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Series Editors’ Foreword

The topics of control engineering and signal processing continue to flourish and
develop. In common with general scientific investigation, new ideas, concepts
and interpretations 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 be-
tween 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 evolved for the topic to be taught as a specialised
tutorial workshop or as a course to undergraduate, graduate or industrial
engineers. Advanced Textbooks in Control and Signal Processing are 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 and systematic presentation
of some of the newer emerging control and signal processing technologies in
the textbook series.

Robots have appeared extensively in the artistic field of science fiction
writing. The actual name robot arose from its use by the playwright Karel
Capek in the play Rossum’s Universal Robots (1920). Not surprisingly, the
artistic focus has been on mechanical bipeds with anthropomorphic person-
alities often termed androids. This focus has been the theme of such cine-
matic productions as, I, Robot (based on Isaac Asimov’s stories) and Stanley
Kubrick’s film, A.I; however, this book demonstrates that robot technology
is already widely used in industry and that there is some robot technology
which is at prototype stage rapidly approaching introduction to commercial
use. Currently, robots may be classified according to their mobility attributes
as shown in the figure.
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ROBOTS

FIXED WHEELED TRACKED LEGGED UNDULATING

MOBILE ROBOTS

The largest class of robots extant today is that of the fixed robot which
does repetitive but often precise mechanical and physical tasks. These robots
pervade many areas of modern industrial automation and are mainly con-
cerned with tasks performed in a structured environment. It seems highly
likely that as the technology develops the number of mobile robots will signif-
icantly increase and become far more visible as more applications and tasks
in an unstructured environment are serviced by robotic technology.

What then is robotics? A succinct definition is given in The Chamber’s Dic-
tionary (2003): the branch of technology dealing with the design, construction
and use of robots. This definition certainly captures the spirit of this volume
in the Advanced Textbooks in Control and Signal Processing series entitled
Robotics and written by Bruno Siciliano, Lorenzo Sciavicco, Luigi Villani and
Giuseppe Oriolo. This book is a greatly extended and revised version of an
earlier book in the series, Modelling and Control of Robot Manipulators (2000,
ISBN: 978-1-85233-221-1). As can be seen from the figure above, robots cover
a wide variety of types and the new book seeks to present a unified approach
to robotics whilst focusing on the two leading classes of robots, the fixed and
the wheeled types. The textbook series publishes volumes in support of new
disciplines that are emerging with their own novel identity, and robotics as
a subject certainly falls into this category. The full scope of robotics lies at
the intersection of mechanics, electronics, signal processing, control engineer-
ing, computing and mathematical modelling. However, within this very broad
framework the authors have pursued the themes of modelling, planning and
control. These are, and will remain, fundamental aspects of robot design and
operation for years to come. Some interesting innovations in this text include
material on wheeled robots and on vision as used in the control of robots.
Thus, the book provides a thorough theoretical grounding in an area where
the technologies are evolving and developing in new applications.

The series is one of textbooks for advanced courses, and volumes in the
series have useful pedagogical features. This volume has twelve chapters cov-
ering both fundamental and specialist topics, and there is a Problems section
at the end of each chapter. Five appendices have been included to give more
depth to some of the advanced methods used in the text. There are over twelve
pages of references and nine pages of index. The details of the citations and
index should also facilitate the use of the volume as a source of reference as
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well as a course study text. We expect that the student, the researcher, the
lecturer and the engineer will find this volume of great value for the study of
robotics.

Glasgow Michael J. Grimble
August 2008 Michael A. Johnson



Preface

In the last 25 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 inter-
disciplinary character of robotics, which is a science having roots in different
areas. Cybernetics, mechanics, controls, computers, bioengineering, electron-
ics — to mention the most important ones — are all cultural domains which
undoubtedly have boosted the development of this science.

Despite robotics representing as yet a relatively young discipline, its foun-
dations are to be considered well-assessed in the classical textbook literature.
Among these, modelling, planning and control play a basic role, not only in the
traditional context of industrial robotics, but also for the advanced scenarios
of field and service robots, which have attracted an increasing interest from
the research community in the last 15 years.

This book is the natural evolution of the previous text Modelling and Con-
trol of Robot Manipulators by the first two co-authors, published in 1995, and
in 2000 with its second edition. The cut of the original textbook has been
confirmed with the educational goal of blending the fundamental and techno-
logical aspects with those advanced aspects, on a uniform track as regards a
rigorous formalism.

The fundamental and technological aspects are mainly concentrated in the
first six chapters of the book and concern the theory of manipulator structures,
including kinematics, statics and trajectory planning, and the technology of
robot actuators, sensors and control units.

The advanced aspects are dealt with in the subsequent six chapters and
concern dynamics and motion control of robot manipulators, interaction with
the environment using exteroceptive sensory data (force and vision), mobile
robots and motion planning.

The book contents are organized in 12 chapters and 5 appendices.

In Chap. 1, the differences between industrial and advanced applications
are enlightened in the general robotics context. The most common mechanical



xii Preface

structures of robot manipulators and wheeled mobile robots are presented.
Topics are also introduced which are developed in the subsequent chapters.

In Chap. 2 kinematics is presented with a systematic and general approach
which refers to the 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 Chap. 3. The relationship between
joint velocities and end-effector linear and angular velocities is described by
the geometric Jacobian. The difference between the geometric Jacobian and
the analytical Jacobian is pointed out. The Jacobian constitutes a fundamen-
tal tool to characterize a manipulator, since it allows the determination of
singular configurations, an analysis of redundancy and the expression of the
relationship between forces and moments applied to the end-effector and the
resulting joint torques at equilibrium configurations (statics). Moreover, the
Jacobian allows the formulation of inverse kinematics algorithms that solve
the inverse kinematics problem even for manipulators not having a closed-form
solution.

In Chap. 4, trajectory planning techniques are illustrated which deal with
the computation of interpolating polynomials through a sequence of desired
points. Both the case of point-to-point motion and that of motion through
a sequence of points are treated. Techniques are developed for generating
trajectories both in the joint space and in the operational space, with a special
concern to orientation for the latter.

Chapter 5 is devoted to the presentation of actuators and sensors. After an
illustration of the general features of an actuating system, methods to control
electric and hydraulic drives are presented. The most common proprioceptive
and exteroceptive sensors in robotics are described.

In Chap. 6, the functional architecture of a robot control system is illus-
trated. The characteristics of programming environments are presented with
an emphasis on teaching-by-showing and robot-oriented programming. A gen-
eral model for the hardware architecture of an industrial robot control system
is finally discussed.

Chapter 7 deals with the derivation of manipulator dynamics, which plays
a fundamental role in motion simulation, manipulation structure analysis and
control algorithm synthesis. The dynamic model is obtained by explicitly tak-
ing into account the presence of actuators. Two approaches are considered,
namely, one based on Lagrange formulation, and the other based on Newton—
Euler formulation. The former is conceptually simpler and systematic, whereas
the latter allows computation of a dynamic model in a recursive form. Notable
properties of the dynamic model are presented, including linearity in the pa-
rameters which is utilized to develop a model identification technique. Finally,
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the transformations needed to express the dynamic model in the operational
space are illustrated.

In Chap. 8 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.

Force control of a manipulator in contact with the working environment
is tackled in Chap. 9. 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 force/motion control strategy is finally presented with
reference to the formulation of natural and artificial constraints describing an
interaction task.

In Chap. 10, wvisual control is introduced which allows the use of infor-
mation on the environment surrounding the robotic system. The problems of
camera position and orientation estimate with respect to the objects in the
scene are solved by resorting to both analytical and numerical techniques.
After presenting the advantages to be gained with stereo vision and a suit-
able camera calibration, the two main visual control strategies are illustrated,
namely in the operational space and in the image space, whose advantages can
be effectively combined in the hybrid visual control scheme.

Wheeled mobile robots are dealt with in Chap. 11, which extends some
modelling, planning and control aspects of the previous chapters. As far
as modelling is concerned, it is worth distinguishing between the kinematic
model, strongly characterized by the type of constraint imposed by wheel
rolling, and the dynamic model which accounts for the forces acting on the
robot. The peculiar structure of the kinematic model is keenly exploited to
develop both path and trajectory planning techniques. The control problem
is tackled with reference to two main motion tasks: trajectory tracking and
configuration regulation. Further, it is evidenced how the implementation of
the control schemes utilizes odometric localization methods.

Chapter 12 reprises the planning problems treated in Chaps. 4 and 11
for robot manipulators and mobile robots respectively, in the case when ob-
stacles are present in the workspace. In this framework, motion planning is
referred to, which is effectively formulated in the configuration space. Several
planning techniques for mobile robots are then presented: retraction, cell de-
composition, probabilistic, artificial potential. The extension to the case of
robot manipulators is finally discussed.
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This chapter concludes the presentation of the topical contents of the text-
book; five appendices follow which have been included to recall background
methodologies.

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

Appendix B presents those basic concepts of rigid body mechanics which
are preliminary to the study of manipulator kinematics, statics and dynamics.

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

Appendix D deals with some concepts of differential geometry needed for
control of mechanical systems subject to nonholonomic constraints.

Appendix E is focused on graph search algorithms and their complexity in
view of application to motion planning methods.

The organization of the contents according to the above illustrated scheme
allows the adoption of the book as a reference text for a senior undergrad-
uate or graduate course in automation, computer, electrical, electronics, or
mechanical engineering with strong robotics content.

From a pedagogical viewpoint, the various topics are presented in an in-
strumental manner and are developed with a gradually increasing level of diffi-
culty. 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 in the five appendices, whose purpose
is to provide students of different extraction with a homogeneous background.

The book contains more than 310 illustrations and more than 60 worked-
out examples and case studies spread throughout the text with frequent resort
to simulation. The results of computer implementations of inverse kinemat-
ics algorithms, trajectory planning techniques, inverse dynamics computation,
motion, force and visual control algorithms for robot manipulators, and mo-
tion control for mobile robots are presented in considerable detail in order to
facilitate the comprehension of the theoretical development, as well as to in-
crease sensitivity of application in practical problems. In addition, nearly 150
end-of-chapter problems are proposed, some of which contain further study
matter of the contents, and the book is accompanied by an electronic solu-
tions manual (downloadable from www.springer.com/978-1-84628-641-4)
containing the MATLAB® code for computer problems; this is available free
of charge to those adopting this volume as a text for courses. Special care has
been devoted to the selection of bibliographical references (more than 250)
which are cited at the end of each chapter in relation to the historical devel-
opment of the field.

Finally, the authors wish to acknowledge all those who have been helpful
in the preparation of this book.

With reference to the original work, as the basis of the present textbook,
devoted thanks go to Pasquale Chiacchio and Stefano Chiaverini for their
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contributions to the writing of the chapters on trajectory planning and force
control, respectively. Fabrizio Caccavale and Ciro Natale have been of great
help in the revision of the contents for the second edition.

A special note of thanks goes to Alessandro De Luca for his punctual and
critical reading of large portions of the text, as well as to Vincenzo Lippiello,
Agostino De Santis, Marilena Vendittelli and Luigi Freda for their contribu-
tions and comments on some sections.

Naples and Rome Bruno Siciliano
July 2008 Lorenzo Sciavicco
Luigt Villani

Giuseppe Oriolo
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Introduction

Robotics is concerned with the study of those machines that can replace hu-
man beings in the execution of a task, as regards both physical activity and
decision making. The goal of the introductory chapter is to point out the
problems related to the use of robots in industrial applications, as well as the
perspectives offered by advanced robotics. A classification of the most common
mechanical structures of robot manipulators and mobile robots is presented.
Topics of modelling, planning and control are introduced which will be ex-
amined in the following chapters. The chapter ends with a list of references
dealing with subjects both of specific interest and of related interest to those
covered by this textbook.

1.1 Robotics

Robotics has profound cultural roots. Over the course of centuries, human be-
ings have constantly attempted to seek substitutes that would be able to mimic
their behaviour in the various instances of interaction with the surrounding
environment. Several motivations have inspired this continuous search refer-
ring to philosophical, economic, social and scientific principles.

One of human beings’ greatest ambitions has been to give life to their
artifacts. The legend of the Titan Prometheus, who molded humankind from
clay, as well as that of the giant Talus, the bronze slave forged by Hephaestus,
testify how Greek mythology was influenced by that ambition, which has been
revisited in the tale of Frankenstein in modern times.

Just as the giant Talus was entrusted with the task of protecting the
island of Crete from invaders, in the Industrial Age a mechanical creature
(automaton) has been entrusted with the task of substituting a human being
in subordinate labor duties. This concept was introduced by the Czech play-
wright Karel Capek who wrote the play Rossum’s Universal Robots (R.U.R.)
in 1920. On that occasion he coined the term robot — derived from the term
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robota that means executive labour in Slav languages — to denote the au-
tomaton built by Rossum who ends up by rising up against humankind in the
science fiction tale.

In the subsequent years, in view of the development of science fiction, the
behaviour conceived for the robot has often been conditioned by feelings. This
has contributed to rendering the robot more and more similar to its creator.

It is worth noticing how Rossum’s robots were represented as creatures
made with organic material. The image of the robot as a mechanical artifact
starts in the 1940s when the Russian Isaac Asimov, the well-known science
fiction writer, conceived the robot as an automaton of human appearance but
devoid of feelings. Its behaviour was dictated by a “positronic” brain pro-
grammed by a human being in such a way as to satisfy certain rules of ethical
conduct. The term robotics was then introduced by Asimov as the science
devoted to the study of robots which was based on the three fundamental
laws:

1. A robot may not injure a human being or, through inaction, allow a human
being to come to harm.

2. A robot must obey the orders given by human beings, except when such
orders would conflict with the first law.

3. A robot must protect its own existence, as long as such protection does
not conflict with the first or second law.

These laws established rules of behaviour to consider as specifications for
the design of a robot, which since then has attained the connotation of an
industrial product designed by engineers or specialized technicians.

Science fiction has influenced the man and the woman in the street that
continue to imagine the robot as a humanoid who can speak, walk, see, and
hear, with an appearance very much like that presented by the robots of the
movie Metropolis, a precursor of modern cinematography on robots, with Star
Wars and more recently with I, Robot inspired by Asimov’s novels.

According to a scientific interpretation of the science-fiction scenario, the
robot is seen as a machine that, independently of its exterior, is able to modify
the environment in which it operates. This is accomplished by carrying out
actions that are conditioned by certain rules of behaviour intrinsic in the
machine as well as by some data the robot acquires on its status and on the
environment. In fact, robotics is commonly defined as the science studying the
intelligent connection between perception and action.

With reference to this definition, a robotic system is in reality a complex
system, functionally represented by multiple subsystems (Fig. 1.1).

The essential component of a robot is the mechanical system endowed, in
general, with a locomotion apparatus (wheels, crawlers, mechanical legs) and
a manipulation apparatus (mechanical arms, end-effectors, artificial hands).
As an example, the mechanical system in Fig. 1.1 consists of two mechanical
arms (manipulation apparatus), each of which is carried by a mobile vehicle
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Fig. 1.1. Components of a robotic system

(locomotion apparatus). The realization of such a system refers to the context
of design of articulated mechanical systems and choice of materials.

The capability to exert an action, both locomotion and manipulation, is
provided by an actuation system which animates the mechanical components
of the robot. The concept of such a system refers to the context of motion
control, dealing with servomotors, drives and transmissions.

The capability for perception is entrusted to a sensory system which can
acquire data on the internal status of the mechanical system (proprioceptive
sensors, such as position transducers) as well as on the external status of
the environment (exteroceptive sensors, such as force sensors and cameras).
The realization of such a system refers to the context of materials properties,
signal conditioning, data processing, and information retrieval.

The capability for connecting action to perception in an intelligent fash-
ion is provided by a control system which can command the execution of the
action in respect to the goals set by a task planning technique, as well as
of the constraints imposed by the robot and the environment. The realiza-
tion of such a system follows the same feedback principle devoted to control
of human body functions, possibly exploiting the description of the robotic
system’s components (modelling). The context is that of cybernetics, dealing
with control and supervision of robot motions, artificial intelligence and expert
systems, the computational architecture and programming environment.

Therefore, it can be recognized that robotics is an interdisciplinary subject
concerning the cultural areas of mechanics, control, computers, and electron-
ics.

1.2 Robot Mechanical Structure

The key feature of a robot is its mechanical structure. Robots can be classified
as those with a fixed base, robot manipulators, and those with a mobile base,
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mobile robots. In the following, the geometrical features of the two classes are
presented.

1.2.1 Robot Manipulators

The mechanical structure of a robot manipulator consists of a sequence of rigid
bodies (links) interconnected by means of articulations (joints); a manipulator
is characterized by an arm that ensures mobility, a wrist that confers dexterity,
and an end-effector that performs the task required of the robot.

The fundamental structure of a manipulator is the serial or open kinematic
chain. From a topological viewpoint, a kinematic chain is termed open when
there is only one sequence of links connecting the two ends of the chain. Al-
ternatively, a manipulator contains a closed kinematic chain when a sequence
of links forms a loop.

A manipulator’s mobility is ensured by the presence of joints. The artic-
ulation between two consecutive links can be realized by means of either a
prismatic or a revolute joint. In an open kinematic chain, each prismatic or
revolute joint provides the structure with a single degree of freedom (DOF). A
prismatic joint creates a relative translational motion between the two links,
whereas a revolute joint creates a relative rotational motion between the two
links. Revolute joints are usually preferred to prismatic joints in view of their
compactness and reliability. On the other hand, in a closed kinematic chain,
the number of DOFs is less than the number of joints in view of the constraints
imposed by the loop.

The degrees of freedom should be properly distributed along the mechan-
ical structure in order to have a sufficient number to execute a given task.
In the most general case of a task consisting of arbitrarily positioning and
orienting an object in three-dimensional (3D) space, siz DOFs are required,
three for positioning a point on the object and three for orienting the object
with respect to a reference coordinate frame. If more DOFs than task vari-
ables are available, the manipulator is said to be redundant from a kinematic
viewpoint.

The workspace represents that portion of the environment the manipula-
tor’s end-effector can access. Its shape and volume depend on the manipulator
structure as well as on the presence of mechanical joint limits.

The task required of the arm is to position the wrist which then is required
to orient the end-effector. The type and sequence of the arm’s DOF's, start-
ing from the base joint, allows a classification of manipulators as Cartesian,
cylindrical, spherical, SCARA, and anthropomorphic.

Cartesian geometry is realized by three prismatic joints whose axes typ-
ically are mutually orthogonal (Fig. 1.2). In view of the simple geometry,
each DOF corresponds to a Cartesian space variable and thus it is natu-
ral to perform straight motions in space. The Cartesian structure offers very
good mechanical stiffness. Wrist positioning accuracy is constant everywhere
in the workspace. This is the volume enclosed by a rectangular parallel-piped
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Fig. 1.2. Cartesian manipulator and its workspace

Fig. 1.3. Gantry manipulator

(Fig. 1.2). As opposed to high accuracy, the structure has low dexterity since
all the joints are prismatic. The direction of approach in order to manipu-
late an object is from the side. On the other hand, if it is desired to ap-
proach an object from the top, the Cartesian manipulator can be realized by
a gantry structure as illustrated in Fig. 1.3. Such a structure makes available
a workspace with a large volume and enables the manipulation of objects of
large dimensions and heavy weight. Cartesian manipulators are employed for
material handling and assembly. The motors actuating the joints of a Carte-
sian manipulator are typically electric and occasionally pneumatic.
Cylindrical geometry differs from Cartesian in that the first prismatic joint
is replaced with a revolute joint (Fig. 1.4). If the task is described in cylindri-
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Fig. 1.5. Spherical manipulator and its workspace

cal coordinates, in this case each DOF also corresponds to a Cartesian space
variable. The cylindrical structure offers good mechanical stiffness. Wrist posi-
tioning accuracy decreases as the horizontal stroke increases. The workspace is
a portion of a hollow cylinder (Fig. 1.4). The horizontal prismatic joint makes
the wrist of a cylindrical manipulator suitable to access horizontal cavities.
Cylindrical manipulators are mainly employed for carrying objects even of
large dimensions; in such a case the use of hydraulic motors is to be preferred
to that of electric motors.

Spherical geometry differs from cylindrical in that the second prismatic
joint is replaced with a revolute joint (Fig. 1.5). Each DOF corresponds to a
Cartesian space variable provided that the task is described in spherical coor-
dinates. Mechanical stiffness is lower than the above two geometries and me-
chanical construction is more complex. Wrist positioning accuracy decreases
as the radial stroke increases. The workspace is a portion of a hollow sphere
(Fig. 1.5); it can also include the supporting base of the manipulator and thus
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it can allow manipulation of objects on the floor. Spherical manipulators are
mainly employed for machining. Electric motors are typically used to actuate
the joints.

A special geometry is SCARA geometry that can be realized by disposing
two revolute joints and one prismatic joint in such a way that all the axes
of motion are parallel (Fig. 1.6). The acronym SCARA stands for Selective
Compliance Assembly Robot Arm and characterizes the mechanical features
of a structure offering high stiffness to vertical loads and compliance to hori-
zontal loads. As such, the SCARA structure is well-suited to vertical assembly
tasks. The correspondence between the DOFs and Cartesian space variables
is maintained only for the vertical component of a task described in Carte-
sian coordinates. Wrist positioning accuracy decreases as the distance of the
wrist from the first joint axis increases. The typical workspace is illustrated
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Fig. 1.8. Manipulator with parallelogram

Fig. 1.9. Parallel manipulator

in Fig. 1.6. The SCARA manipulator is suitable for manipulation of small
objects; joints are actuated by electric motors.

Anthropomorphic geometry is realized by three revolute joints; the revolute
axis of the first joint is orthogonal to the axes of the other two which are
parallel (Fig. 1.7). By virtue of its similarity with the human arm, the second
joint is called the shoulder joint and the third joint the elbow joint since
it connects the “arm” with the “forearm.” The anthropomorphic structure
is the most dexterous one, since all the joints are revolute. On the other
hand, the correspondence between the DOFs and the Cartesian space variables
is lost, and wrist positioning accuracy varies inside the workspace. This is
approximately a portion of a sphere (Fig. 1.7) and its volume is large compared
to manipulator encumbrance. Joints are typically actuated by electric motors.
The range of industrial applications of anthropomorphic manipulators is wide.
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Fig. 1.10. Hybrid parallel-serial manipulator

According to the latest report by the International Federation of Robotics
(IFR), up to 2005, 59% of installed robot manipulators worldwide has an-
thropomorphic geometry, 20% has Cartesian geometry, 12% has cylindrical
geometry, and 8% has SCARA geometry.

All the previous manipulators have an open kinematic chain. Whenever
larger payloads are required, the mechanical structure will have higher stiffness
to guarantee comparable positioning accuracy. In such a case, resorting to
a closed kinematic chain is advised. For instance, for an anthropomorphic
structure, parallelogram geometry between the shoulder and elbow joints can
be adopted, so as to create a closed kinematic chain (Fig. 1.8).

An interesting closed-chain geometry is parallel geometry (Fig. 1.9) which
has multiple kinematic chains connecting the base to the end-effector. The
fundamental advantage is seen in the high structural stiffness, with respect to
open-chain manipulators, and thus the possibility to achieve high operational
speeds; the drawback is that of having a reduced workspace.

The geometry illustrated in Fig. 1.10 is of hybrid type, since it consists
of a parallel arm and a serial kinematic chain. This structure is suitable for
the execution of manipulation tasks requiring large values of force along the
vertical direction.

The manipulator structures presented above are required to position the
wrist which is then required to orient the manipulator’s end-effector. If arbi-
trary orientation in 3D space is desired, the wrist must possess at least three
DOFs provided by revolute joints. Since the wrist constitutes the terminal
part of the manipulator, it has to be compact; this often complicates its me-
chanical design. Without entering into construction details, the realization
endowing the wrist with the highest dexterity is one where the three revolute
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Fig. 1.11. Spherical wrist

axes intersect at a single point. In such a case, the wrist is called a spherical
wrist, as represented in Fig. 1.11. The key feature of a spherical wrist is the
decoupling between position and orientation of the end-effector; the arm is en-
trusted with the task of positioning the above point of intersection, whereas
the wrist determines the end-effector orientation. Those realizations where the
wrist is not spherical are simpler from a mechanical viewpoint, but position
and orientation are coupled, and this complicates the coordination between
the motion of the arm and that of the wrist to perform a given task.

The end-effector is specified according to the task the robot should ex-
ecute. For material handling tasks, the end-effector consists of a gripper
of proper shape and dimensions determined by the object to be grasped
(Fig. 1.11). For machining and assembly tasks, the end-effector is a tool or
a specialized device, e.g., a welding torch, a spray gun, a mill, a drill, or a
screwdriver.

The versatility and flexibility of a robot manipulator should not induce
the conviction that all mechanical structures are equivalent for the execution
of a given task. The choice of a robot is indeed conditioned by the application
which sets constraints on the workspace dimensions and shape, the maximum
payload, positioning accuracy, and dynamic performance of the manipulator.

1.2.2 Mobile Robots

The main feature of mobile robots is the presence of a mobile base which
allows the robot to move freely in the environment. Unlike manipulators, such
robots are mostly used in service applications, where extensive, autonomous
motion capabilities are required. From a mechanical viewpoint, a mobile robot
consists of one or more rigid bodies equipped with a locomotion system. This
description includes the following two main classes of mobile robots:!

e  Wheeled mobile robots typically consist of a rigid body (base or chassis)
and a system of wheels which provide motion with respect to the ground.

1 Other types of mechanical locomotion systems are not considered here. Among
these, it is worth mentioning tracked locomotion, very effective on uneven terrain,
and undulatory locomotion, inspired by snake gaits, which can be achieved with-
out specific devices. There also exist types of locomotion that are not constrained
to the ground, such as flying and navigation.
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Fig. 1.12. The three types of conventional wheels with their respective icons

Other rigid bodies (trailers), also equipped with wheels, may be connected
to the base by means of revolute joints.

Legged mobile robots are made of multiple rigid bodies, interconnected by
prismatic joints or, more often, by revolute joints. Some of these bodies
form lower limbs, whose extremities (feet) periodically come in contact
with the ground to realize locomotion. There is a large variety of mechan-
ical structures in this class, whose design is often inspired by the study of
living organisms (biomimetic robotics): they range from biped humanoids
to hexapod robots aimed at replicating the biomechanical efficiency of
insects.

Only wheeled vehicles are considered in the following, as they represent

the vast majority of mobile robots actually used in applications. The basic
mechanical element of such robots is indeed the wheel. Three types of con-
ventional wheels exist, which are shown in Fig. 1.12 together with the icons
that will be used to represent them:

The fized wheel can rotate about an axis that goes through the center
of the wheel and is orthogonal to the wheel plane. The wheel is rigidly
attached to the chassis, whose orientation with respect to the wheel is
therefore constant.

The steerable wheel has two axes of rotation. The first is the same as a
fixed wheel, while the second is vertical and goes through the center of the
wheel. This allows the wheel to change its orientation with respect to the
chassis.

The caster wheel has two axes of rotation, but the vertical axis does not
pass through the center of the wheel, from which it is displaced by a con-
stant offset. Such an arrangement causes the wheel to swivel automatically,
rapidly aligning with the direction of motion of the chassis. This type of
wheel is therefore introduced to provide a supporting point for static bal-
ance without affecting the mobility of the base; for instance, caster wheels
are commonly used in shopping carts as well as in chairs with wheels.
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Fig. 1.13. A differential-drive mobile robot

o
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Fig. 1.14. A synchro-drive mobile robot

The variety of kinematic structures that can be obtained by combining
the three conventional wheels is wide. In the following, the most relevant
arrangements are briefly examined.

In a differential-drive vehicle there are two fixed wheels with a common
axis of rotation, and one or more caster wheels, typically smaller, whose func-
tion is to keep the robot statically balanced (Fig. 1.13). The two fixed wheels
are separately controlled, in that different values of angular velocity may be
arbitrarily imposed, while the caster wheel is passive. Such a robot can rotate
on the spot (i.e., without moving the midpoint between the wheels), provided
that the angular velocities of the two wheels are equal and opposite.

A vehicle with similar mobility is obtained using a synchro-drive kinematic
arrangement (Fig. 1.14). This robot has three aligned steerable wheels which
are synchronously driven by only two motors through a mechanical coupling,
e.g., a chain or a transmission belt. The first motor controls the rotation of the
wheels around the horizontal axis, thus providing the driving force (traction)
to the vehicle. The second motor controls the rotation of the wheels around
the vertical axis, hence affecting their orientation. Note that the heading of
the chassis does not change during the motion. Often, a third motor is used
in this type of robot to rotate independently the upper part of the chassis (a
turret) with respect to the lower part. This may be useful to orient arbitrarily
a directional sensor (e.g., a camera) or in any case to recover an orientation
error.

In a tricycle vehicle (Fig. 1.15) there are two fixed wheels mounted on a
rear axle and a steerable wheel in front. The fixed wheels are driven by a single
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Fig. 1.15. A tricycle mobile robot

Fig. 1.16. A car-like mobile robot

motor which controls their traction,? while the steerable wheel is driven by
another motor which changes its orientation, acting then as a steering device.
Alternatively, the two rear wheels may be passive and the front wheel may
provide traction as well as steering.

A car-like vehicle has two fixed wheels mounted on a rear axle and two
steerable wheels mounted on a front axle, as shown in Fig. 1.16. As in the
previous case, one motor provides (front or rear) traction while the other
changes the orientation of the front wheels with respect to the vehicle. It is
worth pointing out that, to avoid slippage, the two front wheels must have a
different orientation when the vehicle moves along a curve; in particular, the
internal wheel is slightly more steered with respect to the external one. This
is guaranteed by the use of a specific device called Ackermann steering.

Finally, consider the robot in Fig. 1.17, which has three caster wheels
usually arranged in a symmetric pattern. The traction velocities of the three
wheels are independently driven. Unlike the previous cases, this vehicle is om-
nidirectional: in fact, it can move instantaneously in any Cartesian direction,
as well as re-orient itself on the spot.

In addition to the above conventional wheels, there exist other special
types of wheels, among which is notably the Mecanum (or Swedish) wheel,
shown in Fig. 1.18. This is a fixed wheel with passive rollers placed along the
external rim; the axis of rotation of each roller is typically inclined by 45° with
respect to the plane of the wheel. A vehicle equipped with four such wheels
mounted in pairs on two parallel axles is also omnidirectional.

2 The distribution of the traction torque on the two wheels must take into account
the fact that in general they move with different speeds. The mechanism which
equally distributes traction is the differential.
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Fig. 1.17. An omnidirectional mobile robot with three independently driven caster
wheels

Fig. 1.18. A Mecanum (or Swedish) wheel

In the design of a wheeled robot, the mechanical balance of the structure
does not represent a problem in general. In particular, a three-wheel robot is
statically balanced as long as its center of mass falls inside the support triangle,
which is defined by the contact points between the wheels and ground. Robots
with more than three wheels have a support polygon, and thus it is typically
easier to guarantee the above balance condition. It should be noted, however,
that when the robot moves on uneven terrain a suspension system is needed
to maintain the contact between each wheel and the ground.

Unlike the case of manipulators, the workspace of a mobile robot (defined
as the portion of the surrounding environment that the robot can access) is po-
tentially unlimited. Nevertheless, the local mobility of a non-omnidirectional
mobile robot is always reduced; for instance, the tricycle robot in Fig. 1.15
cannot move instantaneously in a direction parallel to the rear wheel axle.
Despite this fact, the tricycle can be manoeuvered so as to obtain, at the end
of the motion, a net displacement in that direction. In other words, many
mobile robots are subject to constraints on the admissible instantaneous mo-
tions, without actually preventing the possibility of attaining any position and
orientation in the workspace. This also implies that the number of DOFs of
the robot (meant as the number of admissible instantaneous motions) is lower
than the number of its configuration variables.

It is obviously possible to merge the mechanical structure of a manipulator
with that of a mobile vehicle by mounting the former on the latter. Such
a robot is called a mobile manipulator and combines the dexterity of the
articulated arm with the unlimited mobility of the base. An example of such
a mechanical structure is shown in Fig. 1.19. However, the design of a mobile
manipulator involves additional difficulties related, for instance, to the static
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Fig. 1.19. A mobile manipulator obtained by mounting an anthropomorphic arm
on a differential-drive vehicle

and dynamic mechanical balance of the robot, as well as to the actuation of
the two systems.

1.3 Industrial Robotics

Industrial robotics is the discipline concerning robot design, control and ap-
plications in industry, and its products have by now reached the level of a
mature technology. The connotation of a robot for industrial applications is
that of operating in a structured environment whose geometrical or physical
characteristics are mostly known a priori. Hence, limited autonomy is required.

The early industrial robots were developed in the 1960s, at the confluence
of two technologies: numerical control machines for precise manufacturing,
and teleoperators for remote radioactive material handling. Compared to its
precursors, the first robot manipulators were characterized by:

e versatility, in view of the employment of different end-effectors at the tip
of the manipulator,
adaptability to a priori unknown situations, in view of the use of sensors,
positioning accuracy, in view of the adoption of feedback control tech-
niques,

e execution repeatability, in view of the programmability of various opera-
tions.

During the subsequent decades, industrial robots have gained a wide popu-
larity as essential components for the realization of automated manufacturing
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Fig. 1.20. Yearly installations of industrial robots worldwide

systems. The main factors having determined the spread of robotics tech-
nology in an increasingly wider range of applications in the manufacturing
industry are reduction of manufacturing costs, increase of productivity, im-
provement of product quality standards and, last but not least, the possibility
of eliminating harmful or off-putting tasks for the human operator in a man-
ufacturing system.

By its usual meaning, the term automation denotes a technology aimed at
replacing human beings with machines in a manufacturing process, as regards
not only the execution of physical operations but also the intelligent processing
of information on the status of the process. Automation is then the synthesis
of industrial technologies typical of the manufacturing process and computer
technology allowing information management. The three levels of automation
one may refer to are rigid automation, programmable automation, and flexible
automation.

Rigid automation deals with a factory context oriented to the mass manu-
facture of products of the same type. The need to manufacture large numbers
of parts with high productivity and quality standards demands the use of
fixed operational sequences to be executed on the workpiece by special pur-
pose machines.

Programmable automation deals with a factory context oriented to the
manufacture of low-to-medium batches of products of different types. A pro-
grammable automated system permits changing easy the sequence of opera-
tions to be executed on the workpieces in order to vary the range of products.
The machines employed are more versatile and are capable of manufacturing
different objects belonging to the same group technology. The majority of the
products available on the market today are manufactured by programmable
automated systems.
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Fig. 1.21. Yearly supply of industrial robots by main industries

Flexible automation represents the evolution of programmable automation.
Its goal is to allow manufacturing of variable batches of different products by
minimizing the time lost for reprogramming the sequence of operations and
the machines employed to pass from one batch to the next. The realization of a
flexible manufacturing system (FMS) demands strong integration of computer
technology with industrial technology.

The industrial robot is a machine with significant characteristics of versa-
tility and flexibility. According to the widely accepted definition of the Robot
Institute of America, a robot is a reprogrammable multifunctional manipulator
designed to move materials, parts, tools or specialized devices through variable
programmed motions for the performance of a variety of tasks. Such a defini-
tion, dating back to 1980, reflects the current status of robotics technology.

By virtue of its programmability, the industrial robot is a typical com-
ponent of programmable automated systems. Nonetheless, robots can be en-
trusted with tasks in both rigid and flexible automated systems.

According to the above-mentioned IFR report, up to 2006 nearly one mil-
lion industrial robots are in use worldwide, half of which are in Asia, one third
in Europe, and 16% in North America. The four countries with the largest
number of robots are Japan, Germany, United States and Italy. The figures
for robot installations in the last 15 years are summarized in the graph in
Fig. 1.20; by the end of 2007, an increase of 10% in sales with respect to the
previous year is foreseen, with milder increase rates in the following years,
reaching a worldwide figure of 1,200,000 units at work by the end of 2010.

In the same report it is shown how the average service life of an industrial
robot is about 12 years, which may increase to 15 in a few years from now.
An interesting statistic is robot density based on the total number of persons
employed: this ranges from 349 robots in operation per 10,000 workers to






