
Eq. (13.2), to the lower set of equations, they become

|: 0 MFFi| {‘}F} _ |:MFF 0 :| {VF} _ { Mppri; } (13.4)
Mpp  Drr | [ XF 0 —Kpp| (¥r Dppyi + Gp

This modification is important because it makes the coefficient matrices sym-
metric, and still follows the linearization assumptions of Chapter 11. Notice also that,

even though v, and x may be large, v, and x are both small.
Defining new coefficient matrices,

0 M M 0
A:[ FF] and B:[ Fr :|, (13.5)
Mrr Dpp 0 —Kpp
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and a new vector of unknowns,
VF
= 13.6
Y {XF } ’ ( )

of size 2NF, our system of Egs. (13.4) is now described by a first-order set of
differential equations

(13.7)

My pi;
Ay'—By={ o }

Dyt + Gy

with the initial conditions that when # = 0, we must have y = 0. The vector space for
this form, which treats v, and x as independent, is referred to as “state space.”

We take notice that because the Mg, D, and K coefficient matrices of the
original equations are real and symmetric, the form of the definitions of Egs. (13.5)
show that the new A and B matrices are also real and symmetric. This becomes
important following Eq. (13.11).

As we did previously, we attempt a harmonic form for a trial solution

y={n}e*. (13.8)

Substituting this and its derivative into the homogeneous part of Eq. (13.7) and
dividing by the common factor of ¢*, leaves

[AA — B] 5 = 0. (13.9)

In the form shown, where the coefficients are linear expressions in A, Eq. (13.9)
is called the generalized eigenvalue problem. Alternatively, if pre-multiplied by A~!,
Eq. (13.9) can be put into the form

~Mp Dy —MppKpp

[\ — (A7'B)]{n) = [u— (
1 0

>:| {n} =0, (13.10)
which is called simply the eigenvalue problem. This equation has been studied exten-
sively over many years, and software for its solution exists in almost all numerical
software libraries [8]. As one example of such software, EISPACK is a public domain
collection of FORTRAN subroutines for computing the eigenvalues and/or eigen-
vectors of various types of matrices. It includes software for both Eq. (13.9) and
Eq. (13.10). EISPACK was developed with the support of the National Science
Foundation (NSF) in the mid-1960s and was one of the first completely systematized
collections of linear algebra software. Since that time, however, much has changed
in computer architectures and mathematical algorithms, and a newer linear alge-
bra package, LAPACK, has been developed to supercede EISPACK. For further
information, see http://www.netlib.org/lapack/.

For either form of the equation to have a nontrivial solution, the coefficient
matrix must be singular. That is, starting from Eq. (13.9),

det[A4 — B] = 0. (13.11)

The expansion of this determinant yields a polynomial of degree 2NF in X that
is called the characteristic or secular equation of the system. This equation can be

273



274

Frequency Response of Mechanisms and Multibody Systems

solved for 2N F values of A, which are called characteristic values or eigenvalues of
the system. These values of A, in general, are complex. However, because the A
and B matrices are real and symmetric in this case, it has been proven [5] that the
eigenvalues must either be real or must occur in complex conjugate pairs.

Assuming, as we now do, that all eigenvalues are distinct, they can be arranged
to form a diagonal matrix:

w00

Extension to the case of repeated eigenvalues is presented in section 14.3.

Each of the eigenvalues 1,, in turn, can be back-substituted into either Eq.
(13.9) or Eq. (13.10), as appropriate, and solved for a complex column vector 7,
called an eigenvector. However, recalling Eq. (13.11), we know that the coefficient
matrix of Eq. (13.9) or Eq. (13.10) is singular; therefore, each eigenvector can only
be determined to the nearest arbitrary multiplying constant. However, once found,
these eigenvectors can be arranged in the same order as the diagonal elements of A
to form columns of another 2NF x 2N F) complex matrix,

n=1[ - n - Mmyrl (13.12)

which is called the modal matrix.

When we reconstruct the general form of Eq. (13.8), with all eigenvalues and
eigenvectors included, we get the full solution to the homogeneous linearized equa-
tions of motion

y =nexp(Ar)C (13.13)

where exp(Az) is a diagonal matrix with values of ¢*# as diagonal entries, 7 is the
time interval following the instant of linearization, and C is a column of 2N F yet
unknown complex constants that depend on the initial conditions. Note that these
constants compensate for the ability to determine each eigenvector to only an arbi-
trary multiplying constant.

Even though we have manipulated Eq. (13.9) into the form called the generalized
eigenvalue problem so that we can take advantage of available software for solution,
we should understand that the eigenvalues A, that are found must be the same as if
we had continued with the solution of Eq. (13.3) because the same physical system,
with the same characteristic frequencies and damping rates, is described in each case.

13.3 Modal Coordinates

We will return to the completion of the solution of Eq. (13.13) in Chapter 14.
However, in this chapter, as the title specifies, we wish to study the frequency
response of our mechanism or multibody system to a harmonic external disturbance.
In order to do this we have need for the eigenvalues and eigenvectors of the system.
That has been our reason for their introduction in the preceding section.



13.3 Modal Coordinates

Before completing our solution in the time domain in the next chapter, let us
consider further the implications of the form of Eq. (13.13). Suppose that we define
a new column vector of coordinates z, of size 2N F, called modal coordinates, with
the following definition

y=nz. (13.14)

Although this might seem like a reverse manner for making a definition, recalling
Eq. (13.13) shows that this form is advantageous because it gives

z =exp (Az) C.

This means that, if only one of the constants — C; — is nonzero, then only that single
modal coordinate z; becomes active and the entire system responds with frequency
and damping defined by the ith eigenvalue A; alone, whereas all other modal coor-
dinates remain motionless (because eigenvalues occur in complex conjugate pairs,
the ideas here must be understood as referring to a single real eigenvalue or a single
complex conjugate pair). However, even more, if we now return to Eq. (13.14), we
see that each of the y coordinates — the NF FGC displacements and velocities —
respond at the same characteristic normal mode frequency and damping rate, but
with different amplitudes defined by the elements of 5;, the ith eigenvector. When
this happens, the system is said to be operating in the ith of its principal or normal
modes.

Next let us consider two copies of Eq. (13.9): one corresponding to the j
eigenvalue and the other corresponding to the k™ eigenvalue:

[AjA - B]nj =0,
[AxA — Bln, =0.
Let us pre-multiply the first of these by n} and the second by n‘j:
m[r;A = Bln; =0,
WA — Bl = 0.

If we now subtract the second of these equations from the transpose of the first,
remembering that A and B are symmetric, we obtain

This equation says that, for j # k, because we have assumed that Aj # Ay, we must
have njAn, =0 (extension to the case of repeated eigenvalues is presented in section
14.3). Furthermore, let us consider the form

n'[AA — Bln = 0. (13.16)
If we define two new matrices,
A=n'An and B=nBn,

then Eq. (13.15) shows that A must be a diagonal matrix because it has zeroes for
all off-diagonal elements where j # k. Also, from Eq. (13.16), B must be diagonal as
well. Therefore, Eq. (13.16) is referred to as a set of orthogonality conditions. We
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see that the modal matrix 7 is not orthogonal in the usual sense because ~! may not

equal n’, but 5 is said to be orthogonal with respect to both A and B. As shown by
Egs. (13.15) and (13.16) it diagonalizes both A and B.

Recalling that each of the eigenvectors is only determined to the nearest multi-
plying constant, each can now be scaled by an arbitrary constant. Therefore, we are
free to divide each eigenvector n; by \/n!An;, thus scaling them so that /A becomes
equal to the identity matrix. Then Eq. (13.16) shows that B = A. If we consider
Eq. (13.5), we see that the only way in which this scale factor can be zero is if mass
has been ignored for enough bodies that [M;] is singular; that is, such that it is
possible to find a set of nonzero velocities for the FGCs for which the system has no
kinetic energy. If this occurs, it is considered a modeling error; the user should be
notified and requested to modify the model with appropriate mass values.

If we also pre-multiply Eq. (13.7) by n and recall Eq. (13.14), we find that the
equations of motion, in modal coordinates, become

MFFV); }

) (13.17)
Dppyp + G

z—Az =1 {
Here we see that we have a set of 2NV F first-order differential equations. How-

ever, because A is diagonal, they are now uncoupled and can be considered either
together, as in Eq. (13.17), or separately, as

My
2= hz =1 mer b i=1,2,...,2NF.
Dppyr + Gp

13.4 Laplace Transformed Equations of Motion

Instead of completing our solution in the time domain, let us now switch to the
frequency domain by taking the Laplace transform of our equations of motion.
Remembering the definition of G from Eq. (11.13), the Laplace transform of
Eq. (13.17) is

[sz(s) — zo] — Az(s)
1
. ;MFF‘pF
= n 1 . N
;DFFW; + Fp(8) — Mpg [szxs(s) — SXgo — xso] — Dy [sxs(s) - xso] — Kpgx(s)

where s represents the Laplace transform variable, x, and X g, are the initial positions
and velocities of the SGCs, z, are the initial values of the modal coordinates, and z(s),
Fr(s),and x¢(s) are the Laplace transforms of the modal coordinates, the generalized
applied forces, and the SGC displacements, respectively.

Remembering that the initial conditions require that xg, = 0 and Xg, = ¥¢, this
equation can be rearranged to read

1.,
EMFFIIIF

EDFFW; + Mpgis + Fp(s) = [" Mg + 8D g + Kpg] xg(s)

[sI — Alz(s) = zp+ 71
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However, for what is usually called frequency response, we are only interested
in the sustained response of our system after the transients have been damped
to zero. Therefore, we eliminate the z initial condition terms of the previous
equation:

1
;MFFI/IF

;DFF%T" + Mgy + Fp(s) — [SZMFS + 5D g + Kpg x5(5)

[s] — A]z(s) = n'

The solution to this equation can be written

1 .
~Mppyy
2y =[I-A1"n , s ,
;DFFW; + Mpgyis + Fi(s) — [$°Mpg + sD pg + Kpg| xg(s)
and, from the definition of z in Eq. (13.14), this becomes
1 .
=1 1 EMFFW;
ye) =npl—A"n"¢{ _ ) :
EDFFw;; + Mpgyis + Fp(s) — ["Mpg + sD g + Kpg) x5(s)

which, along with Egs (13.6), gives

2
Xp ()
Lyt g
~MppYg
=n[sl — A4y s
;DFF‘P; + Fp(s) + Mpg¥s — [SzMFS + 5D g + Kpg| x5(5)

(13.18)

Remembering that as long as the eigenvalues are distinct, the matrix [s] —
A] is diagonal and can be inverted term by term, we find that, in index notation,
Eq. (13.18) becomes

ZNFn N ik NINF+jk &
NF +i,k +J. %
x;(s) = Z(s l) {] [ZMWW} sl [ZDMW}
h=1
! _ /
Fnra |[FO+ Y Myyr— > (M +sDy+Kpx, )| ¢
h=NF +1 h=NF +1

i=1,2,...,NF. (13.19)

13.5 Frequency Response

Equations (13.18) and (13.19) show the Laplace transform of the response of the
FGCs to all generalized applied forces Fp(s) and SGC motions x(s) acting on the
system simultaneously. If we choose a particular one of these as the input of interest,
we can express the Laplace transform of the response of our system to excitation
from that particular source.
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For example, if we assume that the only input is an excitation coming from a
particular generalized force F, alone, then the Laplace transform of the response of
FGC x; to force F, is

NF

ALy n i ik NINF+jk
X ,(8) = Z (SNF+l];{Z|: ; ZMjh‘ph s ZDJhWh

j=1

f

+77NF+]’]( Z M]hlﬁlilk]_'_nNF—Fp.ka(s)}’ i,p=1,2,...,NF. (13.20)
h=NF +1

However, if the excitation comes from the motion of SGC X, alone, then the
Laplace transform of the response of FGC x; is

2NF n NF " NF ’71\/11-‘ .
NF +ik +
o=y {[ >+ ZD,MMW ¥ M,hvfh}
k=

1 =2 j=1 =NF+1

i=1,2,....,NF

1321
p=NF+1,...,f (13.21)

= Mg julSM, + 5D, + K 1, (5) o

Both of these sets of equations give the Laplace transforms of the motions of
the FGCs to specified excitations. However, it is much easier for the analyst to
judge their physical meaning if they are shown as functions of frequency, rather
than as Laplace transforms. The format called frequency response of either of these
equations can be determined by setting the Laplace operator s equal to jo [2] where
j = ~/—1. This results in a complex function of frequency w for the chosen equation.
The magnitude and phase angle of the function can then be plotted versus frequency
in graphs called Bode plots. These plots are quite useful to a controls engineer in
judging the response, and in determining how to control it.
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PROBLEMS

13.1 Continue from the results of problem 11.1 and find the eigenvalues and eigen-
vectors of the spring scale under study when in equilibrium under a constant load W
in the posture of ¥ = —30°.

13.2 Continue from the results of problem 13.1 and make a Bode plot for small
oscillations around this posture.
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14.1 Inverse Laplace Transform

The overall purpose of this chapter is to complete the solutions to the equations of
motion of our dynamic system for the unknown motions of the FGCs as functions
of time. With these and the methods of the previous chapters, the overall motion of
the entire system becomes known.

There are two sets of equations for which we have yet to find final solutions:
1) the modal amplitude equations have not yet been integrated to provide explicit
functions of time, and 2) the Laplace transform solutions are still in the frequency
domain and have not yet been transformed back to the time domain. In this chapter,
we hope to finish both of these solutions.

Chapter 13 shows the Laplace transform of the response of the FGCs of our
system to any generalized applied forces Fy(s) and SGC motions x¢(s) that may be
acting on the system. Remembering Eq. (13.19), we have

2NF NnF NF i NF NNF+in NF
'.h i . " .
5O =) Sy 2 | 2o M |+ | DD
(s —2Ap) 4 K s
h=1 j=1 k=1 k=1
/ . !
e | FO+ D Mupyi— Y (M 45Dy +Kp)x(s) |t
k=NF +1 k=NF +1

i=1,2,....,NF. (14.1)

We must now consider how we will invert this Laplace transform and thereby
return our solution to the time domain. By definition, the inverse of any Laplace
transform can be written as follows:

o+ joo
x;(1) = lim [L/ : xl-(s)e“"‘ds:| , i=1,2,...,NF, (14.2)
o—0 27'[] o—joo

which is called the Bromwich integral after Thomas John I’ Anson Bromwich (1875—
1929), Saint John’s College, Cambridge, England, or, sometimes, the Fourier-Mellin
integral after Robert Hjalmar Mellin (1854-1933), first professor of mathematics,
Technical University of Finland.

For a function such as x;(s) that is defined over the complex s plane, a location
where the denominator becomes zero produces an infinite value and is called a pole
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(a) (b)
Figure 14.1. (a) Integration path for Bromwich integral; (b) Jordan curve.

of the function. As shown in Figure 14.1a, Eq. (14.2) is a line integral in the complex
s plane taken along a line parallel to the imaginary axis and taken to the right of all
poles of the integrand.

It is possible to evaluate an approximate value for this integral by numeric
integration; however, there is a better way that computes more quickly and avoids
approximation. The line integral of Eq. (14.2) can be extended along a semi-circular
curve at infinity surrounding the left half-plane as shown in Figure 14.1b, thus forming
a simple-closed curve called a Jordan curve [5], named after French mathematician,
Marie Ennemond Camille Jordan (1838-1922), which encloses all of the poles.

It has been shown [2] that the value of the portion of the integral of Eq. (14.2)
along the semi-circular arc at infinity is zero and does not change the value of the
total integral. Therefore, the integral sought is equal to the integral around the
closed curve shown in Figure 14.1b, where o is chosen large enough that the curve
surrounds all poles of x;(s)

1
(z)— ﬁx(s)e“ds i=1,2,...,NF.
Tj

Remembering the definition of G from Eq. (11.13), and substituting Eq. (14.1),
this integral becomes

2NF

NNF +j,h Min NI NF +jh & :
@ = 271]%> Z (S—A}h)z{ ; [ZM}kwk} s ] L;Dikw;:]

k=1

!

+nNF+j,h Z M]k'(//;{k +anF+/,hG/(S)}euds’ l:1, 2,,NF (143)
k=NF +1
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14.2 Cauchy’s Residue Theorem

The integrand of our equation is an analytic function of the complex operator s
throughout the region of the complex plane enclosed by the Jordan curve of Figure
14.1b, except at isolated singular points where the denominator becomes zero, such
as the origin and the 2NF points where s = A;,. Additional singularities may occur
where there are zeroes in the denominators of the forcing functions, G;(s). Let us
require that the forcing functions be replaced by partial fraction expansions [7] and,
thereby, expressed in the form

NP

AR
Gj(s)zzg’k—(), j=1,2,...,NF, (14.4)
= 5= AonF i)

where NP represents the number of additional values of A, which are identified as
zeroes of the denominators of Eq. (14.4) and, through these, are poles of Eq. (14.3).
Let us also require that these additional poles be numbered consecutively to follow
the numbering of the eigenvalues. In keeping with our current assumption that the
eigenvalues of our system are distinct, we assume, temporarily, that the additional
poles of the forcing functions are distinct from each other, from the origin, and
from the eigenvalues. Thus, all 2NF + NP + 1) poles of the response function, we
assume for now, are simple poles. The extension to the case of multiple poles is
shown in section 14.3.

When a function f(s) has an isolated singular point (a pole) at the location in
the complex plane where s = 1,,, then the value defined by

Res,(1,) = [ — 4, f®)]l,;, . m=12...,2NF + NP +1, (145)

is called the residue of the function at that location. With this definition, the Cauchy
residue theorem, named after the French mathematician, Baron Augustin Louis
Cauchy (1789-1857) [1], states that the integral of a complex function around a
closed curve is equal to 27j (where j = +/—1) times the sum of the residues of the
function at all poles surrounded by the curve.! Where there are only simple poles,
this theorem (see [2, section 67]) says that

[ rods =225 Y Res 0, = 20/ 3 (6= 1) fONy, . (146)

For our situation, the residue theorem can be used to replace the integral of
Eq. (14.3) with a summation

2NF NF NF
n [ %
x;(1) = Z Z Z NFH % (Mg + v D ) ¥k
h=1 j=1 k=
NP don N i e )
Z Z Z |:m—kh)s+l Z (7.0 M e + g 4D ) Vi
h= k=1

271] e,

m=1

1 There is a (bad) joke about a mathematician who named his dog Cauchy because it left a residue at
every pole.
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(S = Ay )INF i INF 4.1 ! ;
+ m +i, +7, Z Mklp;{k

(s = 2p) k=NF +1
(S — Ay ) IV 1i o (9
+ INF i hTINF joh 3 8k &l . i=1.2.....NF,
(s = 25) = = danF )
= s:)»m
(14.7)

where the first line results from the pole at the origin.

Careful evaluation shows that when the 1, value is taken for s in the terms of
the second and third lines, the numerator produces zero for the (s — 1,,) factor for
every term of the summation over m except when m = h or when m = 2NF + k. For
those particular terms, the (s — A,,) factor in the numerator, which evaluates to zero
for most terms, is balanced by one of the factors in the denominator. Also, the first
line combines with the first set of terms of the second line, leaving

WF NF NF
NF +ih
@)=Y =D 0y (1Mt g D) Vi€ = 1)
h=1 h =t k=1
2NF
A
+ Z UN/F+th77NF+]h Z M et
k=NF +1
2NF
8k (M) o)
+ NNF+ih 2 INF+jh e
2 e Z j Z o — T )
2NF

8k (AoNF 1) .
+ Z nNFHthNFﬂ,,Z e +M)e wrd, i=1,2,..., NF,

which can be rearranged to read

2NF 0 NF NF
NF +i,h ;
X (1) = Z (e — 1)A—+l Z Z (4 M jic + g 4D i) Vi
h=1 b =1 k=1
2NF f
P gk()‘h)e # — g Aoy ) € 2ve
+ ZHNMZ wein| D Muie h“FZ (hy — A ) ’
ke NF1 — 2NF+k

i=1,2,...,NF. (148)

A little reflection shows what powerful advantages we have achieved by use
of the residue theorem for performing the integral of Eq. (14.3). We see that the
integration required for the inversion of the Laplace transform has become a sum-
mation over a discrete and fairly small set of terms, and no approximation has been
required. Although finding eigenvalues is thought by some to be a time-consuming
calculation, it must be remembered that even a complex mechanism or multibody
system usually has mobility (f) of less than ten. Therefore, for this application, the
computation is actually quite rapid.

Although the formula may look a little foreboding, it is really quite straightfor-
ward. Typically, the several terms of the nested summations combine numerically
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into damped sinusoidal oscillations at NF natural frequencies of the system, defined
by the complex conjugate pairs of eigenvalues in the first line of the previous equa-
tion. In the second line, we see a set of response terms with damped frequencies
coming from forces caused by the SGC motions in the first sum over 4, and in the
final sum over A, we see NP more response terms with damped frequencies caused
by applied forces and torques.

14.3 Systems with Repeated Eigenvalues

In the preceding sections, we found it convenient to assume that the eigenvalues
of our system are distinct. Although this is usually the case, we now wish to find a
solution to our linearized equations of motion that is not subject to this restriction.

If, while using the residue theorem to invert the Laplace transform of Eq. (14.1),
we encounter a repeated eigenvalue or a multiple pole coming from Eq. (14.4) with
value of A, — say, with multiplicity 1, — then in the inverse transform of Eq. (14.7),
there will be m,, terms, all of which are of the form

27 j(s — )»k)f(s)e”|szlk. (14.9)

If m, is more than unity, these must be replaced with a sum of n, terms of the form

m—1 . 2m=1=h)
27j Y S =) fO}——e"] (14.10)
h=0 ’ s=A

However, further expansion of this case is left to the reader as an exercise. Instead,
we will extend the modal solutions of Chapter 13 to include the case of repeated
eigenvalues.
For the class of systems considered in this text, we found in Eq. (11.13), that the
linearized equations of motion for the free-generalized coordinates are
MppVp + Dppve + Kppxp = Fp — Mpgvg — DpgXy — Kpgxg = G,

and, in Eq. (13.4), we wrote these in first-order form as

0 Mpp | |Vve| | Mer 0 Vel _ MfF‘/}}kr
Mpp  Dpp | | Xp 0 —Kpp | |*rF Dppyr+ Gp

Using the definition of Eq. (13.6)

_JVF
y_{xF}’

and multiplying these equations by the inverse of the lead matrix, we can put them

into the form
—-M:LD —M;LK MG
y— FFYFF FF'}FF y= FEFFL (14.11)
I 0 v

From the values at the linearization set point, the initial conditions for this system
are that whenz=0, we have vy =x, =y =0.

As pointed out in Eq. (13.10), the homogeneous form of Eq. (14.11) gives
an eigenvalue problem, and has the same eigenvalues as previously found from
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Eq. (13.9). However, in this section, we are no longer willing to assume that the
eigenvalues are distinct. Nevertheless, we still define a modal matrix 7, as we did in
Eq. (13.12), and define a set of modal coordinates z:

y =nz. (14.12)

In terms of these modal coordinates, Eq. (14.11) becomes

| =MD —MppKep| [ MepGy
nz — nZ = . s
I 0 vk

which can be pre-multiplied by n~! to show that

-1 -1 -1
. 1| MppDrpp —MppKep 1 | MppGr
Z—7 nz=n .

I 0 v

with the initial conditions that atz=0, z = 0.
Let us now define two new symbols,

—-M:LD —M:LK M:LG
A=qg | TEETEE FEZFE  and ¢=p7t 1 FF0 L (1413)
1 0 v

which reduce our modal differential equations of motion to the form
z—Az=2¢. (14.14)

In previous sections, where we assumed all eigenvalues to be distinct, the A
matrix formedin Eq. (14.13) was of size (2NF x 2NF') and became diagonalized with
values equal to the eigenvalues on its diagonal. Now, however, where we consider
that some of the eigenvalues may be repeated, this diagonalization may not be
possible. In such a case, the system is said to be defective. However, even with a
defective system, it is always possible to find a matrix » that reduces the A matrix
to what is called Jordan normal form [4, 6, 8, 9] (this is the same Jordan as for the
Jordan curve of section 14.1). Such a form is block diagonal

A0 -0 0
—M;:LD —-M;LK 0 A
A:n—l[ F; rr Fg FF},,z o . (14.15)
0 0 --- A

m

where each A, block is called a Jordan block.

Each Jordan block A, is of size (m, x m,) to match the number of times that
each distinct eigenvalue A, is repeated, and m; + m, + --- + m,, = 2NF. Each
Jordan block has m, equal values of the eigenvalue A, on its diagonal and, for blocks
where m,, is greater than one, the block has values of unity on its first super-diagonal,
whereas all other entries of the block are zeroes. Therefore, each is of the form

A 1 0

A = Co L k=12....m (14.16)
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Many of the Jordan blocks A, are of size m, equal to one. In this, the usual
case, the eigenvalue 1, is not repeated; i, becomes an eigenvector and A, contains
one distinct eigenvalue on the diagonal, as dealt with previously. However, with
a defective system, the Jordan normal form is the simplest form possible for the
corresponding equations of motion of Eq. (14.14).

There are now m, equations of motion corresponding to each Jordan block, and
each set is of the form

G- M =0, k=12,....m (14.17)

There are two possible cases: the value of A, for a particular Jordan block may
be zero or it may be nonzero. When the value of A, for a particular Jordan block is
nonzero, the homogeneous equations are

(<t — [Ak]{Zk}H =0,

and because A, may be repeated in a particular Jordan block, the form of the
homogeneous solution is

2y = [T, @]Cre,

where [’.27{(1)] is an (m,; x m;) matrix of the form

z(mk*l)
1 7 B
(m;, —1)!
[T,®]=|0 "-. - : . k=1,2,....m, (14.18)
Do T 1
0 -~ 0 1

and C, is a column of complex constants that depend on the initial conditions.
By assuming that the form of the particular solution is {z,} is constant, we find
from Eq. (14.17) that

{zidp = _[Ak]_l s

with

1 -1 (=11

Moo 2 Ak

0o .o :

(A =] . . 1 1 |, k=12,....m.  (1419)

1

0O --- 0 —

L )‘k _

Therefore, combining the homogeneous and particular solutions, the complete solu-
tion for a Jordan block with nonzero 1, is

2 = [T@0]Ce " — [4] 7%,
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With the initial conditions that atz=0, z,, = 0, Eq. (14.18) shows that [’:77{(2)] =/Jand
the previous equation gives C;, = [A,]7¢,. Therefore, the complete solution for the
response of a Jordan block with nonzero 1, is

2 = [To@wed — 1A Y., k=1.2.....m. (14.20)

The remaining case is when the value of A, for a particular Jordan block is 1, =
0. In this case, the Jordan block of Eq. (14.16) takes the form

0 1 --- 0
A = 0 0
: . 1
0 --- 0 0

Equations (14.17) for such a block have a solution of the form

2% =T @ICe + [T, @, k=1.2,....m, (14.21)
where
_z t? "
2 my!
[T.®]=|0 "~ ™ 2 . k=12.....m. (14.22)
PR t
Y2
0o -~ 0 7 |

With the initial conditions that at 2= 0, z;, = 0, Eq. (14.18) shows that [’17{ o]=1
and Eq. (14.22) gives [7,(0)] = 0. Therefore, Eq. (14.21) shows that C;, = 0, and the
complete solution for the response of a Jordan block with A, equal to zero is

o =[T,®g, k=1.2,....m. (14.23)

To summarize the total solution process, we must first reduce our total set of
first-order equations of motion for the system FGCs to Jordan normal form as shown
by Egs. (14.14), (14.15), and (14.16). Once the Jordan blocks are identified, we can
form the overall modal response matrix

Zi@) 0 - 0
0 Z@ - 0

[Z®] = N E (14.24)
0 0 -z,

where the [Z, (7)] blocks are of sizes (m, x m,) as found from the Jordan blocks,
and have values of

T, @)er — I[A,]"" for A, #0,
(Z,®)] = [T@end =LA~ for &y # k=1,2,....,m, (14.25)
[T.0)] for i, = 0,
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and [A,]~",[T;], and [T,] are given by Eqs. (14.19), (14.18), and (14.22), respectively.
Finally, from these, we can find the modal amplitude response vector

2=[Z®)]¢ (14.26)

for the total system. From Eq. (14.12), z gives the state space response vector y that
includes values for both the changes in position x and the changes in velocity v from
those at the linearization set point:

[;] —y=nz=n[Z®]¢. (14.27)

For purposes that will become clear in section 14.5, we also have need to find
the time derivative of these, in order to find the accelerations v of the system
FGCs:

[;} =y =nz=n[ZO], (14.28)
where
Z@® 0 - 0
. Z,% --- 0
[Z@)] = . s (14.29)
0 0 .. Zm'(z)
. T @) + T.()r, | [A, ] for a, £0,
[Z,@)] = [.k() (OMJIAT for by # k=1,2,....m, (1430)
[T, @] for A, =0,
and
B Z(mk_z)
0 1 ¢ e
. 0o 0 1 . :
[T@ol=|. . . . . k=1,2,....m. (1431)
: .. . . 1
0 . 0 0 1
0 0 0 ]

14.4 Time Integration Algorithm

As we have progressed through the methods of Chapter 13 and then the preceeding
material of this chapter, our real intent has been to find the form of the solution for
the nonlinear equations of motion, Egs. (10.15), in order to compute the time history
of the FGCs of our mechanism or multibody system. Because the time histories of
the SGCs are known a priori, this completes our full knowledge of the motions of
the generalized coordinates and, therefore, of the entire system. From these and the
methods of Chapters 6, 7, and 8, the full kinematics of all parts of our system become
known.
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Well, that has been our intention. However, as usual, things are never quite so
simple. Instead of this original goal, we found it necessary to linearize the equations
around some set point, which we did in Chapter 11, and then to solve this linearized
set to find Egs. (14.27). The intention has been that this set of solutions could
be applied recursively over short time intervals in an incremental time integration
algorithm. However, a major question remains. How large should our time increment
be? If the increment is too large, errors coming from the linearization approximation
will accumulate and the solution will be inaccurate. If the time increment is too small,
the algorithm will operate unacceptably slowly.

The solutions that we found in Egs. (14.27) are only valid as long as our lineariza-
tion assumptions hold. The primary assumption has been that the M, D, K, and G
matrices remain essentially constant during each time increment. Well, experience
shows that this assumption remains suitably valid as long as (a) the changes in system
geometry remain reasonably small, and (b) the time variation of the forces contained
in G are reasonably approximated. However, as the time increment increases, both
assumptions fall more and more into question. Ultimately, there is a limit on the
time increment for which they hold. The solution to this dilemma, of course, is to
keep the time increment small enough to assure compliance with these assumptions.

Let us declare that we are starting the simulation of our dynamic multibody
system at a known value of time ¢ = ¢, from a known set of FGC positions v (1),
and with a known set of FGC velocities v/ (t,). We can also choose a value for the
desired time interval Ar between printing or display of results, and an estimated
value for a time interval 2 < At to be used for the calculation time increment. Then
we can apply the following recursive procedure:

1. Evaluate current values of the SGC positions v ¢(£), velocities 1/¢(¢), and accel-
erations V/g(?).
2. Apply the numeric methods of Chapter 6 to ensure that all dependent position
information for the system is known precisely at the current time.

3. Evaluate the M, D, and K coefficient matrices of the system equations of motion

using Eqs. (11.7), (11.8), and (11.9), and the applied forces F using Eq. (11.10),

and G using Eq. (11.13).

Form the coefficient matrices My 1Dz, M Ky, and M1 Gy of Eq. (14.11).

Find the Jordan normal form A and the generalized eigenvectors  of Eq. (14.15).

Form the forcing functions ¢ of Eq. (14.13).

Find a predicted set of FGC position increments x(z) from Eq. (14.27). If any

are large, reduce the time increment z — #/2 and repeat this step.

8. Evaluate predicted values of the SGC positions ¥ (¢ + 2), velocities /(¢ + 7),
and accelerations (¢ + %) from their definitions.
9. Predict new FGC positions ¥ p(t + %) = ¥ z(¢) + x(7) from Eq. (11.1).

10. Attempt the numeric posture solution procedure of Chapter 6 to find the depen-
dent ¢ positions for time ¢ + 2. If this procedure fails, reduce the time increment
t — /2 and repeat from step 7.

11. Find new FGC velocity increments v(z) from Eq. (14.27).

12. Predict new FGC velocities /(¢ + %) = ¥z(¢) + v(#) from Eq. (11.1). Find all
dependent velocities for time ¢ + 7.

13. Settimetot— t+1.

NSk
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14. Evaluate the M, D, and K coefficient matrices of the system equations of motion
using Eqgs. (11.7), (11.8), and (11.9), the applied forces F from Eq. (11.10), and
Gpfrom Eq. (11.13).

15. Find the FGC accelerations from Eq. (11.13), 7 (t) =V (t) = M. (Gp — D ppvpe
— Kppxp). Find all dependent accelerations.

16. Test whether time ¢ has reached the value for the next printing time and/or
output display time; if so, process and output data as necessary.

17. Test whether time ¢ has reached the proper value for ending the simulation; if
not, return to step 4 to continue.

Before finishing this section, it is very important that we review the class of problems
being considered in this text and contrast the time integration method presented
here with others that might be considered. Let us first remember that the number
of degrees of freedom being considered is, perhaps, between ten and twenty in a
very complex system. Therefore, it is quite feasible to consider solving the iterative
loop-closure computation of Chapter 6 at every time step, particularly with the
extremely quick convergence reported in that chapter. For the same reason, solving
for the Jordan normal form, as in step 5, or for eigenvalues and eigenvectors is not
unreasonable at every time step.

However, the very fact that the numeric algorithm of Chapter 6 is being used does
imply that this algorithm makes a new decision at each time step as to which and even
how many FGC variables exist for each new time step, and there is no assurance that
these will be the same variables from one time step to the next. In many problems,
the decision of which joint variables are chosen as FGCs does change as the system
geometry changes. Also, if the system being simulated passes through a singular (for
example, a dead-center) posture, the number of FGCs increases at such a posture
and then decreases again after leaving that posture. These considerations do not
totally prevent use of some of the better-known numeric integration algorithms, but
they do provide additional complications not present in other applications, such as
in predictor/corrector techniques, and not addressed in numerical analysis texts.

It must be understood that the software being considered here is for simulating
multibody dynamic systems. This is an extremely different class of problems from
the class addressed in finite element analysis (FEA). In that class:

(a) The bodies being simulated may be of high stiffness, but they are not rigid.
Indeed, in that class, the strain (change of geometry) variables are among the
fundamental unknowns being sought.

(b) The number of degrees of freedom is often in the hundreds or even in the
thousands.

(c) The solution of FEA problems is not expected to operate quickly enough for
real-time animation during a dynamic simulation. Much slower solution methods
are usually acceptable, with animation done only by post-processing.

Traditional wisdom in numerical analysis texts advises that the time step in the
numeric solution of an initial value problem should not be greater than about one-
tenth of one cycle of the highest frequency of the problem being simulated. The
natural frequencies of typical problems being considered here often range from a
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single Herz or less for the low frequency, to tens of MegaHerz for the high frequency.
Therefore, this advice suggests a typical time-step size of 2=~ (10)~® seconds, or
100 million integration steps per second simulated. It must be understood that this
advice is based on the recognition that almost all well-known methods of numeric
integration are based on power series in the independent variable 7. Here we have
used a harmonic series — recall e in Egs. (14.8) and (14.30) — and we have found
the complete and exact theoretical solution to the linearized differential equations
during the time increment being integrated. Our approximation has been in assuming
that the linearized equations are a good approximation throughout the time step.
This assumption is limited only by the size of the time step and the changes in
geometry and applied forces, not by the natural frequencies involved.

In relatively recent times, numeric methods have been developed for integrating
the class of problems known as stiff differential equations [3]. This is the class in which
the spectrum of resonant frequencies range over several orders of magnitude and,
therefore, traditional methods have called for thousands or even millions of time
steps per cycle of progress in the overall simulation. This is precisely the class usually
represented in multibody dynamic systems. However, as just explained, the method
developed is such a method. Particularly with the improvements of the next section,
it can and often will pass over hundreds, thousands, or even millions of cycles of high
frequencies during a single time step, particularly when their amplitudes within the
actual response are small because of the energy required and because those modes
are not excited.

14.5 Adaptive Time-step Control

Sometimes there are difficulties with the time integration algorithm presented in the
previous section. As shown in steps 7 and 10, for example, there may be situations
where the algorithm predicts egregiously large changes in the FGCs positions and
it becomes necessary to reduce the size of the time increment, if only to keep the
numeric loop-closure process under control.

However, even if extremes are avoided successfully, this does not ensure that the
algorithm produces reliable accuracy. How can we tell if the time increment might
still be too large? Well, one way to test this might be to perform the simulation
again with a smaller time increment, and to compare results to see if they agree
within acceptable limits. However, this does not seem reasonable as a continuing
requirement. Is there some way to test as the time integration process evolves? Yes,
there is.

Immediately after step 12 in our time integration process explained in the previ-
ous section, we can predict for time ¢ + 2 the expected new values of the accelerations
v of the FGCs by using Eq. (14.28). These are the accelerations that occur according
to the prediction of the linearized equations of motion. They should be of acceptable
accuracy if the time step is within the range for which the linearized equations are
valid.

However, in step 13, we set the time to ¢ 4+ 7 and, in step 15, we recalculate these
same accelerations with new data that are updated for the modified geometry. These
values are accurate in the sense that they fit the nonlinear Lagrange equations at the
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new posture. By subtracting the earlier predictions from this later calculation, we can
determine the differences in the FGC accelerations that result from the inaccuracy
of using the linearized equations for our nonlinear system.

If this difference in accelerations is found to be larger than some chosen upper
limit, then the size of the time increment should be reduced, for example, toz — 7/2.
If the error is well beyond this upper limit, then it may be considered necessary to
repeat the current step with the smaller time increment.

Of course, it is to be expected that there will always be some difference in accel-
erations; this is true for any numeric solution of nonlinear differential equations, no
matter what method is used. In fact, if this difference in accelerations is smaller than
some chosen lower bound, then the time step being used is probably too small and
integration is progressing more slowly than necessary. Under these circumstances,
the time increment may be increased, say to 2 — min(2¢, Ar). This will ensure that
the time integration proceeds more quickly, but also that the time step does not
exceed the interval between desired output time steps.

Before finishing this section, we should recognize that step 10 of our integration
algorithm is continuously ensuring that all geometric constraints of our system are
enforced to good accuracy. Therefore, even though forces in various parts of our
system may include errors, the geometry of the system being simulated is always
valid. That is, it always represents a possible posture that can realistically be expe-
rienced by the modeled system. We should also recognize that error in acceleration
is a very sensitive test. It is a convenient technique for sensing linearization error
because we predict with the linearized equations and then recalculate with the non-
linear equations. Moreover, numeric errors should be expected to be larger when
calculating derivatives. Therefore, controlling error in acceleration should control
errors in velocity and position even more accurately.

Another improvement has been found in helping the user to estimate or eval-
uate the limits to be used in controlling error. The calculation technique can pro-
ceed as previously explained. However, by redefining error so that it includes pre-
multiplication by the mass matrix — that is, ¢ = M[ v/ — V] — we can recast error
into units of error in force. Most users find it more intuitive to choose an accuracy
limit that they wish to attain in terms of accuracy in force rather than accuracy in
acceleration.
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PROBLEM

14.1 Continue from Eq. (14.9), using Egs. (14.6) and (14.10), to apply the residue
theorem to the inversion of the Laplace transform where there is a single pair of
equal eigenvalues; write the solution out explicitly for the case of f =2, NF =2,
NP =1,g;,(s) =1,and g;,(s) =0, with A5 = A,.
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E Collision Detection

15.1 Introduction

Through simulation of multibody systems as explained in the preceeding chapters, we
can solve a variety of useful problems with no further enhancement. However, with
the methods explained so far, we still lack the capability to simulate collisions, either
between moving bodies or between a single moving body and its fixed surroundings.
Simulation software developed strictly with the formulae presented so far assumes
that a moving body may simply pass through others with no interference or impact.
Clearly, this can benefit from enhancement.

Collision or contact between bodies cannot be detected unless it is through com-
putations relating the geometries of the bodies’ surfaces. Therefore, we must have
accurate geometric shapes for all bodies for which collisions are to be considered,
and in as much detail and accuracy as we wish to monitor their possible contact. We
need data for vertices, edges, and surfaces, and we need to distinguish the material
from the exterior sides of such surfaces. Therefore, we need solid models of the
bodies to be considered. Either constructive solid geometry (CSG) or boundary rep-
resentation (B-Rep) or hybrid combinations may be considered, but wire-frame data
are not sufficient.'

On review of the material of Chapter 3, we see that each body has a body
coordinate system, and that the posture of that body (with label b) is found by
determining its transformation matrix 7, as explained in Chapters 4 and 6. Each
body has such a transformation, even the stationary body. Therefore, each body can
be given geometric shape by attaching one or more solid models with data measured
with respect to that body’s coordinate system. That is, for every geometric feature
of the shape, the local coordinate data r, are known.

The only difference between a stationary body and a moving body is whether its
transformation matrix with respect to the fixed body changes or remains constant.
Also, each geometric feature of each shape takes on the motion of the body to which
it is attached. Thus, each shape has a velocity matrix @, and an acceleration matrix
o, as found in Chapters 7 and 8, and these motions include both translation and
rotation data.

1 The IMP software uses a half-edge polyhedral B-Rep data structure similar to that explained in [3].
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The simulation of collisions consists of two main tasks: collision detection and
impact analysis. Solution of the first of these tasks is the intent of this chapter; the
second is covered in Chapter 16. Collision detection involves determining when (the
value of time) and where (the point r, of each body at which) contact occurs between
bodies of the system simulated.

Because testing for collision may be required during every interval of time in
a simulation, and possibly between many combinations of objects, it is extremely
important that the algorithm for collision detection be very efficient. For this reason,
we limit ourselves to consideration of only two shapes coming into contact at a
time. If more than two bodies make simultaneous contact, the software can find the
contacts in consecutive pairs if necessary.

Conceptually, because we require that solid models of body shapes be available,
it is possible to perform a complete intersection calculation by the algorithms of
solid modeling between each pair of bodies considered at every moment in time.
Without further improvement, however, this approach is quite inefficient. We also
find that those algorithms known to date that offer efficiency advantages, do so partly
by restricting their consideration to pairs of convex polyhedra. The assumption of
convexity is not an unreasonable constraint because more than one convex subshape
may be simultaneously attached to the same body coordinate system. The assump-
tion of polyhedral geometry implies that body shapes are bounded solely by flat
surfaces. Curved surfaces may be approximated by flat facets, but as the number of
facets becomes large, the efficiency again decreases; a realistic compromise between
accuracy and efficiency must be sought.

In order to avoid monitoring an unnecessarily large number of body pairs — thus
causing slow performance — we can require that the user explicitly identify those
pairs of shapes (or convex subshapes) to be monitored. However, it is advised that
two shapes of the same body, or two that are directly connected by a joint (except
for an open joint), not be acceptable for collision monitoring because they would be
in continual contact at their elemental surfaces.

15.2 Vertex-Face Contact

At the moment that a vertex of one body labeled b actually makes contact with a
flat facet of a surface of another body labeled c, such a contact may be represented
by an equation of the form

ACXb + BCYb + CCZb + DC = 0,

where capital letters recognize that this equation is written in terms of the global
coordinate system. The plane coefficients are normalized so that the first three
coefficients [A, B, C,]form a unit normal vector directed outward from the shape.
If we choose the symbol P, to represent the column vector of the data of this planar
facet, then, in global homogeneous coordinates, the equation has the form

X

[A, B, C. D] = P'R, =0. (15.1)

Y,
Zb ¢
1
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Remembering Eq. (3.5), we know how the local coordinates of the vertex r,
relate to their global values R, and thus, we can also find the relation that must hold
for the local coordinate data p, of the planar facet:

PeTo Topry =0 (152)

Now, assuming that the contact does not begin until a short time increment ¢
after the current time ¢,

piTy. ¢+ 1) Ty, (¢ + 1)1, =0,
peTo [I 4 wix ] [ + wyt] Typry, = 0,
Plolw,R,t* + P (o} + w,) R,T + PR, = 0.

If we assume that 7 is small enough to ignore the very small 72 term, we can
solve for the time increment at which contact begins:

— —PR, _ —Pe [TéCTOb] p .
Pi(of+w,) Ry pLTS, (0l + wp) Top] 7y

(15.3)

Notice that the factors in square brackets in both the numerator and the denom-
inator of this equation can be computed at each time interval during our time inte-
gration as soon as bodies b and c are identified. This is usually worthwhile because
many vertices and faces from these bodies may require testing.

If the value of t found from this equation is negative, then the time of contact
is either fictitious or has already passed. However, finding a positive time increment
does not assure that contact actually occurs; it only signifies that the vertex r, reaches
the plane of the facet p, at a future time. We must also find the implied point of
contact on the planar surface of body c at the indicated time

U+ ow.10)Tyr. = U+ w,t)Tyr,
re=[T,.'d + 0,0) 7 U + 0,0) Ty, 1y, (15.4)
and we must verify that this point r, falls within the boundary of the actual face of
body c contained in the plane p,. If this is true, then — and only then — we have verified

that T represents a time increment at which contact may actually occur between the
vertex r,, and the flat facet p,.

15.3 Edge-Edge Contact

Next, let us consider the situation when two edges come into contact. Let us say, for
example, that an edge of a body labeled b is defined by the intersection of planar
faces 1 and 2, whereas an edge of a body labeled c lies at the intersection of planar
faces 3 and 4. Then, at the time 7 at which these two edges come into contact, a new
point of contact with global coordinates R is defined by the four equations

T, d+wit) | | X
pyT5, U + ) T) Y
L d+ot) || Z
PyT.( + wlt) 1

=ER=0, (15.5)
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where the matrix of coefficients E is of size (4 x 4) and every element is a linear
expression in the unknown time increment 7.

However, for this set of homogeneous equations to have a nontrivial solution,
the matrix of coefficients must have a zero determinant, det (£) = 0, from which we
get a quartic equation in t. We are interested in finding the smallest nonnegative
value of t < 7 that satisfies this equation, if such a root exists. If such a value of 7 is
found, then any three of the four Egs. (15.5) become solvable for R. This solution,
however, must still be tested to ensure that it falls between the two limiting vertices
(¥ and r") on each of the two edges. This may be done by solving any two components
of the conditions

R = p,(I + w,t)Typry, + (1 — ) + wp0) Tiry
=pd+o0)Tyr.+ A —p)d + o,10)T,r! (15.6)

for the unknown parameters u;, and i, and verifying that each lies within the interval
0 < p < 1. Once this is verified, then 7 refers to the time increment until a possible
contact between the edges tested. If not, then such an edge-edge contact does not
occur within the coming time interval.

15.4 Finding the Time Increment until Contact

As explained in section 14.4, the overall simulation process takes place under the
control of a time integration process for the solution of the equations of motion
for the system FGCs. As this time integration process progresses, it is necessary to
continually monitor each of the possible contact pairs chosen by the user and, as
a contact approaches, to anticipate and meet the precise moment of contact at a
transition between time steps in the integration process.

Consider the effect of error in finding the precise time of contact. If we suppose
that the onset of contact is not met exactly, then two bodies may already have
penetrated each other as the end of a time step is reached. If there is a stiffness
associated with that contact, then that stiffness may have already become deflected
by the end of the time step and, far worse, no energy would have been required to
produce such a state of strain. With the stiffnesses associated with typical mechanical
parts, this may represent a significant energy increase in the system. Even worse,
once this energy enters the system — even through numeric error — it remains there,
causing errors in future velocities or other motion parameters. For this reason, it
is extremely important that the moment of contact be met precisely so that high
stiffnesses do not produce strain or errors in system energy.

As the simulation develops, the size of the time increment z of the integration
process is controlled as explained in sections 14.4 and 14.5. In addition, as described
there, the user may have requested that possible contact be monitored between
particular pairs of bodies. For each possible contact pair, we know that we are to
monitor the motion of body ¢ with respect to body b. What we wish to do next is to
predict the time increment from the current moment ¢ to the onset of that contact.
What we wish to know is whether we anticipate the initiation of a contact within the
coming time interval z. If so, by how much is it necessary to reduce this time step to
exactly match the time of the initial contact.
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In section 15.2, we discussed the contact of some vertex r, of body b with some
flat facet p, of body c and in section 15.3, between two edges of these bodies. The
choice of the two bodies was identified by the user, but we have not yet spoken of
how this particular vertex and this particular facet or how this pair of edges will
be identified. The question of collision detection has seen much research over the
past several years. The algorithm presented here is a variation of one of the faster
and better-known algorithms, called the GJK minimum-distance algorithm from the
initials of its authors [2], with subsequent extensions by Cameron [1].

As a start, a single face is chosen arbitrarily from each body, b and c. Let us
identify these as p, and p.. We also choose an arbitrary vertex r, on face p, to start
the following recursive procedure:

1. Test each vertex r, of face p, using Eq. (15.3) to find the minimum nonnegative
time increment t for contact of r, with face p... If none is found, choose a different
face p, and repeat.

2. Test each vertex r; connected by an edge to vertex r,, using Eq. (15.3), seeking a
vertex with smaller nonnegative time increment t’. If found, change r, and t to
r, and 7’ and, if necessary, change p,, to a new face that includes the new vertex
rp.

3. If r, was changed by step 1 or step 2, repeat from step 1 until no further change
is found.

4. Test each face p, containing vertex r, for the contact time with vertex r,, using
Eq. (15.3), seeking a smaller nonnegative time increment t’, and updating the
face p, and time increment 7 to this new minimum.

5. If p, was changed from that of step 1, repeat from step 1.

6. Test each vertex r, of face p, using Eq. (15.3) to find the minimum nonnegative
time increment t for contact of r, with face p,.

7. Test each vertex r, connected by an edge to vertex r,, using Eq. (15.3), seeking
a vertex with smaller nonnegative time increment ¢’. If found, change r, and ¢
to r. and 7’ and, if necessary, change p, to a new face that includes the new r,.

8. If r. was changed by step 6 or step 7, repeat from step 6 until no further change
is found.

9. Test each face p, connected to vertex r, for the contact time with vertex r,, using
Eq. (15.3), seeking a smaller nonnegative time increment t’, and updating the
face p, and time increment t’ to this new minimum.

10. If p, was changed from that of step 6, repeat from step 6.

11. If any of these data has changed from that of step 1, repeat from step 1.

12. After iterating in this manner and finding the minimum time increment t and
locations r, and r, until no further improvement is found; then, using Eq. (15.5),
test all edges connected to vertex r, for contact with each edge connected to
vertex 7, to see if an even smaller initial contact time t is found.

Once this iteration process has finished, we have found the time increment
until the initial contact between bodies b and c. We must then repeat the process for
the next contact pair that was chosen by the user until all requested pairs have been
tested. When finished with all, we know the smallest time increment t before the first
contact. We have also found the body numbers b and c for this contact, the type of
that contact (vertex-face or edge-edge), and the corresponding vertex, face, and/or



References

edge data at the location of impending contact. All of this information becomes very
important in Chapter 16 where we analyze how this collision affects the dynamics of
the rest of our system.

Before doing this, however, we should look back to section 14.4 and understand
that this entire process is to be inserted after step 16 of the time integration algorithm
explained there. As the previous time step is completed, the search for possible
collision is performed before completion of the next time step takes place. Upon
completion of the impending contact algorithm explained here, the time step z for
time integration must be set equal to t, if it is smaller, before recursing in step 17
to continue the time integration. This ensures meeting the precise time of contact
at the completion of the next integration step. At that time, the impact analysis of
Chapter 16 is applied, and the time step is set back to 7 before continuing.
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16.1 Applied Impulsive Loads

Before continuing the analysis of the impact resulting from a collision between
moving bodies and how these can be incorporated into our time integration of the
dynamic equations of motion, let us consider the effects of applied impulsive loads
in general.

It should be noted that the material of this entire chapter is based on the research
of Dr. W. Wisutmethangoon [4], and is presented here with his permission.

As we saw in section 10.2, the general Lagrange equations of motion for our
dynamic system are given by Eq. (10.1):
i(ﬂ) MWV R =12, NF,
dt \ v, oy, oy
where H and V are the kinetic and potential energies of the system and F; is the
generalized force acting at the free generalized coordinate ;.

If we integrate this equation over a short interval of time from ¢ to +4§¢, we
obtain

t+6t d oH t+6t oOH t+6t oV t+6t
/ —(—.)dr—/ —dt+/ —dt:/ Fdt, i=1,2,...,NF.
t dt Y, t oY, t oY, t

Because the time interval for an impact is very short, there is insufficient time
for changes in geometry, even though velocities can change under impulsive accel-
erations. Therefore, the second and third terms of this equation are very small and
the equations reduce to

). %)
8¢i t+6t 8wt

From Eq. (10.3), we recognize that this set of equations shows the changes in the
components of the generalized system momentum and, from Eq. (10.6), we have

oH t+6t
:A(—,):/ Fdt, i=1,2,....NF. (16.1)
t 8%’ t

L

OH

Pi=y = > trace (W, Ty,J, Tjye}). i=1.2,....NF,
t b=1
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and, using Eq. (7.24), this becomes
H
== trace(W,, T, J, T,y Wi )¥r;, i=1,2,...,NF.
pi oY, ;; ( biton’/bLob b;)%
Again recognizing that the time interval is too short for changes in system
geometry, but that system velocities can change, Eq. (16.1) becomes

NF ¢

146t
Ap, =YY trace(W, Ty, To,W; ) A =/ FEdt, i=1,2,...,NF,
j=1 b=1 t

and from Eq. (11.7), we recognize here the elements of the system mass matrix.
Therefore, this equation reduces to

NF ) 48t
> M, Ay, :/ Fdt, i=1,2,...,NF. (16.2)
=1 '

In section 9.10, we defined a model for a force f},(¢, t) acting within a joint with
identifying joint label /. This force was modeled as a function of time ¢ and of system
geometry ¢. Here, we take the same approach with the exception that now we take
the time variation of the force to be an impulsive load acting within joint /4, and we
give this impulse the symbol ¢, (¢, ?):

t+ot
G (p, 1) = fu(,)dt, h=1,2 ... n
t
From Egs. (9.23) and (10.13), the generalized force resulting at generalized
coordinate y; from a force applied within joint £ is

h=1,2,...,n,

F=duli @0, (205

and when such a force is impulsive in nature, the generalized impulse becomes

h=1,2,...,n,

i=12 ... f (16.3)

1+t
/ Fdt = ¢, (¢, 1),
t

Similarly, in section 9.11, we defined a model for a force f, ,(¢, t) applied at a
point on body b with direction defined by points on bodies ¢ and d. Here, we define
a similar impulsive load ¢, ,(¢, ?) acting at a point on body b with direction defined
by points on bodies ¢ and d:

t+6t
"de(¢’t) - bed(¢’[)dt’ b, C,d: 1,2,...,6.
t
In Egs. (9.25) and (10.13), we found the generalized force resulting at generalized
coordinate ; from such an applied force to be

b,c,d=1,2,...,¢,

E = Rgiucdfbcd (.0, i=1,2 f
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and when such an applied force is impulsive, its generalized impulse is

145t
byc,d=1,2,...,¢
_ /t_ . s Ly s~y y Ly
/t‘ Edt - sz”cd‘bcd (¢, t) 9 l — 1’ 2, L f' (16.4)

Then, in section 9.12, we defined a model for a torque 7 _,,(¢, t) applied on body
¢ with direction defined by a line through points on bodies d and e. Here, we define
a similar impulsive torque 2,,,(¢, f) applied on body ¢ with direction defined by a
directed line through points on bodies d and e:

t+45t
che(qﬁ,t):/ T (b 0dt, c,de=1,2,... ¢
t

In Egs. (9.29) and (10.13), we found the generalized force at generalized coor-
dinate v, from such an applied torque to be

~ ! c,die=1,2,...,¢,
E - Wciudercde (¢’ t) ’ i= 1, 2’ o f’
where Wbi is defined in Eq. (9.28). When the applied torque is impulsive in nature,
its generalized impulse is

o - ¢ cde=12...¢
[ B =W @, G2t (16.5)
Finally, when we allow multiple impulses and collect the elements from
Egs. (16.3), (16.4), and (16.5), then Eq. (16.2) expands to

NF n it
D MyA = by @0 + ) Rittegineg @0+ D W ttgdege (6.0 =T, ($,1),
j=1 h=1 bed cde

i=1,2,...,NF. (16.6)

As the time integration process of section 14.4 advances, it must be continually
monitored to ensure that it results in incrementing a time step at the precise moment
of occurrence of an impulse. At that instant, the right-hand side of Eq. (16.6) is
evaluated and yields a vector of length NF of applied impulses Z.(¢, ). However,
because we assume that the SGC coordinates do not change velocities under impul-
sive loading, the set of Egs. (16.6) referring to the NF velocities of the FGCs is of

the form .
MFFA%F = IF'

Because M is positive definite, it cannot be singular and these equations can be
solved for the changes in the FGC velocities at that time:

AYp = My} (16.7)

These changes are added to the FGC velocities before continuing with the next step
in the time integration process.
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Figure 16.1. Coordinate axes at a point of contact.

16.2 Location and Type of Contact

The other way in which impulsive loading can be induced within our mechanism or
multibody system is through collisions between moving bodies. This is the reason
for our detailed discussion of detecting such collisions in Chapter 15. Through the
algorithms presented there we can detect the precise instant of contact between
colliding bodies.

At the moment detected for a collision, the time integration process is inter-
rupted and we know: (1) the identification of the contact pair 4 being monitored
and of the two bodies, b and ¢, which are making contact; (2) the global coordinates
Ry, = Typry, = Tp,r, of the point of contact, and the velocities of the two contacting
points, R, = w, R, and R, = w_R,; and (3) the type of contact, either vertex-face or
edge-edge.

Let us define v, to be the unit vector normal to the plane of contact pointing in
the direction from body b toward body ¢ as shown in Figure 16.1. For a vertex-face
contact, we find v, from the data for the face of body b or of body c, whichever is
the face in contact. For an edge-edge contact, we find v, from the cross product of
vectors along the two contacting edges. Next, we take 7, to be the unit vector in the
plane of contact directed parallel to the relative velocity between the two pomts of
contact. This is found by taking and normalizing the vector difference 7, = Rb R o
if the magnitude of this vector difference is less than some tolerance, then t,, is
chosen arbitrarily in the plane of contact. Next, we find and normalize the bi-normal
vector v, to be a unit vector orthogonal to both 7, and t, such that 8, = v, x ;.
Finally, we recalculate and normalize the tangent vector 7, to be the unit vector
orthogonal to both g, and v, such that 7, = 8, x v,. The global coordinates of these
unit vectors can be determined from the geometry of the contacting shapes, their
locations 7}y, and 7., and velocities w;, and w, at the instant of contact.

16.3 Simple Impact Model

As a beginning, let us assume that, at the point of contact, the only reaction between
the two bodies is an impulse normal to the plane of contact. Let the normal impulse
acting from body b onto body c be symbolized by ¢; v,, where ¢, is an unknown scalar
signifying the amplitude of the impulse. There is an equal and opposite normal
impulse —¢,v, acting as a reaction from body c¢ back onto body b. Then, from
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Eq. (16.4) we can write the generalized impulse caused by this contact as
I]Z (¢7 t) = Rgivhé;l - R/Ct[l)hl.;;,
=, (R} — R.)ép, i=1,2,...,NF,
v, (Wy; = W) R,

and from this, the Lagrange impulse equations for this contact can be written as
shown in Eq. (16.6):

NF
D MAY; = v,(Wy, —W,)Rye, i=12,....NF. (16.8)
j=1

However, because the magnitude of the impulse ¢ is still unknown, this is a set
of NF equations with (NF + 1) unknowns. Another equation is needed to make
the set solvable. This additional equation can be obtained from the definition of the
normal coefficient of restitution, e;, which is the ratio of the relative normal velocity
between the contacting points after the impact to that before it. That is,

o = _v,gt<R; —RD
Y (Rb - Rc)

where R; and Rj (or similar symbols) indicate values after the impact and the neg-
ative sign shows the reversal in sense of the relative velocity at the points of contact.
The coefficient of restitution is a value representative of the materials making con-
tact and varies from unity for completely elastic impact to zero for plastic impact.
The value of this coefficient can be determined experimentally and must be supplied
by the user as data for this model of impact. A good discussion of coefficient of
restitution and test procedures for measuring it is given in [2].

Once this coefficient is supplied, the equation expressing its definition can be
rearranged to read

V(RS — RY) = —ejvi (R, — R,),

v (0f —o)R,

=€V (@p — )R,

f

Z VL(ij - Wcj)RhK&;r = —e, Z VZ(W};]‘ - Wcj)RhV}j‘ (16.9)
j=1 j=1

The set of Egs. (16.8) and (16.9) can now be brought together into a single set,
and written in the form

M;; v, Wy, — W)R, 1/’]+ _ M;; ()
v, (W, — W, )R, 0 i —eput Wy, =W )R, | 7

These equations are solvable for the modified velocities of the free generalized
coordinates that result after the impact and for the magnitude of the impulse that
results. Typically, this model suits well for simulating the collision of objects with
smooth, hard surfaces.
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16.4 Impact Model with Tangential Impulse

In the case of collision between objects with rough or soft surfaces, when a relative
tangential velocity exists between them, it is likely that a tangential impulse may
also be transmitted by the impact. Unless we assume that this tangential impulse is
zero, another unknown is present in the system. Therefore, yet another equation is
needed for solution.

Two approaches have been proposed [1] for formulating another equation. The
first is to define a coefficient u,, reflecting the ratio of the tangential and normal
impulse components, very similar to a coefficient of friction:

T Vv
Ch == I"Lh‘h'

The system of equations for this impact model is

M v Wy = WOR, (W = WOR,T (]
vh (Wy; — W, )R, 0 0 &
0 — Uy 1 c';l
M,
= | —epv, Wy = W R, | v} (16.10)
0

This model, with an appropriate value of u,,, fits quite well for collisions with high
relative tangential velocity.
In another model, the definition of a tangential coefficient of restitution is intro-

duced. The definition is similar to that in the normal direction; that is,
TR RD

h —_—— .
7, (R, — R))

The system of equations using this model is

M;; Vi Wy = WDR,  1,(Wy, — W)R,, 1//7
v,(W,; = W )R, 0 0 g
T, (Wy; — W, )R, 0 0 g
M,
= | —epv,(Wy; = W)R, | (). (16.11)

—e; 7, (W,; — W )R,

This model is more appropriate with small relative tangential velocity at the contact
points or for objects with high, shear elastic surfaces.

Figure 16.2 shows a typical graph of experimental data obtained from impact of a
steel specimen with a stationary steel block [3]. A plot of relative tangential velocity
before and after impact typically follows the solid lines. This graph shows that for
low relative tangential velocity, the tangential coefficient of restitution model better
fits experimental evidence, whereas the frictional tangential impulse model is more
suitable for higher relative tangential velocity.
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Final rel. tang. velocity

Frictional tangential impulse model

Figure 16.2. Typical experimental data
for tangential impulses.

~ Tangential restitution model

Initial relative tangential velocity

Also suggested by Brach [1]is a bilinear model, which is a combination of the two
previously described models, with appropriate values of j1;, and e], to fit experimental
data. The way this model is used is to solve both Egs. (16.10) and (16.11), and then to
accept the solution that results in the higher relative tangential velocity after impact.

16.5 Impact Model with Normal Torsional Impulse

Next, we consider the case where the impact is not isolated to a single point, but is
distributed over an area on the contacting surfaces. The normal impulse generated
during impact in such a case may be accompanied by a torsional impulse in the plane
of contact if there is a relative angular velocity about the surface normal at the time
of impact. Again, because of the added unknown in this case, an additional equation
is required. Similar to the normal coefficient of restitution, a torsional coefficient of
restitution can be defined as the negative ratio of the relative angular velocity after
the impact to that before,

where © »» for example, is the angular velocity vector of body b that is expressed by
the second Ball vector of its velocity,

. ¥ ij(372) fo
Hbza)bzz Wb](l,S) IﬂJZZWbﬂ”}
]=1 Wb](Z, 1) ]:1

This additional equation can be used for the case of small relative angular veloc-
ity about the surface normal axis. However, another model based on the coefficient
of friction, which is more suitable with higher relative angular velocity, is

1, = sgn[v, (@, — @C)],uhrpa}”,.
Here, the use of the sgn function accounts for the direction of the torsional impulse
caused by friction, which must be in the direction opposite to the relative angular
velocity about the normal to the surface. The symbol r, denotes a characteristic

distance called the pitch radius, which relates the torsional impulse to the normal
force impulse. This pitch radius is assumed constant and must be given as data by
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the user. It may be evaluated from different theories. For example, with a uniform
pressure distribution over a circular contact region, r,, = %r, where r is the radius of
the contact area.

As with the tangential impulse case, the two models can be combined and used
as a bilinear model.

16.6 Impact Model with Moment Impulse

The normal impulse generated during impact may be accompanied by an impulsive
moment about an axis in the plane of contact. If this moment impulse is considered
to have components in both the tangential and the bi-tangential directions, this
introduces two more unknowns into the system. In order to formulate two additional
equations, a definition of moment coefficient of restitution [2] is introduced. For the
tangential direction, it is defined in a manner similar to the previous case:

T —0n) _ TWy—We)if
h — - T 0 = — i

(@, =0,  TWy =W,

and a similar equation can be written for the bi-tangential direction

_Bibig©; —0F) _ B(Wy—Wo)v;

B
eh = - - — —
ACIECH B Wy —W,) ¥,

16.7 Integrated Model of Impact

The general set of equations for an impact, using all of the aforementioned models,
can be written as

M, Wy, = WIR, oW, —WOR, (W, —W,) W, —W,) B,W, W, ]

ij bi bi 1//+
7
vy (W, = W_)R, 0 0 0 0 0 .
oW, —W_)R, 0 0 0 0 0 ;
vy (W, = W,) 0 0 0 0 0 7
R R 7
oW, —W,) 0 0 0 0 0 h
B
~ ~ ll
L B, W) 0 0 0 0 o ]
— Ml] -
—e,v, W,; =W )R,
e, W,; =W, )R,

_ o ), 16.12
—epvy, (ij — W‘_j) WJ} ( )
78;17’7;1 (ij - Wcj)

L —ehB W, =W, |
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or
Mij V;z (vai - Wci)Rh T;z (Wbi - Wci)Rh VZ (Whi - Wci) 1:;‘ (Wbi - Wci) 5;1 (Wbi - Wci) ‘[ﬁ
v (W, =W )R, 0 0 0 0 0 .
0 —u, 1 0 0 0 K
(2
~ h
0 —sen[v},®, =) |, 0 1 0 0 z
oW, ~W,) 0 0 0 0 0 K
L BLW,, = W) 0 0 0 0 o
M,
i
—eZvL(WbJ — Wcj)Rh
0 .
= 0 W ). (16.13)

—e;‘;t;’ (Whj — W{j)

5o _
_eh'B;z(ij - Wcj)

Equations (16.12) use tangential and torsional coefficients of restitution for the tan-
gential and torsional impulses, respectively. Equations (16.13), however, implement
tangential and torsional coefficient of friction models. The bilinear combination
model can be used in place of either or both if the user prefers.

The impact equations, as presented in this and the previous sections, show
only the effects of a single collision of a single contact pair of moving bodies. If
more than one collision is to happen in a simulation, they are treated in succession.
Only one collision happens at a particular instant. This collision causes changes in
the generalized coordinate velocities. The time integration is then continued with
the modified velocities, and another collision may then take place. In fact, several
collisions may take place before another printing or output display time comes to
pass.

16.8 Impact Analysis with SGCs

The impact equations previously presented have been developed with the point of
view that all generalized coordinates are free to respond to impacts and that none
are driven by power sources able to resist changes in velocity; that is, that all are
FGCs. In some cases of dynamic simulation, various of the independent generalized
coordinates are SGCs and the number of unknowns in the dynamic impact equations
can be reduced to only those of the FGCs.

For example, consider the case of Eqs. (16.12) when the system includes both
FGC and SGC independent generalized coordinates. Then, these equations are of
the form

My Mg Wy =W R, Wy =W R, vy Wy = W) (W = W) BLW,, = W,) v

~ ~ ~ . . F

M, Mg v, Wy =WOR, G(Wys = WOR, v, W =W (W =W BWy—Wy) v

VW = WOR, v, (W o =W OR, 0 0 0 0 0 <

5, Wye =W R, (W —WOR, 0 0 0 0 0 A

v Woe =W v, W =W 0 0 0 0 0 %

~ ~ - pAS

a

GO W GO W0 0 0 0 0 i

R ~ ~ ~ h
LBow, —W,) B —W) 0 0 0 0 o

bF



Problem 16.1

r M, M,
My Mg
'3 3
= Wyp = WpR, —epu, Wi =W IR,

_ 76; Tlr; (WhF - WrF )Rh 762 T;; <th - WrS)Rh {'IJF}
GO W gy -y | s
T W~ W) e (W~ W)
_efﬁ;l (Wb/-' - Wcl-') 7GI[§’3;’1 (Wbs - Wc.\') m

where the subscripts F and § refer to the subsets of free and specified generalized
coordinates, respectively. If we assume that the velocities of the SGCs are not
modified by the impact - that is, that y& = ¥ — as is required for the motions
specified to actually be achieved, then these equations reduce to

M,, VW, —W IR, T W, —W IR, W, ~W,) W, —W,) LW, —W,)] +
v (W, — W IR, 0 0 0 0 0 p
oW, —W,)R, 0 0 0 0 0 p
vt (W, = W) 0 0 0 0 0 A
oW, — W) 0 0 0 0 0 ‘i
L BL(W,, —W.,) 0 0 0 0 o
_ M, 0 -
=6, Wy =W IR, —(ep + 1y, (W, s —W )R,
—eTt (W, — W IR, —(€ + )l (W, — W )R, ‘.
= —€yV, (WbF - WL'F) —(e; + 1)VL(Wbs - Wcs) {1//5 } ’ (1614)
—G T Wy = W) =€+ DT Wy = W)
L —efBW,, —W,)  —(e) + D W,s— W) |
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PROBLEM

16.1 Continuing problem 11.1, let us assume that the weight W that resulted in
equilibrium for the scale at the posture where ¢ = —30° was originally put in place
with a downward impulse as shown in Eq. (16.4) of ¢,.;, = 0.10 1- bs. Find the FGC
velocity that results, and that must be attenuated before equilibrium is achieved.
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17.1 Introduction

From the very beginning of this text, the primary purpose has been to provide
background for the development of a digital simulation system as a computational
aid to a designer in the creation or modification of a complex mechanism or multibody
system. Although such simulation can assure that the designed system moves through
its desired trajectory with proper timing, this can usually be done by other means. By
far, the biggest advantage of simulation comes from helping the designer to predict
the forces transmitted between connected bodies so that the component parts, and
the joints between them, can be designed to withstand the imposed loads without
overloading and resultant failure, and without undue factors of safety or overdesign.

As pointed out in Chapter 9, however, computers gain no guidance about the
solutions of problems from scanning free-body diagrams. Therefore, techniques
based on the application of Newton’s laws are probably not the best approach for
simulation. Here again, as in our formulation of the equations of motion, we very
much prefer methods based on work and energy.

As an example, suppose that we wish to find the torque 7 delivered to the crank
by the force P of expanding gas pressure on the piston of the slider-crank linkage
shown in Figure 17.1.

If we suppose a small displacement of the system from its current posture,
then the crank moves by a small angle é¢, while the piston slides through a small
increment §¢ . However, we know that the total work done during this displacement
must be zero. Therefore,

SW = P8¢, — T, = 0,

where the negative sign indicates energy leaving the system.

Also, we know that these increments are related by the closure constraint of
the kinematic loop. Therefore, because this is a single degree of freedom system, we
know that, although the independent variable moves by 8y, the other joints move
by
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Figure 17.1. Slider-crank linkage.

o ;

Substituting these into the work equation, we can solve for the torque 7
P8y — T¢ 8¢, =0,
T = (¢p /4P

This is the style of solution that we hope to generalize to find the constraint
forces of any mechanism or multibody system fitting the conditions of the preceding
chapters.

17.2 Fictitious Displacements

In order to generalize this work and energy approach, let us first consider the dis-
placements that will be needed. In the previous example, we are very fortunate that
the torque that we wish to find happens to coincide with the axis of motion of a joint.
Therefore, the displacement in this case is possible as a real displacement. However,
how will we make a displacement that allows us to find a force or torque component
that does not align with the motion of a joint variable [1]?

Let us recall the uvw coordinate system preceding a joint. Each joint, no matter
what type, has such a coordinate system. In Chapter 4, we modeled each type
of joint so that the transformation from the xyz coordinate system of the body
preceding the joint, to the uvw coordinate system preceding the joint, then to the
u'v'w' coordinate system following the joint, and then to the xyz coordinate system
of the body following the joint, is represented by Eq. (5.3) that reads

_ -1 _
Ty = Sh_’héhShﬁhrhﬁL, h=12...,n.

Suppose, as an example, that we wish to find the component in the u, direc-
tion of the force transmitted through the pin joint shown in Figure 17.2. Then we

W, Wy,

Figure 17.2. Joint axes associated with a
typical joint.
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Figure 17.3. Fictitious displacement § A
along the u , axis direction of joint A.

choose to imagine a fictitious displacement § A in that chosen direction as shown in
Figure 17.3. It is true that this displacement cannot happen as a physical possibility,
but that is why it is called a fictitious displacement. Let us note carefully, however,
that, even though this one constraint (the one for which we seek the force) is violated
by the fictitious displacement, all other constraints, such as the (other) loop-closure
conditions, continue without violation.

Now that we see in the figure the fictitious displacement that we wish to use, we
must consider how this will be modeled mathematically. After some consideration,
we see that the previous equation must be modified to the form

Fao =S AU+ 080D S, 41y, 17.1)

where the symbol A is used in several ways. First, A refers to the label of the joint
at which the displacement is made, and where the force is sought. Second, A— and
A+ refer to the labels for the bodies before and after joint A. Third, A implies the
particular component of the force or torque sought and, therefore, the axis along or
about which the displacement is made. Fourth, the symbol §A after the O, matrix
denotes the magnitude of the fictitious displacement.

For a displacement in the u, direction, as is our first case, we choose the Q ,
matrix to read

Uu
A=

for §A along u ,. 17.2)

(=l el e e)
o o o O
o O o O
oS oo

If, on the other hand, we wish to find the component of force in the v, direction,
then Eq. (17.1) still holds, but we set the O , matrix to

\4
A=

for §A along v 4, (17.3)

|
cooo
cooo
cooco
cor~o
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and to find the component of force in the w, direction, we set the Q , matrix to

00 00
o = 8 8 8 (1) for §A along w . (17.4)
00 00

If we seek the component of torque exerted through this joint about the u ,
axis, then we need a fictitious twist of magnitude §A about the u, axis. We can still
represent such a fictitious displacement using Eq. (17.1) by setting the O , matrix to

00 00
0 00 -1 0 :
Oy= 01 00 for a twist of 8 A about u,,. (17.5)
00 00

For the component of torque about the v, axis, the fictitious twist is defined by
setting the Q , matrix to

0 010
0 0 00O .
Q) = 100 0 for a twist of A about v 4, (17.6)
0 00O

and, finally, for the component of torque about the w , axis, we define the fictitious
twist by setting the Q , matrix to

0 -1 00
0 1 000 .
oy = 0O 00 0 for a twist of § A about w,. (17.7)
0 0 0O

This covers all possible cases, all six components of force and torque that can be
transmitted through the chosen joint A. Once these forces and torques are found,
we can then switch to a different joint and use these same six fictitious displacements
again, but with a different choice of joint A.

17.3 Fictitious Derivatives

Our next task is to find how other parts of our system move under the action of
the fictitious displacement chosen. To determine this, we take the derivative of the
loop-closure equations with respect to the fictitious displacement. Let us first define
the symbol
¢}/,,A = %7
Of course, we must recognize that, while traversing a certain one of the kinematic
loops, we may or may not come across the fictitious displacement itself, depending
on whether joint A is included in the particular loop being traced. That is, the
loop-closure conditions, including the fictitious displacement, are of the form

h=1,2 ... n. (17.8)

TonSa_ [+ LG, A)O,8A]®Spy jTao=1, i=1,2,...,NL.
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Now, if we define
Dy= (TO,AfsAf,A)QA(TO,AfsAf,A)_1v (17.9)
then the loop-closure conditions above become
[+ LG A)D ATy y=1, i=1,2,...,NL, (17.10)

which we see become equal to the original loop-closure conditions when §A = 0.

If we differentiate the loop-closure equations starting from Egs. (17.10) with
respect to the fictitious displacement § A, then pass to the limit for which §A = 0 and
Ty = 1, we can write

n
LG, A)Dy+ Y L(i.h)Duj, , =0, i=12,... NL.
h=1

Putting this result into equivalent screw-coordinate form, it can be rearranged
to read

n
Y L. MWDy, o =—LG. A)D,=C},. i=12,....NL, (1711
h=1

where we define

D,1,4)7
D, (2,4)
¢, =—L(,A) DaG. , i=1,2,...,NL, (17.12)
' D, (3,2)
D,(1,3)
L D42, 1)
with an additional constraint equation of the form
20800 5 + 20207 5 + 20307 5 + 205, = 0, (17.13)
for each spheric joint in the system, and another
26701 4 + 20507 5 + 205078 5 + 20007 4 =0 (17.14)

for each open joint in the system; a total of NC constraint equations for joints that
are modeled with Euler-Rodrigues parameters.

Therefore, we recognize that Eqs. (17.11), (17.13), and (17.14) finally reduce to
the form

J¢, =C, (17.15)

where J is the same [(6NL + NC) x n] Jacobian matrix that resulted from the
numeric iteration process of section 6.5 and, for a given choice of A, ¢, isan (n x 1)
vector of fictitious derivatives that are yet to be determined. The [(6NL + NC) x 1]
column C’A is composed of the NL vectors from the right-hand sides of Eq. (17.11)
for each loop, augmented by the NC right-hand sides of zeroes for Eq. (17.13) for
each spheric joint and Eq. (17.14) for each open joint.
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Reviewing the numeric iteration process of section 6.5, we recall that the pivot-
ing scheme used in the modified Gauss-Jordan process reordered the joint variables
so that all dependent joint variables are numbered first, followed next by the NF
joint variables of the FGCs and finally by the NS joint variables of the SGCs. Rec-
ognizing that both the FGC and the SGC joint variables are accepted as generalized
coordinates v, we see that, by definition, they are independent of each other and of
A. Therefore, for a particular choice of A, the ¢, matrix must be of the form

I
®5 A
, by
$y=| Ppa | =] T2, (17.16)
= 0
0
L 0 -

However, remembering Eq. (6.43), we see that this is the same subdivision that
resulted from the Gauss-Jordan elimination process. Reverting to the notation of
Eq. (6.47), we have

/
I } Ji, Ji3 _¢feﬂA_ C)
T o |=|—z"|
Doy I Iy 0 (),

and, after the Gauss-Jordan process is complete, these equations are reduced to the
form of Eq. (6.48)

/
I AP ol _(pie‘lﬁ‘_ I 0 Cy)
____________ - 0 = ____7_____ _T__ 9
0 } 0 0 0 _Jz1J111 } 1 ),

which has for a solution
Pip.s = i1 €y, (17.17)
with the additional condition that
(€)= Iy I (Cly), = 0. (17.18)

Finally, in Eq. (17.17), we have the solution we have sought for the fictitious
derivatives with respect to our chosen fictitious displacement, and we find that they
are extremely easy to compute. All that is required, after choosing the desired
fictitious displacement, is to form Q, and, from it, the D , operator of Eq. (17.9).
From this we form C/A according to Eq. (17.12) and, finally, because the Gaus-
Jordan process of Chapter 6 has been completed, Eq. (17.17) requires only a matrix
multiplication.

However, it is critically important that we not forget to verify Eq. (17.18). Unlike
previous chapters, where this additional condition was satisfied automatically, that
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is not always true with these fictitious derivatives. On the contrary, when Eq. (17.18)
is satisfied, it shows that the result of Eq. (17.17) is valid. However, when Eq. (17.18)
is not satisfied, then the result of Eq. (17.17) is not valid. How can this happen? This
happens when it is not possible to make the chosen fictitious displacement without
violating another constraint of the system geometry, and this is what happens when
we try to evaluate a force component in an indeterminate direction. The failure of the
condition of Eq. (17.18) is an immediate signal that the fictitious displacement chosen
corresponds to a statically indeterminate component of force or torque. No further
computation is required and none will be useful because statically indeterminate
forces cannot be determined from a rigid body model. Note that the precision of
this test should not be more stringent than that used in testing loop-closure, in the
Gauss-Jordan method of Chapter 6.!

It should be noted that if the force computations had been formulated according
to Newton’s laws, we would have formulated a large set of simultaneous equations
for all unknown force components. Failure to solve for one or more because of static
indeterminacy would mean failure to solve for any. In such problems, we would
find no force results because some are indeterminate. With the work and energy
approach taken here, each component is found independently and only unsolvable
component(s) fail to yield a result. This is another key advantage of our transforma-
tion matrix approach.

17.4 Lagrange Equation for Constraint Force

Now that we have found the fictitious derivatives corresponding to a chosen fictitious
displacement, how will we proceed from these to find a constraint force? Well, if we
think carefully, we see that what we have done is to imagine our real system, which,
in physical reality, has f degrees of freedom, and imagined it to have one additional
degree of freedom, namely our fictitious displacement A. However, if we accept this
point of view, then the Lagrange equation of motion for the additional degree of
freedom is

d <3H> oH oV _ (1719)

ai\a3i) satea"

where F, is the component of force we seek. Of course, in order to correspond
to the physical system, we must evaluate this equation under the conditions that
A = A = A = 0; that is, under the conditions that the fictitious displacement is not
moving.

Now, in order to carefully derive the terms of Eq. (17.19), it is necessary to
formulate kinetic and potential energy formulae that are functions of all fdegrees of
freedom and of A and A, and to take the derivatives specified, carefully evaluating
each term as indicated. The authors have done this in full detail. The extension
of these methods to include dynamic forces was first published in [2]. However,
rather than to show each step here, it should not surprise the reader to see that
the final result reads exactly parallel to the equations of motion of Eq. (10.15).

1 The IMP software tests that this condition is satisfied within a default tolerance of 0.0001.
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This is
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where the following additional notation using the fictitious derivatives has been
defined

n
Wya=Y_ Pb. MWDy, o, b=12,....¢ (17.21)
h=1
/ 8Rb
ha= 51 =Woalury =WyaRy b=12,...¢ (17.22)
R, =R, —R., =W, ,R,—W,R,, bc=12..1¢0  (1723)

In order to properly use, Eq. (17.20), it is necessary to understand the sign
conventions chosen in the derivation. The force F, is the single component of force
or torque acting from body A— onto body A+ along or about one of the u,, v 4, or
w , axes consistent with the choice of Q ,. The component F, is positive when it acts
onto body A+ in the positive direction of the corresponding displacement axis. The
sign conventions for f, (¢, 1), f;,.,(¢.t), and 7, ,(¢, t) are those explained in sections
9.10,9.11, and 9.12, respectively.

EXAMPLE 17.1 To illustrate the previous process, let us continue the analysis
of the Cardan/Hooke universal joint started in example 5.1 and continued in
examples 7.1 and 8.1. Suppose we now wish to find the six components of force
and torque in the input joint D for a given static load torque P, at output joint
A. Because we have no mass distribution data, we seek only the static forces.
From these previous examples we have already found

0 —sing cosp d,cosp

1 0 0 h

0 cosp sing d,sing |’
0 0 0 1

TO4S4D =
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o —hcosy —hcosgsiny | hsinp ]
V1 —sin2Bsin2y |
0 0 0 } 0
—h 0 —hsingsiny } —hcosp
J=1|1 0 sinpsiny | cosp |,
0 —cosfBsiny cosy : 0
V1 —=sin2gsin2y |
_ !
0 cosy —cosfsiny | sing
V1 —sin2Bsin2yr |

and we have already noted that the first three rows of J are either trivial or -4
multiples of other rows. That is, these three rows form [J,; J,,]; the final three
rows form [J; Jq,].

First, using Eq. (4.13), we find

0 1 0 —h
~ —sing 0 cosp 0
TouSap) ™ =
(To4S4p) cosp 0 sing —d,
0 0 0 1
and, from Eq. (17.10), using Egs. (17.2) through (17.7), the six D , matrices for
joint D are
[0 0 0 0
u u - 0001
DYy = (TyyS4p) Q% (ToySyp) ™' = 00 0 O0f
_0 0 0 O
[0 0 0 —sing
v v B 000 0
Dp = (TuSsp) Q4 (ToySap) = 0 0 0 cosp
_0 0 0 0
[0 0 0 cosB
w w B 000 0
D} = (ToySap) Q% (TouSap) ™' = 0 0 0 sing
_0 00 0
0 0 1 —d,sinp
) , . 000 0
D}y = (T4S4p) O 4 (To4Ssp) t= -1 0 0 d,cosp
i 0 0 O 0
0 —cospf 0  hcosp
6, 6, e L
D Vo o— T v T =
D ( 04S4D)QA( O4S4D) 0 —Sin’B 0 hSinﬂ '
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0 —sing 0 hsing

) ) ) sing 0 —cosp 0
DY = (T, (T, =
b = (T0yS4p) O 4 (T04S4p) 0 cospf 0 —hcosg
0 0 0 0

Now, extracting the negative Ball vectors from each of these, according to
Eq. (17.12),

0 | sing | —cosp | d,sing | —hcosp | —hsinpg’]
-1 0 | 0 | 0 | d, | 0
o 0 } —cosf } —sinB } —d,cosp } —hsing } hcosp
A7 0 0 | 0 | 0 | sing | —cosp
0 | 0 | 0 | -1 | 0 | 0
0 | 0 | 0 | 0 | —cosp | —sinp

However, as we have noted before, for compatibility with the Jacobian
matrix, the first row of each of these should be an 4 multiple of the sixth row, the
second row should be zero, and the third row should be the negative # multiple
of the fourth row. However, these conditions are only met by the sixth column;
that is, by the 86, fictitious displacement; all other fictitious displacements give
contradictory equations. This implies that only the 86, fictitious displacement
can be made without violating another of the constraints and, consequently, only
the torque about the w, axis can be found; the other five components of force
and torque in joint D are each statically indeterminate.

The equations for the fictitious derivatives for this one valid fictitious dis-
placement are

1 0 singsiny | cosp [ ¢>f"’ l
. \
—cospgsin 0, -
0 . p .lﬂ cosy 0 P cosp
V1 —sin2Bsin2ys ‘ o | = 0 ,
—Ccos Y . P e —sing
0 . - —cosfsiny | sing T
V1 —sin2gsin2y | RS
and this set of equations has the solution
B —cosf T
_¢f2 ] 1 —sin2gsin2yr
0, singcosy
bp T sn23sin2
p = | +/1—=sin*gsin“y
bci sinBcos Bsinyr
6, 1 —sin2BsinZy
Lo | |27 S

It is no surprise that these particular fictitious derivatives are identical to the
first geometric derivatives found in example 7.1 because this fictitious displace-
ment is aligned directly in series with the real generalized coordinate of joint



320

Constraint Force Analysis

D. Thus, this particular displacement duplicates the ideas shown in section 17.1;
however, that section gave no indication that other components are statically
indeterminate. This is now proven.

Finally, with the given conditions, because positive P, represents a torque
that is counterclockwise about the positive w , axis, Eq. (17.20) reduces to

6 6
Fy' = =95y,

Fore— %0 _p o aps.
1 — sin2Bsin2y
This says that, for a counterclockwise load torque P,, the driving torque is
also positive and therefore, counterclockwise. Isn’t this contradictory? No. This
driving torque is counterclockwise about the w, axis. Careful study of Figure
5.4 shows that, for small angles of 8, this is directed almost opposite to the w,

axis.
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PROBLEMS

17.1 Continue problem 11.1 and find all components of force and torque from link 4
onto link 3 through joint D of the spring scale when in equilibrium under a constant
load W in the posture of v = —30°.

17.2 Continue problem 10.4 and find all components of force and torque from link
4 onto link 1 through joint A of the Oldham shaft coupling under a constant output
shaft load M,. Plot the input shaft torque Fj versus ¥ for one revolution.
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