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Preface

With individual chapters authored by professionals in their respective topics, this book
provides a convenient and up-to-date reference with information on the latest develop-
ments of mechatronics for engineers, designers, researchers, educators, and students. The
presented material includes methodologies that encompass modeling, analysis, design,
control, monitoring, and diagnosis of mechatronic systems and state-of-the-art mecha-
tronic systems and technologies. The book consists of 15 chapters, grouped into two sec-
tions: fundamentals and applications. Cross-referencing is used when necessary to indicate
other places in the book where further information on a particular topic is provided.

In the book, equal emphasis is given to theory and practical application. The chapters
cover fundamentals and applications of mechatronic devices and systems with specific
treatment of related topics, including modeling and analytical formulations, simulation
methods, design approaches, control techniques, practical tools, and cutting-edge systems
and applications, illustrated using examples and case studies.

Mechatronics concerns synergistic and concurrent use of mechanics, electronics, com-
puter engineering, and intelligent control systems in modeling, analyzing, designing,
developing, and implementing smart electromechanical products. As modern machinery
and electromechanical devices are typically being controlled using analog and digital
electronics and computers, the technologies of mechanical engineering in such systems
can no longer be isolated from those of electronic and computer engineering. For example,
in a robot system or a micro-machine, mechanical components are integrated with analog
and digital electronic components to provide single functional units or products. Similarly,
devices with embedded and integrated sensing, actuation, signal processing, and control
have many practical advantages. In the framework of mechatronics, a unified approach is
taken to integrate different types of components and functions, both mechanical and elec-
trical, in modeling, analysis, design, and implementation with the objective of harmonious
operation that meets a desired set of performance specifications.

In the mechatronic approach, a multidomain (mixed) system, consisting of subsystems
that have a primarily mechanical (including fluid and thermal) or a primarily electrical
(including electronic) character, is treated using integrated engineering concepts. In par-
ticular, electromechanical analogies, consistent energy transfer (e.g., kinetic, potential,
thermal, fluid, electrostatic, and electromagnetic energies) through energy ports, and inte-
grated design methodologies may be incorporated, resulting in benefits with regard to
performance, efficiency, reliability, and cost.

Mechatronics has emerged as a bona fide field of practice, research, and development
and simultaneously as an academic discipline in engineering. The present book is geared
toward the focus on integrated research and practice as related to electromechanical and
multidomain systems. In view of the analytical methods, practical considerations, design
issues, and experimental techniques that are presented throughout the book, it serves as
a useful reference tool and an extensive information source for engineers in industry and
laboratories, researchers, and students in the field of mechatronics.
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viii Preface

This book is an outgrowth of the Distinguished Visiting Fellowship of the Royal
Academy of Engineering, UK, held by Clarence de Silva. The fellowship visit was orga-
nized by Farbod Khoshnoud. Through that fellowship, University of Hertfordshire and
University of Oxford were visited, and among other activities, a workshop on mechatron-
ics and applications was held. Many of the chapter authors of this book were speakers at
that workshop.

Clarence W, de Silva
Farbod Khoshnoud
Maogqing Li

Saman K. Halgamuge

MATLAB® is a registered trademark of The MathWorks, Inc. For product information,
please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com



Acknowledgments

Thisbook is an outgrowth of the Distinguished Visiting Fellowship of the Royal Academy of
Engineering, UK, held by Clarence de Silva. The visit was organized by Farbod Khoshnoud.
Through that fellowship, University of Hertfordshire and University of Oxford were vis-
ited, and among other activities, a workshop on mechatronics and applications was held.
Many of the chapter authors of this book were speakers at that workshop. We gratefully
acknowledge here the funding provided by the Royal Academy of Engineering, UK, which
facilitated preparation of the book manuscript. We wish to express our gratitude to the
authors of the chapters for their valuable and highly professional contributions. We are
very grateful to Jonathan Plant, executive editor-engineering, Taylor & Francis, CRC Press,
for his enthusiasm, encouragement, and support throughout the project. Editorial and pro-
duction staff at CRC Press and its affiliates, particularly Iris Fahrer, project editor, and
Adel Rosario, project manager, have done an excellent job in getting the book out in print.
Finally, we wish to lovingly acknowledge the patience and understanding of our wives.



Editors

Clarence W. de Silva, PhD, is a professor of mechanical engineering and occupies the
Senior Canada Research Chair Professorship in Mechatronics & Industrial Automation
at the University of British Columbia (UBC), Vancouver, Canada. A professional engi-
neer (P.Eng,), he is also a fellow of ASME, IEEE, the Canadian Academy of Engineering,
and the Royal Society of Canada. He is a Peter Wall Scholar at UBC; a professorial fel-
low at University of Melbourne; distinguished visiting fellow of the Royal Academy of
Engineering, UK; Lilly Fellow at Carnegie Mellon University; NASA-ASEE Fellow; Senior
Fulbright Fellow at Cambridge University; fellow of the Advanced Systems Institute of BC;
Killam Fellow; and Erskine Fellow at University of Canterbury. He has held the NSERC-BC
Packers Senior Chair Professorship at UBC; Mobil Endowed Chair Professorship at the
National University of Singapore; honorary chair professorship at the National Taiwan
University of Science and Technology; and honorary professorship at Xiamen University,
China. His awards include the Paynter Outstanding Investigator Award and the Takahashi
Education Award of ASME; Killam Research Prize; and Outstanding Engineering Educator
Award of IEEE Canada. Dr. de Silva has served as editor/associate editor of 14 journals,
including ASME and IEEE Transactions; and is the editor-in-chief of the International Journal
of Control and Intelligent Systems. He earned PhD degrees from the Massachusetts Institute
of Technology, USA (1978) and the University of Cambridge, UK (1998) and an Honorary
DEng. from the University of Waterloo (2008).

Farbod Khoshnoud, PhD, PGCE, CEng, MIMechE, FHEA, is a lecturer in the Department
of Mechanical Engineering at Brunel University, London, UK. His current research areas
include self-powered dynamic systems and biologically inspired dynamic systems. Dr.
Khoshnoud was a lecturer at the University of Hertfordshire before joining Brunel. He
was a visiting scientist and postdoctoral researcher in the industrial automation labora-
tory, Department of Mechanical Engineering, at the University of British Columbia (UBC),
Vancouver, during 2007-2012, and was a visiting researcher at the California Institute of
Technology during 2009-2011. He has carried out postdoctoral research in the Department
of Civil Engineering at UBC during 2005-2007. Dr. Khoshnoud earned his PhD in mechan-
ical engineering from Brunel University, London, in 2005. He has worked in industry as
a mechanical engineer for more than six years. He is an associate editor of the Journal of
Control and Intelligent Systems, ACTA Press.

Maogqing Li is professor of control science and engineering and system engineering in the
School of Information Science and Technology, Xiamen University, China. He graduated
from Xiamen University in 1978 and joined its faculty in the same year. He is the vice chair-
man of the Society on National Computer Education in Universities and Colleges, China,
and editor of the International Journal of Systems and Control. He served as the president of
the International Conference on Control and Automation in 2002 and 2010, chairman of the
organizing committee of the 10th Conference on Manufacturing and Management, chair-
man of the organizing committee of the International Conference on Environment and
Information in 2005, and chairman of the organizing committee of the first International
Conference on Computer Science and Education in 2006. He has authored more than

xi



xii Editors

200 technical papers and 6 monographs/textbooks. He received the first Fujian Province
Youth Science and Technology Award.

Saman K. Halgamuge, PhD, is a professor in the Department of Mechanical Engineering
and the school-wide initiative on biomedical engineering and associate dean (inter-
national) for the Melbourne School of Engineering, The University of Melbourne. He
graduated with Dipl-Ing and PhD degrees in electrical engineering from the Technical
University of Darmstadt, Germany, and with a BSc in electronic and telecommunication
engineering from the University of Moratuwa, Sri Lanka. His research interests are in
big data analytics and optimization and in particular bioinspired methods focusing on
applications in mechanical engineering and bioengineering. These applications vary from
sensor networks in irrigation, smart grids, and sustainable energy generation to bioinfor-
matics and neuro-engineering. Since arriving in Australia in 1996, Professor Halgamuge
has obtained research grants totaling more than $8.3 million. These grants include funds
worth $4.3 million from 17 Australian Research Council grants and a NHMRC project
grant, local and European industry, contracts and grants from other research funding
agencies and a large-scale ARC network, and infrastructure grants worth about $4 mil-
lion. He has completed supervision of 27 PhD students and currently supervises a group
of 13 PhD students. Professor Halgamuge is an associate editor of BMC Bioinformatics
and founding co-editor of Frontiers of Mechanical Engineering, mechatronics section. He
has published more than 250 research papers, including a research book, 5 edited books,
20 book chapters, 90 journal articles, and more than 130 refereed conference papers attract-
ing 5200 Google Scholar (h-factor: 29) and 2300 ISI citations. He is listed among the top
1% most cited researchers by ISI’s ESL. His full profile is found at http://scholar.google.com
.au/citations?sortby=pubdate&hl=en&user=9cafqywA A A AJ&view_op=list_works.



Contributors

Saeed Behbahani

Department of Mechanical Engineering
Isfahan University of Technology
Isfahan, Iran

Ben M. Chen

Department of Electrical and Computer
Engineering

National University of Singapore

Singapore

Yong Kang Chen

School of Engineering and Technology
University of Hertfordshire

Hatfield, Hertfordshire, United Kingdom

Minoo Dabestani
Dynamical Systems Technologies Ltd.
Cuffley, Hertfordshire, United Kingdom

Clarence W. de Silva

Department of Mechanical Engineering
The University of British Columbia
Vancouver, British Columbia, Canada

David J. Dell

School of Engineering and Technology
University of Hertfordshire

Hatfield, Hertfordshire, United Kingdom

Xiangxu Dong

Temasek Laboratories

National University of Singapore
Singapore

Ibrahim Esat

Department of Mechanical Engineering
Brunel University

Uxbridge, Middlesex, United Kingdom

Lalith B. Gamage

Sri Lanka Institute of Information
Technology

Malabe, Sri Lanka

Saman K. Halgamuge

Department of Mechanical Engineering
University of Melbourne

Parkville, Victoria, Australia

Javaid Igbal
Department of Mechatronics
College of Electrical and Mechanical
Engineering
National University of Sciences
and Technology
Islamabad, Pakistan

Muhammad Tahir Khan

Institute of Mechatronics Engineering
University of Engineering and Technology
Peshawar, Pakistan

Farbod Khoshnoud

Department of Mechanical Aerospace
and Civil Engineering

College of Engineering, Design
and Physical Sciences

Brunel University

Uxbridge, Middlesex, United Kingdom

Haoxiang Lang
Department of Automotive, Mechanical
and Manufacturing Engineering
University of Ontario Institute
of Technology
Oshawa, Ontario, Canada

Feng Lin

Temasek Laboratories

National University of Singapore
Singapore

Dulini Mendis

Department of Mechanical Engineering
University of Melbourne

Parkville, Victoria, Australia

xiii



xiv

Diogo Montalvao

School of Engineering and Technology
University of Hertfordshire

Hatfield, Hertfordshire, United Kingdom

William Mortel
Trelleborg Industrial AVS
Leicester, Leicestershire, United Kingdom

Kemao Peng

Temasek Laboratories

National University of Singapore
Singapore

Steven Petrou

Florey Institute for Neuroscience
and Mental Health

Centre for Neural Engineering

Department of Electrical and Electronic
Engineering

University of Melbourne

Parkville, Victoria, Australia

Leila Pezeshki

Department of Mechanical Engineering
Isfahan University of Technology
Isfahan, Iran

Andi Sudjana Putra

Engineering Design and Innovation Centre
Faculty of Engineering

National University of Singapore
Singapore

Contributors

Steve Sewell
Trelleborg Industrial AVS
Leicester, Leicestershire, United Kingdom

Kok Kiong Tan

Department of Electrical and Computer
Engineering

Faculty of Engineering

National University of Singapore

Singapore

Fei Wang

Temasek Laboratories

National University of Singapore
Singapore

Ying Wang

Department of Mechatronics Engineering
Kennesaw State University

Marietta, Georgia

Bin Xi

Department of Automation
Xiamen University
Xiamen, Fujian, China

Bashan Zuo

Department of Electrical Engineering
Kennesaw State University

Marietta, Georgia



Contents

Prefaderirnrboralmannaii=lmn L e e ey e e s vii
Acknowled RIS L. bt i s T RO s st sk W R TP oo ix
Bditorss st namirmirnTmn i e Be Myl silizelie o8 Temiot iy alleias T xi
Contributommmatal. ae i en it o e SRR . L T R o, xiii
1. Mechatronic Engineeting .....c.oinnis okl imvmin osssion: siveshsviohliessdonsinsssoss 1
Clarence W. de Silva

Section I Fundamentals

2. Modeling for Control of Rigid Bodies in 3-D Space..........cccccccouiueinceuinnicennciciennns 17
Ibrahim Esat, Minoo Dabestani, William Mortel, and Steve Sewell

3. Mechariics of Materials . ..l et A st oS ol AL I U208 s =a 4o oo 8o nn 37
Yong Kang Chen

4, Control of Mechationic Systems . ...k, S Vs Rt I JL A b o b X BN 85
Kok Kiong Tan and Andi Sudjana Putra

5. Introduction to Sensors and Signal Processing .......c.c.cccoviminiiisiiinciiinncninnininens 125
Diogo Montalvio

6. Bio-MEMS Sensors and Actuators ... 221

Farbod Khoshnoud, Clarence W. de Silva, and Ibrahim Esat

7. System Identification in Human Adaptive Mechatronics...............cccvuivnerininnienns 253
Bin Xi and Clarence W. de Silva

8. Intelligent RODOIC SYStemS..........ccuriirmmniassisssssismmsssssssssssssnssasnsisisssssssassasssnsasasnssassssss 295
Muhammad Tahir Khan, Clarence W. de Silva, and Javaid Iqbal

Section II Applications

9. Automated Mechatronic Design Tool ..........cc.cooourrmiiiniiiininiccne e 323
Saeed Behbahani, Leila Pezeshki, and Clarence W. de Silva

10. Design Evolution of Mechatronic SyStems ...........cccccovuimiiriniiinieimisininsnsissiseians 359
Lalith B. Gamage

11. Mechatronic Design of Unmanned Aircraft Systems............ccccocvivviiniinieneiininnn. 403
Feng Lin, Fei Wang, Xiangxu Dong, Kemao Peng, and Ben M. Chen



vi

12.

13.

14.

Contents

Self-Powered and Bio-Inspired Dynamic Systems .............ccouvninmiinmmmnisisissmsisisissnnns 453
Farbod Khoshnoud and David |. Dell
Visual Servo Systems for Mobile Robots............cccccooviiiiiccceines 499
Haoxiang Lang and Clarence W. de Silva
Robotic Learning and Applications..........cc.ummmmmiiinmimmmmmmminins 529
Ying Wang and Bashan Zuo

. Neuromechatronics with In Vitro Microelectrode Arrays.............ccocoeveeniviinvenininns 567

Dulini Mendis, Steven Petrou, and Saman K. Halgamuge



1
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SUMMARY This chapter introduces the subject of mechatronic engineering. It presents
the relevance of modeling, design, and instrumentation in the development of a mecha-
tronic system or product. The evolution of the discipline of mechatronics from its early
days leading to the state of the art at present is outlined. Several application areas are
given. The concepts of mechatronic design quotient (MDQ) and design evolution through
modeling, health monitoring, design expert system, and evolutionary optimization are
introduced.

1.1 Introduction

The subject of mechatronics concerns the synergistic application of mechanics, electron-
ics, controls, and computer engineering in the development of electromechanical prod-
ucts and systems through an integrated design approach. Mechatronics is particularly
applicable in mixed-domain (or multidomain) systems, which incorporate several physi-
cal domains, such as electrical, mechanical, fluid, and thermal, in an integrated manner.
For example, the antilock braking system (ABS) of an automobile may involve mechanics,
electronics, hydraulics, and heat transfer and may be designed in an “optimal” manner as
a mechatronic product. Mechatronic products and systems include modern automobiles
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and aircraft, smart household appliances, medical robots, space vehicles, and office auto-
mation devices.

A typical mechatronic system consists of a mechanical skeleton, actuators, sensors,
controllers, signal conditioning/modification devices, computer/digital hardware and
software, interface devices, and power sources. Different types of sensing and informa-
tion acquisition and transfer are involved among all these various types of components.
For example, a servomotor, which is a motor with the capability of sensory feedback for
accurate generation of complex motions, consists of mechanical, electrical, and electronic
components. In a servomotor, the main mechanical components are the rotor, stator,
bearings, mechanics of the speed sensor such as an optical encoder, and the motor hous-
ing. The electrical components include the circuitry for the field windings and rotor
windings (not in the case of permanent-magnet rotors), and circuitry for power trans-
mission and commutation (if needed). Electronic components include those needed for
sensing (e.g., an optical encoder for displacement and speed sensing and/or tachom-
eter for speed sensing). As another example, hard disk drives (HDD; see Figure 1.1) of
computers use micro-miniature mechanical structures, actuators, and sensors for their
operation and control.

The overall design of these devices can be improved by taking a mechatronic approach,
with which all components and functions are treated concurrently in an integrated man-
ner in their design. Furthermore, the study of mechatronic engineering should include all
stages of modeling, design, development, integration, instrumentation, control, testing,
operation, and maintenance of a mechatronic system.

Technology issues of a general mechatronic system are indicated in Figure 1.2. It is seen
that they span the traditional fields of mechanical engineering, electrical and electronic
engineering, control engineering, and computer engineering. Each aspect or issue within
the system may take a multidomain character. For example, an actuator (e.g.,, DC servomo-
tor) itself may represent a mechatronic device within a larger mechatronic system, such as
an automobile or a robot.

Spindle
motor

Head slider

Tracks

FIGURE 1.1
A HDD unit of a computer.
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FIGURE 1.2
Concepts and technologies of a mechatronic system.

1.2 Modeling and Design

A model is a representation of a real system, and the subject of model development (mod-
eling) is important in mechatronics [1,2]. Modeling and design can go hand in hand in
an iterative manner. Of course, in the beginning of the design process, the desired sys-
tem does not exist. In this context, a model of the anticipated system can be very useful.
In view of the complexity of a design process, particularly when striving for an optimal
design, it is useful to incorporate system modeling as a tool for design iteration particu-
larly because prototyping can become very costly and time-consuming. Some details are
found in Chapters 2, 3, and 9.

In the beginning, by knowing some information about the system (e.g,, intended func-
tions, performance specifications, past experience, and knowledge of related systems) and
using the design objectives, it is possible to develop a model of sufficient (low to moderate)
detail and complexity. By analyzing and carrying out computer simulations of the model,
it will be possible to generate useful information that will guide the design process (e.g.,
generation of a conceptual design or preliminary design). In this manner, design decisions
can be made, and the model can be refined using the available (improved) design. This
iterative link between modeling and design is schematically shown in Figure 1.3.
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Purpose,
performance specs, Design
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- |
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Model
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FIGURE 1.3
Link between modeling and design.

It is expected that the mechatronic approach will result in higher quality of products
and services, improved performance, and increased reliability while approaching some
form of optimality. This will enable the development and production of electromechani-
cal systems efficiently, rapidly, and economically. When performing an integrated design
of a mechatronic system, the concepts of energy and power present a unifying thread.
The reasons are clear. First, in an electromechanical system, ports of power/energy exist,
which link electrical dynamics and mechanical dynamics. Hence, modeling, analysis, and
optimization of a mechatronic system can be carried out using a hybrid system (or multi-
domain system) formulation (a model) that integrates mechanical aspects and electrical
aspects of the system. Second, an optimal design will aim for minimal energy dissipation
and maximum energy efficiency. There are related implications; for example, gteater dis-
sipation of energy will mean reduced overall efficiency and increased thermal problems,
noise, vibration, malfunctions, wear and tear, and increased environmental impact. Again,
a hybrid model that presents an accurate picture of energy/power flow within the system
will present an appropriate framework for the mechatronic design.

A design may use excessive safety factors and worst-case specifications (e.g., for mechan-
ical loads and electrical loads). This will not provide an optimal design or may not lead to
the most efficient performance. Design for optimal performance, however, may not neces-
sarily lead to the most economical (least costly) design. When arriving at a truly optimal
design, an objective function that takes into account all important factors (performance,
quality, cost, speed, ease of operation, safety, environmental impact, etc.) has to be opti-
mized. A complete design process should generate the necessary details for construction
or assembly of the system.

1.3 Mechatronic Design Concept

In a true mechatronic sense, the design of a multidomain multicomponent system will
require simultaneous consideration and integrated design of all its components as



