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Series Editors’ Foreword

The topics of control engineering and signal processing continue to flourish and de-
velop. In common with general scientific investigation, new ideas, concepts and inter-
pretations emerge quite spontaneously and these are then discussed, used, discarded or
subsumed into the prevailing subject paradigm. Sometimes these innovative concepts
coalesce into a new sub-discipline within the broad subject tapestry of control and
signal processing. This preliminary battle between old and new usually takes place at
conferences, through the Internet and in the journals of the discipline. After a little
more maturity has been acquired by the new concepts then archival publication as a
scientific or engineering monograph may occur.

A new concept in control and signal processing is known to have arrived when
sufficient material has developed for the topic to be taught as a specialised tutorial
workshop or as a course to undergraduates, graduates or industrial engineers. The
Advanced Textbooks in Control and Signal Processing Series is designed as a vehicle
for the systematic presentation of course material for both popular and innovative topics
in the discipline. It is hoped that prospective authors will welcome the opportunity to
publish a structured presentation of either existing subject areas or some of the newer
emerging control and signal processing technologies.

The authors Lorenzo Sciavicco and Bruno Siciliano declare that robotics is more
than fifteen years old and is a young subject! Yet, this textbook shows that a well-
established paradigm of classical robotics exists and the book provides an invaluable
presentation of the subject. The Series is fortunate in being able to welcome this text
as a second edition. Thus it is an updated text which has benefited from the authors’
teaching practice and an awareness of very recent developments in the field. Notable
in this sense is the inclusion of material on vision sensors and trajectory planning.

As a course textbook, the authors have explained how various chapters may be
drawn together to form a course. Further, the book is supported by a Solutions Manual.
Last, but not least we ought to mention three very substantial Appendices giving
useful supplementary material on the necessary mathematics, rigid body dynamics
and feedback control. A fine new addition to the Series!

M.J. Grimble and M.A. Johnson
Industrial Control Centre
Glasgow, Scotland, U.K.

December 1999
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Preface to the Second Edition

The subject matter of this textbook is to be considered well assessed in the classical
robotics literature, in spite of the fact that robotics is generally regarded as a young
science.

A key feature of the First Edition was recognized to be the blend of technological
and innovative aspects with the foundations of modelling and control of robot manip-
ulators. The purpose of this Second Edition with the new Publisher is to add some
material that was not covered before as well as to streamline and improve some of the
previous material.

The major additions regard Chapter 2 on kinematics; namely, the use of the unit
quaternion to describe manipulator’s end-effector orientation as an effective alternative
to Euler angles or angle and axis representations (Section 2.6), and the adoption of a
closed chain in the design of manipulator structures (Sections 2.8.3 and 2.9.2). Not
only are these topics analyzed in the framework of kinematics, but also their impact
on differential kinematics, statics, dynamics and control is illustrated. In particular,
different types of orientation error are discussed for inverse kinematics algorithms
(Section 3.7.3), and the concept of kineto-statics duality is extended to manipulators
having a closed chain (Section 3.8.3). Yet, the dynamic model of a parallelogram
arm (Section 4.3.3) clearly shows the potential of such design over the kinematically
equivalent two-link planar arm. Further, the problem of planning a trajectory in the
operational space is expanded to encompass the different descriptions of end-effector
orientation (Section 5.3.3), and the implications for operational space control are briefly
discussed (Section 6.6.3).

Another addition regards the presentation of the main features of vision sensors
(Section 8.3.4) which have lately been receiving quite a deal of attention not only in
research but also in the industrial community.

Finally, the bibliography has been updated with more reference texts in the in-
troduction (Chapter 1) as well as with those references that have been used in the
preparation of the new material (Chapters 2 to 8). New problems have been proposed
and the Solutions Manual accompanying the book has been integrated accordingly.

Naples, December 1999 Lorenzo Sciavicco and Bruno Siciliano®

© The authors have contributed equally to the work, and thus they are merely listed in alphabetical
order.
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The Solutions Manual for Modelling and Control of Robot Manipulators, Second
Edition (ISBN 1-85233-221-2S) by Bruno Siciliano and Luigi Villani can be requested
by textbook adopters from

Springer-Verlag London Ltd
Sweetapple House, Catteshall Road
Godalming, Surrey GU7 3DJ

UK

Tel: +44 (1483) 414113

Fax: +44 (1483) 415144

E-mail: postmaster @svl.co.uk
URL: www.springer.co.uk



Preface to the First Edition

In the last fifteen years, the field of robotics has stimulated an increasing interest in
a wide number of scholars, and thus literature has been conspicuous both in terms of
textbooks and monographs and in terms of specialized journals dedicated to robotics.
This strong interest is also to be attributed to the interdisciplinary character of robotics,
which is a science having roots in different areas. Cybernetics, mechanics, bioengi-
neering, electronics, information science, and automatic control science—to mention
the most important ones—are all cultural domains which undoubtedly have boosted
the development of robotics. This science, however, is to be considered quite young
yet.

Nowadays, writing a robotics book brings up a number of issues concerning the
choice of topics and style of presentation. Current literature features many texts which
can be grouped in scientific monographs on research themes, application-oriented
handbooks, and textbooks. As for the last, there are wide-ranging textbooks covering
a variety of topics with unavoidably limited depth and textbooks instead covering in
detail a reduced number of topics believed to be basic for robotics study. Among
these, mechanics and control are recognized to play a fundamental role, since these
disciplines regard the preliminary know-how required to realize robot manipulators
for industrial applications, i.e., the only domain so far where robotics has expressed
its level of a mature technology.

The goal of this work is to present the foundations of modelling and control of
robot manipulators where the fundamental, technological and innovative aspects are
merged on a uniform track in respect of a rigorous formalism.

Fundamental aspects are covered which regard kinematics, statics and dynamics
of manipulators, trajectory planning and motion control in free space. Technological
aspects include actuators, proprioceptive sensors, hardware/software control archi-
tectures and industrial robot control algorithms. Established research results with a
potential for application are presented, such as kinematic redundancy and singular-
ities, dynamic parameter identification, robust and adaptive control and interaction
control. These last aspects are not systematically developed in other textbooks, even
though they are recognized to be useful for applications. In the choice of the topics
treated and the relative weight between them, the authors hope not to have been biased
by their own research interests.

The book contents are organized into 9 chapters and 3 appendices.

In Chapter 1, the problems concerning the use of industrial robots are focused
in the general framework of robotics. The most common manipulation mechanical
structures are presented. Modelling and control topics are also introduced which are
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developed in the subsequent chapters.

In Chapter 2 kinematics is presented with a systematic and general approach which
refers to Denavit-Hartenberg convention. The direct kinematics equation is formulated
which relates joint space variables to operational space variables. This equation is
utilized to find manipulator workspace as well as to derive a kinematic calibration
technique. The inverse kinematics problem is also analyzed and closed-form solutions
are found for typical manipulation structures.

Differential kinematics is presented in Chapter 3. The relationship between joint
velocities and end-effector linear and angular velocities is described by the geomet-
ric Jacobian. The difference between geometric Jacobian and analytical Jacobian is
pointed out. The Jacobian constitutes a fundamental tool to characterize a manipulator,
since it allows finding singular configurations, analyzing redundancy and expressing
the relationship between forces and moments applied to the end effector and the result-
ing joint torques at equilibrium configurations (statics). Moreover, the Jacobian allows
formulating inverse kinematics algorithms that solve the inverse kinematics problem
even for manipulators not having a closed-form solution.

Chapter 4 deals with derivation of manipulator dynamics, which plays a fundamen-
tal role for motion simulation, manipulation structure analysis and control algorithm
synthesis. The dynamic model is obtained by explicitly taking into account the pres-
ence of actuators. Two approaches are considered; namely, one based on Lagrange
formulation, and the other based on Newton-Euler formulation. The former is con-
ceptually simpler and systematic, whereas the latter allows computation of dynamic
model in a recursive form. Notable properties of the dynamic model are presented,
including linearity in the parameters which is utilized to develop a model identification
technique. Finally, the transformations needed to express the dynamic model in the
operational space are illustrated.

As a premise to the motion control problem, in Chapter 5, trajectory planning
techniques are illustrated which regard the computation of interpolating polynomials
through a sequence of desired points. Both the case of point-to-point motion and that
of path motion are treated. Techniques are developed for generating trajectories both
in the joint and in the operational space, with a special concern to orientation for the
latter. Finally, a trajectory dynamic scaling technique is presented to keep the joint
torques within the maximum available limits at the actuators.

In Chapter 6 the problem of motion control in free space is treated. The distinction
between joint space decentralized and centralized control strategies is pointed out. With
reference to the former, the independent joint control technique is presented which is
typically used for industrial robot control. As a premise to centralized control, the
computed torque feedforward control technique is introduced. Advanced schemes are
then introduced including PD control with gravity compensation, inverse dynamics
control, robust control, and adaptive control. Centralized techniques are extended to
operational space control.

Interaction control of a manipulator in contact with the working environment is
tackled in Chapter 7. The concepts of mechanical compliance and impedance are
defined as a natural extension of operational space control schemes to the constrained
motion case. Force control schemes are then presented which are obtained by the
addition of an outer force feedback loop to a motion control scheme. The hybrid
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force/position control strategy is finally presented with reference to the formulation of
natural and artificial constraints describing an interaction task.

Chapter 8 is devoted to the presentation of actuators and sensors. After an illus-
tration of the general features of an actuating system, methods to control electric and
hydraulic servomotors are presented. A few proprioceptive sensors are then described,
including encoders, resolvers, tachometers, and force sensors.

In Chapter 9, the functional architecture of a robot control system is illustrated.
The characteristics of programming environments are presented with an emphasis
on teaching-by-showing and robot-oriented programming. A general model for the
hardware architecture of an industrial robot control system is finally discussed.

Appendix A is devoted to linear algebra and presents the fundamental notions on
matrices, vectors and related operations.

Appendix B recalls those basic concepts of rigid body mechanics which are pre-
liminary to the study of manipulator kinematics, statics and dynamics.

Finally, Appendix C illustrates the principles of feedback control of linear systems
and presents a general method based on Lyapunov theory for control of nonlinear
systems.

The book is the evolution of the lecture notes prepared for the course “Industrial
Robotics” taught by the first author in 1990 and 1991 and by the second author since
1992 at the University of Naples. The course is offered to Computer, Electronic and
Mechanical Engineering graduate students and is developed with a teaching commit-
ment of about 90 hours.

By a proper selection of topics, the book may be utilized to teach a course on
robotics fundamentals at a senior undergraduate level. The advised selection foresees
coverage of the following parts*: Chapter 1, Chapter 2, Chapter 4 (Sections 4.1 and
4.3), Chapter 5, Chapter 6 (Sections 6.1, 6.2, 6.3, and 6.4), Chapter 8, and Chapter 9.
The teaching commitment is of about 50 hours. In this case, the availability of an
industrial robot in the laboratory is strongly recommended to accompany class work
with training work.

From a pedagogical viewpoint, the various topics are presented in an instrumental
manner and are developed with a gradually increasing level of difficulty. Problems are
raised and proper tools are established to find engineering-oriented solutions. Each
chapter is introduced by a brief preamble providing the rationale and the objectives of
the subject matter. The topics needed for a proficient study of the text are presented
into three considerable appendices, whose purpose is to provide students of different
extraction with a homogeneous background. Mechanical Engineering students will
benefit from reading of the appendices on linear algebra and feedback control, whereas
Computer and Electronic Engineering students are advised to study the appendix on
rigid body mechanics.

The book contains more than 170 illustrations and more than 50 worked-out
examples and case studies throughout the text with frequent resort to simulation.

* Those parts that shall be covered only at a graduate level are marked with an asterisk in the
table of contents.
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The results of computer implementations of inverse kinematics algorithms, inverse
dynamics computation, trajectory planning techniques, motion and interaction control
algorithms are presented in much detail in order to facilitate the comprehension of the
theoretical development as well as to increase sensitivity to application in practical
problems. More than 80 problems are proposed and the book is accompanied by a
Solutions Manual that comes with a toolbox created in MATLAB® with Simulink®
to solve those problems requiring computer simulation. Special care has been devoted
to the selection of bibliographical references (more than 200) which are collected at
the end of each chapter.

Naples, July 1995 LS & BS

® MATLAB and Simulink are registered trademarks of The MathWorks Inc
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