
ix

Preface

The research interest in flexible manipulators, i.e., lightweight and large
dimension robotic manipulators, has increased significantly in recent
years. Major advantages of flexible manipulators include, but not limited
to, small mass, fast motion, and large force to mass ratio, which are
reflected directly in the reduced energy consumption, increased
productivity, and enhanced payload capacity. Flexible manipulators have
important applications in space exploration, manufacturing automation,
construction, mining, hazardous operations, and many other areas.

However, flexible robotic manipulators also impose various
challenges in research in comparison to rigid robotic manipulators,
ranging from system design, structural optimization, construction, to
modeling, sensing, and control. Although significant progresses have
been made in many aspects over the last one and half decades, many
issues are not resolved yet, and simple, effective, and reliable controls of
flexible manipulators still remain an open request. Clearly, further efforts
and results in this area would contribute significantly to robotics, and in
particular, automation, as well as its application and education in general
control engineering. To accelerate this process, this book presents the
state of art of advanced studies in design, modeling, control and
applications of flexible manipulators, from the leading experts in this
important research area.

The book starts the modeling and control of flexible robotic
manipulators, from chapters 1 to 7.  It begins with Arteaga and
Siciliano's chapter on modeling, nonlinear control and observer of
flexible-link manipulators, where motion equations are derived with a
combined Lagrange-assumed mode approach. The resulting model shows
several similarities with that of a rigid manipulator, thus allowing
important properties to be derived for designing controllers and
observers. A nonlinear control scheme based on robust control
techniques is proposed in order to improve the damping of the system.
Since typically link coordinate rates cannot be measured, a nonlinear
observer is presented which provides estimates of both joint and link
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coordinate rates while keeping stability of the system. Chapter 2 presents
energy-based robust control strategies for the control of flexible link
robots without using the dynamics of the systems explicitly. The energy-
based controllers are independent of system parameters and thus possess
stability robustness to system parametric uncertainties. Through the
evaluation of vibrations of the links, direct control of link deflection is
possible. Simulation results are provided to show the effectiveness of the
presented approach. Chapter 3 addresses issues related to coordinating
two robot manipulators to handle flexible materials, an application that
has a wide range of applications in the manufacturing industry. In this
case, the two robot manipulators have to follow complicated
trajectories to maintain a minimum interaction force with the flexible
beam. These trajectories are very complicated and not suitable for
real time systems. Three approximation methods of the optimal
trajectories and a compliant control scheme are introduced in this
chapter. The first one uses a piece-wise linear approximation of the
optimal trajectories, while the second one uses adaptive piece-wise
linear approximation. The third method applies a continuous
approximation of the optimal trajectories using an ellipsoid. Finally,
a compliant motion scheme is proposed to reduce the interaction
forces and moments in the first method. The stability of the
proposed system is investigated. Experimental results encourage the
proposed schemes. Chapter 4 discusses modeling methodology and force
control scheme of constrained flexible manipulators. It is concluded that
for the modeling of constrained flexible manipulators: 1) the end-point of
the flexible manipulator is constrained and the boundary condition is
non-homogeneous; and 2) the exact model can be described as a
distributed parameter system, which can be approximated with an finite-
dimensional model for designing controllers. The result here indicates that
in order to suppress the spillover instability caused by the residual modes
neglected at the controller design phase, a robust controller should be
constructed. In chapter 5, the control of flexible link robots is examined.
Modeling methods pertinent to control are briefly described and
significant results from the control literature are discussed. Comparisons
of some of these control techniques are conducted experimentally. The
single flexible link and multi-link/multi-axis flexible link manipulators
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are both examined here. Chapter 6 presents sensor output feedback
control laws for one-link flexible robot arms with rotational joints or
prismatic joints driven by velocity-controlled motors. Specifically, issues
related to mission function, strain feedback control, gain adaptive strain
feedback control, and shear force feedback are discussed. Emphasis has
been laid on the stability analysis of various sensor feedback closed-loop
systems. It is shown that, in addition to being easily implemented, strain
feedback and shear force feedback controls introduce damping for
motion/vibration control, resulting in good control performance. It is also
shown that simple gain adaptive strain feedback control can cope with tip
load variations of the flexible arm in maintaining good vibration control
performance. Chapter 7 addresses the issues related to the design of
robust controllers using genetic algorithms (GA) for lightweight, one-
link flexible manipulators working under dynamic environments and
other uncertain influences. First, a design procedure based on improved
GA is proposed to tune parameters in PID controllers to achieve mixed
H2/H∞ optimal performances for flexible robotic manipulators. Graphic
method, local search strategy, refusal strategy and renewal strategy are
used to solve successfully constrains imposed in the design problem.
Second, by selecting sensitivity weight functions properly using the GA
method, a mixed sensitivity H∞ controller is developed to ensure
robustness of manipulator control systems for varying payloads and other
modeling uncertainties. Numeric simulation has been conducted and the
results have demonstrated the effectiveness of the proposed method.

The second part of the book, from chapters 8 to 10, focuses on
various issues related to the optimal design of flexible manipulators.
Chapter 8 analyzes the pole/zero locations of a linearly-tapered Euler-
Bernoulli beam pinned at one end and free at the other end. Of
particular interest is the location of zeros of the transfer function from
torque applied at the pin to displacement of the free end. When tapered
beams are used as the links of light-weight robots, the existence of
non-minimum phase (right half plane) zeros complicates the robot control
problem. Tapering the beam gives the robot designer an additional
design parameter when establishing the flexible dynamics. The pole and
zero locations are determined from a transfer matrix that is the exact
solution for a uniform beam. The approximate results for a tapered
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model result from segmentation of the beam into segments of
different but constant cross sections. The relative position of poles
and zeros varies significantly as the rate of taper changes, which will
have consequences on feedback stability and non-causal effects in inverse
dynamics. Chapter 9 and 10 discuss the problem of optimum shape design
of flexible manipulators using two different approaches. One approach
employs an iterative method to solve the unconstrained analytical
formulation of the optimal equations, while an optimization approach is
developed that uses mathematical programming to solve the segmentized
equation in order to accommodate various constraints on link design. The
goal of each approach is to find the shape that maximizes the
fundamental frequency, since this frequency is the governing factor for
manipulator speeds. The requirement of multiple tip loads is formulated
as a mini-max problem. Also, a multi-link design is implemented which
utilizes single-link solutions. A sensitivity analysis of design parameters
is conducted to reveal the robustness of optimum designs.

Finally, chapter 11 presents a comprehensive study of dynamic
behaviors of flexible robotic links that may have more educational
than research values, where dynamic models of flexible manipulators
have been formulated using both the Euler-Bernoulli and
Timoshenko beam theories. Based on a complete analysis of natural
frequencies and modal shape functions, analytic expressions of step
responses and general solutions of flexible manipulators have been
obtained. Using the method of modal expansion, a finite dimensional
nonlinear dynamic model has been derived. Explicit solutions of the
asymptotic behavior of high order modal frequencies and vibration
modes are given and verified with the numerical results. Both
asymptotic analysis and numerical results indicate that the effect of
shear deformation is significant for high frequency vibrations or
shorter manipulators. Simulations indicate that the effects of both
rotary inertia and shear deformation are significant and should be
included in the high precision and high performance control design
of flexible manipulators.

Both editors would like to thank our contributing authors for their
outstanding research, hard work and great patience with our long and
tedious editing process. We also like to thank our graduate students and



Preface xiii

associates at the Complex Systems and Intelligence Science Laboratory,
Chinese Academy of Sciences, Beijing, and the Program for Advanced
Research in Complex Systems, the University of Arizona, Tucson,
Arizona, for their support and service. We thank Mr. Steven Patt of
World Scientific Publishing Co. for his patience. This project is
supported in part by the Outstanding Oversea Scientist Program,
Outstanding Young Scientist Research Award, and a grant from the
Chinese National Science Foundation, Chinese Academy of Sciences,
and State Development and Planning Commission, China.

Fei-Yue Wang and Yanqing Gao
Beijing, China
Tucson, Arizona, USA



Prefacexiv



xv

Contributing Authors

Omar Al-Jarrah
Department of Electrical and Computer Engineering
Ohio State University, USA

Marco A. Arteaga
Sección de Eléctrica, DEPFI
Universidad Nacional Autónoma de México

Wayne J. Book
School of Mechanical Engineering
Georgia Institute of Technology, USA

Ling-Li Cui
Complex Systems and Intelligence Science Laboratory
Institute of Automation, Chinese Academy of Sciences, Beijing, China

Yanqing Gao
Systems and Industrial Engineering Department
University of Arizona, Tucson, Arizona 85721, USA
The Intelligent Control and Systems Engineering Center
Institute of Automation, Chinese Academy of Sciences, Beijing, China

Shuzhi Sam Ge
Department of Electrical and Computer Engineering
National University of Singapore
Singapore 117576

Douglas L. Girvin
School of Mechanical Engineering
Georgia Institute of Technology, USA

Zheng-Hua Luo,
Department of Control Engineering
Osaka University, Japan



Contributing Authorsxvi

Fumitoshi Matsuno
Department of Computational Intelligence and Systems Science
Tokyo Institute of Technology, Japan

Bruno Siciliano
Dipartimento di Informatica e Sistemistica
Università degli Studi di Napoli Federico II

Jeffery L. Russell
Systems and Industrial Engineering Department
University of Arizona, Tucson, Arizona 85721, USA

David Wang
Department of Electrical and Computer Engineering
University of Waterloo, Canada

Fei-Yue Wang
Complex Systems and Intelligence Science Laboratory
Institute of Automation, Chinese Academy of Sciences, China
Program for Advanced Research for Complex Systems
University of Arizona, Tucson, Arizona 85721, USA

Zhi-Quan Xiao
The Intelligent Control and Systems Engineering Center,
Institute of Automation, Chinese Academy of Science, Beijing, China

Keon-Young Yi
Department of Electrical and Computer Engineering
Ohio State University, USA

Yuan F. Zheng
Department of Electrical and Computer Engineering
Ohio State University, USA

Pixuan Zhou
Systems and Industrial Engineering Department
University of Arizona, Tucson, Arizona 85721, USA


