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PREFACE

Remarkable developments have taken place in the field of mechatronics in recent
years. As reflected in the "Janglish" (Japanese-English) word mechatronics, the
concept of integrating electronic and mechanical devices in a single structure is one
that is already well accepted in Japan. Currently, robots are employed to manufacture
many products in Japanese factories, and automated systems for sample displays and
sales are utilized routinely in the supermarkets of Japan. Further, the rapid advances
in semiconductor chip technology have led to the need for microdisplacement
positioning devices. Actuators that function through the piezoelectric,
magnetostriction, and shape memory effects are expected to be important
components in this new age of micromechatronic technology. In this sense, the term
micromechatronics has a much broader context than just a single class of devices
(such as the silicon-based MEMS devices) and is meant to include not only the other
types of devices, but also the manner in which they are applied in a particular
micromechatronic system.

This book is the latest in a series of texts concerned with ceramic actuators written
by Kenji Uchino. The first, entitled Essentials for Development and Applications of
Piezoelectric Actuators, was published in 1984 through the Japan Industrial
Technology Center. The second, Piezoelectric/Electrostrictive Actuators, published
in Japanese by the Morikita Publishing Company (Tokyo) in 1986, became one of
the bestsellers of that company, and was subsequently translated into Korean. The
problem-based text Piezoelectric Actuators: Problem Solving, was also published
through Morikita and was sold with a 60-minute instructive videotape. The English
translation of that text was completed and published in 1996 through Kluwer
Academic Publishers. This sixth text, written in collaboration with Jayne Giniewicz,
offers updated chapters on topics presented in the earlier texts as well as new
material on current and future applications of actuator devices in micromechatronic
systems. The emphasis is largely on electromechanical actuators, which are and will
continue to be of primary importance in this area.

We present in the text a theoretical description of solid-state actuators, give an
overview of practical materials, device designs, drive/control techniques, and typical
applications, and consider current and future trends in the field of
micromechatronics. An overview of the field and recent developments in
micropositioning technology are presented in Chapter 1 along with an overview of
the materials to be presented in the text. Theoretical basics and practical materials,
design and manufacturing considerations are covered in Chapters 2 through 4 and
drive/control techniques are described in Chapter 5. The unique challenges of
modeling and practically regulating electromechanical losses and heat generation in
actuator devices are addressed in Chapter 6. Chapter 7 is dedicated entirely to the
modeling of these effects by means of finite element analysis and a demonstration of
these methods is included on the CD-ROM that accompanies the text. Three distinct

in
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classes of applications are presented in Chapters 8 through 10. Servo displacement
transducer applications are presented in Chapter 8, while pulse drive motor and
ultrasonic motor applications are described in Chapter 9 and Chapter 10,
respectively. Finally, in Chapter 11 we consider the future of micromechatronics in
terms of the technological and economic impact these new systems will have on
industry and society.

This textbook is intended for graduate students and industrial engineers studying or
working in the fields of electronic materials, control system engineering, optical
communications, precision machinery, and robotics. The text is designed primarily
for a graduate course with the equivalent of thirty 75-minute lectures; however, it is
also suitable for self-study by individuals wishing to extend their knowledge in the
field. The CD-ROM supplement includes a 57-minute video in which some
commercially produced actuators are presented and some examples of finite-element
modeling are demonstrated. We are indebted to Dr. Philippe Bouchilloux, of
Magsoft Corporation, Troy, NY, for creating this supplement and for writing the
introduction to the finite element method presented in Chapter 7 of the text. Because
the development of actuator devices and their use for micropositioning is a new,
dynamic, and highly interdisciplinary field, it would be impossible to cover the full
range of related material in a single text. Hence, we have selected what we feel are
the most important and fundamental topics to provide an adequate understanding of
the design and application of actuator devices for micromechatronic systems.

We would like to acknowledge in particular the following individuals for permitting
the citation of their studies in the application chapters of the text:

Takuso Sato, Tokyo Institute of Technology
Katsunori Yokoyama and Chiaki Tanunia, Toshiba R&D Laboratory
Shigeo Moriyama and Fumihiko Uchida, Hitachi Central Research Laboratory
Teru Hayashi and Iwao Hayashi, Tokyo Institute of Technology, Precision
Engineering Laboratory
K. Nakano and H. Ohuchi, Tokyo Institute of Technology, Precision Engineering
Laboratory
Sadayuki Takahashi, NEC Central Research Laboratory
Ken Yano, NEC Communication Transfer Division
M ichihisa Suga, NEC Microelectronics Laboratory
Toshiiku Sashida, Shinsei Industry
E. Mori, S. Ueha, and M. Kuribayashi, Tokyo Institute of Technology, Precision
Engineering Laboratory
Akio Kumada, Hitachi Maxel
Kazumasa Onishi, ALPS Electric
Yoshiro Tomikawa and Seiji Hirose, Yamagata University
Kazuhiro Otsuka, Smart Structure Center, MISc
Yasubumi Furuya, Hirosaki University
Toshiro Higuchi, University of Tokyo
Ben K. Wada, Jet Propulsion Laboratory
J. L. Fanson and M. A. Ealey, Jet Propulsion Laboratory and Xin^tics
H. B. Strock, Strock Technology Associates
A. B. Flatau, Iowa State University
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A. E. Clark, Clark Associates
Nesbit Hagood, Massachusetts Institute of Technology
Mark R. Jolly and J. David Carlson, Lord Corporation

For the reader who seeks current information on state-of-the-art actuator technology
we recommend The Handbook on New Actuators for Precision Control edited by the
Solid State Actuator Study Committee, JTTAS (editor-in-chief, K. Uchino), and
published by Fuji Technosystem, Tokyo in 1995. A thorough and timely introduction
to ferroelectric materials and applications is presented in Ferroelectric Devices by
Kenji Uchino (published by Marcel Dekker, Inc., in 2000) and it is strongly
recommended to readers interested in learning more about ferroelectric materials.

Finally, we express our gratitude to our colleagues at The Pennsylvania State
University and the Indiana University of Pennsylvania. A special expression of
gratitude is extended to Dr. Robert E. Newnham and Dr. L. Eric Cross of The
Pennsylvania State University for their continuous encouragement and support
during the preparation of this text. Kenji Uchino expresses his appreciation of his
wife, Michiko, and her kind daily support throughout the project. Jayne Giniewicz
wishes to thank her colleagues and friends in the Department of Physics and Dean
John Eck of the Indiana University of Pennsylvania for their enthusiastic support of
her participation in this project. Any good that she might produce in this or any task
at hand is, as always, dedicated with the fullest heart to John and Theo Giniewicz.

Kenji Uchino
Jayne R. Giniewicz
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PREREQUISITE KNOWLEDGE
This study of micromechatronics assumes certain preliminary knowledge. Answer
the following questions before referring to the answers on the next page.

Ql Provide definitions for the elastic stiffness, c, and elastic compliance, s, using
stress (X)-strain (x) equations.

Q2 Sketch a shear stress (X^ and the corresponding shear strain (xj) on the
square material depicted below.

3
t

Q3 Write an equation for the velocity of sound, v, in a material with mass density,
p, and elastic compliance, SE.

Q4 Given a rod of length, /, made of a material through which sound travels with
a velocity, v, write an equation for the fundamental extensional resonance
frequency, fu.

Q5 Provide the argument for the cosine function on the right-hand side of the
following equation: cos(kx) cos(cot) + cos (kx-n/2) cos (ut-Jt/2) = cos [?]

Q6 Calculate the capacitance, C, of a capacitor with area, A, and electrode gap, t,
filled with a material of relative permittivity, K.

Q7 Write an equation for the resonance frequency of the circuit pictured below:

C L

Q8 Write the Laplace transform for the impulse function [8(t)].

Q9 Given a power supply with an internal impedance, Z0, what is the optimum
circuit impedance, Z t, required for maximum power transfer?

Q10 Write an equation for the polarization, P, induced in a piezoelectric with a
piezoelectric strain coefficient, d, when it is subjected to an external stress, X.

XI



Xll Prerequisite Knowledge

Answers (A good score is 60% or better.)

Ql = cx, x = sX

Q2 x4 = 2 x23 = 2i j>
[Notes: Radian measure is generally preferred. This shear stress is not
equivalent to the diagonal extensional stress.]

Q3

Q4 f0 = v / 2/Q5 (kx-ort)
[A traveling wave is obtained by superimposing two standing waves.]

Q6 C = E0K (A / t)

Q7 f =
271, LC

Q8 1
Note: The impulse function is occasionally used to obtain the transfer

function of the system.

Q9 ZI = Z0
Note: The current and voltage associated with Zi are V/CZo+Zj) and

[Zi/(Z0+Zi)]V, respectively, the product of which yields the power.
Maximum power transfer occurs when: Z0 / JZJ =

Q10 P = dX (refer to x = d E)
(This is called the direct piezoelectric effect.)



SUGGESTED TEACHING SCHEDULE

(Thirty 75-minute sessions per semester)

0. Course Overview and Prerequisite Knowledge Check
1. Current Trends for Actuators and Micromechatronics
2. Theoretical Description of Electric Field-Induced Strains
3. Actuator Materials
4. Actuator Structures and Fabrication Processes
5. Drive / Control Techniques
6. Loss Mechanisms and Heat Generation
7. Finite Element Analysis

Laboratory Demonstrations
8. Servo Displacement Transducer Applications
9. Pulse Drive Motor Applications
10. Ultrasonic Motor Applications
11. Future of Micromechatronics

Review/Q&A

1 Time
3 Times
3 Times
2 Times
2 Times
4 Times
ITime
2 Times
1 Time
3 Times
2 Times
4 Times
1 Time
1 Time

xni



SYMBOLS

D Electric Displacement
E Electric Field
P Dielectric Polarization
Ps Spontaneous Polarization
a Ionic Polarizability
Y Lorentz Factor
(I Dipole Moment
e0 Dielectric Permittivity of Free Space
£ Dielectric Permittivity
K Relative Permittivity or Dielectric Constant

(assumed for ferroelectrics: K = % = K-l)
K Inverse Dielectric Constant
% Dielectric Susceptibility
C Curie-Weiss Constant
T0 Curie-Weiss Temperature
Tc Curie Temperature (Phase Transition Temperature)
G Gibbs Free Energy
A Helmholtz Free Energy
F Landau Free Energy Density
x Strain
xs Spontaneous Strain
X Stress
s Elastic Compliance
c Elastic Stiffness
v Sound Velocity
d Piezoelectric Charge Coefficient
h Inverse Piezoelectric Charge Coefficient
g Piezoelectric Voltage Coefficient
M,Q Electrostrictive Coefficients
k Electromechanical Coupling Factor
r\ Energy Transmission Coefficient
Y Young's Modulus
tan 8 (tan 5') Extensive (intensive) Dielectric Loss
tan 4> (tan <[>') Extensive (intensive) Elastic Loss
tan 9 (tan 9') Extensive (intensive) Piezoelectric Loss

xiv
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1
CURRENT TRENDS FOR ACTUATORS AND

MICROMECHATRONICS

1.1 THE NEED FOR NEW ACTUATORS

An actuator is a transducer that transforms drive energy into a mechanical
displacement or force. The demand for new actuators has increased significantly in
recent years especially for positioner, mechanical damper, and miniature motor
applications. These devices are used in a variety of fields such as optics, astronomy,
fluid control, and precision machining.

Submicrometer fabrication, common in the production of electronic chip elements, is
also becoming important in mechanical engineering. The trends depicted in Figure
1.1 show how machining accuracy has improved over the years.1 One of the primary
reasons for the improved accuracy is the development of more precise position
sensors. Sensors utilizing lasers can easily detect nanometer scale displacements.
This could be regarded as another instance of "the chicken or the egg" issue,
however, as the fabrication of such precise optical instruments can only be achieved
with the submicrometer machining equipment the sensors are designed to monitor.

In an actual machining apparatus comprised of translational components (the joints)
and rotating components (the gears and motor) error due to backlash will occur.
Machine vibration will also lead to unavoidable position fluctuations. Furthermore,
the deformations due to machining stress and thermal expansion also cannot be
ignored. The need for submicron displacement positioners to improve cutting
accuracy is apparent. One example is a prototype for a lathe machine that uses a
ceramic multilayer actuator and can achieve cutting accuracy of 0.01 um.2

The concept of "adaptive optics" has been applied in the development of
sophisticated new optical systems. Earlier systems were generally designed such that
parameters like position, angle, or the focal lengths of mirror and lens components
remained essentially fixed during operation. Newer systems incorporating adaptive
optical elements respond to a variety of conditions to essentially adjust the system
parameters to maintain optimum operation. The original "lidar" system (a radar
system utilizing light waves) was designed to be used on the NASA space shuttle for
monitoring the surface of the Earth.3 A laser beam is projected towards the Earth's
surface, and the reflected light is received by a reflection telescope, amplified by a
photomultiplier, and the resulting signal is processed to produce an image. The
vibration noise and temperature fluctuations of the shuttle make it difficult for a
sharp image to be obtained, however, and the use of a responsive positioner was
considered to compensate for the detrimental effects.

1
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Figure 1.1 Obtainable accuracies in manufacturing and measurement over time.
Note that current accuracies tend to be on the micrometer and
nanometer scales, respectively.

Active and passive vibration suppression by means of piezoelectric devices is also
promising technology for use in space structures and military and commercial
vehicles. Mechanical vibration in a structure traveling through the vacuum of space
is not readily damped and a 10 m long array of solar panels can be severely damaged
simply by the repeated impact of space dust with the structure. Active dampers using
shape memory alloys or piezoelectric ceramics are currently under investigation to
remedy this type of problem. A variety of smart skins designed for military tanks or
submarines are illustrated in Figure 1.2. A signal is generated in the sensitive skin
with perhaps the impact of a missile on the tank or the complex forces applied to a
submarine through turbulent flow, which is fed back to an actuator. The actuator
responds by changing its shape to effectively minimize the impact damage on the
tank (structureprotection) or the drag force on the submarine.

The demand for other applications in the field of mechanical engineering is also
increasing rapidly. One important class of devices that meets these demands is the
"solid-state motor." Market research focused on just office equipment needs, such as
printers and floppy disk drives, indicates that tiny motors smaller than 1 cm will be
in increasing demand over the next ten years. Conventional electromagnetic motor
designs, however, do not provide sufficient energy efficiency for these applications.
Piezoelectric ultrasonic motors, whose efficiency is insensitive to size, are superior
to the conventional devices when motors of millimeter size are required.
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Structure Protection Smart Skin
(Turbulent flow suppression)

I Processor

Figure 1.2 Smart skin structures for military tanks and submarines.

1.2 CONVENTIONAL METHODS FOR MICROPOSITIONING

A classification of actuators is presented in Table 1.1. This classification is based on
the features of the actuator that relate to micropositioning controllability. Electrically
controlled types are generally preferred for applications where miniature devices are
needed. A few of the relevant specifications for the solid-state actuators included in
this classification also appear in the table. Compared with conventional devices, the
new principle actuators provide much quicker response, smaller size, higher
resolution, and a higher power-to-weight ratio.

Conventional methods for micropositioning usually include displacement reduction
mechanisms to suppress mechanical backlash, which are categorized into three
general groups: (1) oil/air pressure displacement reduction, (2) the electromagnetic
rotary motor with a gear, and (3) the voice coil motor.4 A brief description of each
follows.

(1) Oil Pressure Type Displacement Reduction Mechanism

Changing the diameter of an oil-filled cylinder as illustrated in Figure 1.3 effectively
reduces the resulting displacement at the output. Devices utilizing this oil pressure
mechanism are generally large and have slow responses. Transducers of this type are
sometimes used in the reverse mode for amplifying the displacement produced by a
solid-state actuator.

(2) Combination of a Motor and a Displacement Reduction Mechanism

Screw transfer mechanisms are typically used when the moving distance is long (see
Figure 1.4). Using very precise ball screws, positioning accuracy of less than 5 um
can be obtained for a 100 mm motion. When higher accuracies are required,
additional displacement reduction mechanisms are necessary.
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Table 1.1 Displacement characteristics of various types of actuators.

Drive Device Displacement

Air pressure Motor Rotation
Cylinder 100 mm

Oil pressure Motor Rotation
Cylinder 1000 mm

Electricity AC Servo Motor Rotation
DC Servo Motor Rotation
Stepper Motor 1000 mm

Voice Coil Motor 1 mm

New Piezoelectric 100 \an
Magnetostrictor 100 um
Ultrasonic Motor Rotation

(piezoelectric)

Accurac Torque/ Response
y Generative Time

Force
degrees
100 urn

degrees
10 nm

minutes
minutes
lOjun
0.1 urn

0.01 nm
0.01 fill!
minutes

50 Nm 10 sec
10'1 N/mm2 10 sec

100 Nm 1 sec
100 N/mm2 1 sec

30 Nm 100 msec
200 Nm 10 msec
300 N 100 msec
300 N 1 msec

30 N/mm2 0.1 msec
100 N/mm2 0.1 msec

1 Nm 1 msec

Output
*_*

—— . Oil

v\ Iy/m%
Input

Figure 1.3 Schematic representation of an oil pressure displacement reduction
mechanism.

Movable table Transfer screw
\ *~~» / Axial guide Servo motor

Figure 1.4 Illustration of a screw positioning mechanism.

There are several other commonly used displacement reduction mechanisms. The
mechanisms highlighted in Figure 1.5 illustrate the action of a spring constant
difference, a hinge lever, and a wedge. The combination of a motor with a ball screw
or a displacement reduction mechanism has the advantages of quick response, a
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substantial generative force, and good controllability, but is generally difficult to
fabricate in miniature form due to its structural complexity. In addition, the
manufacturing tolerances of a typical transfer screw tend to promote backlash in
positioning even when displacement reduction mechanisms are implemented.

Hard Output Soft spring

(b)

Plate spring. ,
x f Output

Needle

]i Input

Input

(c)

Figure 1.5 Illustrations of several displacement reduction mechanisms utilizing
the action of: (a) a spring constant difference, (b) a hinge lever, and
(c) a wedge.

The minimum size of an electromagnetic motor is generally limited to about 1 cm, as
motors smaller than this will not provide adequate torque and efficiency. One of the
smallest electromagnetic motors to be fabricated is shown in Figure 1.6.5 A
micromotor with a diameter of 1.9 mm typically generates a torque of only 7.5 uNm
and rotational speeds of 100,000 rpm. An optional microgearbox with a reduction
ratio of 47 can be used with this motor so that the drive can deliver an enhanced
torque of up to 300 uNm. Use of this gearbox, however, reduces the efficiency of the
motor significantly. Further, as the size of electromagnetic motor is reduced the
winding wire thickness must also be reduced, which leads to a significant increase in
the electrical resistance and Joule heating.
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Figure 1.6 An electromagnetic micromotor with a diameter of 1.9
developed by the Institute of Microtechnique GmbH, Mainz.5

mm,

(3) Voice Coil Motors

The structure of a voice coil motor is shown schematically in Figure 1.7. Among the
three displacement control devices described here, this motor achieves the most
precise positioning. It requires relatively large input electrical energy, however, has a
slow response, and produces rather low generative forces.

Elastic spring , Movable coil

Slider

Movement

Magnetic circuit

Axial guide

Figure 1.7 Schematic representation of a voice coil motor.



Current Trends for Actuators and Micromechatronics 7

The search for new solid-state actuators that do not use springs or gear mechanisms
has thus developed in recent years to more effectively and reliably provide the
displacements required for micropositioning applications. A review of the current
technology related to state-of-the-art solid-state actuators is presented in the next
section.

1.3 AN OVERVIEW OF SOLID-STATE ACTUATORS

(1) Smart Actuators

Let us now consider the "smartness" of a material. The various properties relating
the input parameters of electric field, magnetic field, stress, heat and light with the
output parameters charge/current, magnetization, strain, temperature and light are
listed in Table 1.2. Conducting and elastic materials, which generate current and
strain outputs, respectively, with input, voltage or stress (diagonal couplings), are
sometimes referred to as "trivial" materials. High temperature superconducting
ceramics are also considered trivial materials in this sense, but the figure of merit
(electrical conductivity) exhibited by some new compositions has been exceptionally
high in recent years making them especially newsworthy.

On the other hand, pyroelectric and piezoelectric materials, which generate an
electric field with the input of heat and stress, respectively, are called smart
materials. These off-diagonal couplings have corresponding converse effects, the
electrocaloric and converse piezoelectric effects, so that both "sensing" and
"actuating" functions can be realized in the same material. One example is a tooth
brace made of a shape memory (superelastic) alloy. A temperature dependent phase
transition in the material responds to variations in the oral temperature, thereby
generating a constant stress on the tooth.

"Intelligent" materials must possess a "drive/control" or "processing" function,
which is adaptive to changes in environmental conditions in addition to their actuator
and sensing functions. Photostrictive actuators belong to this category. Some
ferroelectrics generate a high voltage when illuminated (the photovoltaic effect).
Since the ferroelectric is also piezoelectric, the photovoltage produced will induce a
strain in the crystal. Hence, this type of material generates a drive voltage dependent
on the intensity of the incident light, which actuates a mechanical response. The self-
repairing nature of partially stabilized zirconia can also be considered an intelligent
response. Here, the material responds to the stress concentrations produced with the
initial development of the microcrack (sensing) by undergoing a local phase
transformation in order to reduce the concentrated stress (control) and stop the
propagation of the crack (actuation).

If one could incorporate a somewhat more sophisticated mechanism for making
complex decisions to its "intelligence," a wise material might be created. Such a
material might be designed to determine that "this response may cause harm" or "this
action will lead to environmental destruction," and respond accordingly. It would be
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desirable to incorporate such fail-safe mechanisms in actuator devices and systems.
A system so equipped would be able to monitor for and detect the symptoms of wear
or damage so as to shut itself down safely before serious damage or an accident
occurred.

Table 1.2 Various basic and cross-coupled properties of materials.
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(2) New Actuators

Actuators that operate by means of a mechanism different from those found in the
conventional AC/DC electromagnetic motors and oil/air pressure actuators are
generally classified as "new actuators." Some recently developed new actuators are
classified in Table 1.3 in terms of input parameter. Note that most of the new
actuators are made from some type of solid material with properties specifically
tailored to optimize the desired actuating function. That is why these actuators are
sometimes referred to as just solid-state actuators. We will examine in this section
some of the most popular and useful types of materials utilized for this class of
actuators and their associated properties.

The displacement of an actuator element must be controllable by changes in an
external parameter such as temperature, magnetic field or electric field. Actuators
activated by changes in temperature generally operate through the thermal expansion
or dilatation associated with a phase transition, such as the ferroelectric and
martensitic transformations. Shape memory alloys, such as Nitinol, are of this type.
Magnetostrictive materials, such as Terfenol-D, respond to changes in an applied
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magnetic field. Piezoelectric and electrostrictive materials are typically used in
electric field-controlled actuators. In addition to these, we will consider silicon-
based microelectromechanical systems (MEMS), polymer artificial muscles, light
activated actuators (for which the displacements occur through the photostrictive
effect or a photoinduced phase transformation), and electro/magnetorheological
fluids.

Table 1.3 New actuators classified in terms of input parameter.

Input Parameter Actuator Type/Device

Electric Field Piezoelectric/Electrostrictive
Electrostatic (Silicon MEMS)
Electrorheological Fluid

Magnetic Field Magnetostrictive
Magnetorheological Fluid

Stress Rubbertuator

Heat Shape Memory Alloy
Bubble Jet

Light Photostrictive
Laser Light Manipulator

Chemical Mechanochemical
Metal-Hydrite

The desired general features for an actuator element include:

1) large displacement (sensitivity - displacement/ driving power),
2) good positioning reproducibility (low hysteresis),
3) quick response,
4) stable temperature characteristics,
5) low driving energy,
6) large generative force and failure strength,
7) small size and light weight,
8) low degradation/aging in usage,
9) minimal detrimental environmental effects (mechanical noise, electro-

magnetic noise, heat generation, etc.).
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(3) MEMS: Microelectromechanical Systems

Silicon has become almost synonymous with integrated electronic circuitry. Due to
its favorable mechanical properties, silicon can also be micromachined to create
microelectromechanical systems (MEMS).6 The techniques for micromachining
silicon have developed over the past ten years in a variety of industries for a wide
range of applications. Pressure and acceleration sensors are produced for application
in medical instrumentation and automobiles. One important example is the
acceleration sensor used to trigger an air bag in an automobile crash. The generative
force/displacement levels produced by MEMS devices are, however, generally too
small to be useful for many actuator applications.

In bulk micromachining, mechanical structures are fabricated directly on a silicon
wafer by selectively removing wafer material. Etching is the primary technique for
bulk micromachining, and is either isotropic, anisotropic, or a combination of the
two states. The etch rate for anisotropic etching depends on the crystallographic
orientation; for example, an anisotropy ratio of 100:1 is possible in the <100>
directions relative to the <111> directions. Etch processes can be made selective by
using dopants (heavily doped regions etch slowly), or may be halted
electrochemically (etching stops in a region of different polarity in a biased p-n
junction). After the etching process is complete, the silicon wafer is anodically
bonded to Pyrex and finally diced into individual devices. This has been a standard
technique for fabricating silicon pressure sensors and micropumps for many years.

Recently, however, surface micromachining, silicon fusion bonding, and a process
called LIGA (Lithographic, Galvanoformung, Abformung) have also emerged as
major fabrication techniques. Surface micromachining of a wafer involves
selectively applying or removing thin film layers. Thin film deposition and wet and
dry etching techniques are the primary tools for this. Thin films of polysilicon,
silicon oxide, and silicon nitride are used to produce sensing elements, electrical
interconnections, and the structural, mask, and sacrificial layers. Silicon epitaxial
layers, grown and deposited silicon oxide layers and photoresist are used as
sacrificial materials.

A typical surface micromachining process is depicted in Figure 1.8.6 A sacrificial
layer is applied (grown or deposited) in an appropriate pattern on the wafer and then
removed from the areas where a mechanical structure will be attached to the
substrate. Then, the mechanical layer is applied and patterned. Finally, the
underlying sacrificial layer is etched away to release the mechanical structure. This
process can produce structures on a scale of a few hundred micrometers, such as the
microgripper appearing in Figure 1.9. This microgripper was fabricated by Berkeley
Sensor and Actuator Center, CA, using released-polysilicon surface micromachining
and is activated by electrostatic forces.6
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Figure 1.8 A typical surface micromachining process. The phosphosilicate glass
layer is sacrificial in this process.6

The first step of the LIGA process involves generating a photoresist pattern on a
conductive substrate using deep x-ray lithography. The gaps between the resist
patterns can be fully electroplated, yielding a highly accurate negative replica of the
original resist pattern. This can be used as a mold for plastic resins such as polyimide
and polymethyl methacrylate or for ceramic slurries. Once the material has been
cured, the mold is removed, leaving behind microreplicas of the original pattern. An
epicyclic microgearbox appears in Figure 1.10 that is to be fitted onto the
micromotor pictured in Figure 1.6. It contains seventeen microinjection-molded
components made from the polymer POM. Note that the chief disadvantage of this
process is the need for a short-wavelength, highly collimated x-ray source, ideally a
synchrotron. Few MEMS manufacturers can afford their own synchrotron.
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(© 1994 IEEE)

Figure 1.9 A microgripper fabricated by Berkeley Sensor and Actuator Center,
CA using released-polysilicon suface micromachining.6

Figure 1.10 A microgearbox made of polymer POM using a LIGA technique. It
will be fitted onto the micromotor pictured in Figure 1.6.5
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(4) Artificial Muscle

In a manner similar to the silicon MEMS devices, the operation of polymer film
actuators is based on electrostatic principles. The artificial muscle described here,
developed at the University of Tokyo, makes use of this type of actuator.7

The basic design and operation of the polymer film actuator is depicted in Figure
1.11. Two polymer films with embedded electrodes are placed adjacent to each
other. When three-phase voltages (+V, -V, 0) are applied in succession to every
three embedded electrodes in the stator film [Figure 1.11 (a)], charges of -Q, +Q and
0 are induced on the opposing slider film [Figure l.ll(b)]. Then, when the three
voltages are switched to -V, +V and -V [Figure l.ll(c)], a repulsive force is
generated between the stator and slider films, and an attractive force is generated
between the adjacent electrodes on the two films. This produces an electrode pitch
displacement (in this case a shift of the slider to the right) [Figure l.ll(d)]. The
electrostatic force generated increases significantly as the electrode gap is reduced.
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Figure 1.11 The basic design and operation of a polymer film actuator.7
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The construction of the electrostatic polymer artificial muscle is illustrated in Figure
1.12. A thin film of PET, 12 um in thickness, is used for the slider, to which a
polyimide film with surface line electrodes is laminated which serves as the stator.
Spacers are included in the structure as shown to maintain the proper separation
between electroded surfaces. Five stator/slider pairs, 34 mm in width and 80 mm in
length, are stacked together with a 0.35 mm gap between them. The prototype
structure, which weighs 43 g is then dipped into "Fluorinat" (3M). When three-phase
voltage at 10 Hz is applied with a pitch range of 0.1-1.0 mm, a speed of 1 m/sec is
achieved without load. A propulsive force (thrust) of 1-3 N is possible with an
applied root-mean-square voltage of 2.5 kV. The relatively high voltage required for
operation is a major drawback of this artificial muscle.

Metallic pin

Moviijg Direction

Slider film

Spacer

Conductive rubber

Stator Slider Electrode '

Figure 1.12 Construction of the electrostatic polymer artificial muscle.7

A robot arm driven by the electrostatic artificial muscles is shown in Figure 1.13. A
40-layer electrostatic actuator (generating 320 N) works in conjunction with a 20-
layer actuator (generating 160 N) via a pulley mechanism.8

(5) Shape Memory Alloys

Many materials exhibit large mechanical deformations when undergoing a structural
phase transition. This phase transition may be induced by temperature, stress, or
electric field. In some materials, once the mechanical deformation is induced, some
deformation may be retained with the release of the load and applied stress, but the
original form may be restored with the application of heat. This type of action is
called shape memory.
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Figure 1.13 Schematic representation of a robot arm incorporating two artificial
muscles.8

The stress versus strain curves for typical shape memory and superelastic alloys and
a normal metal are shown in Figure 1.14.9 When the stress applied to a normal metal
exceeds the elastic limit, irreversible (non-recoverable) plastic deformation results.
A superelastic alloy subjected to the same level of stress, on the other hand, will
become elastically soft at a level beyond the elastic deformation limit, due to a
stress-induced phase transformation. The deformation that occurs in this case,
however, is reversible and the original form is recovered as the load is removed and
the stress is released. Finally, we see in the case of the shape memory alloy, a
response quite similar to the normal metal except that for these materials the original
form may be recovered after the load has been removed by heating the alloy at the
appropriate temperature.

Depending on the temperature at which it is deformed, a shape memory alloy may
exhibit one of two different types of mechanical behavior: superelastic or
pseudoplastic. When Nitinol (a Ni-Ti alloy) is behaving as a superelastic material,
reversible deformation of up to 10% may be obtained with a very small effective
modulus, which is several orders of magnitude smaller than the modulus of the
parent phase. When the material is pseudoplastic, the deformation occurs with some
slight hardening accompanied by very large strains. The pseudoplastically deformed
alloy can then be restored to its initial shape by heating. The generative force may be
as high as 10s N/m2 during the recovery process.
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Figure 1.14 Typical stress versus strain curves for:
memory, and (c) superelastic materials.9

(a) normal, (b) shape

The shape memory and superelastic mechanisms are considered from a
crystallographic viewpoint in Figure 1.15.'° In a normal metal, atomic shifts occur
above a certain critical stress, leading to a shear strain, which remains as a
permanent residual strain even after the stress is removed [Figure 1.15(a)]. In a
shape memory alloy, a martensitic phase transformation occurs under these
conditions; if the parent phase (austenite) is below the transition temperature, the
martensite phase will be induced. Macroscopically the material will retain the same
shape, but on a microscopic level many twin structures will have been generated.
Since the twin planes are easily moved, the martensite material is readily deformed
by the external stress [Figure 1.15(b)]. However, when the deformed material is
heated to a temperature higher than the reverse phase transition temperature, Af, the
parent phase (austenite) is induced and the initial shape is recovered. This is the
shape memory effect. If stress is applied to a shape memory alloy above the
transition temperature, Af (that is, in the austenite phase), above a certain stress level
the martensite phase is induced gradually, leading to a pseudoplastic response. The
material is very compliant under these conditions. As the applied stress is decreased,
the reverse phase transformation (martensite to austenite) occurs and the material
returns to its original elastically stiff state. This elastic phenomenon, which is similar
to what is observed for rubber, is called super elasticity.

Interestingly, one of the first commercial successes involving the shape memory
alloy was in women's lingerie. One brassiere design incorporating the alloy
exploited the material's superelastic properties to help maintain a comfortable fit
while providing adequate support. Another big market has been for pipe couplers
and electrical connectors.11 The couplings are made by machining a cylinder of the
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alloy while it is in the austenite phase, usually with circumferential sealing bands on
the inner diameter. A second, slightly wider cylinder is then inserted into the shape
memory cylinder as it cools in order to force it to expand as the material transforms
to the martensite phase. When the coupling is brought back to room temperature, the
outer cylinder contracts as it reverts to the austenite phase, tightly clamping the inner
cylinder.

(a)

(Shear strain)

(b)

heating (T>A/)

loading
<<=> CCCf

unloading

®r>A
Figure 1.15 Microscopic lattice distortions for: (a) normal, (b) shape memory,

and (c) superelastic metals.10

An actuator incorporating a shape memory spring is shown in Figure 1.16. A normal
steel spring and a shape memory alloy (Ni-Ti, or Nitinol) spring, which will
"remember" its fully extended form, are included in the design. At low operating
temperatures, the shaft will be pushed to the right as the shape memory spring
becomes soft. When the temperature is raised (for example, by means of an electric
current), the spring constant of the shape memory actuator will increase significantly,
causing the shaft to be pushed to the left.
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Bias spring SMA Spring

Figure 1.16 A two-way actuator incorporating shape memory alloy (SMA) and
normal metal (bias) springs.

A similar mechanism is utilized in the flapper control unit for an air conditioning
system. The temperature of the air passing from the air conditioner is constantly
changing and can sometimes become uncomfortably cold. One solution to this
problem is to adjust the air flow direction using a flap mounted on the front of the air
conditioner that is actuated by a shape memory alloy as shown in Figure 1.17.12

When the flowing air is cold, the flap will move so as to direct the air upward, and
when the air temperature exceeds body temperature, it will move so as to direct the
air downward. The link mechanism and the rocking motion of the flap are illustrated
in Figure 1.17(a). The shape memory spring and bias spring act on the ends of the
flapper to swing it like a seesaw about the pivot, thus redirecting the air flow as the
temperature changes.

(6) Magnetostrictive Actuators

Magnetostrictive materials convert magnetic energy into mechanical energy and vice
versa. A magnetostrictive material becomes strained when it is magnetized.
Conversely, when either an applied force or torque produces a strain in a
magnetostrictive material, the material's magnetic state (magnetization and
permeability) will change.

Magnetostriction is an inherent material property that depends on electron spin, the
orientation and interaction of spin orbitals, and the molecular lattice configuration. It
is also affected by domain wall motion and rotation of the magnetization under the
influence of an applied magnetic field or stress.13
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Figure 1.17 An air conditioning system with a shape memory flapper control
mechanism: (a) schematic representation of the flapper control
mechanism and (b) the flapper control unit as it appears in an actual
air conditioner.12

Research on giant magnetostriction began with studies on Terfenol-D (a Tb-Dy-Fe
alloy) conducted by Clark et al.14 Longitudinally and transversely induced strain
curves at various temperatures for Terfenol-D appear in Figure 1.18. The domain
wall motion induced with the application of a small magnetic field occurs due to the
growth of domains having magnetization aligned with the applied field, at the
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expense of domains with magnetization opposing the field. At moderate field
strengths, the magnetic moments within unfavorably oriented domains overcome the
anisotropy energy and suddenly rotate such that one of their crystallographic easy
axes is more closely aligned with the external field direction. This sudden rotation is
generally accompanied by a large change in strain. As the field is increased further,
the magnetic moments undergo coherent rotation until they are completely aligned
with the applied field. At this point the material is single-domain and the strain curve
becomes saturated.

X1CT*
1600

10 15
H (kOe)

20 25 30

Figure 1.18 Longitudinally and transversely induced strains in Terfenol-D at
various temperatures.14

Although one can attain strains exceeding 0.17% and sufficiently large generative
stresses with magnetostrictive materials of this type, problems similar to those
encountered with electromagnetic motors arise. These are related to the need for a
magnetic coil and high field strengths to drive the devices. A typical design for a
giant magnetostrictive actuator is depicted in Figure 1.19.15 Two noteworthy features
of this actuator are the pre-stressing mechanism and the magnetic coil and shield,
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which significantly increase the overall volume and weight of the system. The
extensional pre-stress is important for optimum performance of the magnetostrictive
alloy, and in some cases, a bias magnetic field must be maintained because the
induced strain tends to be rather insensitive to the external field at low field
strengths.
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Tightening Screw
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Figure 1.19 A typical design for a giant magnetostrictive actuator.15

The sonar device depicted in Figure 1.20 includes a square array of four
magnetostrictive (Terfenol-D) rods mounted in a metal ring.16 The magnetostrictive
rods are 6 mm in diameter and 50 mm in length, and have a free resonance frequency
of 7.4 kHz. The resonance frequency of the entire ring device is 2.0 kHz.

In general, magnetostrictive actuators such as these are bulky due to the magnetic
coil and shield required for their operation, and, hence, are difficult to miniaturize.
On the other hand, since they can generate relatively large forces and their efficiency
increases with increasing size, they tend to be especially suitable for applications
often reserved for electromagnetic motors, such as in construction/demolition
machines and for vibration control in large structures. Another intriguing application
can be found in surgery, where miniature magnetostrictive actuators, controlled with
external magnetic fields provided by means of technology similar to what is
currently used in MRI machines, can be used for specialized procedures.
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Figure 1.20 A high power acoustic transducer incorporating four magneto-
strictive actuators.16

(7) Piezoelectric/Electrostrictive Actuators

When an electric field is applied to an insulating material, strain will be induced in
the material either through the piezoelectric effect, electrostriction, or a combination
of the two effects. The converse piezoelectric effect is a primary electromechanical
effect, where the induced strain is proportional to the applied electric field, while the
electrostrictive effect is a secondary phenomenon, whereby the induced strain is
proportional to the square of the applied field. A brief introduction to this class of
devices is given here. A more thorough description of the piezoelectric effect and
electrostriction will be presented in the next chapter.

Electric field-induced strain curves are shown for piezoelectric lanthanum-doped
lead zirconate titanate (PLZT) and electrostrictive lead magnesium niobate (PMN)-
based ceramics in Figure 1.21.17 The piezoelectric response shows the characteristic
linear strain versus field relation with a noticeable hysteresis, while the
electrostrictive response exhibits no hysteresis and a non-linear relation between the
induced strain and the applied electric field is apparent. Due to this non-linear
behavior, a sophisticated drive circuit is generally needed for electrostrictive
actuators. Note that the maximum strain and stress levels for the piezoelectric
ceramics are around 0.1% and 4 x 107 N/m2, respectively.

Among all the solid-state varieties, piezoelectric actuators have undergone the most
advanced development and remain the most commonly employed type for many
applications at this time. The dot matrix printer head pictured in Figure 1.22, which
operates by means of a multilayer piezoelectric actuator with sophisticated
displacement amplification mechanisms, is one earlier application that was
commercialized by NEC of Japan in 1987.18

Piezoelectric ultrasonic motors have also been developed intensively. Electronic
component industries have currently focused their attention on the development of
these devices, mainly because the piezoelectric motors offer distinct advantages of
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superior efficiency, miniature size (5-8 mm), and ease of manufacturing over
conventional electromagnetic motors. Microultrasonic motors, developed and
commercialized by Seiko Instruments, Japan, for wristwatch applications appear in
Figure 1.23.19 The 8 mm diameter motor is used as a silent alarm, and the 4 mm
diameter motor is part of a date change mechanism.

(a)

-15 - 1 0 - 5 0 5
Electric field (kV/cm)

15 -15 -10 -5 0 5 10
Electric field (kV/crn)

15

Figure 1.21 Electric field-induced strains in (a) piezoelectric lanthanum-doped
lead zirconate titanate, and (b) electrostrictive lead magnesium
niobate-based ceramics.17
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Figure 1.22 A dot matrix printer head incorporating a multilayer piezoelectric
actuator and a hinge-lever type displacement amplification
mechanism (NEC, Japan).18
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Figure 1.23 Microultrasonic motors utilized for silent alarm (8 mm diameter, left
side) and date change (4 mm diameter, right side) mechanisms in a
wristwatch (Seiko, Japan).19

(8) Polymer/Elastomer Actuators

Large strains can be generated in polymer materials without causing mechanical
damage because of their high elastic compliance. Polymer actuator materials can be
classified according to two general types: polyvinylidene difluoride (PVDF)-based
piezoelectric polymers and electret/'elastomer types.

Copolymers from the system polyvinylidene difluoride trifluoroethylene [P(VDF-
TrFE)] are well known as piezoelectric materials. The strain induced in these
materials is not very large, however, due to the very high coercive field. An electron
irradiation treatment has been applied to materials from this system by Zhang et al.
which significantly enhances the magnitude of the induced strain.20 A 68/32 mole
percent P(VDF-TrFE) copolymer film is irradiated by a 1.0 MeV electron beam at
105°C. The 70 Mrad exposure results in a diffuse phase transition and a decrease in
the transition temperature as compared with the non-irradiated material. It is
believed that the observed changes in the phase transition are due to the development
of a microdomain state, similar to that associated with relaxor ferroelectrics, which
effectively interrupts the long-range coupling of ferroelectric domains. The strain
curve pictured in Figure 1.24 for an irradiated P(VDF-TrFE) specimen demonstrates
that induced strains as high as 5% are possible with an applied field strength of 150
MV/m.

Elastomer actuators operate through the Maxwell force that occurs in an electrostatic
capacitor. Considering a capacitor with an area, A, and electrode gap, t, filled with a
dielectric material with a dielectric constant, K, the capacitance, C, and the stored
energy, U, will be given by:

C = e0K(A/t) (1.1)
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= (1/2)CV2 (1.2)

Note that an attractive force described by

F = (3U/3t) = -(1/2) e0 K A(V/t)2 (1.3)

will be induced between the electrodes, which will lead to a decrease in the inter-
electrode distance. Hence, we see that a larger displacement can be obtained by
increasing the elastic compliance and the effective permittivity (and, therefore, the
stored electric charge) of the material. A hybrid elastomer structure has been
developed whereby a porous PTFE and a stiff PFCB phase are incorporated in the
configuration depicted in Figure 1.25.21 The stiffer PFCB phase serves to store the
charge while the porous PTFE phase effectively increases the overall compliance of
the structure. An effective piezoelectric d^ strain coefficient of around 600 pC/N,
has been obtained for this composite structure, which is 20 times larger than that
obtained for pure PVDF. In theory, one can reasonably predict a strain level as high
as 100% (a twofold enhancement) for this material when a sufficiently soft polymer
is used as the porous phase. It is important to note that even though one might
feasibly anticipate large displacements for a polymer, they will be realized only at
the expense of the generative force and responsivity of the device.
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Figure 1.24 The electric field-induced strain curve for an irradiated
polyvinylidene difluoride-based copolymer.21
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Soft PTFE
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Figure 1.25 Schematic representation of a hybrid elastomer structure
incorporating a porous PTFE and a stiff PFCB phase.21

(9) Photostriction

The ongoing emphasis on miniaturization and the integration of microrobotics and
microelectronics has resulted in significant development of new ceramic actuators.
Those utilizing wavelength-dependent optical actuation mechanisms are especially
attractive at this time. Photostrictive actuators, which convert the photonic energy
into mechanical motion, are of interest for their potential use in microactuation and
microsensing applications. Optical actuators are also attractive for use as the driving
component in optically controlled electromagnetic noise-free systems. The
photostrictive effect has also been used recently for a photophonic device, in which
light is transformed into sound through the mechanical vibration induced by
intermittent illumination.

In principle, the photostrictive effect arises from a superposition of the photovoltaic
effect (the generation of a potential difference in response to illumination), and the
converse piezoelectric effect (strain induced by an applied electric field).22 The
photostrictive effect has been studied mainly in ferroelectric polycrystalline
materials. Lanthanum-modified lead zirconate titanate (PLZT) ceramic is one of the
most promising photostrictive materials due to its relatively high piezoelectric
coefficient and ease of fabrication. The origin of the photovoltaic effect in PLZT is
not yet clear, although several models for possible mechanisms have been proposed.
Key issues in understanding the mechanisms behind the effect are both impurity
doping and crystal asymmetry. One model has been proposed that describes the
effect in terms of the electron energy band structure for PLZT ceramics.23

According to this model, the donor impurity level associated with the lanthanum
doping will occur slightly above the valence band as depicted in Figure 1.26. The
asymmetric potential due to crystallographic anisotropy is expected to facilitate the
transition of the electron between these levels by providing it with preferred
momentum. An asymmetric crystal exhibiting a photovoltaic response should also
be piezoelectric and, therefore, a photostrictive response is also expected through
the coupling of the two effects.

Application of the photostriction effect has been demonstrated with the PLZT
ceramic photo-driven relay and microwalking devices developed by Uchino et al.24

These devices are activated entirely by the incident light and require no drive
circuitry.
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Figure 1.26 A current source model for the photovoltatic effect in PLZT. 23

Recently, a new application for highly efficient photostrictive PLZT films on
flexible substrates has been proposed for use in a new class of small exploratory
land vehicles for future space missions.25 The original 7i-shaped design of the micro-
walking device can be modified to assume the arch shape pictured in Figure 1.27. It
is comprised of a photoactuating composite film, similar to that conventionally used
for unimorphs, fabricated in the form of an arch on which the triangular top piece is
attached. The device executes the motion depicted in the figure when illuminated.
Optimum photostrictive response has been observed for devices incorporating
PLZT films approximately 30 um in thickness. The device is driven at resonance
with chopped illumination. Photomechanical resonance has been demonstrated in a
PLZT bimorph.26 Photoactuating films have been produced from PLZT solutions
and applied to one side of a suitable flexible substrate designed to assume a
curvature of 1 cm"1. The walking device is designed to have a small difference in
length between the right and left legs in order to establish a slight difference
between their resonance frequencies. A chopped light source operating near these
resonance frequencies is used to illuminate the device in order to induce the
optimum vibration of the bimorph. Rotation of the walker in either the clockwise or
counterclockwise directions is achieved by tuning the source to match the resonance
frequency of one or the other leg.

(10) Electro/Magnetorheological Fluids

Composite materials whose rheological properties can be changed with the
application of an electric or a magnetic field are referred to as electrorheological
(ER) or magnetorheological (MR) materials, respectively. The ER and MR
materials are generally in the liquid state. The rheological state of such fluids is
affected when dipoles are induced in the suspension by the applied field. The dipoles
interact to form columnar structures parallel to the applied field as depicted in Figure
1.28. These chain-like structures restrict the flow of the fluid, thereby increasing the
viscosity of the suspension.
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Figure 1.27 Schematic representation of an arch-shaped photoactuating film
device: (a) action sequence and (b) the triangular top piece.25

Electrorheological (ER) fluids are composed of electrically polarizable particles
suspended in an insulating medium. Ferroelectric particles, such as barium titanate
and strontium titanate, are typically used in ER fluids because they have relatively
high dielectric constants. On the other hand, magnetorheological (MR) fluids have a
high concentration of magnetizable particles in a nonmagnetic medium. Spherical
iron particles obtained from the thermal decomposition of iron pentacarbonyl are
commonly used.27
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Figure 1.28 Schematic representation of the response of an electrorheological
fluid to applied electric field and stress.

The properties of typical ER and MR fluids are summarized in Table 1.4. In general,
ER and MR fluids are almost identical in terms of their rheological characteristics.
However, from a production point of view, the MR fluid is preferred over the ER
variety, because its properties are less affected by impurities.

Table 1.4 Properties of typical ER and MR fluids.

Property
Maximum Yield Strength
Maximum Field
Plastic Viscosity
Temperature Range

Response Time
Density
Maximum Energy Density
Typical Power Supply
Impurity Sensitivity

ER Fluid
2-5 (kPa)

4 (kV/mm)
O.l-l.O(Pa-s)

+10-90 (°C) [DC]
-10-125 (°C) [AC]

ms
1-2 (g/cm3)

0.001 (J/cm3)
2-5(kV)/l-10(mA)

intolerant

MR Fluid
50-100 (kPa)
250 (kN/Am)
O.l-l.O(Pa-s)
-40-150 (°C)

ms
3-4 (g/cm3)
0. 1 (J/cm3)

2-25 (kV)/l-2 (mA)
unaffected

The yield stress and apparent viscosity of the fluids increase with the applied field
because the mechanical energy required to induce and to maintain these chain-like
structures increases with increasing field strength. The storage modulus is plotted as
a function of applied electric field for silicone elastomers containing 20-30% iron in
Figure 1.29.28 These elastomers exhibit significant variations in modulus with
increasing electric field. The shear storage modulus was also found to be dependent
on the alignment of the particles in the elastomer.
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Figure 1.29 The storage modulus plotted as a function of applied electric field for
silicone elastomers containing 20-30% iron. 8 [Random (o) and
Aligned (•) particle orientation states]

The basic modes of operation for ER and MR fluids are illustrated in Figure 1.30.
Magnetorheological fluid foam dampers are effective and exhibit long life. Little
wear of the foam matrix occurs as the stresses are carried by the field-induced chain
structure of iron particles in the MR fluid. A caliper type MR fluid brake design is
depicted in Figure 1.31. Rather than a fully enclosed housing, the absorbent foam
filled with MR fluid is attached to the pole faces of the steel yoke. These
magnetorheological fluid-based devices have been successfully commercialized for

,.29use in exercise equipment and in vehicle seat vibration control.30

H,E T
Pressure _____I Force & Motion

H,E

Force Speed

Figure 1.30 Basic modes of operation for ER and MR fluids: (a) valve mode,
(b) direct shear mode, and (c) squeeze mode.
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Figure 1.31 Construction of two simple, low cost magnetorheological (MR) foam
devices: (a) a vibration damper30 and (b) a rotary caliper brake29.
(Lord Corp.)

(11) Comparison among the Solid-State Actuators

The specifications for shape memory, magnetostrictive, piezoelectric and
electrostrictive actuators are listed in Table 1.5. Certain characteristic features of
each type become evident upon examining these data. The shape memory actuators,
which operate in response to a temperature change, require a relatively large amount
of input energy and typically have rather slow response speeds. A flat strip of Ni-Ti
alloy, which alternates in form between an arc shape and an unbent strip to transfer
energy to a spring, however, can be deformed repeatedly by heating and cooling via
an electric current.

The magnetostrictive actuator likewise demonstrates some advantages and
disadvantages. Although some magnetic alloys (such as Terfenol-D) may exhibit
relatively large induced strains, more commonly the strain induced in this class of
actuator is small. An additional drawback to this variety is the need for a driving
coil, which in many applications can be troublesome; Joule heating is inevitable, and
magnetic field leakage prevents it from being used adjacent to an operational
amplifier or some other type of integrated circuit.

On the other hand, piezoelectric strain and electrostriction are induced by an electric
field, and relatively large strains can be obtained in a variety of materials. Hence, the
piezoelectric and electrostrictive actuators are considered the most promising. Lead
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zirconate titanate (PZT)-based piezoelectric ceramics are most commonly used due
to their availability, linear characteristics, low driving energy (low permittivity), and
temperature stability at room temperature, as compared to the electrostrictive
devices. Electrostrictive actuators are preferred for applications where there may be
significant temperature variations (such as experienced by components used on the
space shuttle) or high stress conditions (as occur for cutting machine devices). In
terms of their reliability, electrostrictive materials are considered better than
piezoelectrics in these cases, because they exhibit significantly less degradation and
aging under severe conditions.

Table 1.5 Specifications for shape memory, magnetostrictive, piezoelectric and
electrostrictive actuators.

Strain (A///)
Hysteresis
Aging
Response
Drive Source

Shape Memory
10'3-10'2
Large
Large

s
Heat

Magnetostrictive
104-103

Large
Small

US
Magnetic Coil

Piezoelectric
10'3-102

Large
Large

ms
Electric Field

Electrostrictive
io-4-io3

Small
Small

us
Electric Field

1.4 CRITICAL DESIGN CONCEPTS AND THE STRUCTURE
OF THE TEXT

The framework for the themes presented in this text is based on certain design
concepts and trends that are important in the development of new actuators and
modern micromechatronic systems. Let's briefly consider these concepts and trends
and some relevant examples in a general way before moving into the more detailed
descriptions presented in the following chapters.

(1) Design Concepts Involving Smart Actuators

The performance of smart actuators is dependent on complex factors, which can be
divided into three major categories: (1) the material properties, (2) the device design,
and (3) the drive technique. The devices and systems to be presented in the
following chapters will be described and characterized in terms of these primary
factors.

In order to illustrate the significance of these factors with regard to the design of a
device or system, let us focus for the moment just on piezoelectric devices. One
material-related concern of primary importance will be the optimization of the
piezoceramic or single crystal composition, which may involve the incorporation of
dopants. The orientation of a single crystal material is also of importance. Control of
material parameters such as these are necessary in order to optimize the strains
induced under high stroke level drive and to stabilize temperature and external stress
dependences. The design determines to a large extent the performance, durability,
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and lifetime of the device. The inclusion of some failure detection or "health"
monitoring mechanism in the actuator is expected to increase its reliability
significantly. When considering drive techniques, the pulse drive and AC drive
modes require special attention. The vibration overshoot that occurs after applying
an abrupt leading edge step/pulse voltage to the actuator will cause a large tensile
force and a sustained applied AC voltage will generate considerable heat within the
device. The product of such a design will be one for which all of these parameters
have been optimized.

(2) Future Trends of Smart Actuators

Much of the current interest in ceramic actuators stems from the development of
smart materials and structures. The evolution of this family of materials is gradually
progressing through stages ranging from trivial functionality to smart to intelligent
and finally to a more "wise" mode of operation. As already discussed, the off-
diagonal couplings listed in Table 1.2 all have corresponding converse effects (such
as the piezoelectric and converse-piezoelectric effects) so that both "sensing" and
"actuating" functions can be realized in the same materials. One example of such a
material is that employed in the electronic modulated automobile shock absorber
developed by Toyota Motors, which is pictured in Figure 1.32.31 The sensor used to
detect the road roughness and the actuator used to modify the valve position to
change the shock absorbing rate are both multilayer piezoelectric devices. The soft
absorbing mode of operation provides the comfortable ride one expects in a vehicle
such as a luxury limousine, while the hard absorbing mode provides the good
steering control one might desire in a truck or sport utility vehicle. This smart
suspension system can also provide both controllability and comfort simultaneously,
depending on road conditions. We will consider the design and operation of this
system in more detail in Chapter 9.

Mohandas Gandhi, a famous Indian leader, compiled the "The Seven Blunders of the
World," in which we find very important principles that also apply in developing
new devices. "Science without Humanity" is one of them. We have referred to the
fact that in the future we may need to incorporate fail-safe mechanisms or some other
"wise" function in our devices or systems to determine whether "this response may
cause harm to humans" or "this action will lead to environmental destruction," and to
respond accordingly.

In addition to the fail-safe mechanisms referred to earlier in this chapter, we can
consider this idea of a "wise" system in a somewhat broader sense. Not long ago,
one of the authors (K.U.) met an enthusiastic, middle-aged researcher in Tokyo. He
was working on a piezoelectric actuator system for artificial insemination and
proudly declared that their system could impregnate cows precisely and quickly, at
the rate of some two hundred per hour. One question that might come to mind in
considering such a system is: What are the moral/ethical implications of this sort of
mass production of cows? While some may recognize that this system for artificial
insemination has some utility in agriculture and might even potentially be of vital
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importance to humans who can conceive by no other means, others may regard it as
morally or ethically unacceptable. Thus, in addition to the good, practical
considerations that arise in designing and implementing a new system, moral and
ethical concerns may also need to be considered for certain applications. Even if the
appropriate "wise" function is not actually incorporated in a given device or system,
one would hope that the wisdom of the designer(s) would ultimately prevail in
situations where such issues apply.

- Piezoelectric sensor

Piezoelectric multilayer
actuator

Piston

Damping change
valve

Figure 1.32 An electronic modulated automobile shock absorber developed by
Toyota Motors using a both a multilayer piezoelectric sensor and
actuator.31

CHAPTER ESSENTIALS
1. Applications for new actuators:

a. positioners,
b. micromotors,
c. vibration suppressors.

2. Disadvantages of conventional positioning devices:
a. oil/air pressure displacement reduction mechanism: slow response
b. electromagnetic motor with transfer screw mechanism: backlash
c. voice coil: slow response, small generative force.

3. Desired features for an actuator element:
a. large displacement (sensitivity = displacement/driving power),
b. good positioning reproducibility (low hysteresis),
c. quick response,
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d. stable temperature characteristics,
e. low driving energy,
f. large generative force and failure strength,
g. small size and light weight,
h. low degradation/aging in usage,
i. minimal detrimental environmental effects (such as mechanical noise,

electromagnetic noise, heat generation).

4. Comparison among solid-state actuators:

Strain (AW)
Hysteresis
Aging
Response
Drive Source

Shape Memory
10'3-102

Large
Large

s
Heat

Magnetostrictive
104-10-3

Large
Small

US
Magnetic Coil

Piezoelectric
Kr3-10'2

Large
Large

ms
Electric Field

Electrostrictive
10"4-1Q-3

Small
Small

US
Electric Field

5. Design considerations in the development of smart actuators:
a. materials designing,
b. device designing,
c. drive/control techniques, in terms of improved performance and reliability.

CHAPTER PROBLEMS

1.1 Compare the advantages and disadvantages of the various types of solid-
state actuator materials (shape memory alloy, magnetostrictive,
piezoelectric, electrostrictive) in terms of: a) displacement, b) response
speed, c) generative force, d) efficiency, and e) environmental effects.

1.2 We wish to design a compact electromagnetic motor with a coil 1 cm in
diameter. We will use 100 turns of a thin wire that is 100 p.m in diameter. If
the conductivity of Cu is a = 6.0 x 107 (Q. m)"1, calculate the resistance of
this coil. If a current of 0.5 A flows through this coil, calculate the Joule
heat generated per second.
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A THEORETICAL DESCRIPTION OF
FIELD-INDUCED STRAINS

Generally speaking, the word " 'electrostriction" is used to describe electric field-
induced strain, and hence frequently also implies the "converse piezoelectric effect."
According to solid-state theory, however, the converse piezoelectric effect is
defined as a primary electromechanical coupling effect where the induced strain is
directly proportional to the applied electric field, while electrostriction is a second
order coupling in which the strain is proportional to the square of the electric field.
Thus, strictly speaking, they should be distinguished. The piezoelectric effect for a
ferroelectric with a centrosymmetric high temperature prototype phase, however,
originates from the electrostrictive coupling, and hence the two effects are closely
related. This is true assuming that the material is a single domain crystal and that its
state does not change with the application of an electric field. In a piezoelectric
ceramic, the additional strains that develop with the reorientation of ferroelectric
domains are also important. A description of ferroelectricity in terms of crystal
structure is presented first in this chapter followed by a phenomenological
description of the piezoelectric effect and electrostriction.

2.1 FERROELECTRICITY

(1) Crystal Structure and Ferroelectricity

In the so-called dielectric materials, the constituent atoms are typically ionized to a
certain degree. When an electric field is applied to such ionic crystals, centers of
positive charge are drawn to the cathode and centers of negative charge to the anode
due to electrostatic attraction, thus inducing electric dipoles within the material.
This phenomenon is known as electric polarization, which is characterized by the
number of electric dipoles induced per unit volume (C/m2). The mechanisms of
electric polarization are represented in Figure 2.1. There are three fundamental
mechanisms that give rise to the net polarization of a dielectric: (1) electronic
polarization, (2) ionic polarization, and (3) dipole orientation polarization.

A capacitor with a dielectric between its electrodes can store more electric charge
than a device of similar dimensions filled with air due to polarization of the
dielectric as depicted in Figure 2.2. The physical quantity corresponding to the
stored electric charge per unit area is called the electric displacement, D, and is
related to the electric field according to the equation:

D =e 0 E + P = Ke0E (2.1)

37
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r>-12Here, e0 is the permittivity of free space (8.854x10" F/m), and K is the relative
permittivity, also referred to as the dielectric constant, which has a second-rank
tensor property.

E = 0

Electronic
Polarization

Ionic
Polarization

Dipole \j —
Reorientation A A

Figure 2.1 Microscopic origins of polarization.
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Figure 2.2 Charge accumulation in a dielectric capacitor.

There are certain crystal structures for which the centers of positive and negative
charge do not coincide, even when no external electric field is applied. Such crystals
are said to possess a spontaneous polarization. When the spontaneous polarization
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of the dielectric can be reversed by an applied electric field, the material is called a
ferroelectric.

Not every dielectric is a ferroelectric. Crystals can be classified into 32 point groups
according to their crystallographic symmetry, and these point groups can be divided
into two classes, one with a center of symmetry and the other without one. This
classification of the point groups is presented in Table 2.1. There are twenty-one
point groups which do not have a center of symmetry. Among these, twenty point
groups [point group (432) being the sole exception] are piezoelectric; that is,
positive and negative charges are generated on their surfaces when stress is applied.
Pyroelectricity is the phenomenon whereby, due to the temperature dependence of
the spontaneous polarization, electric charges are generated on the surface of the
crystal when the temperature of the crystal is changed. Among the pyroelectric
crystals, those whose spontaneous polarization can be reversed by an electric field
(not exceeding the breakdown limit of the crystal) are called ferroelectrics. One
necessary test for ferroelectricity, therefore, is to experimentally observe the
polarization reversal when an electric field of the appropriate magnitude is applied.

Table 2.1 Crystallographic classification scheme based on polarity and the
presence of a center of symmetry. [Hex: Hexagonal, Tetra: Tetragonal,
Rhomb: Rhombohedral, Ortho: Orthorhombic, Mono: Monoclinic, Tri:
Triclinic]

Polar
Non-
Polar
(22)

Polar
(10)

Symm.

Centra
(11)

Non-
Centro

(21)

Crystal System
Cubic

m3m

432
43m

m3

23

Hex
6/mram

622

6m2
6mm

6/m

6

6

Tetra
4/mmm

422
42m
4mm

4/m

4

4

Rhomb

3~m

32

3m

3

3

Ortho
mmm

222

2mm

Mono
2/m

2
m

Tri
I

1

Piezoelectric point groups appear in shaded cells.

(2) Origin of the Spontaneous Polarization

Why is it that crystals, which on the basis of their elastic energy alone should be
stable in a non-polar state, still experience a shifting of ions and become
spontaneously polarized? For simplicity, let us assume that dipole moments result
from the displacement of one kind of ion, A, (with an electric charge q) relative to
the undistorted crystal lattice. We will consider the case in which the polarization is
characterized by all the A ions being displaced in the same way.

This kind of ionic displacement could occur with the normal thermal vibration of
the lattice. Some possible ion configurations are depicted for a perovskite crystal in
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Figure 2.3. If a particular lattice vibration effectively lowers the crystal energy, the
ions will shift accordingly, thereby stabilizing the crystal structure and minimizing
the energy of the system. Starting with the original cubic structure pictured in
Figure 2.3(a), if the configuration in Figure 2.3(b) is established, only the oxygen
octahedra are distorted without generating dipole moments (acoustic mode). On the
other hand, when the configurations in Figure 2.3(c) or (d) are established, dipole
moments are generated (optical mode). The states depicted in Figures 2.3(c) and (d)
correspond to ferroelectric and antiferroelectric states, respectively. If either of these
modes exist, a decrease in the vibration frequency will occur with decreasing
temperature (soft phonon mode), until finally, at a certain critical temperature
corresponding to a phase transition, the vibration frequency becomes zero.

(b)

Figure 2.3 Some possible ion configurations in a perovskite crystal
corresponding to: (a) the initial cubic structure, (b) a symmetrically
elongated structure, (c) a structure with coherently shifted center
cations, and (d) a structure with an anti-polar shift of the center
cations. [Dark: center cations; Shaded: oxygen octahedra atoms]

It follows that, at any individual A ion site, there exists a local field associated with
the surrounding polarization P, even if there is no external field, E0, applied. It can
be shown that:

Eloc = E0 + (2.2)
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where, ri5 is a position vector relating the location of a given dipole with dipole
moment p; to a particular location in space as depicted in Figure 2.4, and y is called
the Lorentz factor. In the case of an isotropic, cubic system, Y is considered to be
unity.1 The local field is the driving force for the ion shift.

Equipotential

Dielectric Material

Figure 2.4 Schematic representation of the parameters used to define the local
field, Eloc.

If the ionic polarizability of ion A is a, then the dipole moment, u, of a unit cell of
this crystal is given by:

(2.3)

The energy of this dipole moment (dipole-dipole coupling) is defined as:

, . ,2"
w dip 9e

(2.4)

If there are N atoms per unit volume, the energy is expressed as:

Nay 2
wdiP = N w di P = - (2.5)
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Furthermore, when the A ions are displaced from their nonpolar equilibrium
positions, the elastic energy increases. The elastic energy per unit volume is
expressed as:

w elast (2.6)

where u is the magnitude of the displacement, and k and k' are force constants. The
higher order force constant, k', plays an important role in determining the magnitude
of the dipole moment in pyroelectric crystals. Making use of the relationship:

P = Nqu (2.7)

in Equation (2.5) and combining with Equation (2.6), we may express the total
energy as:

k1

4N 3q 4
P4 (2.8)

The shapes of the total energy and individual energy functions are depicted in
Figure 2.5. It is apparent from this analysis that when the coefficient associated with
the harmonic term of the elastic energy is equal to or greater than the coefficient
associated with the dipole-dipole coupling, the polarization, P, will be zero; that is,
the A ions are stable and will remain at their nonpolar equilibrium positions.
Otherwise, a shift from the equilibrium positions will occur to establish a stable
configuration and a net spontaneous polarization will result. Spontaneous
polarization tends to develop more readily in perovskite crystal structures (such as
barium titanate) because they generally have a higher value of the Lorentz factor
(y=10) than most other crystal structures.2

(3) Physical Properties of Ferroelectrics and Their Applications

An important ferroelectric material is barium titanate, BaTiO3. It is often presented
as a classic example of a ferroelectric that exhibits so-called first-order behavior.
Barium titanate has the perovskite crystal structure depicted in Figure 2.6. In its
high temperature, paraelectric (nonpolar) phase there is no spontaneous polarization
and a cubic symmetry (Oh-m3m) exists. Below the transition temperature, which is
designated by Tc and called the Curie temperature (about 130°C for BaTiO3),
spontaneous polarization develops, and the crystal structure becomes slightly
elongated, assuming a tetragonal symmetry (C4V-4mm). There are also two lower
temperature phase transitions for BaTiO3, one from a tetragonal to an orthorhombic
phase and the other from an orthorhombic to a rhombohedral phase. We will focus
for the moment on the higher temperature paraelectric to ferroelectric transition.
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Wdip

(a) (b)

Wtot

(c)

Figure 2.5 Representations of the energies considered in describing the
microscopic mechanisms for spontaneous polarization. Shown as a
function of polarization: (a) the dipole energy per unit volume, Wdip,
(b) the elastic energy per unit volume, Wdas, and (c) the total energy
per unit volume,Wtot, for a perovskite structure.

Ti4+

T>T C T<T C

T c : Curie temperature

Figure 2.6 The crystal structure of BaTiO3.
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A general depiction of the temperature dependences of the spontaneous
polarization, Ps, and the dielectric constant, K, for barium titanate is shown in
Figure 2.7. The general trends depicted in the figure illustrate how the spontaneous
polarization, Ps, decreases with increasing temperature and vanishes at the Curie
point, while K tends to diverge near Tc. The inverse dielectric constant, 1/K, also
shown in the figure, has a linear dependence on temperature over a broad range in
the paraelectric region. This behavior is described by the so-called Curie-Weiss law,

K-l « (T-TJ
(2.9)

where % is the dielectric susceptibility, C is the Curie constant and T0 is the Curie-
Weiss temperature. The inverse dielectric constant is also discontinuous at Tc for a
first-order transition, as we shall see in Section 2.4(1), and when one extends the
linear paraelectric portion of this curve back across the temperature axis it intersects
at the Curie-Weiss temperature, T0, as depicted in Figure 2.7. It is generally
observed that T0 is slightly lower than the Curie temperature, Tc, which is the actual
transition temperature for the material.

Temperature

Figure 2.7 A general depiction of the temperature dependences of the
spontaneous polarization, the dielectric constant, and the inverse
dielectric constant for a ferroelectric material such as BaTiO3.

The spontaneous polarization, Ps, and the spontaneous strain, xs, are related as
described by the following equation:

xs = Q PS (2.10)
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The spontaneous strain, x$, associated with barium titanate typically decreases with
increasing temperature in an almost linear manner. Barium titanate is piezoelectric
in its ferroelectric phase, but becomes nonpiezoelectic in its paraelectric phase. It
exhibits only an electrostrictive response in this nonpolar phase. When the
ferroelectric is to be used as a capacitor it is operated at a temperature near the Curie
temperature where the peak dielectric constant occurs. The pronounced temperature
variation of the polarization below the Curie temperature is exploited when the
material is to be used for pyroelectric applications. Piezoelectric materials can be
used as sensors and actuators. Piezoelectric pressure and acceleration sensors are
now commercially available as well as a variety of piezo-vibrators. Precision
positioners and pulse drive linear motors can be found in precision lathe machines,
semiconductor manufacturing apparatus, and popular office equipment. The
development of ultrasonic motors for a variety of new applications has been
dramatic and widespread in recent years. Ferroelectric materials generally exhibit
excellent electrooptic properties as well and are thus seen as promising candidates
for application in displays and optical communication systems of the future.

Example Problem 2.1__________________________________
BaTiC"3 exhibits the ionic displacements at room temperature illustrated in Figure
2.8. The lattice constants are c = 4.036 (A) and a = 3.992 (A). Calculate the
magnitude of the spontaneous polarization for barium titanate in this tetragonal
form.

Figure 2.8 Ionic shifts in BaTiOs at room temperature.
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Solution

The dipole moment is defined to be the product of the magnitude of the ion charge
and its displacement. The total dipole moment in a unit cell is calculated by
summing the contributions of all the Ba2+, Ti4+, O2"-related dipoles.

p = 8[2e/8][0.061xlO"10(m)] + [4e][0.12xlO"10(m)] + 2[-2e/2][ -0.036xlO"10 (m)]
= e[0.674xlO"10(m)]
= 1.08x10'29 (Cm) (P2.1.1)

where e is the fundamental charge: 1.602 x 10"19 (C).

The unit cell volume is given by

v = a2 c = (3.992)2 (4.036) x 10'30 (m3)
= 64.3xlO-30(m3) (P2.1.2)

The spontaneous polarization represents the number of (spontaneous) electric
dipoles, p, per unit volume:

ps = p/v = 1.08 x 10'29 (Cm) / 64.3 x 10'30 (m3)
= 0.17(C/m2) (P2.1.3)

This theoretical value of Ps is in reasonable agreement with the experimental value
of0.25(C/m2).

(4) Antiferroelectrics

The previous section dealt with the configuration of spontaneous dipoles associated
with a polar crystal where the dipoles are oriented parallel to each other. There are,
however, cases in which antiparallel orientation of the dipoles lowers the dipole-
dipole interaction energy. Crystals with such a dipole configuration are called
antipolar crystals. The orientation of the spontaneous electric dipoles associated
with this antipolar state is depicted schematically in Figure 2.9. The orientation of
dipoles within a polar crystal is also pictured in the figure. In an antipolar crystal,
where the free energy of an antipolar state does not differ appreciably from that of a
polar state, the application of an external electric field or mechanical stress may
cause a reorientation of the dipoles to a parallel configuration. Such antipolar
crystals for which this type of a field- or stress-induced transition occurs are called
antiferro electrics.

Dielectric hysteresis curves characteristic of paraelectric, ferroelectric and
antiferroelectric phases are shown in Figure 2.10. It is apparent from these curves
that the P-E relationship for the paraelectric phase is linear while in the ferroelectric
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phase dielectric hysteresis occurs due to the reorientation of the spontaneous
polarization. When a crystal is in an antiferroelectric state, the induced polarization
is proportional to the applied electric field, E, at low field strengths, but when E
exceeds a certain critical value, Ecrit, the crystal undergoes an electric field-induced
phase transition and the hysteretic response depicted in Figure 2.10(c) is observed.

(a) (b)

stripe type checkerboard type

(C)

Figure 2.9 Schematic depiction of the spontaneous dipoles in: (a) nonpolar,
(b) polar, and (c) antipolar materials.

Figure 2.10 Dielectric (P-E) curves for materials in:
(b) ferroelectric, and (c) antiferroelectric states.

(a) paraelectric,
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Once the electric field is removed, the crystal returns to its antipolar state, and no
net spontaneous polarization remains. This characteristic antiferroelectric P-E
response is called a double hysteresis curve

2.2 MICROSCOPIC ORIGINS OF ELECTRIC FIELD-
INDUCED STRAINS

Solids, especially ceramics (inorganic polycrystalline materials), are relatively hard
mechanically, but still expand or contract depending on the change of the state
parameters. The strain is defined to be the ratio of the length extension, A/, to the
initial length, I, of the material. When the strain is induced by temperature change
and stress, the effects are referred to as thermal expansion and elastic deformation,
respectively. The application of an electric field can also cause deformation in
insulating materials. This is called electric field-induced strain.

We will now consider the mechanisms for electric field-induced strains.3 For the
sake of simplicity let us consider an ionic crystal such as NaCl. A one-dimensional
rigid-ion spring model of the crystal lattice is depicted in Figure 2.11. The springs
represent the cohesive force resulting from the combined action of the electrostatic
Coulomb interaction and quantum mechanical repulsion. The centrosymmetric case
is shown in Figure 2.11(b) and the more general noncentrosymmetric case is
pictured in Figure 2.11 (a). The springs joining the ions are considered to be all
identical for the centrosymmetric case of Figure 2.11(b). The springs joining the
ions for the noncentrosymmetric case shown in Figure 2.11(a), however, are
different for the longer and shorter ionic distances, where stiffer (higher k) springs
are associated with the shorter distances. When the centrosymmetric crystal is
subjected to an applied electric field, the cations are displaced in the direction of the
electric field and the anions in the opposite direction, leading to a change in the
interionic distance. Depending on the direction of the electric field, the soft springs
in our model are displaced more than the stiff springs thus producing a strain, x, in
the structure and a change in the unit cell length that is proportional to the applied
electric field strength, E. This is the known as the converse piezoelectric effect and
is expressed as:

x = d E (2.11)

where the proportionality constant d is called the piezoelectric strain coefficient.

As for the centrosymmetric case represented in Figure 2.11(b), the displacements of
the springs are nearly the same and, therefore, the interionic distances and the lattice
constants remain practically the same; hence, there is no induced strain. In reality
ions are not connected by such ideal springs. Ideal in this sense means harmonic
springs, for which Hooke's law applies. In most cases, the springs are anharmonic
(F=k!A-k2A2), that is, they are easily extended, but resistant to compression. The
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subtle differences in ion displacement resulting from this anharmonicity, lead to a
change in the lattice parameter and an associated strain, which is independent of the
direction of the applied electric field, and hence is an even-function of the electric
field. This is called the electrostriction effect, which is expressed as:

x = MEz

where M is the electrostriction coefficient.

(2.12)

Lattice constant Lattice constant

Ion pair potential energy Ion pair potential energy

A2

(a) (b)

Figure 2.11 One-dimensional rigid-ion spring model of a simple NaCl-type
crystalline lattice: (a) a noncentrosymmetric case (piezoelectric
strain), and (b) a centrosymmetric case (electrostriction).

The one-dimensional crystal represented in Figure 2.11 (a) also possesses a
spontaneous dipole moment. The total dipole moment per unit volume is called the
spontaneous polarization. When a large reverse bias electric field is applied to a
crystal that has a spontaneous polarization in a particular polar direction, a transition
"phase" is formed which is another stable crystal state in which the relative
positions of the ions are reversed (in terms of an untwinned single crystal, this is
equivalent to rotating the crystal 180° about an axis perpendicular to its polar axis).
This transition, referred to as polarization reversal, also causes a significant change
in strain and materials that undergo such a transition are referred to asferroelectrics.
Generally speaking, what is actually observed as a field-induced strain is a
complicated combination of the three basic effects (piezoelectricity, electrostriction
and polarization reversal) described in this section.
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2.3 TENSOR / MATRIX DESCRIPTION OF PIEZOELECTRICITY

(1) Tensor Representation

In the solid-state theoretical treatment of the phenomenon of piezoelectricity or
electrostriction, the strain xu is expressed in terms of the electric field, Ej, or electric
polarization, P;, as follows:

x k l =d l k ,E , + M l j k , E i E j

= g,k,P, +Q i J k ,P iP J (2.13)

where dju and gm are the piezoelectric coefficients and M^ and Qyu are the
electrostrictive coefficients. Represented in this way we regard the quantities E; and
Xy as first-rank and second-rank tensors, respectively, while dju and Mya are
considered third-rank and fourth-rank tensors, respectively. Generally speaking, if
two physical properties are represented by tensors of p-rank and q-rank, the quantity
that combines the two properties in a linear relation is represented by a tensor of
(p+q)-rank.

The djjk tensor can be viewed as a three dimensional array of coefficients comprised
of three "layers" of the following form:

dm dm dn3
1st layer (i = 1) d121 dm di23

d]3i d132 di33

d2ii d2i2 d2n
2nd layer (i = 2) d22i d222 d223 (2.14)

dan d3i2 d3i3
3rd layer (i = 3) d321 d322 d323

d33i d332 d333

(2) Crystal Symmetry and Tensor Form

A physical property measured along two different directions must have the same
value if these two directions are crystallographically equivalent. This consideration
sometimes reduces the number of independent tensor coefficients representing a
given physical property. Let us consider the third-rank piezoelectricity tensor as an
example. The converse piezoelectric effect is expressed in tensor notation as:
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(2.15)

An electric field, E, initially defined in terms of an (x, y, z) coordinate system, is
redefined as E' in terms of another system rotated with respect to the first with
coordinates (x', y', z') by means of a transformation matrix (ay) such that:

E'i = a j j E j (2.16)

or

132

(2.17)

The matrix (ay) is thus seen to be simply the array of direction cosines that allows us
to transform the components of vector E referred to the original coordinate axes to
components referred to the axes of the new coordinate system. The second-rank
strain tensor is thus transformed in the following manner:

or

A13

X23

X33

(2.18)

(2.19)

while the transformation of the third-rank piezoelectric tensor is expressed as:

d'ijk = a^a^a^ dimn (2.20)

If the dim, tensor coefficients are symmetric with respect to m and n such that
dimn=dinm> the following equivalences can be established:

d22l=

d223= d232

d223= d232

The number of independent coefficients is thus reduced from an original 27 (=33) to
only 18 and the d^ tensor may then be represented by layers of the following form:
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1st layer

2nd layer

dm
dm

dl2l23

Chapter 2

d,3,
dl23

dl33

(2.21)

3rd layer

3B

d313
d323

d333

(3) Matrix Notation

The reduction in tensor coefficients just carried out for the tensor quantity d;jk
makes it possible to render the three-dimensional array of coefficients in a more
tractable two-dimensional matrix form. This is accomplished by abbreviating the
suffix notation used to designate the tensor coefficients according to the following
scheme:

Tensor notation 11 22 33 23,32 31,13 12,21
Matrix notation

The layers of tensor coefficients represented by Equation (2.21) may now be
rewritten as:

1 st layer

2nd layer

3rd layer

d,, (l/2)d]6 (l/2)d,5
(i/2)d]6 dn (i/2)dM
(i/2)d]5 (l/2)d,4 d13

d2I (l/2)d26 (l/2)d25
(l/2)d26 d22 (l/2)d24
(l/2)d25 (i/2)d24 (i/2)d23

d31 (l/2)d36 (l/2)d35
(i/2)d36 d32 (i/2)d34
(i/2)d35 (i/2)d34 d33

(2.22)

The last two suffixes in the tensor notation correspond to those of the strain
components, therefore, for the sake of consistency, we will also make similar
substitutions in the notation for the strain components.
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—» (2.23)

Note that here the number of independent coefficients for this second-rank tensor
may also be reduced from 9 (=32) to 6 because it is a symmetric tensor and x^Xj,.
The factors of (1/2) in this and the piezoelectric layers of Equation (2.22) are
included in order to retain the general form that, like the corresponding tensor
equation expressed by Equation (2.15), includes no factors of 2 so that we may
write:

( i= l , 2 , 3 ; j = l,2,..., 6) (2.24a)

or

d21 d31

d,2 d22

13

dis d25

J33

134

EI
(2.24b)

When deriving a matrix expression for the direct piezoelectric effect in terms of the
matrix form of the stress Xy, the factors of (1/2) are not necessary and the matrix
may be represented as:

X, X
X21 X22 X23

X31

—>

Xg X5

X2 X4

Xj XT

(2.25)

so that:

P j = d i j X j (1=1 ,2 ,3 ; j = 1,2,..., 6)

or

(2.26a)

dis d16

d2i d2 d*

X,
X2

X,

x

(2.26b)
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Although the matrix notation has the advantage of being more compact and
tractable than the tensor notation, one must remember that the matrix coefficients,
djj, do not transform like the tensor components, d^. Applying the matrix notation
in a similar manner to the electrostrictive coefficients Myu, we obtain the following
equation corresponding to Equation (2.13):

x2

X,

u d,_, d3,
d,2 d,, d32

d,3 d23 d33

14 d24 d34

15 d25 d35

X,
M12

M,3

M14

M15

,M16

M2,
M22

M23

M24

M25

M26

M31

M32

M33

M34

M35

M36

M41

M42

M43

M44

M45

M46

M5I

M52

M53

M54

M55

M56

M61
N

M62

M63

M64

M65

M«J

' E,2 "
2

E?
E,E3

E3E,
U,E2J

(2.27)

Tables 2.2 and 2.3 summarize the matrices dy and My for all crystallographic point
groups.4

Example Problem 2.2
Suppose that a shear stress is applied on a crystal with a square cross-section such
that it is deformed as illustrated in Figure 2.12. Calculate the induced strain Xs
(=2x3i).

1 deg

Figure 2.12 The induced strain for a crystal with a square cross-section
subjected to a shear stress.

Solution

Since x5 = 2x31 = tan 9 = Q and 1° = [n /ISO] (rad), x5 = 0.017.
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Example Problem 2.3

Barium titanate (BaTiO3) has a tetragonal crystal symmetry (point group 4mm) at
room temperature. The appropriate piezoelectric strain coefficient matrix is
therefore of the form:

0 0
0 0

0 0 d15 0
0 d

31 "31 ^33 (

0 0
0 0

(a) Determine the nature of the strain induced in the material when an electric field
is applied along the crystallographic c axis.

(b) Determine the nature of the strain induced in the material when an electric field
is applied along the crystallographic a axis.

Solution

The matrix equation that applies in this case is:

"x,"
X2

x3

X4

X5

_ X 6 _

__

' 0 0 d31
N

0 0 d31

0 0 d33

0 d15 0
d15 0 0
0 0 0 y

"p11 1
E2

. 3_

(P2.3.1)

from which we may derive expressions for the induced strains:

Xj = X2 = d3i.c3 x3 = d33E3 X4 — dj5E2
x5 = disEi x6 = 0

so that the following determinations can be made:

(a) When E3 is applied, elongation in the c direction (x3 = d33E3, d33 > 0) and
contraction in the a and b directions (xi = x2 = d3iE3, d3i < 0) occur.

(b) When EI is applied, a shear strain x5 (= 2x31) = d15E! is induced. The case where
dis > 0 and x5 >0 is illustrated in Figure 2.13(a) (after Example Problem 2.4).
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Example Problem 2.4

Chapter 2

Lead magnesium niobate has a cubic crystal symmetry (point group m3m) at room
temperature and does not exhibit piezoelectricity; however, a large electrostrictive
response is induced with the application of an electric field. The relationship
between the induced strain and the applied electric field is given in matrix form by:

X
X2

X3

X4

X5

.X6_

I'M,! M12 M12 0 0 0 N

M12 Mu M12 0 0 0
M12 M12 MH 0 0 0

0 0 0 M44 0 0
0 0 0 0 M^ 0

^ Q 0 0 0 0 M<4,

"E? •
E\
El

F FE2C,3

E3E1

E1E2_

(P2.4.1)

Calculate the strain induced in the material when an electric field is applied along
the [111] direction.

Solution

Substituting the electric field applied in this case:

E, = E2 = E3 = E [ ln j /V3

into Equation (P2.4.1), we obtain:
E

X] =x2 =x3 = (MU + 2M12)-

X4 — X5 — X6 — JV144
-Tllll

(= xu = x22 = x33)

( = 2 x 2 3 = 2 x 3 1 = 2 x 1 2 )

(P2.4.2a)

(P2.4.2b)

The resulting distortion is illustrated in Figure 2.13(b). The strain, x, induced along
an arbitrary direction is given by

X = (P2.4.3)

where /; is a direction cosine defined with respect to the i axis. The strain induced
along the [111] direction, X,H1, , is therefore given by:

2[(x4 /2) + (x 5 /2) + (x6/2)]
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(P2.4.4)

The strain induced perpendicular to the [111] direction, x[1U]i, is calculated in a
similar fashion.

=[M u +2M 1 2 - (M 4 4 /2 ) ] (P2.4.5)

The distortion associated with this strain is depicted in Figure 2.13(b).

It is important to note here that the volumetric strain (AV/V) will be given by:

AV (P2.4.6)

and is independent of the applied field direction.

(a) (b)

Figure 2.13 Induced strains considered for Problems 2.3 and 2.4: (a) the shear
strain induced through the piezoelectric effect for a BaTiO3 single
crystal with tetragonal point group symmetry 4mm and (b) the
electrostrictive strain induced along [111] in a PMN single crystal
with cubic point group symmetry m3m.
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Table 2.2 Piezoelectric strain coefficient (d) matrices.4

f ( dm, = diik (n= 1, 2. 3)
* = 4, 5. 6)

Symbol meanings
• Zero component
0 Non-zero component

0___0 Equal component

0__Q Equal with opposite signs j.

@ -2 times of the 0 connected point

] Centro symmetric point group

Pointgroup 7. 2/m, mm/n, 4/m. 4/mmm, m3, m3m. I, Im. 6/m,

6//nmm All components are zero

II Non- centra symmetric point group

Triclinic
Point group 1

r> , . , MonoclinicPoint group 2 Point group 2

*t ( ' ' ' \ 2 " 7 ' ' * * '\
C Standard) * • • • • • ] . . . . . . I
orientation V - ' • ' •/ (g) \* • • • • • / (8)

Point group m Point group m
/ • • • • • \ »»-L*s/» • . • •

( Simtal)( - • • • • • ) f . . . . .
orientation \» • • • • • / HO \- • • • • • / (](J

Orthorbombic
Point group 222 Point group mm2

^ ( ' : : . * '
•/(3)

Point group 4 Tetrag°nal Point group 4

, >

• . . A> . < : : x : x
'(4) 14)
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Table 2.2 Piezoelectric strain coefficient (d) matrices.4 (continued)

Point group 422 Piont group 4mm

(1)
Point group 42m

2 II *, /• • • «k -N

(2)

59

Point group 432
Cubic

Point group 43m, 23

(0) (1)
All components are zero

Rhombohedral
Point group 3 Point group 32

- * • • • ' / ( 6 )
Point group 3m

m J_ x2

Standard ;)1 °~
orientation \»—• • • • '/(4)

Point group 622
>

' : : : \ :
Point group 6m2

' ' 7 (3)

Standard )
orientation

T, • s Hexagonal .Point group 6 Point group 6mm

(4)

(1)

m_L

Poinl group 6

121
Point group 6m2
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Table 2.3 Electrostriction Q coefficient matrices.4

( Qm.-QijH (m. » = 1 , 2. 3)

(Qm» = 4Qiju (m, » = 4. 5. 6)

Symbol meanings

Zero component
• Non-zero component

Equal components

Equal with opposite signs
2 times of the J, • connected component

-2 times of the • connected component
©

Trisonal
Point group 1, T

2 fold axis
Standard /» . .
orientation

' - • •

Monoclinic
Point group 2, m, 2/m

2 fold axis I x3 /• •

Orthorhombic
Point group 222, mm2, mmm
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Table 2.3 Electrostriction Q coefficient matrices.4 (continued)

61

Point group 4,7, 4 / m Teragonal

_ . , r Rbombohedral ,„ TPoint group 3, 3 Point group 3m, 32, 3m

Point group 6,6,61m Hexagonal pojnt group ^m2, 6mm, 622, 6 / mmm

'XI:: t\ /X I: :
: : : \ :

Point group 23, m3 Cublc point group 43m, 432, m3m

Isotropic
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2.4 THEORETICAL DESCRIPTION OF FERROELECTRIC
AND ANTIFERROELECTRIC PHENOMENA

(1) Landau Theory of the Ferroelectric <--^Paraelectric Phase Transition

A thermodynamic description of ferroelectric phenomena is obtained by considering
the expansion of the free energy function with respect to the polarization, P. The
one-dimensional Landau free energy density function, F(P,T), is expressed as:

F(P,T) = (l/2)cx P2 + (1/4)P P4 + (1/6)7 P6 + - (2.28)

The coefficients a, p, y are temperature dependent. The series does not contain odd
powered terms of P because the free energy of the crystal is unaffected by
polarization reversal [P->(-P)]. The phenomenological formulation is applied for
the entire temperature range over which the crystal is in its paraelectric and
ferroelectric states.

The equilibrium polarization, P, established with the application of an electric field,
E, satisfies the condition:

3F/SP = E = aP + pP3 + YP5 (2.29)

A ferroelectric state is described when the coefficient of the P2 term, a, is negative,
representative of a stable polarized state, and a paraelectric state is described when
it is positive. The a coefficient passes through zero when the temperature is equal to
the Curie-Weiss temperature, T0, according to the following relationship:

(T - T )a = ———-^- (2.30)

where the Curie constant, C, is assumed to be positive and T0 may be equal to or
lower than the actual transition temperature Tc (Curie temperature). The
temperature dependence of a is associated with thermal expansion and higher order
thermal effects.

The Second Order Transition

When p is positive, the y term may be neglected. Incorporating the definition for a
given by Equation (2.30) into Equation (2.29) and applying the condition of zero
applied electric field, we may evaluate the spontaneous polarization, PS, as a
function of temperature.
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c , , , -, = 0 (2.31)

We see from this expression that either Ps
2 = 0 or Ps

2 = (T0-T)/P C.

When the temperature is greater than the Curie-Weiss temperature (T>T0), the
unique solution PS = 0 is obtained. When the temperature is less than the Curie-
Weiss temperature (T< T0), the minimum of the Landau free energy is obtained at:

PS - ̂  (232)

The phase transition occurs at Tc = T0 and the polarization decreases continuously
from its low-temperature maximum to zero at the transition temperature; this is
called a second order transition

The inverse relative permittivity, 1/K, is defined in terms of these parameters to be:

1/K = (5E/5P) = a + 3pP2 (2.33)

and for temperatures greater than the Curie-Weiss temperature, where the
polarization is zero, when there is no applied electric field:

K = C/(T-T0) (2.34a)

while at temperatures less than the Curie-Weiss temperature:

K =C/[2(T0-T)] (2.34b)

The temperature dependences of Ps and K are shown in Figure 2.14(a). It should be
noted for the temperature dependence of the dielectric constant how it becomes
infinite at the transition temperature. Triglycine sulphate is a classic example of a
ferroelectric that exhibits the characteristics of a second order transition.

The First Order Transition

When p is negative in Equation (2.28) and y is taken to be positive, a first order
transition is described. The equilibrium condition for E = 0 in this case is expressed
by:

[(T - T0)/C] Ps + P Ps
3 + y Ps5 = 0 (2.35)

and leads to either Ps -0 or to a spontaneous polarization that is a root for:
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[(T-T0)/C]+(3Ps
2 (2.36)

The transition temperature TC is obtained when the condition that the free energies
of the paraelectric and ferroelectric phases are equal is applied such that F = 0 and:

t(T - T0)/C] + (1/2) p Ps
2 + (1/3) y Ps4 - 0

which allows us to write:

Tc = T0 + (3/16)(P 2C/y)

(2.37)

(2.38)

Note how, according to this equation, the Curie temperature, Tc, is slightly higher
than the Curie-Weiss temperature, T0, and that a discontinuity in the spontaneous
polarization, Ps, as a function of temperature occurs at Tc. This is represented in
Figure 2.14(b) where we also see the dielectric constant as a function of temperature
peak at Tc. The inverse dielectric constant is also discontinuous at TC as depicted in
the figure and when one extends the linear paraelectric portion of this curve back
across the temperature axis it intersects at the Curie-Weiss temperature, T0. These
are characteristic behaviors for a first order transition. Barium titanate is a classic
example of a ferroelectric that undergoes a first order transition of this type.

K

Ps

(a) (b)

Figure 2.14 Characteristic features of ferroelectric phase transitions: (a) second
order and (b) first order.

(2) Phenomenological Description of Electrostriction

The theory describing the electrostriction effect, as it applies to ferroelectric
materials, was formulated in the 1950's by Devonshire5 and Kay.6 We will begin
with a series expansion of the elastic Gibbs energy function in one dimension:
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Gi(P,X,T) = (l/2)a P2 + (1/4)|3 P4 + (l/6)y P6 - (l/2)s X2 - Q P2 X (2.39)

where the coefficient a is defined to be:

a = (T - T0)/C

and P is the polarization, X the applied stress, T the temperature, s the elastic
compliance, and Q the electrostriction coefficient. This allows us to write the
following expressions for the electric field, E, and the strain, x:

~\f-^
E = -̂ - = aP + p P 3 + y P 5 - 2 Q P X (2.40)

x = --^i- = sX + QP2 (2.41)
oX

We will consider two important cases in terms of these two equations.

Case I: Zero applied stress

When the applied stress is zero, Equations (2.41) and (2.42) become:

E = aP + pP3 + yP5 (2.42)

x = QP2 (2.43)

and from Equation (2.42) we may express:

1/K = (SE/3P) = a+3pP2 + 5yP4 (2.44)

In the paraelectric phase the spontaneous polarization is zero (P$ = 0) and, if a small
electric field is applied, a polarization will be induced with a magnitude given by:

P = e0 K E (2.45)

The dielectric constant will exhibit a temperature dependence in this state that obeys
the Curie- Weiss law:

K = C/(T - T0) (2.46)

so that the electrostrictive effect for the paraelectric material is given by:

x = Qe0
2K2E2 (2.47)
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The electrostrictive coefficient, M, was previously described as the quantity that
relates the induced strain to the square of the applied electric field as expressed by
Equation (2.13). This electrostriction coefficient can thus be related to the Q
coefficient according to the following expression:

= Qe0
2K2 (2.48)

In the ferroelectric phase the spontaneous polarization is nonzero and the
polarization of the material, P, under a small applied field is given by:

so that:
x = Q(PS + e0 K E)2 = QPS

2 + 2e0KQPsE + Q E0
2K2E2

The spontaneous strain is given by:

xs = QPs
2

so that the piezoelectric strain coefficient, d, may be expressed as:

d = 2e 0 KQP s

(2.49)

(2.50a)

(2.51)

(2.52)

A general depiction of the temperature dependences of these quantities appears in
Figure 2.15.

Figure 2.15 General depiction of the temperature dependences of the
spontaneous strain, xs, and the piezoelectric strain coefficient, d.

Incorporating these relationships for the spontaneous strain, xs, and the piezoelectric
strain coefficient, d, into Equation (2.50a) allows us to rewrite it in this alternative
form:

x = (2.50b)
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It is apparent from this expression that we may regard the piezoelectric effect as
essentially the electrostrictive effect biased by the spontaneous polarization.

Case II: Non-zero applied stress

When a hydrostatic pressure p is applied [X = (— )p], a new term that is proportional
to the applied pressure is added to our series expression for the inverse permittivity
[Equation (2.44)] such that:

II K = a + 3 P P2 + 5 y P4 + 2Qh(p) (2.52)

where the hydrostatic electrostrictive coefficient, Qh, is positive and the constant a
is still assumed to be:

q = (T ' T"}

C
Substituting for a in Equation (2.52), solving for T0, and considering the first
derivative of that function with respect to the applied hydrostatic pressure, p, yields:

^-=^£- = -2QhC (2.53)
dp dp

It is seen from this equation that Tc and T0 will generally decrease with increasing
applied hydrostatic pressure.

Example Problem 2.5 __________________________________
Barium titanate (BaTiO3) has electromechanical properties at room temperature
characterized by d33=320xlO'12 (C/N), K3=800 and Q33=0.11 (m4C2). Estimate the
magnitude of the spontaneous polarization, Ps, for barium titanate at this
temperature.

Solution

Let us use the relation:

d33 = 2e0K3Q33P s (P2.5.1)

Solving for Ps yields:

PS =
2e 0K 3Q 3 3
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320xlO"12(C/N)
2[8.854x 10~12 (F/ m)] [800] [0.11 (m4C~2)]

-> Ps = 0.21 [C/m2]

(P2.5.2)

Example Problem 2.6
In the case of a second order phase transition, the elastic Gibbs energy is expanded
in one-dimensional form as follows:

G^P.XJ) = (l/2)a P2 + (1/4)|3 P4 - (l/2)s X2 - Q P2 X (P2.6.1)

where only the coefficient a is dependent on temperature: a = (T-T0)/C. Determine
the dielectric constant, K, the spontaneous polarization, PS, the spontaneous strain,
xs, and the piezoelectric strain coefficient, d, as a function of temperature.

Solution

E = (dGi/dP) = aP + (3P 3-2QPX (P2.6.2)

x = -(dd/SX) = sX + QP2 (P2.6.3)

When the external stress is zero, we obtain the three characteristic equations:

E = aP + pP3 (P2.6.4)

x = QP2 (P2.6.5)

1/K = (8E/8P) = a + 3 (3 P2 (P2.6.6)

Initially setting E = 0, we obtain two stable states characterized by the following
conditions: Ps2=0 or Ps2=-(o/|3). In the paraelectric phase (T>T0), the spontaneous
polarization is zero (Ps = 0) so that l/K=a and:

K = C/(T - T0) (P2.6.7)

In the ferroelectric phase (T<T0) and we may write:

(P2.6.8)

so that [1/K = a + 3 P P2 = - 2a] and:
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K = C/2(T0 - T) (P2.6.9)

Combining this result with Equation (P2.6.8) yields:

xs = QPS
2=Q (T0-T) (P2.6.10)

Combining Equations (P2.6.8) and (P2.6.9), we may rewrite our expression for the
piezoelectric strain coefficient, d, in the following form:

= 2 e o K Q P s = eoQ„ v s
 oV

(3) Direct and Converse Electromechanical Effects

So far we have discussed the electric field-induced strains produced by the converse
piezoelectric effect, x = d E, and the direct electro-striction effect, x = M E2. Let us
consider here the corresponding effects related to the material's response to an
applied stress, X, which is applicable to sensors. The direct piezoelectric effect is
simply the change in the polarization induced by an applied stress, expressed by:

P = d X (2.54)

When considering the electrostrictive effect, it is the change in the dielectric
permittivity with applied stress that is the operative response. This is expressed by:

l/e0 K = 2QX (2.55)

which is representative of the converse electrostriction effect.

Example Problem 2.7__________________________________

One of the lead zirconate titanate (PZT) ceramics has a piezoelectric coefficient,
d33=590xlO"12(C/N), a dielectric constant, K3=3400, and an elastic compliance,
s33=20xlO'12 (m2/N).

(a) Calculate the induced strain under an applied electric field of E3=10xl05(V/m).
Then, calculate the generative stress under a completely clamped (mechanically
constrained) condition.

(b) Calculate the induced electric field under an applied stress of X3=3xl07(N/m2),
which corresponds to the generative stress in (a). The magnitude of the induced
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electric field does not correspond to the magnitude of the applied electric field
in (a) [that is, 10xl05(V/m)]. Explain why.

Solution

Part (a):

x3 = d33 E3 = [590 x 10-'2(C/N)][10 x 105 (V/m)] (P2.7.1)
-* x3 = 5.9 x 10'4

Under completely clamped (mechanically constrained) conditions,

X3 = x3/ s33 = 5.9 x 1(J4/20 x 10'12 (m2/N) (P2.7.2)
-> X3 = 3.0 x 107 (N/m2)

Part (b):

P3 = d33 X3 = [590 x 10"12 (C/N)][3 x 107 (N/m2)] (P2.7.3)
-> P3= 1.77x 10'2(C/m2)

E3 = P3/e0K = [1.77 x 10"2 (C/m2)]/[3400][8.854 x 10"12 (F/m)] (P2.7.4)
-> E 3=5.9xl0 5(V/m)

The induced field is only 59% of the electric field applied for the case given in Part
(a). This is most readily explained in terms of the electromechanical coupling factor,
k.

Considering the mechanical energy produced through the electromechanical
response of the piezoelectric with respect to the electrical energy supplied to the
material, the so-called electromechanical coupling factor, k, is defined according to
the following:

2 _ [Stored Mechanical Energy]
[Input Electrical Energy]

(/2)L(dE) / sj d= ——————:— = ——— (rz./.Sa)
(X)[e0KE2] se 0K

An alternative way of defining the electromechanical coupling factor is by
considering the electrical energy produced through the electromechanical response
of the piezoelectric with respect to the mechanical energy supplied to the material,
which leads to the same outcome:
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k2 = [Stored Electrical Energy]
[Input Mechanical Energy]

_ Q/)[P2/e0K] _ (X)[(dX)2 /e0K] _ d2

(>0 [sX2] se 0K
(P2.7.5b)

In this case, we may evaluate the electromechanical coupling factor associated with
the piezoelectric response, taking place through d33, and find that:

[590 x 10"12(C/N)]2

33 (s3 3£0K3) [20 x 10"12(m2/N)][8.854xlO-12(F/m)][3400]

-> k33
2 = 0.58

So we see why the induced electric field determined in Part (b) has a magnitude that
is only a fraction of the field applied in Part (a) of 10 x 105 (V/m). Here we see that
this fraction corresponds roughly to about k2. In this sense we may regard the
quantity k2 to be the transduction ratio associated with a particular electrical-to-
mechanical or mechanical-to-electrical piezoelectric event.

(4) The Temperature Dependence of Electrostriction

Several expressions for the electrostriction coefficient, Q, have been given in this
chapter. Based on these relationships various experimental methods for determining
the electrostriction coefficients of various classes of materials have been developed.
Among the more commonly employed methods for determining the electrostrictive
Q coefficients for ferroelectric materials are those that make use of the following
data:

a) the electric field-induced strain of the material measured for the paraelectric
phase,

b) the spontanteous polarization and spontaneous strain of the material
measured for the ferroelectric phase,

c) the piezoelectric strain coefficients determined from electric field-induced
strains measured for the ferroelectric phase either directly or by means of a
resonance method,

d) the dielectric constant measured as a function of pressure for the paraelectric
phase.

The electrostrictive coefficients Q33 and Q13 for the complex perovskite
Pb(Mg1/3Nb2/3)O3 (Curie temperature about 0°C) are shown plotted as a function of
temperature in Figure 2.16.7 No anomalies in the magnitudes of the electrostrictive



72 Chapter 2

coefficients Q33 and Q,3 are observed within this range of temperatures over which
the paraelectric to ferroelectric transition would occur and the material becomes
piezoelectric. Overall, the electrostrictive coefficients for this material are seen to be
essentially temperature independent.

so

x lO,-2

~Ql3 ——

^ Q O *J W « " O

Curie point

ix lO" 2

1)

v—'

0.5 =

-150 -100 50 0

Temperature (*C)

50 100

Figure 2.16 The electrostriction coefficients Q33 and Oj3 for the complex
perovskite Pb(Mg1/3Nb2/3)O3 plotted as a function of temperature.7

(5) The Piezoelectric Effect and Crystal Symmetry

Although some rather thorough studies of the piezoelectric effect for several
piezoelectrics in single crystal form have been made in the past, the actual use of
single crystal piezoelectrics has not been actively pursued. This is mainly due to the
fact that the most popular lead zirconate titanate (PZT)-based materials are
generally synthesized in polycrystalline form. There is currently renewed interest in
the single crystal studies, however, spurred by recent developments in the
production and application of epitaxially grown thin films (pseudo single crystals)
and high quality single crystals of various compositions. Piezoelectric single
crystals generally have higher strain coefficients, d, and generate larger strains than
their polycrystalline counterparts and therefore are especially attractive for actuator
applications at this time.

A series of theoretical calculations made on perovskite ferroelectric crystals
suggests that large effective piezoelectric constants and electromechanical coupling
factors can be obtained when the applied electric field direction is canted by 50-60
degrees from the spontaneous polarization direction. This principle is illustrated in
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Figure 2.17. When the electric field is applied in this direction, the piezoelectric
response is acting through the djs strain coefficient. Maximum strain is thus induced
since the shear coupling that occurs via this coefficient is highest in most
piezoelectric crystals with perovskite structure.

The dependence of the piezoelectric properties on crystallographic orientation has
been modeled phenomenologically for PZT compositions in the vicinity of the
morphotropic phase boundary.8'9 The results summarized here have been
determined by simply transforming the dielectric stiffness, piezoelectric
coefficients, and elastic compliances from one orientation to another via the
transformation matrices, using original data collected for the compositions of
interest.10 A surface representing the variation of the dielectric constant with
crystallographic orientation for the rhombohedral 60/40 PZT composition appears
in Figure 2.18. The dielectric constant decreases monotonically as the sample cut
direction is varied from the spontaneous polarization (Ps) direction along the z-axis
(z-cut plate) to the y direction (y-cut plate). This trend is observed for both
tetragonal and rhombohedral phases, as shown in Figure 2.19.

eff

Figure 2.17 Schematic depiction of the deformation of a ferroelectric single
cystal produced by an electric field, E, applied at different angles
with respect to the spontaneous polarization, Ps, direction.
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Figure 2.18 The dielectric constant of rhombohedral PZT 60/40: (a) the quadric
° D

surface and (b) the y-z cross-section of the surface.
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Figure 2.19 Effective dielectric constant of PZT as a function of composition.9

(Note that the dielectric constant along Ps is the smallest for both the
rhombohedral and tetragonal phases.)

In contrast, the electromechanical coupling exhibits an interesting crystal
anisotropy. A pronounced variation in the coupling is observed with orientation as
shown in Figure 2.20 in which the quadric surface representing the effective d33 for
the tetragonal 48/52 PZT composition and the (010) cross-section of this surface are
depicted. We see from this surface that the etfd33 attains its maximum in the direction
of the spontaneous polarization, [001].

A quite different trend is observed for the rhombohedral 52/48 PZT composition,
which is depicted in Figure 2.21. Here we see Cffd33 reach its maximum in the y-z
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plane at an angle 59.4° from the z-axis. This is very close to the [001] directions of
the paraelectric (cubic perovskite) phase. Theoretically determined effective
piezoelectric strain coefficients, effd33, along the [001] and [111] directions in PZT
are plotted as a function of composition in Figure 2.22. A dramatic increase in the
effd33 along [001] is apparent on approaching the morphotropic phase boundary from
the rhombohedral side. This suggests that the optimum response of actuators and
sensors made from PZT epitaxial thin films will be attained for those with
rhombohedral compositions in the vicinity of the morphotropic phase boundary that
have a [001] orientation. These results also indicate that a effd33 four times greater
than what has been experimentally observed for PZT films so far is possible for
specimens of this composition and orientation.

The exceptionally high electromechanical coupling observed for Pb(Zni/3Nb2/3)O3-
PbTiO3 and Pb(Mg1/3Nb2/3)O3-PbTiO3 single crystals at their morphotropic phase
boundaries can be described in similar terms. We will look more closely at
experimental data characterizing the response of these materials in Chapter 3.

[00! J z
[100]

I I
[010]

Y- -

Max d,3 = 520 (pC/N) I

(b)

Figure 2.20: The effective d33 for
(tetragonal) 48/52 PZT: (a) the quadric
surface and (b) the (010) cross-section
of the quadric surface.9

c- - - Y

(b)

Figure 2.21: The effective d33 for
(rhombohedral) 52/48 PZT: (a) the
quadric surface and (b) the y-z cross-
section of the quadric surface.9
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600

Figure 2.22 Effective d33 of PZT as a function of composition.9

Example Problem 2.8

The variations of the dielectric constant, K33, and the piezoelectric strain coefficient,
d33, with crystallographic orientation for a tetragonal PZT are shown in Figure 2.23.
Let us consider a uniformly oriented polycrystalline sample. Discuss the change in
the K33 and d33 before and after poling.

d33(max)=200 (pC/N)

[100]

K33(max)=500

[001]

(a)

Figure 2.23

Solution

Quadric surfaces representing (a) the dielectric constant, K33, and (b)
the piezoelectric strain coefficient, d33, for a tetragonal PZT.

Before the specimen is poled, the polarization directions of the individual
crystallites are randomly oriented so that the dielectric constant has a value
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intermediate between K33(min) and K33(max), and the piezoelectric coefficient, d33,
is zero.

When the sample is poled, the polarization vectors of the crystallites become
aligned in the poling direction (the "z" or [001] direction), resulting in an overall
decrease in the dielectric constant. The piezoelectric coefficient, d33, will increase
monotonically with increasing poling field strength, saturating when the field
reaches a level close to the coercive field.

(6) Phenomenology of Antiferroelectrics

The simplest model for antiferroelectric materials is the so-called "one-dimensional
two-sublattice model," in which the electrostrictive coupling is described in terms of
Kittel's free energy expression for antiferroelectrics.7'8 As the name suggests, the
model treats the lattice as a one-dimensional system, in which a superlattice (with
dimensions twice that of the unit cell) is formed between two neighboring
sublattices with sublattice polarizations, Pa and Ft,. The state defined by Pa=Pb

represents the ferroelectric phase, while that defined by Pa=(-Pb) represents the
antiferroelectric phase. When considering the electrostriction effect, the coupling
between the two sublattices is generally ignored and the strains from the two
sublattices are QPa

2 and QPb
2, respectively (assuming equal electrostriction

coefficients, Q, for both sublattices). The total strain induced in the crystal thus
becomes:

x = Q(Pa
2 + P b

2 ) /2 (2.56)

Where antiferroelectricity arises from a coupling between sublattices, however, it is
more appropriate to also consider the sublattice coupling in our description of the
electrostrictive effect. We will include the coupling term, Q, in the antiferroelectric
free energy equation in order to arrive at this more complete description of the
electrostriction. The free energy may then be expressed in the following form:

G, = (1/4) a (Pa
2+Pb

2) + (1/8) (3 (Pa
4+Pb

4) + (1/12) y (Pa
6+Pb

6)
+ (1/2) n PaP b - (1/2) ̂  p2 + (1/2) Qh (Pa

2+P b
2+2£2 PaP b)p (2.57)

where p is the hydrostatic pressure, 5Cj is the isothermal compressibility, and Qh is
the hydrostatic electrostriction coefficient. Making use of the transformations for
the ferroelectric polarization, PF=(Pa+Pb)/2, and the antiferroelectric polarization,
PA=(Pa-Pb)/2 in this equation yields:

d = (l/2)a[PF
2 + PA

2] + (l/4)|3[PF
4 + PA

4 + 6PF
2PF

2]
+ (1/6)Y[PF

6+PA
6+15PF

4PA
2+15PF

2PA
4] + (1/2MPF

2 - PA
2]

- (1/2) %T p2 + Qh [PF
2 +PA

2 + Q(PF
2 - PA

2)]p (2.58)
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The dielectric and elastic equations of state may then be written as follows:

E = SGj/SPp
= PF[a+r,+2Qh(l+£2)p+pPF

2+3pPA
2+Y PF

4+10YPF
2PA

2+ 5YPA
4] (2.59)

0 = dG,/SPA

= PA[a-r|+2Qh(l-fl)p+pPA
2+3|3PF

2+Y PA
4+ lOy PF

2PA
2+ 5yPF

4] (2.60)

AV/V =dGi/dp
= -XT P + Qh(l+«)PF

2 + Qh(l-a)PA
2 (2.61)

We see from Equation (2.61) how the contribution to the volume change related to
the ferroelectric polarization, PF, is given by:

(AV/V)ind = Qh( 1+£2)P2
F(M) (2.62)

Below the phase transition temperature, which is called the Neel temperature for an
antiferroelectric, the spontaneous volume strain, (AV/V)S, and the spontaneous
antiferroelectric polarization, PA(s> are related according to:

(AV/V)S= Qh(l-Q)PA(S)
2 (2.63)

We see from this relationship that even when a given perovskite crystal has a
positive hydrostatic electrostriction coefficient, Qh, the spontaneous volume strain
can be positive or negative depending on the value of Q, (Q,<1 or Q>1). If the
intersublattice coupling is stronger than the intrasublattice coupling, a volume
contraction is observed at the Neel temperature. This is in stark contrast to what is
observed for ferroelectrics, which always undergo a volume expansion at the Curie
point.

The spontaneous strain induced in a case where Q>1 is illustrated in Figure 2.24(a).
When Pa and Pb are parallel, as occurs for the ferroelectric phase, the £1 term will act
to effectively increase the spontaneous strain, xs. When they are antiparallel, as
occurs for the antiferroelctric phase [Figure 2.24(b)], the Q term acts to decrease the
strain. This phenomenological treatment accurately describes what is observed
experimentally for the antiferroelectric perovskite PbZrO3 among others.9 The
induced strain for an antiferroelectric Pb0.99Nbo.o2[(Zr0.6Sno.4)o.94Tio.o6]o.98O3 ceramic
is plotted as a function of applied electric field in Figure 2.25.'° The volume change
associated with the field-induced transition from the antiferroelectric to ferroelectric
phase can be estimated by:

AV/V = Qh(l+ii)PF(S)
2 - Qh(l - fl)PA(S)

2 = 2 Qh fl PF(S)
2 (2.64)

Here, we assume that the magnitudes of Pa and Pb do not change drastically through
the phase transition.
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(a) Ferroelectric Configuration
x = [Qh(l+£2)(Pa+Pb)2]/4

t
t t

t
t

x = QPb
2

(b) Antiferroelectric Configuration
x = [Qh(l-£2)(Pa-Pb)2]/4

Figure 2.24 Schematic representation of the sublattice coupling accompanying
the electrostrictive strain response (for Q > 0).

Ferroelectric phase ,-

Antiferroelectric phase

2 / 4
Electric field.

(kV/mm)

Figure 2.25 The electric field-induced strain in a Pb(Zr,Sn)O3-based
antiferroelectric.
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The ferroelectric strain state is characterized by both the significant strain induced
by the electric field, and the stability of the state, which can be optimized by
carefully adjusting the Ti content. A given strain state, once induced, can be well
maintained even when the applied field is removed, which is an important feature of
a shape memory function.

2.5 PHENOMENOLOGY OF MAGNETOSTRICTION

Similar to piezoelectrics, certain magnetic materials can also exhibit spontaneous
strains along the magnetization direction, and magnetostriction when a magnetic
field is applied. Magnetostriction occurs in these materials due to the reorientation
of the spontaneous magnetization in response to an applied magnetic field. Typical
strain curves representing the strain, (A///), developed in such a magnetic material
parallel to the applied magnetic field (A//) and perpendicular to the field (X j.) are
shown in Figure 2.26. Depending on the material, the parallel strain may be positive
(an extension) or negative (a contraction). The perpendicular strain will be positive
or negative depending on the value of Poisson's ratio for the material.

A simple model representing the spontaneous strain associated with the
magnetization in a ferromagnetic material is pictured in Figure 2.27. If we assume
that each magnet depicted in this diagram corresponds to the spin associated with an
iron (Fe) atom in a metallic crystal, the opposite poles of adjacent magnets will
attract, resulting in contraction of the lattice in the b-direction. At the same time,
adjacent atoms with parallel spins repel each other, resulting in expansion of the
lattice in the a-direction. The magnetic energy associated with the resulting shift of
lattice atoms is ultimately balanced by the elastic energy of the lattice, and an
equilibrium level of spontaneous strain is established.

A Z / Z

H

Figure 2.26 Typical strain curves representing the strain (A///) developed in a
magnetic material parallel to the applied magnetic field (A//) and
perpendicular to the field (A, j_ ) .
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In magnetic crystals with a cubic structure, such as Fe and Ni, the magnitude of the
induced strain, A///, in the direction of the applied magnetic field can be expressed
as:

Mil = (3/2)A10o[ai2Pi2+a2
2p22+a3

2|332-l/3]
(2.65)

Here, A10o and Am are the magnitudes of the magnetostriction when the
magnetization is completely saturated along [100] and [111], respectively. Higher
order perturbation is neglected.15

When the magnetic material is in a polycrystalline or amorphous form with
perfectly isotropic characteristics, AIOO = A,nl = As, so that Equation (2.65) may be
simplified to:

= (3/2)As(cos29-l/3) (2.66)

where 6 is the angle between the magnetization and the strain directions, and As is
the saturated magnetostriction. When the sample is polycrystalline, the following
relationship is satisfied:

= 0.4 A,nn + 0.6 X i l (2.67)

The quantities XIOQ and Am are determined at the saturated strain levels in a single
crystal, and As can be determined from the saturated strain in a polycrystalline
sample.

Figure 2.27 A simple model representing the spontaneous strain associated with
the magnetization in a ferromagnetic material.
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2.6 FERROELECTRIC DOMAIN REORIENTATION

(1) Strains Accompanying Ferroelectric Domain Rotation

It has been assumed in the phenomenological descriptions presented so far that the
materials in question are monodomain single crystals and the application of the field
does not change their state of polarization or magnetization. When considering
piezoelectric ceramics, however, this assumption does not strictly hold. The
material typically used in an actual device may have a multiple domain structure
even in a single crystal form, and a much more complicated domain structure will
exist in a polycrystalline ceramic.

The strains induced parallel (A///=x3) and perpendicular (AW=xi) to the applied
electric field in a 7/62/38 (Pb,La)(Zr,Ti)O3 (PLZT) ceramic are shown in Figure
2.28. For a cycle with a small maximum electric field (curve a in the figure), the
field-induced strain curve appears nearly linear, and reflects primarily the "converse
piezoelectric effect." As the amplitude of the applied electric field is increased,
however, the strain curve becomes more hysteretic, and finally transforms into the
characteristic symmetric butterfly shape when the electric field exceeds a certain
critical value known as the coercive field. This is caused by the switching of
ferroelectric domains under the applied electric field, resulting in a different state of
polarization. Strictly speaking, this composition of PLZT undergoes this change in
polarization state in two stages:

1) individual domain reorientation in each grain, and

2) overall multidomain reorientation and domain wall movement within the
entire polycrystalline structure (which may be regarded as just an assembly
of randomly oriented tiny crystallites).

The reorientation of domains in a BaTiOa single crystal subjected to an applied
electric field is apparent in the series of CCD images that appear in Figure 2.29. The
90° domain walls are eliminated with increasing electric field until the entire crystal
finally attains a single domain state. In a polycrystalline specimen, however, domain
wall motion tends to be suppressed by grain boundaries, and a purely monodomain
state cannot be achieved.
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Figure 2.28 The electric field-induced strain in a piezoelectric PLZT 7/62/38
ceramic.

A schematic depiction of the domain reorientation that occurs in a polycrystalline
body under an applied electric field appears in Figure 2.30. Suppose an electric field
is applied to a sample that has been poled in the opposite direction. The crystal
should shrink as the applied field is initially increased, because the field direction
opposes that of the remanent polarization. The shrinkage will proceed until it
reaches a certain minimum that corresponds to an applied field strength equal to the
coercive field, Et:, when polarization reversal will begin to occur in each grain.
Above Ec the crystal will start to expand and continue to deform in this manner until
the applied field strength reaches a certain saturation level, Emax. At Emax, all the
reversible polarization vectors associated with the individual domains have been
reversed, and the crystal displays "piezoelectric" behavior once again with a small
hysteresis. As the electric field is decreased from this level, no further reorientation
of the polarization should occur except for a few unstable domains that might still
remain. The strain decreases monotonically as the field is reduced to zero. The
polarization state at E=0 is equivalent to the initial state but with all the polarization
directions reversed. The crystal is now essentially poled in the positive direction.
Poissoris ratio, a, which is the ratio of the transverse strain (in this case, a
contraction) to the longitudinal strain (here an expansion) is similar for all
perovskite piezoelectric ceramics, about 0.3.
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Figure 2.29 Domain reorientation in a BaTiO3 single crystal. E direction: "f.
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Strain x

Figure 2.30 A schematic depiction of the reorientation of ferroelectric domains
in a polycrystalline material under an applied electric field.

Example Problem 2.9
Barium titanate (BaTiO3) has a rhombohedral crystal symmetry at liquid nitrogen
temperature (-196°C) and the distortion from the cubic structure is not very large
(=1°). Determine all possible angles between the two non-1800 domain walls.

Solution

The polarization of barium titanate at this temperature is oriented along the <111>
directions of the perovskite cell. Let's consider the three shown in Figure 2.31(a):
[111], [111], and [111]. Assuming a head-to-tail alignment of the spontaneous
polarization across the domain wall as depicted in Figure 2.31(b), we expect the
plane of the domain wall plane to be normal to one of the following directions or
their equivalent directions.

[Ill]+ [111] = [220] and [111] +[111] = [200]
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[111]

PS

•Mill]

[HI]
(a)

'Domain Wall

(b)

Figure 2.31 Rhombohedral BaTiO3: (a) polarization directions and (b) the
orientation of the spontaneous polarization vectors across a domain
wall.

The angle between two of the non-1800 domain walls is thus calculated as follows:

1) (002)7(200) ; (022)7(022) ; (002)7(220)
(002) • (200) = 22[cos(90°)] = 0

2) (022)7(220) ; (022)7(220)

(022) • (220) = (2V2)2[cosO] = 4 or -4

3) (002)7(022) ; (002)7(022)

(022) • (220) = 2(2V2)[cosO] = 4 or - 4

0 = 60° or 120°

9 = 45° or 135°

In the following section, we will discuss the Uchida-Ikeda theory, by which the
polarization and strain curves for piezoelectric polycrystalline specimens are
described and predicted in terms of domain reorientation, the crystal structure, and
the coercive field.

(2) The Uchida-Ikeda Model

Let us take as an example a barium titanate (BaTiO3) single crystal, which has a
tetragonal symmetry at room temperature. X-ray diffraction of the crystal reveals a
slight elongation along the [001] direction of the perovskite unit cell with c/a=1.01.
Therefore, if an electric field is applied on an "a" plane single crystal, a 90° domain
reorientation from an "a" to a "c" domain is induced, resulting in a strain of 1% in
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the field direction. However, the situation is much more complicated in the case of a
polycrystalline specimen. Uchida and Ikeda treated this problem statistically,
assuming the grains (or small crystallites) are randomly oriented.16'17

There will be no remanent polarization in a homogeneous unpoled polycrystalline
sample. Let this state be the basis for zero strain. If an electric field, E3 is applied to
this sample, a net polarization P3 will be induced. The strains Xj, x2 and x3 will also
be generated, where X]=x2=x3= —a and o is Poisson's ratio. Let the spontaneous
polarization and the principal strain of the individual crystallites be designated by
Ps and Ss, respectively. For uniaxial crystal symmetries, such as the tetragonal and
rhombohedral, the principal strain, Ss, is in the direction of P3 and is defined for
each symmetry as follows:

Ss = [(c/a) -1] (tetragonal crystal) (2.68)
Ss = (3/2)[7i/2 - a] = (3/2) 8 (rhombohedral crystal) (2.69)

It should be noted at this point in the discussion the distinction between the
principal strain and the spontaneous strain. They are not interchangeable terms, but
in fact define two very different strains. Using BaTiO3 as an example, we see that
the principal strain is Ss=0.01, but the spontaneous strains are defined as:

x3(s) = [(c/a0) - 1]
XKS) = x2(S) = [(a/a0) - 1] (2.70)

where a0 is the lattice parameter of the paraelectric phase. When the appropriate
lattice parameters are used in Equation (2.70), the spontaneous strains x3(sj and x1(S)
are 0.0075 and -0.0025, respectively.

First, assuming an angle, 6, between the direction of the spontaneous polarization,
PS, of a microscopic volume, dv, in a ceramic and the direction of the electric field,
E3, then the polarization, P3, is given by:

^ JP scosOdv_
3~ Jdv

=P scosO (2.71)

where cos 8 is the average value of cosG in all the volume elements of the ceramic.
The average strain is determined from the orientation of the strain ellipsoid:

Jcos2 9dv
Jdv

= Ss[cos29-(l/3)] (2.72)
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It is assumed in this model that the spontaneous strains associated with the
microscopic regions change only in their orientation with no change in volume, and
hence a = 0.5. This also implies that:

Xl = x2 = x3/2 (2.73)

This result, however, does not agree at all well with the experimental data.

In order to arrive at an expression for the induced strain as a function of the applied
electric field, the relationship between 9 and E3 must be determined. This is
accomplished in the context of this model by introducing a characteristic angle, 690,
for non-180 domain reorientations. In tetragonal crystals this corresponds to a 90
reorientation and in rhombohedral crystals, 71 and 109 reorientations will occur,
but in order to simplify the analysis, all reorientations are represented by the former.
Suppose a 90° domain rotation occurs in a small volume element, dv, in a ceramic,
and as a result the domain orientation within dv becomes 0. It is assumed that there
exists a characteristic angle ©90, such that if 9 < 090, a 90° rotation will occur,
whereas if 0>99o, no rotation will occur, and the region will remain in its initial
state. Given a specific angle, 090, which corresponds to a certain applied field
strength, E3, Equation (2.71) can be integrated over the range of volume for which

is satisfied to obtain the induced strains x3, X2, and xi as a function of 090. The
quantity (cos2 9 -1/3) is plotted as a function of the characteristic angle, 990, in
Figure 2.32, and Figure 2.33(a) shows the measured values of induced strain for a
rhombohedral PZT ceramic. When the equations defining these trends are
combined, the curve representing the relationship between 690 and E3 depicted in
Figure 2.33(b) is generated. A pronounced hysteresis is apparent in this curve.

Furthermore, by finding the polarization P3 and field-induced strain x3 (or xj) as a
function of the electric field, £3, it is possible to estimate the volume in which a
180° reversal or a 90° rotation occurs. This is because only the 90 rotation
contributes to the induced strain, whereas 180 domain reversal contributes mainly
to the polarization. Curves representing the volume fraction of 180 domains that
have undergone reversal and 90 domains that have rotated by 90 as a function of
applied electric field are shown in Figure 2.34. We see from these curves that the
180 reversal occurs quite rapidly as compared to the slower process of 90
rotation.18 It is notable that at G on the curve there remains some polarization and
the induced strain is zero, while at H the strain is not at a minimum, but
contributions to the polarization from the 180 and 90 reorientations cancel each
other so that the net polarization becomes zero. A plot of the induced strain, x3, as a
function of polarization for a PLZT (6.25/50/50) ceramic, in which 180° reversal is
dominant, is shown in Figure 2.35. We see that it is characterized by a rather large
hysteresis.19 In contrast, materials whose polarization is dominated by non-180
domain rotations, such as the low temperature phase of Pb(Mgi/3Nb2/3)O3, exhibit
no significant hysteresis in their x-P curves [see Figure 2.36 (b)].7
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30 40
090 Degree

Figure 2.32 The quantity (cos2 6 -1/3) plotted as a function of the characteristic
angle, e90, where 690 is a critical angle related to the non-1800

domain reorientation and (cos2 6-1/3) is proportional to the field-
induced strain.16'17

-40 -20 0 20
Electric field £3 (kV/cmJ

(a)

40 ~20 0 20
Electric field £3(kV/onJ

(bi

Figure 2.33 The field-induced transverse strain, XL in a Pb(Zro.57Tio.43)O3
ceramic sample: (a) Xi as a function of applied electric field, E3, and
(b) calculated characteristic angle, 090, as a function of E3. The
measurement was done at 30°C.16'17
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180° (Volume Fraction)

(a)

(b)

Figure 2.34 Electric field dependence of the volume fraction of domains that
have undergone: (a) 180° reversal and (b) 90° reorientation. Notice
the noncoincidence of the zero fraction points I and G, which
correspond to the 180 and 90° cases, respectively.18

-1 -0-5 1
Figure 2.35 The induced strain, x3, as a function of polarization for a tetragonal

PLZT (6.25/50/50) ceramic.19

The saturation values of the polarization and the strain of a tetragonal and
rhombohedral ceramic under high electric field are as follows:

Tetragonal:
Rhombohedral:

P3 -* (0.831)PS
P3 -^ (0.861)PS

x3 -* (0.368)SS
x3 -> (0.424)SS
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Figure 2.36 Rhombohedral Pb(Mg1/3Nb2/3)O3 at -110°C: (a) polarization, P3, and
transverse strain, XL as a function of applied electric field, E3, and
(b) transverse strain, xi, as a function of polarization, P3.7

(3) Crystal Structure and Coercive Field

In the previous section, a comparison was made between tetragonal and
rhombohedral ceramic systems from the viewpoint of the saturation values, P3 and
85, under a sufficiently large electric field. In this section we will consider the
difference between the two systems in terms of the more useful quantity, the
coercive field, Ec. The principal strain, Ss, spontaneous polarization, Ps, volume
percent of reoriented domains, j90, and coercive field, Ec, for a series of PLZT
ceramics as reported by Schmidt19 are summarized in Table 2.4. We see from the
data presented in this table that the tetragonal compositions generally have smaller
principal strains than the rhombohedral compositions. This implies that domain
rotation is more readily achieved for the tetragonal compositions (larger 790), and the
associated coercive fields are accordingly smaller. The following expression for the
coercive field has been derived:

Ec - (aYS s
2

Y9o)/Ps (2-74)

where Y is Young's modulus. The quantity a is a factor which takes into account the
difference in domain orientation between neighboring grains, and typically has
values of 0.1 and 0.074 for tetragonal and rhombohedral compositions,
respectively.19'20
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Table 2.4 Principal strain, Ss, spontaneous polarization, Ps, reoriented volume
fraction, and coercive field, Ec, for some tetragonal (T) and
rhombohedral (R) PLZT ceramics.19

Symmetry

T

R

Composition
(La/Zr/Ti)

25/50/50
25/52/48
5//50/50
5/52/48
5/54/46

25/58/42
25/60/40
6/65/35

6.25/60/40

Ss (%)

2.40
2.20
2.16
1.96
1.68

0.732
0.740
0.650
0.610

PS 2(nC/cm2)

71.0
72.0
65.0
64.5
65.0
56.5
58.5
45.0
49.0

Reoriented
Domains

(%)
22.0
28.0
18.0
23.0
30.0
86.5
78.5
85.0
85.0

Ec

[measured]
(kV/cm)

18.0
14.7
16.3
14.8
11.7
8.2
7.6
5.6
5.7

EC
[calculated]

(kV/cm)
17.8
18.8
13.0
13.7
13.0
7.0
5.4
5.9
4.8

2.7 GRAIN SIZE AND ELECTRIC
STRAIN IN FERROELECTRICS

FIELD-INDUCED

In recent years, ceramics that have controlled grain size (fine ceramics) or very fine
grains (nanoparticles) have been manufactured and their properties, especially the
electric field-induced strain, have been reported.21"24 When characterizing the grain
size dependence of the dielectric properties, we must consider two size regions: the
micrometer range, in which a multiple domain state becomes a monodomain state,
and the submicrometer range, in which ferroelectricity becomes destabilized.

The transverse field-induced strains of a 0.8 atomic percent Dy-doped fine grain
ceramic BaTiO3 (grain diameter around 1.5 urn) and of an undoped, coarse-grained
ceramic (50 |im), as reported by Yamaji21, are shown in Figure 2.37. As the grains
become finer we see that the absolute value of the strain decreases and the
hysteresis becomes smaller. This is because the coercive field for the 90° domain
rotation increases with decreasing grain size. The grain boundaries "pin" the domain
walls and do not allow them to move easily. Also the decreasing grain size seems to
make the phase transition much more diffuse. The temperature dependence of the
piezoelectric strain coefficient, d33, is shown in Figure 2.38. Although the absolute
value of d33 decreases for the Dy-doped sample, the temperature dependence is
significantly flattened. It should be noted that it is not possible in Yamaji's
experiment to separate the effect due to intrinsic grain size from that due to the
dopants.

The effects of grain size on the induced strain in PLZT ceramic have been
investigated with samples fabricated from PLZT (9/65/35) powders prepared by a
co-precipitation method.22 Samples with various grain sizes were fabricated by hot-
pressing over a range of sintering periods. Samples with the PLZT (9/65/35)
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composition show significant dielectric relaxation (that is, a frequency dependence
of the dielectric constant) below the Curie point (about 80°C), and the dielectric
constant tends to be higher at lower frequency. The dependence of the peak
dielectric constant on grain size is such that grain sizes larger than 1.7 um, the
dielectric constant decreases with decreasing grain size, but at grain sizes below 1.7
um, the dielectric constant increases dramatically. The dependence of the
longitudinal field-induced strain on the grain size is shown in Figure 2.39. We see
that as the grain size becomes smaller, the maximum strain decreases
monotonically. When the grain size becomes less than 1.7 um, the hysteresis is
significantly reduced. This behavior can be explained in terms of the multidomain-
monodomain transition model as follows: with decreasing grain size,
ferroelectric/antiferroelectric and ferroelastic domains are less readily formed so
that in the grain, the domain rotation contribution to the strain becomes smaller. The
critical grain size for this is about 1.7 um. The domain size is not constant, however,
and generally decreases with decreasing grain size.

A number of experiments have been conducted which examine the grain/particle
size effects on the induced strain in finer grained ceramics.23"25 The variation of the
c/a tetragonality ratio with particle size in pure BaTiOs at room temperature is
shown in Figure 2.40.23 The c/a ratio is seen to decrease drastically for particle sizes
below 0.2 um and becomes 1 (that is, cubic!) for 0.12 um particles. The particle size
at which this structural transition occurs is called the critical particle size, D^,. The
temperature dependence of the c/a ratio for powders with various particle sizes is
shown in Figure 2.41. It is clear from these data that the Curie temperature
decreases with decreasing particle size.

A similar critical particle size has also been reported for (Ba,Sr)TiO3,24

(Ba,Pb)TiO3
25 and for antiferroelectric PbZrO3.24 The relationship between the

critical particle size, Dcril, and the Curie (or Neel) temperature, Tc (or TN), for these
materials is shown in Figure 2.42.24 An important empirical rule is derived from
these data:

Dcrit [Tc - TR] = Constant (2.75)

where TR is room temperature.

Although various experiments have been reported so far, and the existence of the
critical particle size has been repeatedly confirmed, the actual critical particle size
reported varies significantly among sources and no satisfactory explanation has yet
been presented. One possible explanation is based on a hydrostatic pressure model.
In general, the ferroelectric transition temperature decreases sharply (50°C/MPa)
with increasing hydrostatic pressure. The effective surface tension, y, on a fine
particle produces an intrinsic hydrostatic pressure, p:

p = 2 y / R (2.76)
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where R is the radius of the particle.27 The effective surface tensions listed in Table
2.5 were calculated from the critical particle size, Dcril (= 2Rcrit), and the critical
hydrostatic pressure, pcri[, above which the cubic structure exists at room
temperature. We see from these data that y is practically contant for all perovskite
ferroelectrics, and is about fifty times larger than that of nonpolar oxides. This may
be due to the additional energy contributed by the surface charge and/or from a
crystallographically different phase on the surface (core-shell model).

Electric field (HV/rrnn)
-1,5 -l.O -O.S

'

f t

/ /'
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Figure 2.37 Strain curves for Dy-doped and undoped BaTiO3 ceramics.
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Figure 2.38 Temperature dependence of the piezoelectric strain coefficient, d
for Dy-doped and undoped BaTiO ceramics.21

33'
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Figure 2.39 Field-induced strain for (9/65/35) PLZT ceramics with various grain
sizes.22
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Single crystal
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Figure 2.40 Particle size dependence of the c/a tetragonality ratio for BaTiO3 at
room temperature.23



96 Chapter 2
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Figure 2.41 The temperature dependence of the c/a tetragonality ratio for a
series of BaTiO3 samples with various particle sizes.23

100 200 300 400 500
Curie/Neel Temperature (*C)

Figure 2.42 The critical particle size, Dcrit, and the critical hydrostatic pressure,
Pent, as a function of the phase transition temperature.24
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Table 2.5 Critical particle size, Dcrit(=2Rcrit), critical hydrostatic pressure, Pcrjt

(=2y/Rcrit), and the effective surface tension, y, for various
perovskites.26

Material
Bao.9Sr0 iTiO3
BaTiO3
Bao gsPbo i5TiO3
Bao5Pbo5TiO3
PbTiO3

Tc (°C)
95
125
180
330
500

2^, (urn)
0.190
0.120
0.080
0.032
0.020

Pent (GPa)
1.2
1.8
2.9
6.2
10.0

Y (N/m)
57
54
58
50
50

Example Problem 2.10
In order to better understand why ferroelectricity will diminish with decreasing
particle size, we can examine the energy fluctuation of a nanosized ferroelectric
particle in the following way. Consider a one-dimensional finite chain of two kinds
of ions, +q and -q, arranged in an alternating configuration with an interionic
distance of a as shown in Figure 2.43. Assume the nanosized crystal grows
gradually, starting from a single pair of ions to which are progressively added pairs
of negative or positive ions, so that the crystal size at any given time is 2na (n = 1,
2, 3,...). As the crystal size increases, calculate the change in the crystal's Coulomb
energy and determine the minimum number of ion pairs needed to stabilize the
fluctuation to less than ±10%.

-q +q -q +q -q +q -q

-3a -2a +2a +3a

(b)

-(2/4re0)(q2/a)

f i l l ? "

Madelung energy

Figure 2.43 A one-dimensional finite chain of two kinds of ions, +q and -q, in
an alternating configuration: (a) a schematic depiction of the
configuration and (b) the energy fluctuation as a function of the
number of ion pairs in the chain.
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The Madelung energy as a function of lattice size, n, is calculated according to the
following:

U, - (2/4ne0K) [-(q2/a)]
U2 - (2/4;ie0K) [-(q2/a) + (q2/2a)]
U3 = (2/47ie0K) [-(q2/a) + (q2/2a)-(q2/3a)]

Un = (2/47ie0K) [-(q2/a) + (q2/2a) -(q2/3a) + •••]

Thus, the minimum crystal size (2na) which maintains the crystal energy at a level
that fluctuates less than ±10% will be around n = 10, because the additional energy
term in the series is about ±(q2/10a). If the Coulomb energy of the crystal is not
stabilized to less than this degree of fluctuation, the long-range cooperative
interaction of dipoles required of the ferroelectric phase will not occur. For a
perovskite material, the minimum particle size for ferroelectricity to exist will be
about 80 A.

CHAPTER ESSENTIALS_______________________
1. Functional Classification: Dielectrics > Piezoelectrics > Pyroelectrics >

Ferroelec tries.

2. Origin of the spontaneous polarization: the dipole coupling with the local field.

3. Piezoelectricity: can be modeled with ideal springs.
Piezostriction: can be described in terms of the difference between the
harmonic terms of the two equivalent springs.
Electrostriction: can be modeled with anharmonic equivalent springs.

4. Origins of the field-induced strains:
a. The Inverse Piezoelectric Effect: x = d E
b. Electrostriction: x = M E2

c. Domain reorientation: strain hysteresis
d. Phase Transition (antiferroelectric<~»ferroelectric): strain "jump."

5. Polarization- and electric field-induced strain in polycrystalline materials:
Tetragonal: P3 -> (0.831) Ps x3 -* (0.368) Ss

Rhombohedral: P3 -> (0.861) Ps x3 -> (0.424) Ss

Coercive field: Tetragonal > Rhombohedral (perovskite)

6. Shear strain: x5 = 2 x3i = 2 c|>, taken as positive for smaller angle.
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7. The electrostriction equation:
x = QPS

2 +
(spontaneous strain) (piezostriction) (electrostriction)

QPS
2 + 2Qe 0 KP s E + Qe0

2K2E2

8. The piezoelectric equations:
x = sEX + dE
P = dX + E0KXE

9. Electromechanical coupling factor (k):
k2 = d2/sEe0Kx

10. Electromechanical properties of ceramics: grain size dependence
Smaller grain -^ reduced strain and smaller hysteresis -^ enhanced mechanical
strength.

CHAPTER PROBLEMS

2.1 Consider a 2-dimensional infinite array of two kinds of ions, +q and -q,
arranged in a rock salt configuration with an interionic distance of a. Calculate
the Coulomb potential energy at a +q ion, and obtain the Madelung energy.
Remember that:

U= -(1/47T0K) (q2/r)

2.2 The room temperature form of quartz belongs to class 32.

a. Show that the piezoelectric matrix (dy) is given by:

0 d,4 0 0
0 0 -d14 -2d

0 0 0 0 0
0 0 0 0 -d14 -2dn

/

Notice that the piezoelectric tensor must be invariant for a 120° rotation
around the 3-axis and for a 180° rotation around the 1-axis. The
transformation matrices are respectively:
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*A 0
X o
0 1

and
' 1 0 0 '
0 - 1 0
0 0 - 1

b. The measured values of the dy for right-handed quartz are:

(-2.3 2.3 0 -0.67 0
0

0
0 0
0 0

0
0 0

0
0.67 4.6

0
xlO~1 2 (C/N)

i. If a compressive stress of 1 kgf/cm2 is applied along the 1-axis of the
crystal, find the induced polarization, (kgf = kilogram force = 9.8 N)

ii. If an electric field of 100 V/cm is applied along the 1-axis, find the
induced strains.

2.3 We have a cube-shaped specimen, to which a tensile stress, X, and a
compressive stress, -X, are applied simultaneously from the corners along the
(101) and (1 01) axes, respectively. If we refer to another coordinate system
canted 45° from the original coordinate system, the stress tensor is represented
by:

X 0
0 0
0 0

0
0

-X

Using the transformation matrix A given by:

cosO 0 sin 9
0 1 0

- sin 0 0 cos 0

calculate AXA" , and verify that the stress is equivalent to a pure shear stress
with respect to the original coordinates.
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2.4 Verify that the Curie temperature, Tc, and the Curie-Weiss temperature, T0, are
related according to the following equation:

Tc = T0 + (3/16)[(p2e0C)/Y]

for a first-order phase transition, where the Landau free energy is expanded as:

F(P,T) = (l/2)a P2 + (l/4)(3 P4 + (l/6)y P6

where a = (T-T0)/C.

2.5 In the case of a first-order phase transition, the Landau free energy is expanded
as given in Problem 2.4. Calculate the inverse permittivity near the Curie
temperature, and verify that the slope 3(l/£)/3T just below Tc is 8 times larger
than the slope just above Tc.

2.6 Barium titanate has a tetragonal crystal symmetry at room temperature and the
distortion from the cubic structure is not very large (c/a = 1.01). Calculate all
possible angles between the two non-1800 domain walls.

2.7 In calculating Eqs. (2.71) and (2.72), the volume element dv is given by:

dv = (2m2 dr) (sin0 dO)

Using this dv, calculate J dv, f cos0 dv, and I cos20 dv, assuming the
polarization is uniformly distributed with respect to 6.
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ACTUATOR MATERIALS

3.1 PRACTICAL ACTUATOR MATERIALS

(1) History of Piezoelectrics

The discovery of piezoelectricity is credited to the famous brothers Pierre and
Jacques Curie, who first examined the effect in quartz crystals in 1880. The
discovery of ferroelectricity in 1921 and the subsequent characterization of new
ferroelectric materials further extended the number of useful piezoelectric materials
available for study and application. The first ferroelectric material discovered was
Rochelle salt. Prior to 1940 only two general types of ferroelectric were known,
Rochelle salt and potassium dihydrogen phosphate (KDP) and its isomorphs.
Extensive characterization of the new ferroelectric barium titanate (BaTiO3) was
independently undertaken by Wainer and Salmon, Ogawa, and Wul and Golman
from 1940 to 1943. The new material exhibited unusual dielectric properties
including an exceptionally high dielectric constant with distinctive temperature and
frequency dependences. Compositional modifications of BaTiC>3 were made by the
next generation of researchers to tailor the properties of the material for improved
temperature stability and enhanced high voltage output. The first piezoelectric
transducers based on BaTiOs ceramics were also developed at this time and
implemented for a variety of applications.

In the 1950's Jaffe and co-workers examined the lead zirconate-lead titanate (PZT)
solid solution system and found certain compositions exhibited an exceptionally
strong piezoelectric response. In particular, the maximum piezoelectric response
was found for compositions near the morphotropic phase boundary between the
rhombohedral and tetragonal phases. Since then, modified PZT ceramics have
become the dominant piezoelectric ceramics for various applications. More
recently, the development of PZT-based ternary solid solution systems have allowed
for the production of even more responsive materials whose properties can be very
precisely tailored for a variety of applications.

Kawai et al. discovered in 1969 that certain polymers, most notably polyvinylidene
difluoride (PVDF), are piezoelectric when stretched during fabrication.
Piezoelectric polymers such as these are also useful for transducer applications. The
development of piezoelectric composite materials systematically studied by
Newnham et al. in 1978, allow for the further refinement of the electromechanical
properties. The composite structures, incorporating a piezoelectric ceramic and a
passive polymer phase, have been formed in a variety of configurations each
precisely designed to meet specific requirements of a particular application.
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The relaxor ferroelectric electrostrictors are another class of ceramic material,
which has recently become important. Among the many useful compositions that
have emerged is lead magnesium niobate (PMN), doped with 10% lead titanate
(PT),18 which has been used extensively for a variety of ceramic actuator
applications. Recent advances in the growth of large, high quality single crystals22

have made these materials even more attractive candidates for a variety of new
applications, ranging from high strain actuators to high frequency transducers for
medical ultrasound devices. More recently, thin film piezoelectrics such as zinc
oxide (ZnO) and PZT have been developed for use in microelectromechanical
(MEMS) devices.

(2) The Perovskite Structure

Among the practical piezoelectric/electrostrictive materials, many have the
perovskite crystal structure ABO3 pictured in Figure 3.1. These materials typically
undergo a phase transition on cooling from a high symmetry high temperature phase
(cubic paraelectric phase) to a noncentrosymmetric ferroelectric phase. Materials
with a high ferroelectric transition temperature (Curie temperature) will be
piezoelectric at room temperature, whereas those with a transition temperature near
or below room temperature will exhibit the electrostriction. In the case of the latter,
at a temperature just above the Curie temperature, the electrostriction is
extraordinarily large because of the large anharmonicity of the ionic potential.
Furthermore, simple compositions such as barium titanate (BaTiO3) and lead
zirconate (PbZrO3), solid solutions such as A(B,B')O3, and complex perovskites
such as A2+(B3+

1/2B'5+
1/2)O3 and A2+(B2+

1/3 B'5+
2/3)O3 are all readily formed.

Supercells of the complex perovskite structures listed above, in which ordering of
the B-site cations exists, are pictured in Figures 3.2(b) and 3.2(c). When the B and
B' cations are randomly distributed the unit cell corresponds to the simple
perovskite structure depicted in Figure 3.2(a).

Figure 3.1 The perovskite crystal structure of ABO3.
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Figure 3.2 Complex perovskite structures with various B ion arrangements:
(a) ABO3, simple structure, (b) A(Bi/2B'1/2)O3, 1:1 ordering (long-
range), double cell and (c) A(B1/3B'2/3)03, 1:2 ordering (short-range),
multiple cell.

(3) Piezoelectric Materials

An overview of the current status of piezoelectric materials is presented in this
section. It includes crystalline materials, piezoceramics, electrostrictive materials,
shape memory ceramics, piezopolymers, piezocomposites, and piezofilms. The
electromechanical properties for some of the most popular piezoelectric materials
are summarized in Table 2.1.1'2

Table 2.1 Piezoelectric properties of some popular piezoelectric materials.1,2

d33
(pC/N)

g33
(mVm/N)

k,
kP

K T
K-33

On,
Tc (°C)

Quartz

2.3

57.8

0.09

5
>105

BaTiO.,

190

12.6

0.38
0.33
1700

120

PZT4

289

26.1

0.51
0.58
1300
500
328

PZT5H

593

19.7

0.50
0.65
3400

65
193

(Pb,Sm)TiO3

65

42

0.50
0.03
175
900
355

PVDF-
TrFE

33

380

0.30

6
3-10
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Single Crystals

Although piezoelectric ceramics are used for a wide range of applications, single
crystal materials are also used, especially for such applications as frequency
stabilized oscillators and surface acoustic wave (SAW) devices. The most popular
single crystal piezoelectric materials are quartz, lithium niobate (LiNbC^), and
lithium tantalate (LiTaO3). Piezoelectric single crystals are anisotropic, exhibiting
different material properties depending on the cut.

Quartz is a well-known piezoelectric material. Alpha (a) quartz belongs to the
triclinic crystal system with point group 32 and undergoes a phase transition at
537°C to its beta ((3) form, which is not piezoelectric. One particular cut of quartz,
the AT-cut, has a zero temperature coefficient. Quartz oscillators, made from an
AT-cut crystal and operated in the thickness shear mode, are used extensively for
clock sources in computers, and frequency-stabilized devices are used in televisions
and video recorders. An ST-cut quartz, when used as a substrate for surface acoustic
waves propagating in the x direction will also have a zero temperature coefficient
for such waves, thus making it suitable for frequency-stabilized surface acoustic
wave (SAW) devices. Another distinctive characteristic of quartz is its
exceptionally high mechanical quality factor, Qm > 105.

Lithium niobate and lithium tantalate are isomorphs and have Curie temperatures of
1210°C and 660°C, respectively. The crystal symmetry of the ferroelectric phase of
these single crystals is 3m and the polarization direction is along the c-axis. These
materials have high electromechanical coupling coefficients for surface acoustic
waves. Large single crystals can easily be obtained from the melt using the
Czochralski technique. Thus both materials are important for SAW device
applications.

Polycrystalline Materials

Barium titanate (BaTiO3) is one of the most thoroughly studied and most widely
used piezoelectric materials. Just below the Curie temperature (130°C), the material
has a tetragonal symmetry and the spontaneous polarization is directed along [001].
Below 5°C, the material is orthorhombic and the polarization is oriented along
[Oil]. At -90°C a transition to a rhombohedral phase occurs and the polarization
direction is along [111]. The electromechanical properties of ceramic BaTiOa are
affected by the stoichiometry and microstructure of the material, as well as the
presence of dopants on both the A and B sites of the perovskite lattice. Ceramic
BaTiC>3 has been modified with dopants such as Pb or Ca in order to stabilize the
tetragonal phase over a wider temperature range. These compositions were
originally designed for use in Langevin-type piezoelectric vibrators and are
currently commercially available for this and a variety of other applications.
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Piezoelectric ceramics from the Pb(Zr,Ti)O3 (PZT) solid solution system have been
widely used because of their superior piezoelectric properties. The phase diagram
for the Pb(ZrxTi!.x)O3 system appears in Figure 3.3. The symmetry of a given
composition is determined by the Zr content. Lead titanate also has a perovskite
structure and a tetragonally distorted ferroelectric phase. With increasing Zr content,
x, the tetragonal distortion decreases and at x > 0.52 the structure changes from
tetragonal 4mm to another ferroelectric phase with rhombohedral 3m symmetry.
The line dividing these two phases in Figure 3.3 is called the morphotropic phase
boundary (MPB). The composition at the morphotropic phase boundary is assumed
to be a mixture of the tetragonal and rhombohedral phases. The dependence of
several piezoelectric strain coefficients, (d), on composition over a narrow
compositional range near the morphotropic phase boundary is shown in Figure 3.4.
All the d coefficients are observed to peak at the morphotropic phase boundary. The
enhancement in the piezoelectric effect at the morphotropic phase boundary has
been attributed to the coexistence of the two phases, whose polarization vectors
become more readily aligned by an applied electric field when mixed in this manner
than may occur in either of the single phase regions.
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Figure 3.3 Phase diagram of the lead zirconate titanate Pb(ZrxTii_x)C>3 solid
solution system.

Doping the PZT material with donor or acceptor ions changes its properties
dramatically. Materials doped with donor ions such as Nb5+ or Ta5+ are soft



108 Chapter 3

piezoelectrics. A soft piezoelectric has a low coercive field. The material becomes
soft with donor doping largely due to the presence of Pb vacancies, which
effectively facilitate domain wall motion. Materials doped with acceptor ions such
as Fe3+ or Sc3+, on the other hand, are hard piezoelectrics. A hard piezoelectric has a
high coercive field. The material becomes hard with acceptor doping due to the
generation of oxygen vacancies, which pin domain wall motion. We will examine
these mechanisms further in Section 6.3(1).

Various ternary solid solutions incorporating PZT and another ferroelectric
perovskite have also been investigated. Some noteworthy examples utilize the
following third phases: Pb(Mg1/3Nb2/3)O3, Pb(Mn1/3Sb2/3)O3, Pb(Coi/3Nb2/3)O3,
Pb(Mn1/3Nb2/3)03, Pb(Ni1/3Nb2/3)03, Pb(Sb,/2Sn1/2)O3, Pb(Co1/2W1/2)O3, and
Pb(Mgl/2W1/2)03.70

800

50 52 54 56 58

Mole % PbZrO3

60

Figure 3.4 Dependence of several d constants on composition near the
morphotropic phase boundary in the Pb(ZrxTii_x)O3 solid solution
system.

A new solid solution system, BiScO3-PbTiO3, has been proposed from which
materials with improved temperature stability can be derived for high temperature
applications.3 The morphotropic phase boundary composition for this system has a
Curie temperature of 450°C, which is about 100°C higher than that of the MPB
composition in the PZT system.
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Lead titanate, PbTiO3, has an exceptionally large unit cell distortion. It is tetragonal
at room temperature with a tetragonality ratio c/a=1.063 and its Curie temperature is
490°C. Dense sintered PbTiC>3 ceramics are not easily obtained, because they break
up into a powder when cooled through the Curie temperature due to the large
spontaneous strain. Modified lead titanate ceramics incorporating A-site dopants are
mechanically stronger and exhibit a high piezoelectric anisotropy. The modified
compositions (Pb,Sm)TiO34 and (Pb,Ca)TiO35 exhibit extremely low planar
coupling, that is, they have a large kt/kp ratio. The quantities k, and kp are the
thickness-extensional and the planar electromechanical coupling factors,
respectively. Since medical imaging ultrasonic transducers made with these
compositions can generate purely longitudinal waves through kt, clear images are
possible because the "ghost" image, generally associated with the transverse wave
and generated through k^, is not produced. Ceramics of another modified
composition, (Pb,Nd)(Ti,Mn,In)O3, have been developed which have a zero
temperature coefficient of surface acoustic wave delay and, therefore, are superior
substrate materials for SAW device applications.6

The physical properties of a solid solution with end members A and B [designated
by (l-x)A-(x)B] can be from phenomenological theory?'* The Gibbs elastic energy
of a solid solution is assumed to be a linear combination of the Gibbs elastic energy
of each component, so that:

G!(P,X,T) = (l/2)[(l-x)aA+(x)aB]P2+(l/4)[(l-x)pA + xpB]P4

+ (l/6)[(l-x)yA+ xyB]P6 - (l/2)[(l-x)sA+xB]X2

-[(l-x)QA+xQB]P2X (3.1)

where aA = (T - T0 (A))/e0C A and aB = (T - T0 (B))/e0C B.

Reasonable first-order estimates of the Curie temperature, spontaneous polarization,
the spontaneous strain, the permittivity, the piezoelectric coefficients, and the
electromechanical coupling factors can be derived from the energy equation.

The dielectric constant as a function of temperature for various compositions from
the solid solution system (x)Pb(Zn1/3Nb2/3)O3 - (l-x)PbTiO3 (PZN-PT) is shown in
Figure 3.5.8 The calculated and measured data are in reasonable agreement in terms
of the Curie temperature, the magnitude of the dielectric constant, and the anomaly
associated with the phase transition from the tetragonal to rhombohedral phase. The
only significant difference appears in the breadth of the dielectric constant peaks,
which will be examined in the next section.
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Figure 3.5 The dielectric constant as a function of temperature for various
compositions from the solid solution system (x)Pb(Zni/3Nb2/3)O3-
(l-x)PbTiO3: (a) phenomenological prediction (b) experimentally
determined.8

A typical magnitude for the piezoelectric strain coefficient d33 of a ceramic
piezoelectric is Ixl0"10-5xl0"10 (m/V). If an electric field of 106 (V/m) is applied to
a 10 (mm) sample, a strain x3~lxlO~3 is induced, which translates to a 10 (am
displacement. Under such a large electric field, domain reorientation will occur in
most cases, leading to a strain much larger than predicted just from the product
(dE). The discrepancy can range from 10 to 100 percent. It is for this reason that
piezoelectric coefficient measurements obtained at low field strengths (< 10 V/mm),
such as those taken at an electromechanical resonance with an impedance analyzer,
are practically useless for accurately characterizing actuator response.

In as-fired samples of piezoelectric ceramics, the net polarizations of individual
grains are randomly oriented so as to produce a net polarization of zero for the
entire sample. The net strain is likewise negligibly small under an applied electric
field. Hence, as a final treatment of all piezoelectric ceramics a relatively large
electric field (>3 kV/mm) is applied in order to align the polarization directions of
all grains as much as possible. This is called is called electric poling.

The strain induced along the electric field direction (the longitudinal effect) in a
poled (Pb,La)(Zr,Ti)O3 (7/62/38) sample is shown in Figure 3.6(a).9 When the
applied field is small, the induced strain is nearly proportional to the field; this is the
converse piezoelectric effect (x = dE), and the piezoelectric strain coefficient d33 can
be determined from the slope (9x/9E). As the field becomes larger (> 100 V/mm),
the strain curve deviates from this linear trend and significant hysteresis occurs.
This limits the usefulness of this material for actuator applications that require a
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nonhysteretic response. Once the applied field exceeds the coercive field strength,
Ec, the hysteresis assumes the characteristic "butterfly-shaped" curve traced with the
dotted line in Figure 3.6(a). This strain hysteresis is caused by the reorientation of
ferroelectric domains.

An interesting new family of actuators with a small hysteresis has been produced
using ceramics from the barium stannate titanate solid solution system,
Ba(Sn,Ti)O3. The attractive feature of Ba(Sn0.i5Ti0.85)O3 is its unusual strain curve.
We see from Figure 3.6(b) that domain reorientation occurs only at low field
strengths, and there is a broad linear range for higher applied fields. The coercive
field is unusually small. This good linear response comes at the expense of the
strain, however, with a maximum induced strain of only x3=0.5xlO"3.

PLZT BST
x104

-15 -10 -5 0 5 10 15
Electric Field (kV/cm)

-20 -10 o 10 20
Electric Field (kV/cm)

Figure 3.6 Field-induced strain curves for piezoelectric: (a) PLZT (7/62/3S),9
and (b) Ba(Sn,Ti)O3.10

The induced strain curves for various PLZT compositions under bipolar [-20
(kV/cm) < E < +20 (kV/cm)] and unipolar [0 < E < +20 (kV/cm)] drives are shown
in Figure 3.7. Bipolar drive is generally not used, however, because cracks are
readily initiated with repeated polarization reversal thus significantly shortening the
lifetime of the device.
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Figure 3.7 Field-induced strain curves for various PLZT compositions under:
(a) bipolar, and (b) unipolar drive.9 The magnitudes of the coercive
field, Ec, and the dielectric constant are written above each curve in
the top figure.

So far, we have considered mainly soft piezoelectrics suitable for off-resonance or
nearly static operating conditions. Very hard, high power piezoelectrics are typically
used for ultrasonic resonance applications under AC conditions. Since the resonance
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displacement is determined by QmdE, a material that retains a high mechanical
quality factor, Qm, and piezoelectric strain coefficient, d, at high vibration levels is
essential. High power drive causes heat generation, which can lead to serious
degradation of the electromechanical properties. One of the best high power
piezoelectrics is a rare-earth doped PZT-Pb(Mn1/3Sb2/3)O3 ceramic, which can
generate a maximum vibration velocity of 1 m/sec.1' We will examine these
materials and their properties in more detail in Chapter 6. Note that under these high
power operating conditions, increasing the applied electric field does not increase
the vibration energy. Any additional input energy is converted entirely into heat.

Relaxor Ferroelectrics

Relaxor ferroelectrics differ from the normal ferroelectrics described thus far in that
they exhibit a broad phase transition from the paraelectric to ferroelectric state, a
strong frequency dependence of the dielectric constant (i.e., dielectric relaxation)
and a weak remanent polarization. Many of the lead-based relaxor materials have
complex disordered perovskite structures. They can be prepared either in
polycrystalline form or as single crystals.

Although several compelling theories exist to describe relaxor ferroelectric
phenomena, the exact mechanisms for the diffuse phase transition exhibited by
these materials are yet to be fully understood. We introduce here a widely accepted
description referred to as the microscopic composition fluctuation model, which is
applicable even to macroscopically disordered structures.12"14 The model proposes
the existence of the so-called Kanzig region, which is essentially the smallest region
in which ferroelectricity can occur. The range of size for these regions is on the
order of 100-1000 A. It is assumed that there will be local fluctuations in the
distribution of Mg2+ and Nb5+, for example, on the B-site of the disordered
perovskite cell for the relaxor composition Pb(Mgi/3Nb2/3)O3. A computer
simulation of the composition fluctuations for a perovskite material with the general
formula A(1Bi/2IIB1/2)O3 and varying degrees of B-site ordering is shown in Figure
3.8.14 The fluctuation of the 'B/nB ratio is well represented by a Gaussian
distribution function. It has been proposed in the context of this theory that local
variations in composition will produce local variations in Curie temperatures, thus
leading to the diffuse phase transition that is observed in the dielectric data. Short-
range B-site ordering in Pb(Mg1/3Nb2/3)O3 has been observed by electron
microscopy.15 The high resolution image revealed ordered regions with sizes in the
range of 20-50 A, as schematically depicted in the center diagram of Figure 3.8.

Another significant characteristic of a relaxor ferroelectric is its dielectric relaxation
(the frequency dependence of the dielectric constant) from which their name is
derived. The dielectric constant for Pb(Mg1/3Nb2/3)O3 is plotted as a function of
temperature in Figure 3.9 at various measurement frequencies.16 We see from these
data that as the measurement frequency is increased, the low temperature dielectric
constant decreases and the peak in the curve shifts to higher temperature. This is in
contrast to the trends observed for a normal ferroelectric, such as BaTiO3, where the
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temperature of the dielectric constant peak varies very little with frequency. The
origin of this effect has been examined in studies focused on Pb(Zn1/3Nb2/3)O3
single crystals.17 The dielectric constant and loss are plotted as a function of
temperature for an unpoled and a poled PZN sample in Figure 3.10. Domain
configurations corresponding to each are also shown on the right-hand side of the
figure. We see from these data that macroscopic domains are not present in the
unpoled sample even at room temperature, and large dielectric relaxation and loss
are observed below the Curie range. Once macrodomains are induced by the
external electric field, the dielectric dispersion disappears and the loss becomes very
small (that is, the dielectric behavior becomes rather normal!) below 100°C. The
dielectric relaxation is thus associated with the microdomains present in this
material.
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Figure 3.8 Computer simulation of the compositional fluctuations in a
AC'B!^ nB1/2)O3 perovskite calculated for varying degrees of B-site
ordering.14

Ceramics of PMN are easily poled when the poling field is applied near the
transition temperature, but they are depoled completely when the field is removed
as the macrodomain structure reverts to microdomains (with sizes on the order of
several hundred A). This microdomain structure is believed to be the source of the
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exceptionally large electrostriction exhibited by these materials. The usefulness of
the material is thus further enhanced when the transition temperature is adjusted to
near room temperature.
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Figure 3.9 The temperature dependence of the dielectric permittivity for
Pb(Mgi/3Nb2/3)O3 at various frequencies (kHz): (1) 0.4, (2) 1, (3) 45,
(4) 450, (5) 1500, (6) 4500.16

The longitudinal induced strain at room temperature as a function of applied electric
field for 0.9PMN-0.!PbTiO3 ceramic is shown in Figure 3.II.18 Notice that the
order of magnitude of the electrostrictive strain (10"3) is similar to that induced
under unipolar drive in PLZT (7/62/38) through the piezoelectric effect [Figure
3.6(a)]. An attractive feature of this material is the near absence of hysteresis

Other electrostrictive materials include (Pb,Ba)(Zr,Ti)C>319 and various compositions
from the PLZT system.9'20 The large electrostriction effect in all these materials
appears to be associated with the microdomain structure. In order to promote
microscopic inhomogeneity throughout a given sample and the development of
microdomain regions, dopant ions with a valence or ionic radius different than those
of the ion they replace are introduced into the structure. We will examine this
process further in Section 3.3.
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Figure 3.10 The dielectric constant and dielectric loss (tanS) as a function of
temperature measured along <111> (the Ps direction) of a
Pb(Zni/3Nb2/3)O3 single crystal: (a) a depoled sample (b) and a poled
sample.17 (Domain configurations corresponding to each are shown
on the right-hand side of the figure.)

We can now summarize and compare the practical characteristics of piezoelectric
and electrostrictive ceramics:

1. The electrostrictive strain is about the same order of magnitude as the
piezoelectric (unipolar) strain (0.1%). There is practically no hysteresis in the
electrostrictive strain.

2. Piezoelectric materials require an electrical poling process, which can lead to
significant aging. Electrostrictive materials do not need such pretreatment, but
require a DC bias field for some applications due to the nonlinear response.
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3. Compared with piezoelectrics, the electromechanical response of
electrostrictive ceramics tends not to deteriorate under severe operating
conditions such as high temperature and large mechanical load (Section 3.5),

4. Piezoelectrics are superior to electrostrictive materials with regard to their
temperature characteristics.

5. Piezoelectrics have smaller dielectric constants than electrostrictive materials,
and thus exhibit a quicker response (see Section 3.4).
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Figure 3.11 Field-induced strain curve for 0.9Pb(Mg1/3Nb2/3)O3-0.1PbTiO3 at
room temperature.18

A relaxor ferroelectric does exhibit an induced piezoelectric effect and the
electromechanical coupling factor, kt, is observed to vary with the DC bias field
strength. As the DC bias is increased, the coupling factor increases and eventually
saturates. This behavior is highly reproducible and makes it possible to employ
relaxor ferroelectrics as field-tunable ultrasonic transducers.21

Recently, highly responsive single crystal relaxor ferroelectrics from solid solution
systems with a morphotropic phase boundary (MPB) have been grown and
characterized for application as ultrasonic transducers and electromechanical
actuators. Compositions very near the morphotropic phase boundary tend to show
the most promise for these applications. Extremely high values for the
electromechanical coupling factor (k33=92-95%) and piezoelectric strain coefficient
(d33=1500 pC/N) were first reported for single crystals at the MPB of the
Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) system in 1981 by Kuwata, Uchino, and
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Nomura.22'23 Various electromechanical parameters (at room temperature) are
plotted as a function of composition in Figure 3.12. Notice how two different values
are plotted for the morphotropic phase boundary composition,
0.91Pb(Zn1/3Nb2/3)O3-0.09PbTiO3. The highest values for the piezoelectric
coefficients and electromechanical coupling factors are observed for the
rhombohedral composition only when the single crystal is poled along the
perovskite [001] direction, not along [111], which is the direction of the
spontaneous polarization.

Approximately 10 years later, Yamashita et al. (Toshiba)24 and Shrout et al. (Penn
State)25 independently reproduced these findings, and refined data were collected in
order to characterize the material for medical acoustic applications. Strains as large
as 1.7% can be induced in single crystals from the morphotropic phase boundary
composition of this system. The field-induced strain curve for a [001] oriented
0.92PZN-0.08PT crystal is shown in Figure 3.13.25

The mechanism for the enhanced electromechanical coupling in this case is the
same as that for PZT, as described in Chapter 2. The shear coupling that occurs
through d15 is dominant for perovskite piezoelectrics. The applied electric field
should therefore be applied such that its direction is somewhat canted from the
spontaneous polarization direction in order to produce the optimum piezoelectric
response. The exceptionally high strain generated in materials with compositions
near the morpotropic phase boundary (up to 1.7%) is associated with the field-
induced phase transition from the rhombohedral to the tetragonal phase. The applied
electric field is generally directed along the perovskite [001] direction so that the
electrostrictive response occurs in conjunction with a piezoelectric one, thereby
enhancing the magnitude of the field-induced strain.

It is convenient to classify electromechanical materials according to their coercive
field. A material with a coercive field larger than 10 kV/cm is called a hard
piezoelectric, and has a broad linear range, but exhibits relatively small induced
strains. A material with a coercive field between 1-10 kV/cm is called a soft
piezoelectric, and exhibits large induced strain, but also relatively large hysteresis.
A material with a very small coercive field of less than 1 kV/cm is called an
electrostrictor. It exhibits a strain that is approximately quadratic with respect to the
applied electric field. Each type of material may also be characterized by its Curie
point. The Curie point of the hard piezoelectric is generally much higher (> 250°C)
than its usual operating temperature (room temperature), in contrast to an
electrostrictive material, which has a transition temperature somewhat lower than
room temperature. The Curie point of soft piezoelectrics ranges from 150°C to
250°C.
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Figure 3.12 Various electromechanical parameters of materials from the
(l-x)Pb(Zn1/3Nb2/3)O3-(x)PbTiO3 (PZN-PT) system as a function of
PT content, x. Note that all peak at the morphotropic phase
boundary composition, x = 0.9.22'23
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Figure 3.13 The field-induced strain for a [001] oriented 0.92PZN-0.08PT single
crystal.25
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Phase-Change Materials

The primary phase-change-induced strains employed for actuator applications
typically involve a transition from an antiferroelectric to a ferroelectric phase, which
is accompanied by an induced polarization. The change in the spontaneous strain
that occurs with this type of field-induced phase transition is theoretically much
larger than that associated with a paraelectric to ferroelectric phase change or the
non-180° domain reorientation that occurs for certain ferroelectrics under an applied
field [see Section 2.2(3)]. The field-induced strain for an antiferroelectric lead
zirconate stannate-based composition from the Pbo.99Nbo.o2[(ZrxSn1.x)i_yTiy]o.98O3
(PZST) system is shown in Figure 3.14.27 We see from these data that a maximum
induced strain of about 0.4% is possible for this material, which is much larger than
what is typically observed for conventional piezoelectrics or electrostrictors. A
more rectangular-shaped hysteresis curve is observed for some compositions from
this system [Figure 3.14(a)], because the change in strain occurring at the phase
transition is much larger than the strain change induced in either the antiferroelectric
or the ferroelectric phases. This mode of operation is referred to as digital
displacement because the material effectively switches between "on" and "off
strain states.

A shape memory effect is observed for certain compositions [Figure 3.14(b)]. Once
the ferroelectric phase has been induced, the material will retain or "memorize" its
ferroelectric state, even if the field is completely removed. A relatively small
reverse bias field restores the material to its original state as shown in the figure.
One advantage to this type of shape memory ceramic is that it does not require a
sustained applied electric field; instead only a pulse drive is required, thereby saving
considerable energy. The transient tip deflection of a shape memory ceramic
bimorph after a triangular pulse is applied is shown in Figure 3.15.28 The response
speed of the phase transition is quick enough to generate a resonant mechanical
vibration.

Piezoelectric Polymers

Polyvinylidene difluoride, PVDF or PVF2, becomes piezoelectric when it is
stretched during the curing process. The basic structure of this material is depicted
in Figure 3.16. Thin sheets of the cast polymer are drawn and stretched in the plane
of the sheet, in at least one direction, and frequently also in the perpendicular
direction, to transform the material to its microscopically polar phase.
Crystallization from the melt produces the nonpolar ct-phase, which can be
converted into the polar p-phase by this uniaxial or biaxial drawing operation. The
resulting dipoles are then aligned by electrically poling the material. Large sheets
can be manufactured and thermally formed into complex shapes.
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Figure 3.14 The field-induced strain for an antiferroelectric composition from
the Pb0.99Nbo.o2[(ZrxSn1.x)i.yTiy]o.98O3 (PZST) system (longitudinal
effect): (a) digital displacement response and (b) shape memory
response.27
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Figure 3.15 Transient tip deflection of a PZST shape memory ceramic
bimorph.28
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Figure 3.16 Structure of polyvinylidene difluoride (PVDF).

The copolymerization of polyvinylidene difluoride with trifluoroethylene (TrFE)
results in a random copolymer (PVDF-TrFE) with a stable polar (3-phase. This
polymer need not be stretched; the microscopically polar regions are formed during
the copolymerization process so that the as-formed material can be immediately
poled. The poled material has a thickness-mode coupling coefficient, kt, of 0.30.

Piezoelectric polymers have the following characteristics: (a) they have small
piezoelectric strain coefficients, d (for actuators), and large g constants (for
sensors), (b) they are light weight and elastically soft, allowing for good acoustic
impedance matching with water and human tissue, (c) they have a low mechanical
quality factor, Qm, allowing for a broad resonance band width. Piezoelectric
polymers are used for directional microphones and ultrasonic hydrophones. The
major disadvantages of these materials for actuator applications are the relatively
small generative stress and the considerable heat generation that is generally
associated with a low mechanical quality factor.

Piezoelectric Composites

Piezoelectric composites, comprised of a piezoelectric ceramic and a polymer
phase, are promising materials because of their excellent and readily tailored
properties. The geometry for two-phase composites can be classified according to
the dimensional connectivity of each phase into ten basic structures; 0-0, 0-1, 0-2, 0-
3, 1-1, 1-2, 1-3, 2-2, 2-3 and 3-3.29 A 1-3 piezoelectric composite, such as the PZT
rod:polymer composite shown in Figure 3.17, is an interesting example. The
advantages of this composite are its high electromechanical coupling factors, good
acoustic impedance match to water or human tissue, mechanical flexibility, broad
bandwidth, and low mechanical quality factor. The thickness mode
electromechanical coupling, kt, of the composite can exceed that of the ceramic
phase (0.40-0.50), approaching the magnitude of the electromechanical coupling
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factor, k33 (0.70-0.80), of the ceramic.30 Acoustic impedance is the square root of
the product of the material's density and elastic stiffness. The acoustic match to
tissue or water (1.5 Mrayls) of typical piezoelectric ceramics (20-30 Mrayls) is
significantly improved when the ceramic is incorporated into a ceramic:polymer
composite structure. Piezoelectric composite materials are especially useful for
underwater sonar and medical diagnostic ultrasonic transducer applications.

Piezoceramic fiber (Phase 1)

Polymer matrix (Phase 2)

Figure 3.17 A schematic depiction of a 1-3 PZT rod:polymer composite. The top
and bottom surfaces are rigid electrodes.

The piezoelectric response of a PZT ceramic, PVDF, and several PZTrpolymer
composites is presented in Table 3.2.31 We see that the piezoelectric strain
coefficient, d, of PVDF, which represents the strain per unit electric field (important
for actuator applications), is smaller than that of the PZT ceramic by an order of
magnitude, because of its small dielectric constant. The piezoelectric voltage
coefficient, g, of PVDF, which represents the voltage per unit stress (important for
sensor applications), is also larger than that of PZT by an order of magnitude. The
highest figures of merit for sonar devices, dhgh (where dh and gh are the hydrostatic
piezoelectric coefficients), are achieved with composite materials, which tend to
have magnitudes of d and g that lie between those values for the individual ceramic
and polymer phases.

Similar to polymer piezoelectrics, a PZTipolymer composite actuator generates and
retains significant heat during a single drive cycle. The heat produced by the PZT is
not dissipated due to the low thermal conductivity of the polymer phase.
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Table 3.2 Electromechanical properties of a PZT ceramic, PVDF, and several
TV-ZT" _ _1_.__ _„ __ _ _ „ _ ' . ! . _ _ 31PZT:polymer composites

Material [connectivity]

PZT(501A)
Extended PVDF
PZT:Epoxy [3-1]
PZT:Silicone Rubber [3-3]
(Replica-Type)
PZT:Silicone Rubber [3-3]
(Ladder-Type)
PZT:PVDF [0-3]
PZT: Rubber [0-3]
PZT:Chloroprene [0-3]

P
(103 kg/m3)

7.9
1.8
3.0
3.3

4.5

5.5
6.2
-

C33
(GPa)

81
3
19
3

19

2.6
0.08
-

K33

2000
13

400
40

400

120
73
40

d33
(PC/N)
400
20
300
110

250

90
52
-

g33
(mVm/N)

20
160
75

280

60

85
140
-

gh
(mVm/N)

3
80
40
80

—

-
30
90

Example Problem 3.1
A piezoelectric composite consists of two phases, 1 and 2, and is poled in the
direction indicated by the arrow in Figure 3.18. Analogous to the terminology used
in electronic circuit analysis, the structures pictured in Figures 3.18(a) and 3.18(b)
are designated as "parallel" and "series" configurations, respectively. The volume
fraction is 'V^V (where 1V + 2V = 1). Assuming the top and bottom electrodes are
rigid enough to prevent bending, and the transverse piezoelectric coupling between
Phases 1 and 2 is negligibly small, calculate the following physical properties for
the composite with the parallel configuration:

(a) the effective dielectric constant, K^',
(b) the effective piezoelectric strain coefficient, d33',
(c) the effective piezoelectric voltage coefficient g33'.

Use the parameters D3, E3, X3, x3, s33, which are the dielectric displacement, the
electric field, the stress, the strain, and the elastic compliance, respectively.

PZT (Phase 1)

Polymer (Phase 2)
Rigid Electrode

i \;
'oli
Dire

ig:
clii >n

(a) (b)

Figure 3.18 Diphasic composites with (a) parallel and (b) series configurations.
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Solution

(a) Since the electrodes are common to all elements in the parallel configuration,
E3 is common to Phases 1 and 2, so that:

Therefore,

K33' = 'V 'KB + 2V 2K33 (P3.1.2)

and when 'K33» 2K33, K33' = ' V !K33.

(b) If Phases 1 and 2 are independent and mechanically free, then:

1x3 = 1d33E3 and 2x3 = 2d33E3 (P3.1.3)

The strain x3 must be common to both Phases 1 and 2 and the effective strain x3' is
given by the following equation:

'v( 'x3-V) =
 2v(V-2x3) (P3_L4)

Therefore,

/!"* J 2 1 J . 2 x r 1 2 j \

, (P3.1.5)
( ' V z s 3 3 + ^ V ' s 3 3 )

and, consequently, the effective piezoelectric constant is:

[ 1 2 l j 2 1 2 " 1

'lv2 2 V 1 , (P3'L6)(V s33+ V s33) J

and when '533 « 2S33, d33* = 'd33.

(c) Since g33' = d33' / £0K33', we can express this quantity in the following form:

f ' V 2 s 'd + 2V !s 2d )*• 33 31 31 13 /
3333 2 2

¥%,+ 2 V 1 s 3 3 ) e o ( 1 V 1 K 3 3 + 2 V 2 K 3 3 )

and when ]s33 « 2s33 and 'K33 » 2 K33, g33' =

(P3.1.7)
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Piezoelectric Thin Films

Both zinc oxide (ZnO) and aluminum nitride (A1N) are simple binary compounds
with the Wurtzite structure which can be sputter-deposited as a [001]-oriented thin
film on a variety of substrates. Zinc oxide has large piezoelectric coupling and thin
films of this material are widely used in bulk acoustic and surface acoustic wave
devices. The fabrication of highly oriented [001] ZnO films have been studied and
developed extensively. The performance of ZnO devices is limited, however, due to
their low piezoelectric coupling (20-30%). Lead zirconate titanate (PZT) thin films
are expected to exhibit better piezoelectric properties. At present PZT thin films are
grown for use in microtransducers and microactuators. Relatively high power drive
is possible for these thin film devices, because the heat generated in operation is
readily dissipated through the substrate. These actuators cannot provide large
mechanical output, however, because the power is determined by the total volume
of the piezoelectric material present, which in this case is quite small.

(4) Shape Memory Alloys

Reversible martensitic transformations are observed in many alloys; however, an
especially pronounced shape memory effect is observed in alloys based on NiTi and
Cu. The former is known as Nitinol (the "nol" indicates the alloy was discovered by
the Naval Ordinance Laboratory, now called the Navy Surface Warfare Center).
The properties of some typical shape memory materials are summarized in Table
3.3.3i

Table 3.3 Properties of typical shape memory alloys.32

Property
Induced ("Self") Strain, x0
Latent Heat of Transition, q (J/kg K)
Maximum Recovery Stress, Xnlax (MPa)
Macroscopic Strain Effect

Polycrystalline
Single Crystal

Ni-Ti
20%

470-620
600-800

4%
10%

Cu-Al-Ni
20%

400-480
600

2%
10%

Cu-Al-Zn
20%
390
700

2%
10%

The induced strain (sometimes called the self-strain) for a typical martensitic
transition between close-packed structures, face centered cubic (fee) and body
centered cubic (bcc) or hexagonal close packed (hep) for the NiTi alloys, is as high
as 20%. The R-phase in NiTi-based alloys has a smaller induced strain of about 3%,
which is still an order of magnitude larger than the strains produced in
piezoelectrics.33 The large strain effect and the structural reversibility of the
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martensitic transformation in these alloys make them effective for actuator
applications. The induced strain leads to the development of stress when the
transformation is impeded. The stress generated by the phase transition depends on
the thermodynamics of the transformation and on the mechanical boundary
conditions imposed on the specimen. The maximum value of the actuation stress,
Xuiax, on cooling can be estimated according to:

Xmax = q / x 0 (3.2)

where q is the latent heat of the phase transformation, and x0 is the induced (self)
strain.

(5) Magnetostrictive and Giant Magnetostrictive Materials

Magnetostriction was discovered by James Joule in the 19th century. Since then the
effect has been investigated in magnetic metals, such as Fe, Ni, and Co, and oxides
such as the ferrites. Research on giant magnetostrictive materials including rare
earth metals commenced in the 1960's. The magnetic structure and magnetic
anisostropy of rare earth metals were under intensive study at this time. In
particular, giant magnetostriction of more than 1% was reported for Tb and Dy
metal single crystals at cryogenic temperatures.34'35 This level of induced strain is
two to three orders of magnitude higher than the strains typically observed in Ni and
the ferrites.

The research of the 1970's was focused on compounds consisting of rare earth (R)
and transition metal (T) elements. The RT2 alloys, exemplified by RFe2 (known as
the cubic Laves phase), were of particular interest. Exceptionally large
magnetostriction of up to 0.2% was reported for TbFe2 at room temperature.36'37

This triggered a boom in research on this enhanced effect now known as giant
magnetostriction. In 1974, Tb0.3Dyo.7Fe2, which exhibits enormous magnetostriction
under relatively small magnetic field strengths at room temperature, was
produced.38

In 1987, sophisticated crystal control technology was developed39 and a
magnetostriction jump phenomenon was discovered in [112]-oriented alloys. ° (The
mechanism for the jump is a sudden realignment of the spin with one of the
crystallographic easy axes closer to the external field direction). These technologies
helped to stabilize the magnetostriction. Strains of 0.15% can be consistently
achieved under an applied magnetic field of 500 Oe and compressive stress of 1
kgf/mm2. The materials in the compositional range Tb0.27-o.3Dyo.7-o.73Fei.9_20 are
called Terfenol-D (dysprosium modified terbium iron produced at "nol"), and are
currently commercially produced by several manufacturers.
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The saturated magnetostrictive strain for some magnetic materials at 300K are
summarized in Table 3.4.41 Note that several materials in the table have a negative
magnetostriction coefficient (that is, their length decreases under an applied
magnetic field), while other materials, including Terfenol-D, have a positive
magnetostriction coefficient.

Table 3.4 The saturated magnetostrictive strain for some magnetic materials
at 300K.41

Material

Fe
Ni
Co
0.6Co-0.4Fe
0.6Ni-0.4Fe
TbFe2
Terfenol-D
SmFe2
Metglass 2605SC

Induced Strain
(A/// x 10"6)

-9
-35
-60

S-Q68
25

1753
1600

-1560
40

There are three primary mechanical concerns in the design of Terfenol-D
transducers: (a) optimization of the output strain, (2) mechanical impedance
matching, and (3) strengthening against fracture.42 A pre-stress in the range of 7-10
MPa is generally applied to the Terfenol-D actuator in order to enhance its
magnetostrictive response. This level of stress is sufficient to align the magnetic
moments parallel to an easy axis, which is almost perpendicular to an actual
crystallographic axis. Actuator displacements are enhanced by a factor of three for
samples subjected to the pre-stress treatment.43 Mechanical impedance matching is
required between a magnetostrictive actuator and its external load to ensure efficient
energy transfer to the load. Terfenol-D has a low tensile strength, with a yield
strength of 700 MPa in compression, but only 28 MPa in tension.44

Various composite structures have been investigated in recent years to more
effectively address these mechanical problems and to optimize the magnetostrictive
response. Terfenol-D:epoxy composites, for example, are automatically subject to
the pre-stress treatment during the cure process.45'46 Models of the system have been
developed to investigate the effects of particulate volume fraction and thermal
expansion of the polymer matrix on the strain-field-load characteristics of the
composite. It was determined that a low-viscosity matrix facilitates the formation of
particle chains and helps to inhibit the production of voids during the cure process.
The models were verified with Terfenol-D:epoxy samples representing various
particle loading conditions (10-40%), and polymer thermal expansion coefficients
(30xlO"6-50 xlO'6 degree1), Young's moduli (0.5-3 GPa), and viscosities (60-10,000
cps).
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The magnetostrictive strain for Terfenol-D:epoxy composites is shown in Figure
3.19.46 We see in this response the competing influences of the magnetostrictive
force needed to overcome and strain the matrix and the pre-stress force, which
increases with decreasing volume fraction of Terfenol-D. As the volume fraction
increases from 10 to 20%, an overall increase in the force and strain occurs largely
due to the higher concentration of magnetostrictive material in the composite. As
the volume fraction increases beyond 20%, however, the decrease in the pre-stress
that is applied to the magnetostrictive composite on curing ultimately limits the
force and strain generated in the structure and the net response is reduced despite
the higher concentration of magenetostrictive material.

Magnetic Field (T)

Figure 3.19 The longitudinal and transverse magnetostrictive strain as a function
of applied magnetic field for Terfenol-D:epoxy composites with
various volume fractions of Terfenol-D.46

3.2 FIGURES OF MERIT FOR PIEZOELECTRIC
TRANSDUCERS

There are five important figures of merit for piezoelectrics: (1) the piezoelectric
strain coefficient, d, (2) the piezoelectric voltage coefficient, g, (3) the
electromechanical coupling factor, k, (4) the mechanical quality factor, Qm, and (4)
the acoustic impedance, Z. Each of these quantities will be defined in this section.

(1) The Piezoelectric Strain Coefficient, d

The magnitude of the strain, x, induced by an applied electric field, E, is
characterized by the piezoelectric strain coefficient, d, according to:
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x = dE (3.3)

This quantity is an important figure of merit for actuators.

(2) The Piezoelectric Voltage Coefficient, g

The induced electric field, E, is related to the applied stress, X, through the
piezoelectric voltage coefficient, g, according to:

E = gX (3.4)

This quantity is an important figure of merit for sensors.

Recall that the direct piezoelectric effect is described by P=dX, where P is the
induced polarization. When we combine this expression with Equation (3.4) we
obtain an important relationship between g and d:

g = d /e 0 K (3.5)

where K is the dielectric constant.

Example Problem 3.2_____________________________________
Obtain the relationship between the piezoelectric d and g coefficients which indicate
the strain per unit electric field and the electric field per unit stress, respectively.

Solution

Starting with the fundamental piezoelectric equations:

x = s E X + dE (P3.2.1)

P = dX + E 0 K X E (P3.2.2)

The actuator figure of merit, d (defined for X = 0), is given by Equation (P3.2.1) to
be x=dE, and the sensor figure of merit, g (defined for E = 0), is given by Equation
(P3.2.2) to be P=dX. The polarization, P, induced in a material with a dielectric
permittivity, e=e0Kx, results in the development of an electric field, E, with a
magnitude given by:

E = P/e 0K x = dX/e0Kx (P3.2.3)

Combining this equation with the defining equation for the piezoelectric voltage
coefficient, E = g X, yields:

= d/e 0 K x (P3.2.4)
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(3) The Electromechanical Coupling Factor, k, and Related Quantities

The terms electromechanical coupling factor, k, energy transmission coefficient,
Xmax, and efficiency, r|, are sometimes misrepresented. All are related to the
conversion rate between electrical energy and mechanical energy, but they are
defined differently.

The Electromechanical Coupling Factor

The electromechanical coupling factor is defined by either of the following
expressions:

1,2 _ Stored Mechanical Energy
K — ——————————————————————— ^j.Oo.^

Input Electrical Energy

, 2 Stored Electrical Energy .„ ,, .k = ———————————— ̂ - (3.6b)
Input Mechanical Energy

Let us work with Equation (3.6a) to determine the electromechanical coupling
factor when an electric field, E, is applied to a piezoelectric material. The input
electrical energy per unit volume is:

Input Electrical Energy = (1/2) e0K E2 (3.7a)

and the stored mechanical energy per unit volume under zero external stress is given
by:

Stored Mechanical Energy = (l/2)x2/s= (1/2) (d E) 2/s (3.7b)

where s is the elastic compliance of the material. Making these substitutions into
Equation (3.6a) and simplifying allows us to now express k2 as:

k2 = 2 = - (3.8)
( K ) e o K E 2 E 0 K s

The Energy Transmission Coefficient

Not all the stored energy can actually be used, and the actual work done depends on
the mechanical load. When there is no mechanical load or when the material is
completely clamped (that is, it is not allowed to strain), the output work is zero and
the maximum energy transmission coefficient is defined by either of the following
expressions:
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^ _ f Output Mechanical Energy 1
max [_ Input Electrical Energy J^

Output Electrical Energy ,
Input Mechanical Energy

Let us consider the case where an electric field, E, is applied to a piezoelectric under
constant external stress. Here a compressive stress (X<0) is required to produce the
desired work and energy. The output mechanical work (energy), represented by the
shaded area in the strain versus stress plot shown in Figure 3.20(b), is determined
according to

Output Mechanical Energy = J-Xdx = -(dE + sX)X (3.10a)

The corresponding input electrical energy, represented by the shaded area indicated
in the polarization versus applied electric field plot shown in Figure 3.20(c), is
likewise given by:

Input Electrical Energy = |EdP = (e n KE + dX)E (3.10b)

We need to choose a proper load to maximize the energy transmission coefficient.
We begin by expressing the energy transmission coefficient in terms of the
definitions of the output work and input electrical energy given by Equations
(3. lOa) and (3.10b):

=

(e o KE + dX)E

The maximum energy transmission coefficient, Amax, which is readily determined
from this expression by the process carried out in Example Problem 3.3, is written
in terms of the electromechanical coupling factor, k, as follows:

(3.12)

Notice that the range of A.max is just:

k2/4 < Araax < k2/2

and, in general, when k is small, X1Iiax = k2/4, while for larger values of k, Xmax = k2/2.
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dE

0

sX
(a)

Output mechanical
energy

(c)

Figure 3.20 Plots for determining the input electrical and the output mechanical
energy of a piezoelectric actuator: (a) induced strain as a function of
applied electric field, (b) induced strain as a function of applied
stress, and (c) induced polarization as a function of applied electric
field.
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It should also be noted that the conditions for maximum energy transmission do not
correspond to the conditions required for maximum output mechanical energy. The
maximum output energy actually occurs when the load is equal to half of the
maximum generative stress: -[dE-s(dE/2s)](-dE/2s)=(dE)2/4s. In this case, since
the input electrical energy is given by:

Input Electrical Energy = [e0 K E + (-d2E/2s)] E (3.13)

(3.14)

The energy transmission coefficient under these conditions is given by:

X = ——— -, ——
2[(2/k2)-l]

This is close to, but not precisely equal to, the maximum value, Vax-

The Efficiency

The efficiency, r\, is defined by either of the following expressions:

Output Mechanical Energy————————————————
Consumed Electrical Energy

f Output Electrical Energy 1
[Consumed Mechanical Energy]

In a single work cycle (that is, one complete cycle of the applied electric field), the
input electrical energy to the actuator is transformed partially into mechanical
energy and the remaining is stored as electrical energy (essentially as electrostatic
energy in a capacitor). If the losses are small, nearly all the nonmechanical energy is
returned to the power source, leading to near 100% efficiency. The dielectric loss in
PZT is typically in the range of about 1-3% and increases significantly above a
certain level of applied electric field. This is, of course, less than ideal and the actual
efficiencies obtained for PZT-based devices will depend on a variety of material-
related parameters as well as the experimental conditions. We will consider these
issues in more detail in Chapter 6.
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Example Problem 3.3 __________________________________
Show that the maximum energy transmission coefficient, Amax, for a piezoelectric
actuator may be expressed in terms of the electromechanical coupling coefficient, k,
as follows:

(P3.3.1)

Solution

The energy transmission coefficient is defined by:

T Output Mechanical Energy I.. _A —
Input Electrical Energy J

Considering the case where an electric field, E, is applied to a piezoelectric under a
constant external stress, X, the energy transmission coefficient, X, can be expressed
as:

. _ -xX _ -(dE + sX)X
A —

PE (eoKE + dX)E

-[d(X/E) + s(X/E)2]
[eoK + d(X/E)]

(P3.3.2)

We need to determine the appropriate applied stress and electric field, E, conditions
required to produce the maximum energy transmission coefficient, A,max. If we let
y=X / E, then Equation (P3.3.2) becomes:

My) = - (P3.3.3)

The maximum energy transmission coefficient, Xmax- is obtained when the derivative
of A, with respect to y is equal to zero:

= 0 (P3.3.4)
dy L (dy + £0K)2

Simplifying and designating y as y0 produces:

y0
2 + 2(e0K/d) y0 + (e0K/s) = 0
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Solving for y0 yields:

(P3.3.5)

We may now substitute, k2=d2/se0K and by replacing y with y0 in Equation (P3.3.3),
we can obtain an expression for the maximum energy transmission coefficient, A,max,
as follows:

i = [ 2 ( s £ 0 K / d ) y 0 + e 0 K - d y o ]
max , , _ , ..( d y 0 + E 0 K )

= [ dy n (2 /k 2 - l ) + e 0 K]

l - k 2 ) ( 2 / k 2 - l )

(-1 + T/l - k2 + 1)

(P3.3.6)

(4) The Mechanical Quality Factor

The mechanical quality factor, Qm, is a parameter that characterizes the sharpness of
the electromechanical resonance spectrum. Considering the motional admittance,
Ym, in the vicinity of the resonance frequency, ff>0, the mechanical quality factor is
defined with respect to the bandwidth (Aco) as:

Q m = c o 0 / 2 A c o (3.16)

It should be noted that the inverse of the mechanical quality factor, Qm~', is equal to
the intensive mechanical loss (tan5'). The magnitude of Qm is very important in
evaluating the magnitude of the resonant strain. The vibration amplitude at an off-
resonance frequency [given by (dE/), where / is the length of the sample] is
amplified by a factor proportional to Qm at the resonance frequency. A rectangular
plate excited into a longitudinal vibration through d31, for example, will undergo a
maximum displacement of [(8/n2) Qmd31E I].41
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(5) The Acoustic Impedance

The acoustic impedance, Z, is a parameter used for evaluating the acoustic energy
transfer between two materials. It is defined, in general, by

Z2 = —————PreSSUre————— (3.17)
(Volume)(Sound Velocity)

A definition that applies specifically to a solid material is:

Z = 7f^ (3-18)

where p is the mass density and c is the elastic stiffness of the material.

In more advanced discussions, there are three kinds of characteristic impedances:
(1) the specific acoustic impedance (pressure/particle speed), (2) the acoustic
impedance [pressure/(volume)(sound velocity)], and (3) the radiation impedance
(force/sound velocity).48

Example Problem 3.4__________________________________
Why is acoustic impedance (or mechanical impedance) matching necessary for the
efficient transfer of mechanical energy from one material to another? Explain
conceptually.

Solution

The mechanical work done by one material to drive another is characterized by the
product of the magnitudes of the applied force, F, and the displacement, A/ (that is,
the component of the displacement along the direction of the applied force):

W = FA/ (P3.4.1)

A cartoon illustrating two extreme cases appears in Figure 3.21. If the material is
very "soft," the force, F, required to produce a given displacement can be very
small, and practically no work is done according to our basic definition. This case is
depicted in the first cartoon appearing in Figure 3.21. A practical example of this
extreme case is when an acoustic wave is generated in water by a hard PZT
transducer. In this case, most of the acoustic energy generated in the PZT will be
reflected at the interface, and only a small portion is transferred into the water. The
other extreme case is illustrated in the second cartoon in Figure 3.21. Exerting a
moderate force on a very hard material will generally result in very little
displacement of that medium and again the work done is practically zero. A good
practical example of this is the use of piezoelectric PVDF (polyvinylidene di-
fluoride) to drive a material such as hard steel. In order to optimize the output
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mechanical power when employing a given material (medium 1) to drive another
(medium 2), it is necessary to match the acoustic impedances of the two media:

(P3.4.2)

where p is the mass density and c is the elastic stiffness of the materials. In practice,
acoustic impedance matching layers with elastic properties intermediate between
the piezoelectric ceramic and the other medium are applied to a PZT device to
optimize the transfer of mechanical energy from the transducer to water or human
tissue.

Work = F(A/)

F = 0

"Pushing a curtain, and
pushing a wall"

- (Japanese proverb)

Figure 3.21 Cartoons illustrating the need for acoustic impedance matching
between an actuator (cat) and a given medium (curtain and wall).

3.3 THE TEMPERATURE DEPENDENCE OF THE
ELECTROSTRICTIVE STRAIN

The temperature dependence of the field-induced strain in an electrostrictive
0.9Pb(Mg1/3Nb2/3)O3-0.1PbTiO3 ceramic under an applied field of 3.3 (kV/cm) is
shown in Figure 3.22. Researchers strive to significantly reduce or eliminate the
temperature dependence of the strain response when developing new electrostrictive
materials. Two methods in particular have been effective in improving the
temperature stability of new materials. The first is a macroscopic composite
approach, where two materials with different temperature characteristics are
combined in a suitable configuration to mutually compensate for and effectively
cancel their individual temperature dependences. The other method involves the
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design of new solid solutions with intermediate compositions that provide optimum
temperature characteristics.

(1) Macroscopic Composite Method

A composite structure incorporating Pb(Mg1/3Nb2/3)O3 (PMN) and Pb(Zr,Ti)O3
(PZT) calcined powders has been developed as a new material possessing dielectric
and electromechanical properties that are very stable over a broad range of
temperatures.49 The dielectric permittivity is shown as a function of temperature for
diphasic mixtures of PMN and PZT (molar ratio 0.9:0.1) sintered at various
temperatures in Figure 3.23. The induced piezoelectric strain coefficient, d3i, is
shown as a function of temperature for some diphasic PMN-PZ composites,
0.9PMN-0.1PT, and pure PMN under a bias of 1 kV/cm in Figure 3.24. We see
from these data that the composite materials have electromechanical responses that
are far more stable with temperature (over the temperature range of -10°C to 70°C)
than those exhibited by the pure PMN and 0.9PMN-0.1PT ceramics.

1
•a 4

2 -

3.3kV/cm

x 10"

-50 0
Temperature ( °C )

50

_n
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a
'S

Figure 3.22 The temperature dependence of the electrostrictive strain for
0.9Pb(Mg1/3Nb2/3)O3-0. !PbTiO3 materials.

(2) Microscopic Approach

Another approach for improving the temperature dependence of electrostriction
involves microscale modifications of the material. A simple relationship between
the temperature coefficient of electrostriction (TCE) and the diffuseness of the
phase transition has been discovered for the solid solution systems
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Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3 (PMN-PMW) and Pb(Mg1/3Nb2/3)O3-PbTiO3
(PMN-PT).50 The diffuse phase transition (DPT) observed for these materials has
been associated with the short-range ordering of cations on the B-site of the
perovskite lattice. Long-range ordering of B-site cations tends to occur for certain
annealed Pb(1Bi/2IIBi/2)O3 perovskites, while only limited short-range ordering has
been observed for Pb(IBi/3

IIB2/3)O3-type compounds. A clear correlation between the
degree of long-range ordering of B-site cations and the diffuseness of the phase
transition has been observed for complex perovskites of this type. The difference
between the temperatures of the dielectric constant maximum for measurements
made at 1 MHz and 1 kHz, ATmax, is plotted as a function of composition for these
systems in Figure 3.25(a). This quantity, ATmax [= Tmax(l MHz) -Tmax(l kHz)] is
one measure of the diffuseness of the phase transition. The noteworthy feature of
this plot is the maximum that occurs at the 0.4Pb(Mgi/3Nb2/3)O3-
0.6Pb(Mgi/2Wi/2)O3 composition. This is an indication that the diffuseness of the
phase transition is strongly affected by the degree of cation order on the B-site.

Sintering temperature
A 1100°C
B 1140°C
C 115CTC
D 1200°C

15r

-100 -50 0 50
Temnerature (°C )

Figure 3.23 The dielectric permittivity as a function of temperature for diphasic
mixtures of Pb(Mgi/3Nb2/3)O3 (PMN) and Pb(Zr,Ti)O3 (PZT)
powders (molar ratio 0.9:0.1) sintered at various temperatures.49

The temperature coefficient of electrostriction (TCE) is defined as follows:

3T
= [x(0°C)-x(50"C)]
~ 50°C[x(25°C)]

(3.19)
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The TCE at room temperature for materials from the PMN-PMW and PMN-PT
systems is plotted as a function of composition in Figure 3.25(b). We see from these
data that the TCE decreases to values as low as 0.8% ("C1) (at the 0.4PMN-
0.6PMW composition) as ordering at the B-site increases (which occurs with
increasing PMW content). These data were collected under low bias fields (1 to 3
kV/cm). A simple empirical equation that relates the ATmax for a given material with
its TCE has been derived from the results depicted in Figures 3.25(a) and 3.25(b):

ATlmx(TCE) = ATm
Ax

x(AT)
= 0.22 ±0.03 (3.20)

We see from this expression that the product of these parameters should be nearly
constant for diffuse phase transition materials.

The electrostrictive materials developed for practical transducers can be classified
into three categories based on the structural features giving rise to the DPT:

Category I: Perovskite structures with disordered B-site cations:

Type I(a): Materials produced from the combination of ferroelectric and
non-ferroelectric compounds [such as the solid solution system
(Pb,Ba)(Zr,Ti)O3 in which BaZrO3 is the non-ferroelectric
component].

Type I(b): Materials in which A-site lattice vacancies also occur, which
further promote the diffuse phase transition [such as the solid
solution system (Pb,La,D)(Zr,Ti)O3].

Category II: Perovskite structures with some degree of short-range ordering of
B-site cations [such as the solid solution systems
Pb(Mg1/3Nb2/3)Ti)03 and Pb(Mg1/2W1/2,Ti)O3].

This classification also represents general techniques for improving the TCE.
Improvement by means of the mechanism identified with Case II has been
demonstrated with materials from solid solutions of PMN-PT with PMW or
Ba(Zn1/3Nb2/3)O3 (BZN). The addition of PMW tends to generate microregions with
1:1 B-cation ordering, while incorporation of PZN tends to promote the formation
of microregions with 1:2 ordering. Unfortunately, these modifications also tend to
cause a decrease in the electrostrictive coefficient, M. The search continues for new
solid solution systems such as these with compositions for which the TCE is
optimized and acceptably high electrostriction coefficients are maintained.
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O 0.9 PMN-0.1 PT
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Figure 3.24 The induced piezoelectric strain coefficient, d3i, as a function of
temperature for some diphasic PMN-PZ composites, 0.9PMN-
0.1PT, and pure PMN under a bias of 1 kV/cm.49

.4 .3 .2 .1 0 .2 .4 .6 .8 1.0
PbTiOi •— Pb(M9i/jNbM)Oi-Pb(M9i/iW,,X)i

.3 .2 .1 0 .2 .4 .6 .8 1.0
PbTiO, —— Pb<M91,iNbM>Oj -

Figure 3.25 Dielectric and electrostriction data for materials from the
Pb(Mg1/3Nb2/3)03-Pb(Mg1/2W1/2)03 and Pb(Mg1/3Nb2/3)O3-PbTiO3
systems: (a) the difference in the temperatures of the dielectric
constant maximum for measurements made at 1 MHz and at 1 kHz,
and (b) the temperature coefficient of electrostriction (TCE), both as
a function of composition.50
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3.4 RESPONSE SPEED

The response speed of piezoelectric/electrostrictive actuators depends not only on
the material properties, but also on the mechanical resonance frequency of the
device and on the specifications of the drive power supply.

(1) Material Limitations

Since the speed of domain wall motion is limited and very much dependent on the
magnitude of the applied electric field, the polarization and induced strain will also
exhibit pronounced frequency dependences. This is the source of the observed
hysteresis in the polarization and induced strain with respect to the applied electric
field. It is also the cause of the zero point drift (that is, the gradual shift in the strain
level at zero field following the application of the unipolar drive voltage), creep and
aging (that is, long-term strain degradation due to depoling). The creep
characteristic of PZT-4 is shown in Figure 3.26, where we see the transverse strain
as measured after an electric field pulse of 1 kV/cm is applied to the sample.51 The
induced strain, x, can be represented as the superposition of a fast-response part (x0)
and a slow-response part (Ax). The time dependence of Ax is approximated by an
exponential function. The ratio of Ax_ : x0 (where AxM represents Ax at saturation,
or t equal to infinity) depends not only on temperature, but also on the applied
electric field. When the field is small, as is the case for the data appearing in Figure
3.26, this ratio can be as high as 20 or 30 percent.

The frequency dependence of the field-induced strain in simple disk samples of
PLZT is shown in Figure 3.27.9 We see from these data that at low frequencies the
coercive field and the hysteresis generally increase with increasing drive frequency.
This has been attributed to a decrease in the slow-response domain contribution at
higher frequencies.

(2) Device Limitations

At frequencies in the vicinity of the mechanical resonance frequency of the
piezoelectric device, the amplitude of the induced strain is enhanced considerably.
Well above the resonance frequency, however, the strain is completely suppressed.
The quickest response is thus achieved for operation frequencies near resonance.
The resonance frequency of a bimorph bending actuator is not high (around 100 Hz-
10 kHz), which ultimately limits the response speed of actuators of this type to this
range. (We will consider the operation of these devices further in Chapters 4 and 5.)
On the other hand, multilayer thickness extensional actuators have a resonance
frequency as high as 100 kHz and therefore are quite a bit quicker. The limiting
factor for the speed of these devices is related to the power supply.
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Figure 3.26 The creep characteristic of PZT-4.51
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Figure 3.27 The frequency dependence of the field-induced strain in simple disk
samples of PLZT: (a) PLZT 7/65/35 and (b) PLZT 9/63/37.9
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(3) Drive Circuit Limitation

Driving a ceramic actuator is essentially a process of charging a large capacitor.
Assuming a conventional power supply is used with an output impedance of 100 Q,
the time constant, which is determined by the product of the resistance and the
capacitance (RC), is just 10"4 s. This corresponds to a response speed of 10 kHz,
which is the practical limit for a multilayer device with a capacitance of 1 uF. If we
used a power supply with an output impedance of 10 Q, the response speed would
be increased to 100 kHz. Another consideration is the maximum current of the
power supply, which must be sufficient to charge the actuator. When 100 V is
applied to the 1 uF actuator for 10"5 s (corresponding to 100 kHz), the transient
current attained is 10 A. In order to reduce the current drawn from the power
supply, the capacitance of the device, or more specifically the dielectric constant of
the material, must be reduced. This is the primary reason why a soft piezoelectric is
preferred over an electrostrictive ceramic for pulse drive applications. We will
examine this condition further in Example Problem 5.6.

3.5 MECHANICAL PROPERTIES OF ACTUATORS

Solid-state actuators are used in mechanical systems, occasionally under certain pre-
stress conditions in order to optimize efficiency as well as to improve mechanical
reliability. We will consider in this section the stress dependence of piezoelectricity
and the mechanical strength of materials. The use of acoustic emission (AE) from
piezoelectrics as a means of monitoring for device failure will also be discussed.

(1) The Uniaxial Stress Dependence of Piezoelectricity and Electrostriction

Even elastically stiff ceramic actuators will deform under an applied stress. The
electric field-induced strain is affected by a bias stress. The uniaxial compressive
stress dependence of the longitudinal field-induced strain in BaTiO3 (BT)-, PZT-,
and lead magnesium niobate-lead titanate (0.65PMN-0.35PT)-based ceramics is
shown in Figure 3.28.68 The PZT- and PMN-based ceramics exhibit maximum field-
induced strains (which is indicated on the plot where the individual lines intersect
with the strain axis) much larger than the BT-based material. The maximum
generative stress (indicated where the lines intersect the stress axis and is
sometimes referred to as the blocking force), on the other hand, is very nearly the
same (about 3.5xl07 N/m2) for all the samples. This is because the elastic
compliance of lead-based ceramics tends to be relatively large (that is, they are
elastically soft).

The strain as a function of stress is plotted for electrostrictive PMN-PT actuators in
Figure 3.29.52 We see from these data that the 0.9PMN-0.1PT devices exhibit the
larger maximum field-induced strains of the two compositions, but the maximum
generative forces for each composition at similar field strengths are nearly the same
(~ 46 MPa). It is worth noting here that the elastic compliance of the 0.9PMN-
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0.1PT electrostrictor decreases abruptly with increasing bias stress, while the
piezoelectric 0.65PMN-0.35PT specimens exhibit practically straight and parallel
lines at each applied electric field strength.

PZT(£ = 1.6kV/mm)

-0.35PT
(£=0.84kV/mm)

X (MN/m2)

Figure 3.28 The uniaxial stress dependence of the electric field-induced strain in
BaTiO3 (BT)-, Pb(Mg1/3Nb2/3)O3 (PMN)-, and Pb(Zr,Ti)O3 (PZT)-
based piezoelectric ceramics.68

JL~_JJ} 0.9PMN-0.1PT

OJS5PMN-0.35PT

30 AO 5D
Stress (10'N/H1)

-1O

Figure 3.29 Uniaxial pressure dependence of the longitudinal strain for PMN-PT
actuators.52 [0.9PMN-0.1PT: electrostrictive, 0.65PMN-0.35PT:
piezoelectric]
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The variation of the large field effective piezoelectric strain coefficient, d33 (which
corresponds to the maximum value of (3x/3E) for the electrostrictive materials),
with applied compressive stress for various electrostrictive, soft piezoelectric, and
hard piezoelectric ceramics is shown in Figure 3.30.53 All the samples show a
dramatic decrease in the piezoelectric coefficient above a certain critical level of
applied stress. This change is reversible later in the stress cycle for electrostrictive
materials, but in hard piezoelectric ceramics it is not, and the lower d33 is retained
even after the compressive stress is removed. This degradation has been related to
the reorientation of domains induced by the applied stress.54 Note that this critical
level of stress tends to be highest for the hard piezoelectrics, somewhat less for soft
piezoelectrics, and lowest for electrostrictors. We can deduce from these data that

S "5 9for conditions where the maximum stress is less than 10 N/m (1 ton/cm ),
piezoelectric ceramics will be the most useful, while under larger stresses
electrostrictive ceramics will prove to be the most responsive.

The variation of the weak field effective piezoelectric coefficient with applied
compressive stress is quite different from the large field response. The piezoelectric
strain coefficients, d33 and d3J, for various PZT compositions [from soft (PZT-5H)
to hard (PZT-8)] are plotted as a function of applied compressive stress in Figure
3.31.69 We see in all cases the piezoelectric coefficients increase up to a certain
critical stress, and then dramatically decrease beyond this level of applied stress.
The degradation in this case is associated with a stress-induced depoling effect. It is
irreversible for soft piezoelectric materials.

The most interesting feature of the data plotted in Figure 3.31 is the increase in the
piezoelectric coefficients when subjected to the lower applied stresses. This is
related to the poling direction with respect to the applied stress direction. The
dependence of the piezoelectric d33 coefficient on specimen orientation with respect
to the poling direction is shown in Figure 3.32.55 After the ceramic PZT specimens
were poled, they were cut as illustrated in Figure 3.32(a), and the effective d33
coefficient (normalized by d33//Ps, the value of d33 along the poling direction) was
measured for each. The effective d33 for the specimens from this series are plotted as
a function of orientation with respect to the poling direction in Figure 3.32(b). The
actual magnitudes of the effective strain coefficients of specimens oriented parallel
to the poling direction, d33//, for the tetragonal PZT (48/52) and rhombohedral PZT
(54/46) compositions are 98 pC/N and 148 pC/N, respectively. Note that for
rhombohedral PZT, d33 increases as the cutting angle increases from 0° to 45°,
attaining at 45° an enhancement of 1.25 times the response observed for the
specimen with the parallel alignment. This is directly related to the crystal
orientation effects, d33, discussed in Section 2.4(5). Similar to what occurs for the
samples previously described, the spontaneous (or remanent) polarization for these
ceramic specimens subjected to a large compressive uniaxial stress (greater than the
critical stress) will be somewhat canted and the samples will become partially
depoled. Thus, for applied stresses below the critical stress the piezoelectric
coefficient increases, but beyond this permanent degradation occurs. It is due to this
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stress-enhanced piezoelectric response that the so-called "bolt-clamped design,"
through which the appropriate level of stress is maintained on the device during
operation, was developed and commonly applied to hard PZT Langevin tansducers.

0.91 PMN- 0.09 PT
(Electrostrictor)

967xiO"'2m/VEffective d33

Permittivity s3 = 12700

1.0

0.5

Ib) 0.73PZT-0.27BZT (Electrostrictor)

Effective d33 = 812 x 10"12
m/V

Permittivity s3 = 3100
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He) PLZTC8/60 /40)
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Figure 3.30 The variation of the large field effective piezoelectric strain
coefficient, d^, with applied compressive stress for various
electrostrictive, soft piezoelectric and hard piezoelectric ceramics.5
[The effective d33 corresponds to the maximum value of (9x/9E) for
the electrostrictive materials.]

(2) Mechanical Strength

The mechanical properties and the mechanical strength of the ferroelectric ceramics
used in actuator devices are as important as the electrical and electromechanical
properties. We will now consider some general principles of fracture mechanics, the
fracture toughness of the ceramic as it relates to grain size, and the mechanical
strength of the material as it is affected by field-induced strains. The use of acoustic
emission (AE) from piezoelectrics as a means of monitoring for device failure will
also be presented.



Actuator Materials 149

50 100
Xj(MPa)

so too
Xi(MPa)

1SO

50 100
Xj(MPa)

50 100
Xi(MPa)

Figure 3.31 The weak field piezoelectric strain coefficients, d^ (solid line) and
dsi (dashed line), for various PZT compositions [from soft (PZT-
5H] to hard (PZT-8)) plotted as a function of applied compressive
stress.69 (Reduced units are defined with respect to the actual d
values measured at X3=0.)

Fracture Mechanics

Ceramics are generally brittle, and fracture of these bodies tends to occur suddenly
and catastrophically.56 Improvement of the. fracture toughness (which is essentially
the material's resistance to the development and propagation of cracks within it) is
thus a key issue in the design of new ceramics for actuator applications. The brittle
nature of ceramic materials is directly related to their crystal structure. The atoms in
the ceramic crystallites are typically ionically or covalently bonded and their
displacement under external influences, such as an applied stress, is limited. The
mechanisms for relieving stress in such structures are few and, therefore, even a
small stress can cause fracture. In polycrystalline samples, there are two types of
crack propagation: (1) transgranular, in which the cracks pass through grains, and
(2) intergranular, in which the cracks propagate along grain boundaries.
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80

(a)

Figure 3.32

(b)

The dependence of the effective piezoelectric d33 coefficient on
specimen orientation: (a) sample orientation with respect to the
poling direction, and (b) the effective d33 plotted as a function of
orientation with respect to the poling direction, 6.55 (Data are
normalized by d33//Ps, the value of d33 along the poling direction.)

Three fundamental stress modes which may act on a propagating crack are depicted
in Figure 3.33. Mode I involves a tensile stress as shown in Figure 3.33(a). Mode II
leads to a sliding displacement of the material on either side of the crack in opposite
directions as shown in Figure 3.33(b). The stress distribution associated with Mode
Ill-type produces a tearing of the medium. The fracture of most brittle ceramics
corresponds primarily to Mode I, and, thus, this is the mode of principal concern to
designers of new ceramic materials for actuator devices.57

Theoretically, the fracture strength of a material can be evaluated in terms of the
cohesive strength between its constituent atoms, and is approximately one-tenth of
Young's modulus, Y. The experimentally determined values do not support this
premise, however, as they are typically three orders of magnitude smaller than the
theoretically predicted values. This discrepancy has been associated with the
presence of microscopic cracks in the material before any stress is applied to it,
which are sometimes called stress misers?* It has been shown that for a crack with
an elliptical shape, oriented with its major axis perpendicular to the applied stress,
a0 (Mode I), the local stress concentration, om, at the crack tip increases
significantly as the ellipticity of the defect increases. The relationship between the
applied and local stresses is given by:

om = Kt a0

where Kt is the stress concentration factor.

(3.21)
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Mode Model! Mode III

(a) (b)

Figure 3.33 Three fundamental stress modes which may act on a propagating
crack: (a) Mode I: tensile mode in which a tensile stress acts normal
to the crack plane, (b) Mode II: sliding mode in which a shear stress
acts normal to the crack edge plane, (c) Mode III: tearing mode in
which a shear stress acts parallel to crack edge plane.

Fracture is expected to occur when the applied stress level exceeds some critical
value, ac. The fracture toughness, KIc, is defined as follows:

(3.22)

where F is a dimensionless parameter that depends on both the sample and crack
geometries, ac is the critical stress, and a is the microcrack size. The fracture
toughness is a fundamental material property that depends on temperature, strain
rate, and microstructure.

Measurement of Fracture Toughness

There are four common methods for measuring the fracture toughness of a ceramic:
(1) Indentation Microfracture (IM), (2) Controlled Surface Flow (CSF), (3) Chevron
Notch (CN), and (4) Single Edge Notched Beam (SENB). We will focus most of
our attention on the first of these methods as it is of the four perhaps one of the most
commonly employed.

The test is initiated by artificially generating cracks on a polished surface of the
sample with a Vickers pyramidal diamond indenter. The fracture toughness, Klc, is
then determined from the indentation size and the crack length.

Three types of cracks are produced by indentation: (1) the Palmqvist crack, (2) the
median crack, and (3) the lateral crack as illustrated in Figure 3.34. A Palmqvist
crack is generated at the initial stage of loading. It has the shape of a half ellipse,
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and occurs around the very shallow region of plastic deformation near the surface.
As the load is increased, a crack in the shape of a half circle starts to form at the
boundary between the plastic and elastic deformation regions. This is called a
median crack. Above a certain critical indenter load the median crack will reach the
surface. The indentation also produces a residual stress around the indented portion
of the sample, in which are generated more Palmqvist and median cracks, as well as
lateral cracks in the plastic deformation region which will not reach the surface.

The indentation microfracture method is used to characterize Palmqvist and/or
median cracks in order to determine Kfc. A theoretical equation descriptive of
median cracks has been derived, which has the following form:

-£} = (0.055) logf——1 (3.23)
H ) (. c J

where <)> is a restriction constant, H is the hardness, Y is Young's modulus, and a and
c are half of the indentation diagonal and the crack length, respectively.59 The
theory that produced this equation was further refined and modified expressions60

which individually characterize the Palmqvist and median cracks were derived as
follows:

(c-a) -1/2

= 0.018-——'-\ [Palmqvist crack] (3.24)

r T
= 0.203- [Median crack] (3.25)

LaJ

The fracture toughness, Klc, can be calculated using the crack length determined
from the IM method. Other methods require precracking a sample prior to failure
testing, and then KIc is calculated using the fracture stress determined from the test.
The controlled surface flow method, for example, uses the median crack generated
by a Vickers indenter as a precrack to determine the relationship between the
fracture stress, Of, and the crack length, 2c, under three- or four-point bending tests.
The fracture toughness, Ktc, is then calculated from:

(3.26)

The parameter q is defined to be:
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q = <I>2- 0.212 (3.27)

where ay is the tensile yield stress and <!> is the second perfect elliptic integration
given by:

71/2

0

= |[cos2 9 + (b/ c)2 sin2 6]1/2 d9 (3.28)

Here, b is half of the minor axis of the elliptically shaped crack (referred to as the
crack depth) and c is half of the major axis of the elliptical crack (referred to as the
crack length).

Sample surface

Plastic deformation region Crack Plastic deformation region

Figure 3.34 Crack shapes generated by the Vickers indentation: (a) the
Palmqvist crack, (b) the median crack and (c) the lateral crack. [Top
and sectional views are shown.]

The probability of fracture, p(o>), for a sample subjected to a stress, Of, in a three- or
four-point bend test is described by the following equation:

l -p(o f) = exp[-(af/a0)m] (3.29)
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where a0 is the average bending strength and m is referred to as the Weibull
coefficient. When this relationship is rendered in terms of the natural logarithm (see
Example Problem 3.5), we should find that the quantity ln(ln[l/(l-p)]) is linearly
related to ln(af). A graph of this function is called a Weibull plot.

Example Problem 3.5__________________________________
Three-point bend tests were carried out on a series of barium titanate-based
multilayer actuators. The sample configuration is illustrated in Figure 3.35. The
results of the tests are summarized in the following table:

Sample
1
2
3
4
5
6

Length, I (cm)
0.38
0.48
0.49
0.40
0.31
0.55

Width, b (cm)
0.420
0.415
0.420
0.420
0.415
0.420

Height, h (cm)
0.106
0.121
0.093
0.112
0.102
0.099

Load, M (kg)
4.60
4.00
2.00
5.50
2.90
2.34

Calculate the average bending strength, O0, and the Weibull coefficient, m.

M

Figure 3.35 Configuration for the three-point bend test.

Solution

The fracture stress, af, can be obtained from:

CTf = 3 M / / 2 b h 2 (P3.5.1)

which yields for each of the samples tested the following:

Sample 1 2 3 4 5 6
of [MN/m2] 54.4 46.5 40.1 61.7 30.3 46.0
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The nonfracture probability, l-p(of), of the sample under the applied stress, a f, of a
three-point bend test is described by:

l-p(o f) = exp[-(o,/aon (P3.5.2)

where p(at) is the fracture probability, a0 is the average bending strength, and m is
the Weibull coefficient. This equation can be rewritten in the following form:

= m(lna0-lnaf) (P3.5.3)

Designating the total number of samples as N, the nonfracture probability is given
by:

l-p(CT) = ( l - n ) / ( N + l )

where (on < a < on+i).

(P3.5.4)

The Weibull plot for this set of fracture tests appears in Figure 3.36. We are able to
determine the Weibull coefficient to be m=4.8 and the average bending strength to
be a0=49 [MN/m2] from this plot.
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Figure 3.36 Weibull plot for the data collected from the three-point bend tests
conducted on a series of barium titanate-based multilayer actuators.
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Grain Size and Fracture Toughness

The mechanical strength of ceramics is strongly dependent on the grain size.
Micrographs of indentations made on two PLZT 9/65/35 samples with different
grain sizes are shown in Figure 3.37.61 Notice that the crack length for the sample
with the smaller grain size (1.1 |im) is much shorter than for the sample with the
larger grain size (2.4 um), while the center indentation size is almost the same. The
grain size dependence of the hardness, Hv, and the fracture toughness, Klc, are
shown in Figure 3.38. We see from these data that the hardness, Hv, is insensitive to
the grain size, while the fracture toughness, Klc, increases dramatically for
specimens with grain sizes below 1.7 jam. A multidomain grain model has been
proposed to explain this increase in Kk. The ferroelastic domain structure in
ferroelectric and antiferroelectric ceramics has a multidomain state if the grain size
is large, and assumes a single-domain state with decreasing grain size. In general,
the ceramic tends to retain a residual compressive stress, which is generated during
sintering. This residual stress is relieved by a multi-domain structure. The residual
stress is not relieved in a single domain state. It is this residual stress that increases
the apparent fracture toughness, Klc, in a small grain sample.

Field-Induced Strains and Mechanical Strength

Mechanical strength is also dependent on the magnitude of the induced strain. An
acoustic emission (AE) accompanies the reorientation of domains, a phase
transformtion, or crack propagation in a ferroelectric ceramic. It is in general an
inaudible, high frequency acoustic signal caused by mechanical vibration in the
specimen.65"67 The acoustic emission counts accumulated in a single drive cycle are
plotted in Figure 3.39 as a function of the total number of drive cycles for three
multilayer devices.62 The field-induced strain generates a large stress concentration
near the internal electrode edge, which can initiate a crack (see Section 4.4). All the
samples exhibited a dramatic increase in the acoustic emission count while the
cracks were propagating and leveled off after crack propagation had ceased. The
significant differences in the durability (measured by the number of drive cycles
before failure occurs) among the three samples are attributed mainly to the
magnitude of the maximum strain attainable by each device: 0.1% for the
electrostrictor, 0.2% for the piezoelectric, and 0.4% for the antiferroelectric sample.
Assuming the grain-grain adhesion is similar among the samples, it is reasonable to
expect that the larger strain will lead to larger stress, and therefore a greater
likelihood of fracture.

Poling and Mechanical Strength

Piezoelectric ceramics require an electric poling process, which induces an
anisotropy to the mechanical strength.63 A schematic representation of the
microindentation and cracks generated in a poled PLZT 2/50/50 (tetragonal)
specimen appears in Figure 3.40. The results of this study confirmed that a crack
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that is oriented perpendicular to the poling direction propagates much faster than
one oriented parallel to it. The sample geometry and the bending and poling
directions are illustrated in Figure 3.41, and Weibull plots for samples bending
perpendicular and parallel to the poling direction in a 3-point bending test are
shown in Figure 3.42. These data indicate that cracks propagate more easily in the
direction perpendicular to the poling direction. This has been attributed to the
anisotropic internal stress caused by the strain induced during the poling process.

Figure 3.37 The indentation mark and cracks generated on a (9/65/35) PLZT
surface: (a) grain size 1.1 um, crack length c = 208 um and (b) grain
size 2.4 um, crack length c = 275 jam.61

1 2 3
Grain. six* iu-ta

(a) (b)

Figure 3.38 Mechanical strength data for (9/65/35) PLZT ceramics showing the
grain size dependence of: (a) the hardness, Hv, and (b) the fracture
toughness Klc.61

Crack propagation in unpoled PZT and PMN ceramics subjected to an applied
electric field has also been investigated.64 In this investigation it was found that the
applied electric field promotes crack propagation perpendicular to the electric field
and inhibits it parallel to the field. It was also observed that no mechanical stress is
generated in a mechanically constrained, defect-free electrostrictive ceramic
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subjected to a uniform electric field, even when an electrostrictive response is
induced. This has been attributed to microstructural inhomogeneities. The
microcrack is regarded as a source of the internal stress, which is concentrated at the
crack tip. Calculations based on this model have accurately predicted these
experimentally observed trends.

e
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IU

Electrostrictor

too 1000
Total Number of Drive Cycles

10000

Break down

f00000

Figure 3.39 Acoustic emission (AE) counts as a function of total number of
drive cycles for electrostrictive, piezoelectric, and phase-change
materials.62

Electrode

Figure 3.40 A schematic representation of the microindentation and the cracks
generated in a poled piezoelectric ceramic.
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Figure 3.41 The three-point bend test configuration: (a) bending direction
parallel to the polarization and (b) bending direction perpendicular
to the polarization.

(3) Acoustic Emission in Piezoelectrics

An acoustic emission (AE) accompanies the reorientation of domains, a phase
transformation, or crack propagation in a ferroelectric ceramic. It is in general an
inaudible, high frequency acoustic signal caused by mechanical vibration in the
specimen.65-67

The Kaiser Effect Associated with Field-Induced Acoustic Emission

The acoustic emission from, the induced displacement of, and the electric field
applied to an unpoled soft PZT ceramic disk are shown as a function of time in
Figure 3.43.66 The threshold level of the acoustic emission signal was 400 mV at
100 dB. An electric field of 20 kV/cm was applied to the sample during the first
cycle. It was increased to 25 kV/cm during the second cycle, and up to 30 kV/cm
during the third cycle.

The sample was poled during the first cycle of the applied electric field. The
induced displacement and total residual displacement (observed as a zero point
shift) are observed to increase with increasing applied field. This is because the
degree of poling becomes greater as the applied field strength is increased. During
the first cycle, an acoustic emission occurs with the first displacement as the field is
increased. No acoustic emission signal is generated as the field is decreased
immediately following this first displacement. The next acoustic emission is
observed during the second cycle as the applied field is increased above 20 kV/cm.
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Another acoustic emission occurs during the third cycle, as the applied field is this
time increased above 25 kV/cm. We see from these data that acoustic emission
events subsequent to the first will occur only when the applied field exceeds the
maximum value of the previous cycle. This characteristic electric field dependence
of the acoustic emission, which is known as the Kaiser effect, involves a field-
induced deformation of the PZT ceramic.

1,0

0.5

0

£ -0,5
c

-1.0

-1.5

-2.0| J_
500 3000 1500

Bending strength a (kg /era2)

Figure 3.42 Weibull plots of samples for which the bending is perpendicular to
63[ _L ] and parallel to [//] the poling direction.

It has been proposed that domain motion is the cause of the field-induced acoustic
emission.66 It has been shown, however, that not all types of domain motion, but
rather only certain domain reorientation processes can be identified with an acoustic
emission event. Another possible cause of the acoustic emission is the mechanical
stress generated in a highly strained sample.

Electric Field-Induced Acoustic Emission

The acoustic emission count rate and the induced displacement as a function of
applied field for a specimen subjected to a ±35 kV/cm, l.SxlCT3 (Hz) driving field is
shown in Figure 3.44.66 The threshold level of the acoustic emission signal was 400
mV at 100 dB. The characteristic "butterfly-shaped" induced displacement is
observed which occurs due to domain reorientation. At a critical level of the applied
electric field, where the acoustic emission is first stimulated, we see a point of
inflection in the curve for the displacement as a function of the applied field. A
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spike is apparent at this field strength in the corresponding d(displacement)/dE
curve, which is also shown in Figure 3.44.

100 200 300
Time (sec)

Figure 3.43 The acoustic emission from AE event, the induced displacement of,
and the electric field applied to an unpoled soft PZT ceramic disk as
a function of time.66

It should be noted that the maximum in the acoustic emission count rate does not
occur at the maximum applied field strength. It actually occurs at about 27 kV/cm.
Where it is known that the internal stress in a ferroelectric increases with the applied
field, this decrease in the acoustic emission indicates that a mechanism other than
internal stress could also be the source of an acoustic emission. The induced
displacement in the ferroelectric ceramics is associated with two types of
deformation, one due to domain reorientation and the other a piezoelectric
deformation that involves no domain reorientation. It has been proposed that
initially the field-induced acoustic emission in PZT ceramics subjected to a bipolar
electric field is stimulated in conjunction with the deformation related to domain
reorientation. Once the domain reorientation is complete, subsequent AE events are
believed to occur in conjunction with the piezoelectric deformation and the internal
stresses that are induced at high field strengths. The decrease in the acoustic
emission count rate observed in these studies may, therefore, correspond to the
completion of domain reorientation in the specimen and its associated deformation.

The Fractal Dimension of the Electric Field-Induced Acoustic Emission

The acoustic emission count rate can be described by the following function:

f(x) = c x'111 (3.30)

where x is the acoustic emission signal amplitude, c is a constant, and m is a number
representing a fractal dimension. The fractal dimension, m, is used to estimate the
degree of damage in the materials. The integrated acoustic emission function:
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= f°f (x)-dx =——— cx"m+1

m-1
(3.31)

is obtained experimentally by monitoring the change in the acoustic emission signal
as the signal threshold level is varied.

-40 -30 -20 -10 0 10 20 30 40
Applied Field (kV/cm)

Figure 3.44 The acoustic emission count rate and the induced displacement as a
function of applied field for a specimen subjected to a ±35 kV/cm,
1.5xlO'3 (Hz) driving field.66

The acoustic emission count rate per cycle is shown as a function of the signal
threshold level in Figure 3.45.66 The AE count rate is observed to decrease
logarithmically with signal threshold level under an applied field of ± 25 kV/cm. A
fractal dimension of m=l was determined from these data. The fractal dimension
corresponding to the acoustic emission signal associated with plastic deformation is
typically found to be more than 2. This is regarded as a critical number for assessing
the mechanical condition of a material. When the material is damaged, the fractal
dimension is lower than 2. The experimentally determined fractal dimension of m=l
for the data shown in Figure 3.45 should then indicate that the sample has been
damaged. In this case, however, it has been proposed that the fractal dimension is
less than the critical value due more to the existence of ferroelectric domains and
the deformation related to the reorientation of those domains than to damage. The
reproducibility of the field-induced acoustic emission signal from samples of this
type has been presented as justification for this interpretation.

At higher applied field strengths, the acoustic emission rate as a function of
threshold level no longer follows a logarithmic trend. The critical electric field
amplitude, above which a nonlogarithmic AE function is observed, was found to be
around 27 kV/cm. These curves also followed a nearly logarithmic form at lower
signal threshold levels. At higher AE signal threshold levels (typically >10"4 mV) a
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linear decrease with threshold level is observed. When an electric field of ±35
kV/cm is applied, a fractal dimension of m=2.8 is obtained. Since the domain
reorientation should be complete at electric fields greater than the critical electric
field (27 kV/cm), it is assumed here that the acoustic emission characterized by
fractal dimension of 2.8 is representative of piezoelectric deformation.

Critical E-field
E= 27.5 kV/cm

10- 10-4
AE signal threshold level (V)

Figure 3.45 The acoustic emission count rate per cycle is shown as a function of
the signal threshold level.66

In conclusion, the fractal dimension of the field-induced AE associated with
deformation related to domain reorientation is characterized by a fractal dimension
of (m=l), which is lower than that associated with piezoelectric deformation
(m=2.8). A fractal dimension greater than 2 has been conventionally associated with
plastic deformation. It is not appropriate to categorize the electrically induced
deformation of ferroelectric ceramics as plastic deformation, however, because the
induced displacement is restored to its initial state when the applied field is
removed. This is an important distinction between the acoustic emission response as
it occurs for ferroelectric ceramics and the documented characteristic acoustic
emission response from metals and structural ceramics.

CHAPTER ESSENTIALS
1.

2.

Hard Piezoelectrics:
Soft Piezoelectrics:
Electrostrictors:

Ec > 10 kV/cm
1 kV/cm < Ec < 10 kV/cm
Ec < 1 kV/cm

Comparison between electrostriction and piezoelectricity:
a. Electrostriction produces strains of about the same order of magnitude as

the piezoelectric (unipolar) strain (0.1%). An additional attractive feature
of this effect is the absence of any significant hysteresis

b. Piezoelectric materials require an electrical poling process, which makes
these materials subject to significant aging as the sample depoles over



164 Chapters

time. Electrostrictive materials do not need such a preliminary treatment,
but do require a DC bias field for some applications because of their non-
linear response.

c. In contrast to piezoelectrics, electrostrictive ceramics are durable and
reliable when operated under severe conditions, such as high temperature
and large mechanical load.

d. The temperature characteristics (that is, the variation of electromechanical
properties with temperature) of piezoelectrics are superior to
electrostrictors.

e. Piezoelectrics have smaller dielectric constants than electrostrictors, thus
allowing for a quicker response.

3. Materials classification for developing compositions with an optimum
temperature coefficient of electrostriction (TCE):

Category I: Perovskite structures with disordered B-site cations:

Type I(a): Materials produced from the combination of ferroelectric and
non-ferroelectric compounds (such as the solid solution system
(Pb,Ba)(Zr,Ti)O3 in which BaZrO3 is the non-ferroelectric
component).

Type I(b): Materials in which A-site lattice vacancies also occur, which
further promote the diffuse phase transition (such as, the solid
solution system (Pb,La,D)(Zr,Ti)O3).

Category II: Perovskite structures with some degree of short-range ordering of
B-site cations (such as the solid solution systems
Pb(Mg1/3Nb2/3,Ti)03 and Pb(Mgl/2Wi/2,Ti)O3).

4. Figures of Merit for Transducers:

a. The Electromechanical Coupling Factor, k:

2 _ Stored (Mechanical or Electrical) Energy _ d
Input (Electrical or Mechanical) Energy £0 K s

where d is the piezoelectric strain coefficient, K is the dielectric constant,
and s is the elastic compliance.

b. The Energy Transmission Coefficient, Amax:

Output (Mechanical or Electrical) Energy]. _
"̂ [ Input (Electrical or Mechanical) Energy J
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and

^•roax -

where k2/4 < ?imax < k2/2.

c. The Efficiency. r\:

_ Output (Mechanical or Electrical) Energy
Consumed (Electrical or Mechanical) Energy

which for many actuator designs is practically 100%.

Mechanical Strength:
a. The differences in durability among the electromechanical and phase-

change transducers are attributed mainly to the magnitude of the maximum
strain attainable by each device: 0.1% for the electrostrictor, 0.2% for the
piezoelectric, and 0.4% for the antiferroelectric sample.

b. The grain size dependence of the Vickers indentation is such that the crack
length becomes shorter with decreasing grain size, while the center
indentation size is virtually independent of grain size.

c. The electric poling process for piezoelectric ceramics tends to induce a
significant anisotropy in the mechanical strength of the material.

CHAPTER PROBLEMS

3.1 The piezoelectric strain matrix (d) for a tetragonal PZT is:

0 0 0 0 200 (
0 0 0 200 0 0

-60 -60 180 0 00
[pC/N]

The sample has dimensions [10 mm x 10 mm x 10 mm]. The spontaneous
polarization is along the c-axis, and an electric field of 10 kV/cm is applied
along the a-axis. Calculate the deformation of the cubic specimen and make a
drawing illustrating the deformation.
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3.2 A monochromatic acoustic wave is initially propagating through a solid with
mass density, pi, and elastic stiffness, ci. It encounters a planar boundary with
another solid with mass density, pa, and elastic stiffness, Ca, from which it is
reflected normal to the boundary. Derive an equation for the reflection
coefficient for this wave.
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CERAMIC ACTUATOR STRUCTURES AND
FABRICATION METHODS

The production of piezoelectric and electrostrictive ceramics takes place in two
stages: (1) the preparation of the ceramic powders and (2) the sintering of shaped
structures. Wet chemical methods for preparing the ceramic powders are generally
employed to optimize the reproducibility of the actuator characteristics. Actuator
designs incorporating these ceramics are commonly fabricated with a bimorph,
multilayer, or flextensional structure.

4.1 FABRICATION OF CERAMICS AND SINGLE CRYSTALS

The active materials used in many actuator designs are most readily incorporated
into the device structure when they are in ceramic form. The process for producing
the ceramic generally occurs in two stages: (1) the preparation of the ceramic
powders and (2) the sintering of the assembled structures. Single crystals are
occasionally incorporated into structures designed for certain special applications.

(1) Preparation of the Ceramic Powders

Particle shape, particle size distribution and compositional uniformity are key
factors to control when producing the ceramic powders in order to optimize the
reproducibility of the electromechanical response. A conventional method for
producing powders is the mixed-oxide method, which involves firing a mixture of
oxide powders in a process called calcination. The calcined material is then
mechanically crushed and milled into fine powders. One major disadvantage of the
mixed-oxide method is that it tends to produce materials with pronounced
microscale compositional fluctuations. Wet chemical methods (such as the co-
precipitation and alkoxide methods) are thus generally preferred as they produce
more compositionally homogeneous ceramics. In this section, these processes for
producing barium titanate (BT), lead zirconate titanate (PZT) and lead magnesium
niobate (PMN) ceramics are reviewed.1

Solid-State Reaction (Mixed-Oxide Method)

Let us first consider the general process involved in producing ceramic powders by
the mixed-oxide method as it might occur in the preparation of Pb(ZrxTi1.x)O3. The
oxide powders PbO, ZrOa, and TiOi are weighed out in appropriate proportions,
mixed, and then calcined at a temperature in the range of 800-900°C (depending on
the composition) for 1-2 hours. The calcined powder is subsequently crushed and
milled into a fine powder. The milling step often leads to certain undesirable
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features in the product. First of all particle sizes of less than 1 um generally cannot
be produced by mechanical milling. Furthermore, contamination of the powder by
the milling media is unavoidable.

The preparation of BaTiO3 by this method can in principle be carried out in a
similar way using equimolar quantities of the oxides BaO and TiO2. In practice,
BaCO3 is generally used in place of BaO, however, because high purity BaO is
expensive and chemically less reactive.

The process must be modified to some extent when it is used to prepare
Pb[(Mg1/3Nb2/3)i.xTix]O3 (PMN-PT) ceramics from the starting oxides PbO, MgO,
Nb2Os and TiO2. If the oxides are simply mixed and calcined a second phase
(pyrochlore) in addition to the perovskite phase is formed. One effective means of
suppressing the formation of this second phase has been to add several mole percent
of excess PbO during the final sintering stage.2 An effective solution to this problem
as it applies to the preparation of pure Pb(Mg1/3Nb2/3)O3 has been developed, which
involves an initial two stage calcination process whereby a columbite MgNb2O6
precursor is first prepared and then reacted with PbO to form the desired perovskite
phase according to the following reaction:

3PbO + MgNb2O6 -> 3 Pb(Mg1/3Nb2/3)O3

The product prepared in this manner is almost entirely perovkite with only the very
slightest traces of the pyrochlore phase present.3 When this method is used for the
preparation of PMN-PT, the MgO, Nb2O5, and TiO2 are first mixed and fired at
1000°C to form the columbite precursor. Then PbO is added to the columbite phase,
and the mixture is calcined at 800-900°C. The addition of several mole percent
excess MgO has been found to be particularly effective in obtaining the perfect
perovskite phase.

The Co-Precipitation Method

Since many of the popular piezoelectric/electrostrictive ceramics are of the complex
perovkite type described in Section 3.1(3), compositional homogeneity has become
as important an issue as phase purity in the production of these compositions. The
mixed-oxide method is especially prone to problems in both these areas and, thus, is
not generally the preferred method for preparing the ceramics. The co-precipitation
method has been found to produce materials with a much higher level of
compositional homogeneity. The method basically involves adding a precipitant
into a liquid solution of mixed metal salts to generate a homogeneous precipitate,
which is then subjected to a thermal dissolution process to produce a homogeneous
powder of the desired composition.

As an example, let us consider the preparation of a BaTiO3 sample by this method.
Oxalic acid is added to an aqueous solution of BaCl2 and TiCl4 to generate a
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precipitate of BaTiO(C2H4)2.4H2O with a perfect 1:1 ratio of Ba to Ti on the atomic
scale. Thermal dissolution of this precipitate produces highly stoichiometric BaTiO3
powders with good sintering characteristics.

When this method is used to prepare (Pb,La)(Zr,Ti)O3 (PLZT) ceramics, Pb(NO3)2,
La(NO3)3«6H2O, ZrO(NO3)2«2H2O and TiO(NO3)2 are used as the starting
materials.4 First, the nitrates are mixed in the desired proportion to produce an
aqueous solution, then a half volume of ethanol is added to the mixture. Oxalic acid
diluted with ethanol is then dripped slowly into the nitric solution, and a PLZT
oxalate is precipitated. The thermal dissolution is carried out at 800°C.

In all the cases described so far, a final thermal dissolution of the precipitate is
required to obtain the desired powder. The powder specimen can be obtained
without this final step, however, for certain compositions, by what is referred to as
direct precipitation method. One such composition is BaTiO3. When it is prepared
by the direct precipitation method, Ti(OR)4 (R: propyl) is dripped into a Ba(OH)2
water solution to produce high-purity, stoichiometric BaTiO3 powders with an
average particle size of 10 nm.1

Alkoxide Hydrolysis

When metal alkoxides M(OR)n (M: metal atom, R: alkyl) are mixed in alcohol in
appropriate proportions and water is added, the hydrolytic reaction produces alcohol
and a metal oxide or metal hydrate. This process is sometimes referred to as the sol-
gel method. Some ferroelectric compositions that can be synthesized in this way are
listed in Table 4.1. The sol-gel method can produce very fine, high purity powders.
Since metal alkoxides tend to be volatile, purification is easily accomplished
through distillation. High purity can be sustained throughout the hydrolytic reaction
because there is no need to introduce any ions other than those of the desired
composition. The mechanisms of hydrolysis and condensation are summarized as
follows:

Hydrolysis:

H - O + M-OR -̂  H - O - M + ROH

H

Alkoxylation: (Removal of H as an alcohol)

M - O + M-OR -* M-O-M + ROH

H
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Oxolation: (Removal of H in water)

M - O + M-OR -» M-O-M + H2O

H

When this method is employed to produce BaTiO3 powders, the metal alkoxides
Ba(OC3H7)2 and Ti(OC5Hn)4 are diluted with isopropyl alcohol (or benzene). Very
fine, stoichiometric BaTiO3 powders with good crystallinity and particle sizes in the
range of 10-100 A (agglomerate size=l um) can be obtained by this method. The
hydrolytic process produces powder with purity of more than 99.98%, which leads
to a significant increase in the permittivity of the sintered ceramic as compared with
samples prepared by the mixed-oxide method.5

When this method is employed to prepare Pb(Zr,Ti)O3 (PZT) powders, it is found
that the lead alkoxide is relatively difficult to obtain as compared to the titanium
and zirconium alkoxides. A modified two-stage approach has been developed to
synthesize this more challenging composition. In the first stage of the process
(Zr,Ti)O2 is prepared by the alkoxide method. The (Zr,Ti)O2 is combined with PbO
in the second stage, during which solid-state reaction occurs.6 A partial sol-gel
method such as this, carried out with inexpensive ready-made nanosize powders is
an attractive cost-effective alternative for the commercial production of these
powders. Another method that has presented some promise involves combining
zirconium n-butoxide Zr[O(CH2)3CH3]4 and titanium isopropoxide Ti[OCH(CH3)2J4
with lead acetyl acetonate Pb(CH3COCHCOCH3) to obtain a PZT precursor phase.5

Table 4.1 Some ferroelectric compositions that can be synthesized by the
alkoxide hydrolysis method.

Crystalline BaTiO3
Ba(Zr,Ti)O3
(Ba,Sr)TiO3

Amorphous Pb(Mg1/3Nb2/3)O3
Ba(Zn1/3Nb2/3)03
Pb(Zr,Ti)O3
(Pb,La)(Zr,Ti)O3
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(2) The Sintering Process

The calcined powders are generally mixed with an appropriate binder and formed
into an appropriate shape by pressing, extrusion, or some other casting method. The
green body is subjected to a low temperature "burn-out" process just prior to the
final high temperature firing in order to volatilize the binder from the body. This
final firing process in which the ceramic attains its optimum density is called
sintering and is typically carried out at high temperatures (below the melting
temperature) and sometimes also at high pressure (hot pressing). The process
promotes accelerated diffusion of the constituent atoms on the particulate surfaces
due to the surface energy (surface tension), which leads to crystal bonding at the
interface between adjacent particles as depicted in Figure 4.1. The ceramic body
may thus acquire sufficient mechanical strength while retaining its intended shape
as it uniformly shrinks. The physical properties of the sintered body will depend not
only on the properties of the particulates, but also on features of the microstructure
such as the grain boundaries and the configuration of any remaining porosity. The
mechanical strength, for example, will depend on the bonding between grains as
well as the mechanical strength of the individual particulates. Mechanical failure in
ceramics can occur either at the grain boundary (intergranular fracture) or across
individual grains (intragranular fracture). The mechanical strength is thus enhanced
for ceramic bodies with mechanically tough crystallites and strong intergranular
bonding.

During sintering, the ceramic grains grow and their shape changes significantly. The
features of the raw powder have been found to strongly affect the dynamics of the
sintering and the characteristics of the final product. In general, the diffusion
processes that take place during sintering are accelerated as the particle size of the
raw powder is decreased, because the driving force of sintering is related to the
surface energy of the particles. Moreover, for fine powders, the diffusion length of
the constituent atoms becomes shorter, which accelerates pore diffusion and
elimination. This results in high-density ceramics.

There have been many studies on grain growth.7 The relationship between the grain
size, D, and the sintering period, t, is generally defined by:

Dp-D0
p°c t (4.1)

where normal grain growth is characterized by (3=2, and abnormal grain growth by
P=3. The microstructures of PLZT 9/65/35 ceramics fabricated from powders
prepared by the oxalic acid/ethanol method and sintered at 1200°C for 1 and 16
hours are pictured in Figure 4.2.8 These represent cases of normal grain growth
characterized by the function shown in Figure 4.3, for which we see a good linear
relation between the sintering period and the square of the grain size.
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Diffusion

Grain Grain boundary

Pore

Molded Sintered

Figure 4.1 Schematic diagrams representing the mechanism for grain growth and
the bonding of crystallites during the sintering process.

(a) (b)
Figure 4.2 The microstructures of PLZT 9/65/35 ceramics fabricated from

powders prepared by the oxalic acid/ethanol method and sintered at
1200°C for (a) 1 hour and (b) 16 hours.8

Doping is another method commonly used to regulate sintering conditions and grain
growth in certain ceramic compositions. The desired effect of the dopant is to
decrease the sintering temperature, and additional effects such as suppression or
enhancement of grain growth are sometimes observed. Excess PbO or Bi2O3 added
to PZT, for example, tends to inhibit grain growth. The addition of 0.8 atom percent
of Dy to BaTiC>3 ceramics has been found to effectively suppress the grain size to
less than 1 urn.9
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Figure 4.3 Grain growth in PLZT 9/65/35 ceramics plotted as a function of

sintering time.8

Example Problem 4.1__________________________________

The cations K1+, Bi3+, Zn2* and Nb5+ constitute a disordered complex perovskite
crystal, where the first two occupy the A-site and the last two occupy the B-site of
the lattice. Determine the possible compositional formulas.

Solution

The perovskite structure is generally described by the following:

ABO3=(Kl+
1.xBi3+

x)(Zn2+
1.yNb5+

y)O2-3

We begin by accounting for charge neutrality:

[l(l-x)] + [3(x)] + [2 (1-y)] + [5(y)J = + 6

which yields:

2(x) + 3(y) = 3

where (0 < x < 1, 1/3 < y < 1))

(P4.1.1)

(P4.1.2)

A continuous range of compositions satisfy the conditions for x and y given by
Equation (P4.1.2). The composition (K3/4Bi,/4) (Zni/^Nbs^Os is one possibility
within this range.
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(3) Single Crystal Growth

Single crystals are not as commonly used in piezoelectric/electrostrictive devices as
are ceramics, but there are nevertheless some promising designs under investigation
which incorporate single crystals. A few popular piezoelectric single crystals are
quartz, grown by hydrothermal methods, and lithium niobate (LiNbC^) and lithium
tantalate (LiTaOs), typically grown by the Czochralski method. A unimorph
structure fabricated from a thin plate of single crystal LiNbOs has been reported in
which half of the thickness is reverse polarized enabling it to function like a
bimorph (see Figure 4.4 for structure).10 Although this device is fragile and the
bending displacement is not large, its linear displacement characteristics coupled
with the absence of hysteresis make it attractive for some special applications, such
as in scanning tunneling microscopes. Single crystal growth of the morphotropic
phase boundary composition of PZT has been actively pursued, but no crystal has
yet been grown larger than 1 mm3. Recently, Pb(Zni/3Nb2/3)O3 (PZN),
Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT), and PtyMg^Nb^CVPbTiC^ (PMN-PT) have
become attractive for medical acoustic transducer applications, because it has been
found that large single crystals (1 cm3 and larger) can be easily grown by a simple
flux method. They exhibit exceptionally high electromechanical coupling factors
(95%) and piezoelectric strain coefficients (d=1570 x 10"12 C/N) when they are
poled in a particular direction.11'12 The crystal growth process involves adding
excess PbO to a mixture of ZnO, Nb2O5 and TiO2, and cooling the mixture down
from 1150°C to 900°C at a rate of 2.5°C/hr.

4.2 DEVICE DESIGN

A classification of electromechanical ceramic actuators based on structure type is
presented in Figure 4.4. Simple devices directly use the longitudinally or
transversely induced strain. The simple disk and multilayer types make use of the
longitudinal strain, and the cylinder types (the simple cylinder, separated cylinder,
and honeycomb designs) utilize the transverse strain. Complex devices do not use
the induced strain directly, but rather a magnified displacement, produced through a
spatial magnification mechanism (demonstrated by the unimorph, bimorph, moonie,
and hinge lever designs) or through a sequential drive mechanism (inchworm).
Among the designs shown in Figure 4.4, the multilayer and bimorph types are the
most commonly used structures. Although the multilayer type produces only
relatively modest displacements (10 um), it offers a respectable generative force
(100 kgf), a quick response speed (10 usec), long lifetime (1011 cycles), and a high
electromechanical coupling factor k33 (70%). The bimorph type provides large
displacements (300 um), but can only offer a relatively low generative force (100
gf), a much slower response speed (1 msec), a shorter lifetime (108 cycles) and a
rather low electromechanical coupling factor keff (10%). We will examine each
structure more closely in the sections that follow.
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Figure 4.4 A classification of electromechanical ceramic actuators based on
structure type.

(1) Disk Actuators

Single disk devices are generally not commercially popular these days because of
their low efficiency. They are still considered useful in the laboratory, however, and
find their widest application in this setting.

Example Problem 4.2__________________________________

The apparent dielectric constant of a 1 mm barium titanate-based ceramic disk is
measured and found to be 500. Due to a fabrication error, however, a thin air gap of
0.5 um is discovered between the ceramic and the electrodes that extends over most
of the electroded area on both sides of the device. Estimate what the actual
dielectric constant of the device should be without this defect.
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Solution

The measured capacitance in this case will be the total capacitance of the ceramic
and the two air gaps effectively arranged in series within the device. If we denote
the capacitor area, thickness and the air gap by A, d and 5, respectively, the total
capacitance is given by:

1 1 2
C (e 0 KA/d) (E0A/5)

(P4.2.1)

The apparent dielectric constant was calculated from the measured capacitance
according to the relationship:

f~* s-\

—— = 500 (P4.2.2)

This expression combined with Equation (P4.2.1) allows us to write:

— + — = —— (P4.2.3)
K d 500

Substituting d = 10"3 m, 8 = 0.5 x 10"6 m into this equation, we determine that the
dielectric constant of the defect-free device should be K = 1000.

This kind of fabrication flaw tends to occur when alcohol is used to clean the
ceramic disk after polishing and it is not dried completely on a hot plate (above
100°C). This demonstrates well why it is important to take care not to generate even
a submicron air gap during the electroding process.

(2) Multilayer Actuators

Ferroelectric ceramic multilayer devices have been investigated intensively for
capacitor and actuator applications, because they have low driving voltages and they
are highly suitable for miniaturization and integration onto hybrid structures.
Miniaturization and hybridization are key concepts in the development of modern
micromechatronic systems. The goal for multilayer actuators is to eventually
incorporate layers thinner than 10 um, which is the current standard for multilayer
capacitors. The typical layer thickness for multilayer actuators at this time is about
60 um. A multilayer structure typically exhibits a field-induced strain of 0.1% along
its length, / (for example, a 1 cm sample will exhibit a 10 \im displacement), and
has a fundamental resonance frequency given by:

f r=————^ (4.2)
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where p is the density and s33
D is the elastic compliance (for example, a 1 cm

sample will have a 100 kHz resonance frequency). New multilayer configurations or
heterostructures comprised of electromechanical materials and modified electrode
patterns are anticipated that will be incorporated into ever more sophisticated smart
systems. There are two general methods for fabricating multilayer ceramic devices:
(1) the cut-and-bond method and (2) the tape-casting method.

A schematic diagram of a commercially manufactured piezopile from NTK-NGK is
shown in Figure 4.5.13 It is comprised of one hundred cut and polished PZT ceramic
discs, each 1 mm thick, which are stacked and interleaved with metal foils that serve
as electrodes within the device. A 100 urn displacement is generated by the pile
with an applied voltage of 1.6 kV, and the maximum generative force is about 3
tons. Since the entire device is clamped by bolts and mechanically biased,
delamination and mechanical fracture do not readily occur. Although devices such
as this offer substantial displacements and generative forces, the cut-and-bond
method in general has its disadvantages. One major drawback is the labor-intensive
process itself, which is not at all well suited to mass production. The devices also
tend to require rather high drive voltages because the minimum layer thickness
possible for stacks prepared in this way is only about 0.2 mm.

Figure 4.5 Schematic diagram of a piezopile manufactured by NTK-NGK.13

The tape-casting method, in which ceramic green sheets with printed electrodes are
laminated and co-fired with compatible internal electrodes, is far more conducive to
mass production and produces devices with much thinner layers so that low drive
voltages may be employed.

The multilayer structure is essentially comprised of alternating ferroelectric and
conducting layers which are co-fired to produce a dense, cohesive unit as shown in
Figure 4.6. A ferroelectric layer sandwiched between a pair of electrodes constitutes
a single displacement element. Hundreds of these units may be connected in parallel
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to the potential difference supplied by the external electrodes, which are connected
to the many interleaved internal electrodes of the stack as shown in Figure 4.6. A
flowchart for the manufacturing process is shown in Figure 4.7. Green sheets are
prepared in two steps. First, the ceramic powder is combined with an appropriate
liquid solution to form a slip. The slip mixture generally includes the ceramic
powder and a liquid comprised of a solvent, a deflocculant, a binder and a
plasticizer. During the second part of the process, the slip is cast into a film under a
special straight blade, called a "doctor blade," whose distance above the carrier
determines the film thickness. Once dried, the resulting film, called a green sheet,
has the elastic flexibility of synthetic leather. The volume fraction of the ceramic in
the now polymerized matrix at this point is about 50%. The green sheet is cut into
an appropriate size, and internal electrodes are printed using silver, palladium or
platinum ink. Several tens to hundreds of these layers are then laminated and
pressed using a hot press. After the stacks are cut into small chips, the green bodies
are sintered at around 1200°C in a furnace, with special care taken to control the
initial binder evaporation at 500°C. The sintered chips are polished, externally
electroded, lead wires are attached, and finally the chips are coated with a
waterproof spray.

/
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Figure 4.6 The structure of a multilayer actuator.

A cross-sectional view of a conventional interdigital electrode configuration is
shown in Figure 4.8(a).14 The area of the internal electrode is slightly smaller than
the cross-sectional area of the device. Notice that every two layers of the internal
electrodes extend to one side of the device and connect with the external electrode
on that side so that all active layers of the device are effectively connected in
parallel. The small segments in each layer that are not addressed by the internal
electrodes remain inactive, thereby restricting the overall generative displacement
and leading to detrimental stress concentrations in the device. A multilayer structure
is represented in Figure 4.9(a) and the strain distribution measured in a test device is
shown in Figure 4.9(b). The derivative of the displacement distribution provides an
estimate of the stress concentration in the device.15 The internal stress distribution
was also predicted using the finite element method. The results of this analysis are
summarized in Figure 4.10. The maximum tensile and compressive stresses are
IxlO8 N/m2 and 1.2 x 108 N/m2, respectively, which are very close to the critical
strength of the ceramic.15
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Figure 4.7 A flowchart for the fabrication of a multilayer ceramic actuator.

Figure 4.8 Various internal electrode configurations for multilayer actuators:
(a) interdigital, (b) plate-through, (c) slit-insert, and (d) interdigital
with float electrode.

Crack propagation has been investigated in a variety of multilayer systems.16 A
crack pattern commonly observed in PNNZT piezoelectric actuators under bipolar
drive is shown in Figure 4.11(a). It occurs much as predicted in the theoretical
treatment of these systems.15 The crack originates at the edge of an internal
electrode and propagates toward the adjacent electrode. Delamination between the
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electrode and the ceramic occurs simultaneously, leading to a Y-shaped crack. An
interesting difference was observed in the case of the antiferroelectric PNZST
system shown in Figure 4.11(b). Here a Y-shaped crack is again produced, but it
originates in the ceramic between the electrodes.17 This is probably due to the
combination of two distinct induced strains in the ceramic: the anisotropic
piezoelectric strain and the more isotropic strain associated with the antiferroelectric
response to the applied field.
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Figure 4.9 A multilayer structure: (a) a schematic depiction and (b) the induced
strain distribution measured in a test device.15

A modified electrode configuration, called the plate-through design [see Figure
4.8(b)], was developed by NEC as a solution to this particular mechanical
problem. The electrode in this modified configuration extends over the entire
surface of the ceramic so that the stress concentration cannot develop. This
modification requires that an insulating tab terminate every two electrode layers on
the sides of the device where the external electrodes are painted. Key issues in
producing reliable devices with this alternative electrode design are concerned with
the precise application of the insulating terminations and improvement of the
adhesion between the ceramic and internal electrode layers. The designers of NEC
addressed the first of these issues by developing an electrophoretic technique for
applying glass terminators to the device. The problem of adhesion was resolved by
making use of a special electrode paste containing powders of both the Ag-Pd
electrode material and the ceramic phase. The displacement curve for a (0.65)PMN-
(0.35)PT multilayer actuator with ninety-nine layers of 100 urn thick sheets
(2x3x10 mm3) is shown in Figure 4.12(a).19 We see from these data that a 8.7 urn
displacement is generated by an applied voltage of 100 V, accompanied by a slight
hysteresis. This curve is consistent with the typical response of a disk device. The
transient response of the induced displacement after the application of a rectangular
voltage is shown in Figure 4.12(b). Rising and falling responses as quick as 10 usec
are observed.



Ceramic Actuator Structures and Fabrication Methods 183

External electrode B

\ N Tensile
Compressive

Internal Electrode
Figure 4.10 The internal stress distribution for a multilayer actuator as predicted

by finite element analysis.15

(a) (b)
Figure 4.11 Crack generation in multilayer ceramic actuators under bipolar

drive: (a) piezoelectric PNNZT, and (b) antiferroelectric PNZST.16

The slit-insert design and the interdigital with float electrode are shown in Figures
4.8(c) and 4.8(d), respectively. The induced stress concentration is relieved in the
slit-insert design while the electric field concentration is avoided with the
interdigital with float electrode configuration. 20

Another common crack pattern is the vertical crack, which will occasionally occur
in the layer just adjacent to the top or bottom inactive layer. The inactive layer
serves as an interface between the device and the object to which the actuator is
attached. A crack occurring in the layer adjacent to the inactive bottom layer of a
multilayer device is pictured in Figure 4.13. It originated from a transverse tensile
stress produced in this layer due to clamping from the adjacent thick inactive layer.
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One solution that has been proposed for this problem is to pre-pole the top and
bottom layers of the device.

Applied voltage

Displacement

25 50 75
Voltage (V) *• ' lOOusec

Figure 4.12 The response of a 0.65PMN-0.35PT multilayer actuator: (a) the
displacement as a function of applied voltage and (b) the
displacement response to a step voltage.19

Example Problem 4.3_____________________________________

A piezoelectric multilayer actuator under a certain applied voltage, V, will exhibit
an amplified displacement as compared with the displacement generated in a single
disk of the active material. An even more pronounced displacement amplification is
expected from an electrostrictive device. Verify this using the following equations
for the piezoelectric and electrostriction effects: x = d E and x = M E2.

Solution

Let /, A/ and n be the total thickness, displacement and the number of ceramic
layers, respectively. The strain, x, is just equal to A/ / /. The displacement produced
by each type of device is given by the following equations.

(a) The Piezoelectric Actuator:

A/ = / x / d E = / d [V / (I /n)] = n d V (P4.3.1)

We see from this equation that the displacement is amplified in proportion to the
number of layers, n.

(b) The Electrostrictive Actuator:

A / = / x = / M E2 = / M [V / (I /n)]2 = n2 (M/ /) V2 (P4.3.2)
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We see in this case that the displacement is amplified in proportion to the square of
the number of layers, n. The electrostrictive device is thus more effective than the
piezoelectric one.

Figure 4.13 A vertical crack observed in the layer just adjacent to the bottom
inactive layer in a multilayer actuator.

A multilayer actuator incorporating a new interdigital internal electrode
configuration has been developed by Tokin.21 In contrast to devices with the
conventional interdigital electrode configuration, for the modified design line
electrodes are printed on the piezoelectric green sheets, which are stacked so that
alternate electrode lines are displaced by one-half pitch. This actuator produces
displacements normal to the stacking direction through the longitudinal
piezoelectric effect. Long ceramic actuators up to 74 mm in length have been
manufactured, which can generate longitudinal displacements up to 55 urn.

A three-dimensional positioning actuator with a stacked structure has been
proposed by PI Ceramic, in which both transverse and shear strains are induced to
generate displacements.22 As shown in Fig. 4.14(a), this actuator consists of three
parts: the top 10 mm long Z-stack generates the displacement along the z direction,
while the second and the bottom 10 mm long X and Y stacks provide the x and y
displacements through shear deformation, as illustrated in Fig. 4.14(b). The device
can produce 10 um displacements in all three directions when 500 V is applied to
the 1 mm thick layers.

Various failure detection techniques have been proposed to implement in smart
actuator devices to essentially monitor their own "health."23 One such "intelligent"
actuator system that utilizes acoustic emission (AE) detection is shown in Figure
4.15. The actuator is controlled by two feedback mechanisms: position feedback,
which can compensate for positional drift and hysteresis, and breakdown detection
feedback, which can shut down the actuator system safely in the event of an
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imminent failure. As previously described in Section 3.5(3), acoustic emission from
a piezoelectric actuator driven by a cyclic electric field is a good indicator of
mechanical failure. The emissions are most pronounced when a crack propagates in
the ceramic at the maximum speed. A portion of this smart piezoelectric actuator is
therefore dedicated to sensing and responding to acoustic emissions. The AE rate in
a piezoelectric device can increase by three orders of magnitude just prior to
complete failure. During the operation of a typical multilayer piezoelectric actuator,
the AE sensing portion of the device will monitor the emissions and respond to any
dramatic increase in the emission rate by initiating a complete shut down of the
system.

Z-stack (10 layers)
(extension)

X-stack (10 layers)
[shear)

Y-stack (10 layers) E
(shear) Ps

(a) (b)
Figure 4.14 A three-dimensional positioning actuator with a stacked structure

proposed by PI Ceramic: (a) a schematic diagram of the structure
and (b) an illustration of the shear deformation.22

Another recent development for device failure self-monitoring is based on a strain
gauge type electrode configuration as pictured in Figure 4.16.24 Both the electric
field-induced strain and the occurrence of cracks in the ceramic can be detected by
closely monitoring the resistance of a strain gauge shaped electrode embedded in a
ceramic actuator. The resistance of such a smart device is plotted as a function of
applied electric field in Figure 4.17. The field-induced strain of a "healthy" device
is represented by the series of curves depicted in Figure 4.17(a). Each curve
corresponds to a distinct number of drive cycles. A sudden decrease in the
resistance as shown in Figure 4.17(b) is a typical symptom of device failure.

The effect of aging is manifested clearly by the gradual increase of the resistance
with the number of drive cycles as shown for a smart device in Figure 4.17(a).
Ceramic aging is an extremely important factor to consider in the design of a
reliable actuator device, although there have been relatively few investigations done
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to better understand and control it. Aging is associated with two types of
degradation: (1) depoling and (2) mechanical failure. Creep and zero-point drift in
the actuator displacement are caused by depoling of the ceramic. The strain
response is also seriously impaired when the device is operated under conditions of
very high electric field, elevated temperature, high humidity, and high mechanical
stress. The lifetime of a multilayer piezoelectric actuator operated under a DC bias
voltage can be described by the empirical relationship:

tDC = AE" exp(WDC/kT)

where WDC is an activation energy ranging from 0.99-1.04 eV.25

(4-3)

Actuation

Piezoelectric
actuator

Feedback (2)
Breakdown detection
;ensor

Feedback (1)
Strain sensor

Control
voltage'

Computer-controlled
power supply

Figure 4.15 An intelligent actuator system with both position and breakdown
detection feedback mechanisms.

Investigations have been conducted on the heat generation from multilayer
piezoelectric ceramic actuators of various sizes.26 The temperature rise, AT,
monitored in actuators driven at 3 kV/mm and 300 Hz, is plotted as a function of
the quantity VJA in Figure 4.18, where Ve is the effective actuator volume
(corresponding to the electroded portion of the device) and A is its surface area.
The linear relationship observed is expected for a ratio of device volume, Ve, to its
surface area, A. We see from this trend that a configuration with a small Ve/A will
be the most conducive to suppressing heating within the device. Flat and cylindrical
shapes, for example, are preferable over cube and solid rod structures, respectively.
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Figure 4.16 Strain gauge configuration of the internal electrode for an intelligent
"health monitoring" actuator.24

100 m 300 «o
Voltage (V)

Figure 4.17 Resistance as a function of applied electric field for a smart actuator
with a strain gauge type internal electrode for self-monitoring of
potential failure: (a) the electric field-induced strain response of a
"healthy" device and (b) the response of a failing device.24

(3) Cylindrical Devices

In general, the longitudinally induced strain (parallel to the electric field) exhibits
less hysteresis than the strain transversely induced in an identical piezoelectric
ceramic. The magnitude of the strain induced in either mode, however, does depend
on the device configuration. Two cylindrical PZT-5 actuators used for controlling
the optical path length in an optical interferometer are pictured schematically in
Figure 4.19.27 Although both designs utilize the displacement along the cylinder
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axis, the simple cylinder type pictured in Figure 4.19(a) operates through the
transverse effect, while the multilayer cylinder design pictured in Figure 4.19(b)
operates through the longitudinal effect. The simple cylinder structure tends to
exhibit lower hysteresis than the multilayer structure.

120
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40

20

I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Ve/A (mm)

Figure 4.18 The temperature rise, AT, monitored in actuators driven at 3 kV/mm
and 300 Hz, plotted as a function of the quantity Ve/A, where Ve is
the effective actuator volume (corresponding to the electroded
portion of the device) and A is its surface area.26

Figure 4.19 Two cylindrical PZT-5 actuators used for controlling the optical
path length in an optical interferometer: (a) a simple cylinder type
operated through the transverse piezoelectric effect and (b) a
multilayer cylinder design operated through the longitudinal effect.27
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(4) Unimorph/Bimorph

Unimorph and bimorph devices are simple structures comprised of ceramic and
inactive elastic plates bonded surface to surface. Unimorph devices have one plate
and bimorph structures have two ceramic plates bonded onto an elastic shim. We
will focus on the bimorph structure here.

The bending deformation in a bimorph occurs because the two piezoelectric plates
are bonded together and each plate produces its own extension or contraction under
the applied electric field. This effect is also employed in piezoelectric speakers. The
induced voltage associated with the bending deformation of a bimorph has been
used in accelerometers. This is a very popular and widely used structure mainly
because it is easily fabricated (the two ceramic plates are just bonded with an
appropriate resin) and the devices readily produce a large displacement. The
drawbacks of this design include a low response speed (1 kHz) and low generative
force due to the bending mode. A metallic sheet shim is occasionally used between
the two piezoceramic plates to increase the reliability of the bimorph structure as
illustrated in Figure 4.20. When this type of shim is used, the structure will maintain
its integrity, even if the ceramic fractures. The bimorph is also generally tapered in
order to increase the response frequency while maintaining optimum tip
displacement. Anisotropic elastic shims, made from such materials as oriented
carbon fiber reinforced plastics, have been used to enhance the displacement
magnification rate by a factor of 1.5 as compared to the displacement of a similar
device with an isotropic shim.28

There have been many studies conducted on these devices which have produced
equations describing the tip displacement and the resonance frequency. Two shim-
less bimorph designs are illustrated in Figure 4.21. Two poled piezoceramic plates
of equal thickness and length are bonded together with either their polarization
directions opposing each other or parallel to each other. When the devices are
operated under an applied voltage, V, with one end clamped (the cantilever
condition), the tip displacement, 8, is given by:

8 = (3/2) dji (I2/12) V (4.4a)
8 = 3d 3 i ( / 2 / t 2 )V (4.4b)

where d3i is the piezoelectric strain coefficient of the ceramic, t is the combined
thickness of the two ceramic plates, and / is the length of the bimorph. Equation
4.4 (a) applies to the antiparallel polarization condition and Equation 4.4 (b) to the
parallel polarization condition. Notice that the difference between the two cases
arises from the difference in electrode gap. The separation between the electrodes is
equal to the combined thickness of the two plates for the antiparallel polarization
case [Figure 4.21 (a)] and half that thickness for the parallel polarization case
[Figure 4.2 l(b)]. The fundamental resonance frequency in both cases is determined
by the combined thickness of the two plates, t, according to the following equation:
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f, = 0.161 (4.5)

where p is the mass density of the ceramic and SU
E is its elastic compliance.

Elastic shim

29

(a)

(b)

Figure 4.20

Piezoceramic plate

] Polarization
' direction

The basic structure of a piezoelectric bimorph: (a) side view of the
device and (b) top view.

Example Problem 4.4
Using a PZT-based ceramic with a piezoelectric strain coefficient of
d3i=-300 pC/N, design a shimless bimorph with a total length of 30 mm (where
5 mm is used for cantilever clamping) which can produce a tip displacement of
40 um under an applied voltage of 20 V. Calculate the response speed of this
bimorph. The mass density of the ceramic is p=7.9 g/cm3 and its elastic compliance
issn

E=16xlO-12m2/N.

Solution

When the device is to be operated under low voltages, the antiparallel polarization
type of device pictured in Figure 4.21(a) is preferred over the parallel polarization
type pictured in Figure 4.21(b) because it produces a larger displacement under
these conditions. Substituting a length of 1=25 mm into Equation (4.3b), we obtain
the combined piezoelectric plate thickness, t.

t = / A /3(d 3 1 V/5)

= 25xlO-3(m)A/3[300xlO-12(C/N) 20(V)/40xlO~6(m)] (P4.4.1)

-> -> t = 530 pirn.
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The ceramic is cut into plates 265 um in thickness, 30 mm in length, and 4-6 mm in
width. The plates are electroded and poled and then bonded together in pairs. The
width of the bimorph is usually chosen such that [w// < 1/5] in order to optimize the
magnitude of the bending displacement.

The response time is estimated by the resonance period. We can determine the
fundamental resonance frequency of the structure from the following equation:

f = 0.161 (P4.4.2)

= 0.161
530xlO~6(m)

[25xlO~3 (kg/m3)16xlO-12 (m2 /N)
= 378 (Hz)

->-> Response Time = —= ————r- = 2.6(ms)
f0 378 (s-1)

YSS/A
7/,
%

t
1 w

Figure 4.21

t

t
fia , ,t r

(v

Two types of piezoelectric bimorphs: (a) the
polarization type and (b) the parallel polarization type.

antiparallel

Example Problem 4.5

A unimorph bending actuator can be fabricated by bonding a piezoceramic plate to
a metallic shim.30 The tip deflection, 8, of the unimorph supported in a cantilever
configuration is given by:

5 =
d 3 1 E / 2 Y c t c (P4.5.1)
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Here E is the electric field applied to the piezoelectric ceramic, d3], the piezoelectric
strain coefficient, /, the length of the unimorph, Y, Young's modulus for the ceramic
or the metal, and t is the thickness of each material. The subscripts c and m denote
the ceramic and the metal, respectively. The quantity t0 is the distance between the
strain-free neutral plane and the bonding surface, and is defined according to the
following:

(P4.5.2)
6 t c t m ( t c + t m ) Y m

Assuming Yc=Ym, calculate the optimum (tn/tc) ratio that will maximize the
deflection, 5, under the following conditions:

a) A fixed ceramic thickness, tc, and
b) a fixed total thickness, (^ + tm.

Solution

Setting Yc = Ym, the Equations (P4.5.1) and (P.4.5.2) become:

5 = - ————— %^ ——— 5-s- (P4.5.3)
2 2 2 2

t = t c t ^ ( 3 t c + 4 t m ) + t :
6 t c t m ( t c + t m )

Substituting t0 as it is expressed in Equation (P4.5.4) into Equation (P4.5.3) yields

5 = d3'E/ 3 t™ t° (P4.5.5)
(tm + tc)3

The function f(tm)=(tmtc)/(tm+tc)3 must be maximized for a fixed ceramic thickness,
tc;and a fixed total thickness, ttot=tc+tm.

( t m + t c ) 4

The metal plate thickness should be tm= \J2 and t0= t/2 so that Equation (P4.5.6a)
becomes:

dtm C

Thus, it is determined that both the metal and ceramic plate thickness should be
tm=tc= tto/2 and t0= ttol/3.
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The generative displacement of a bimorph is decreased when it is supported at both
ends as shown in Figure 4.22(a). When the special shim design pictured in Figure
4.22(b) is used, however, the center displacement of the bimorph is enhanced by a
factor of four as compared to the displacement of a conventionally supported
device.31

Piezo ceramic plate

(a) ^____/____I Metal shim

Piezo ceramic
/____ Metal shim

• .'• » i m [Li X!NXX'V\^\\r\>y\X'tvXXV X XX X

Figure 4.22 Double support mechanisms for a bimorph: (a) conventional design
and (b) special shim design.31

The bimorph displacement inevitably includes some rotational motion. A special
mechanism generally must be employed to eliminate this rotational component of
the induced motion. Several such mechanisms are pictured in Figure 4.23.

A twin structure developed by Sony is shown in Figure 4.23(a).32 It is employed for
video tracking control. The design incorporates a flexible head support installed at
the tips of two parallel bimorphs. The complex bimorph design pictured in Figure
4.23(b) has been proposed by Ampex. It has electrodes on the top and the bottom of
the device that are independently addressed such that any deviation from perfectly
parallel motion is compensated for and effectively eliminated. The proposed design
also includes a sensor electrode that detects the voltage generated in proportion to
the magnitude of the bending displacement. The ring-shaped bimorph design
pictured in Figure 4.23(c) has been developed by Matsushita Electric for use in a
video tracking control system. The design is compact and provides a large
displacement normal to the ring. It also remains firmly supported in operation due to
the dual clamp configuration incorporated in the design.

The "Thunder" actuator developed by Face International is essentially a unimorph,
but has a curved shape and a tensile stress is maintained on the piezoceramic plate.33

This actuator is very reliable when operated under both high field and high stress
conditions. The device is fabricated at high temperatures and its curved shape
occurs due the thermal expansion mismatch between the bonded PZT and metal
plates.
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Sub • bimorph
Sensor electrode

(a)

Displacement

Support

(C)

Figure 4.23 Bimorph structures designed to produce perfectly parallel motion:
(a) parallel spring (twin), (b) complex bimorph (s-shaped), and
(c) ring configurations.

(5) Monomorph/Rainbow

Conventional bimorph bending actuators are composed of two piezoelectric plates,
or two piezoelectrics and an elastic shim, bonded together. The bonding layer in the
latter, however, causes both an increase in hysteresis and a degradation of the
displacement characteristics, as well as delamination problems. Furthermore, the
fabrication process for such devices, which involves cutting, polishing, electroding
and bonding steps, is rather laborious and costly. Thus, a monolithic bending
actuator (monomorpti) that requires no bonding is a very attractive alternative
structure.

Such a monomorph device has been produced from a single ceramic plate.34 The
operating principle is based on the combined action of a semiconductor contact
phenomenon and the piezoelectric or electrostrictive effect. When metal electrodes
are applied to both surfaces of a semiconductor plate and a voltage is applied as
shown in Figure 4.24, the electric field is concentrated on one side (that is, a
Schottky barrier is formed), thereby generating a non-uniform field within the plate.
When the piezoelectric is slightly semiconducting, contraction along the surface
occurs through the piezoelectric effect only on the side where the electric field is
concentrated. The nonuniform field distribution generated in the ceramic causes an
overall bending of the entire plate. The energy of a modified structure including a
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very thin insulating layer is represented in Figure 4.25(a).35 The thin insulating layer
increases the breakdown voltage.

(a)
Metal Monomorph Metal

Figure 4.24
U/2 0 t>/2 z

Schottky barrier generated at the interface between a semi-
conductive (n-type) piezoceramic and metal electrodes. Depiction of
the energy barrier: (a) before and (b) after the electric field is
applied.34

Research is underway to develop new compositions of doped barium titanate and
lead zirconate titanate piezoelectric ceramics with the semiconducting properties
required for use in these monomorph devices. Modified PZT ceramics prepared
from a solid solution with the semiconducting perovskite compound (Ki/2Bii/2)ZrO3
have the desired electrical properties. When 300 V is applied to a ceramic plate
20 mm in length and 0.4 mm in thickness and fixed at one end, a maximum tip
deflection of 200 urn can be obtained [see Figure 4.26(a)]. This is comparable with
the optimum deflection of a bimorph device [Figure 4.26 (a)].36 The rainbow
actuator by Aura Ceramics is a modification of the basic semiconducting
piezoelectric monomorph design, where half of the piezoelectric plate is reduced so
as to make a thick semiconducting electrode which enhances the bending action.
The energy diagram for the "rainbow" device is shown in Figure 4.25(b).35

37

Another modification of the basic monomorph structure has been reported made
from a LiNbOs single crystal plate which has no bonding layer but instead uses an
inversion layer generated in the plate.38 The 500 mm thick z-cut plates were cut
from a single domain lithium niobate crystal. Then the unelectroded samples were
heat-treated at 1150°C for 5 hours in flowing Ar gas containing water vapor. After
rapid cooling at a rate of 50°C per minute, a two-layer domain configuration
structure was created: the spontaneous polarization Ps in the original upward
direction in the first layer and an opposing polarization originating from the positive
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side of the plate in the second. The thickness of the inversion layer depends strongly
on the conditions of heat treatment, such as temperature, time and atmosphere. As
the annealing temperature or time increases, the inversion layer becomes thicker,
and finally reaches the median plane of the plate. After electroding both sides, this
single crystal plate will execute a bending deformation with the application of a
suitable electric field. Even though the magnitude of the displacement for this
device is not as high as a PZT-based bimorph and the actuator is fragile due to
crystal cleavage, it has the advantages of a highly linear displacement curve and
zero hysteresis.

(a) (b)

Figure 4.25 Energy diagrams for modified monomorph structures: (a) a device
incorporating a very thin insulating layer and (b) the "rainbow"
structure.35

(6) Moonie/Cymbal

A composite actuator structure called the moonie has been developed to amplify the
pressure sensitivity and the small displacements induced in a piezoelectric
ceramic.39 The moonie has characteristics intermediate between the conventional
multilayer and bimorph actuators; it exhibits an order of magnitude larger
displacement (100 urn) than the multilayer, and a much larger generative force (10
kgf) with a quicker response (100 u.sec) than the bimorph. This device consists of a
thin multilayer ceramic element and two metal plates with a narrow moon-shaped
cavity bonded together as pictured in Figure 4.27(a). A moonie with dimensions
5 (mm) x 5 (mm) x 2.5 (mm) can generate a 20 um displacement under an applied
voltage of 60 V, which is 8 times as large as the generative displacement of a
multilayer of similar dimensions.40 A displacement twice that of the moonie can be
obtained with the cymbal design pictured in Figure 4.27(b). The generative
displacement of this device is quite uniform, showing negligible variation for points
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extending out from the center of the end cap.41 Another advantage the cymbal has
over the moonie is its relatively simple fabrication. The end caps for this device are
made in a single-step punching process that is both more simple and more
reproducible than the process involved in making the endcaps for the moonie
structure.

(a)

(b)

Ohir

Figure 4.26 Tip displacement curves of (a) PLZT (n-type) and (b) BT (p-type)
monomorph structures.36

PZT

Metal Endcap (b)

Figure 4.27 Flextensional structures: (a) the moonie and (b) the cymbal,41
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A "ring-morph" has been developed that is made with a metal shim and two PZT
rings rather than PZT disks.42 The bending displacement is amplified by more than
30% when an appropriate inner ring diameter is chosen.

(7) Flexible Composites

Functional composite structures can be formed by embedding oriented needle- or
plate-shaped piezoelectric ceramic bodies in a polymer matrix. Such structures have
been found to exhibit enhanced sensitivity while maintaining full actuation
capabilities. A 1-3 composite structure is pictured in Figure 4.28(a), which is
comprised of PZT rods arranged in a two-dimensional array within a polymer
matrix.

The simplest composite structure has 0-3 connectivity and is made by dispersing
piezoelectric ceramic powders uniformly in a polymer matrix. This structure is
pictured schematically in Figure 4.28(b). The two general processes for fabricating
this type of composite are the melting and rolling methods outlined in Figure 4.29.43

The melting method involves mixing the ceramic powders in a molten polymer,
while the rolling method makes use of a hot-rolling apparatus to help disperse the
powders in a thermosetting polymer matrix prior to their heat treatment.

A 1-3 composite deformable mirror is pictured in Figure 4.30.55 The glass mirror is
attached to the one surface of the composite on which the common electrode is
applied, while the individual PZT rods are addressed from the other side of the
device. As each rod in the array can be individually addressed, the surface of the
deformable mirror can be shaped to any desired contour. A 0-3 composite
comprised of PZT powder in a polymer matrix can be used to make flexible
bimorphs. Although a large curvature can be obtained with such a bimorph,
excessive heat generation during AC drive is a serious problem for these devices.
This is due primarily to the highly insulating nature of the polymer matrix. The heat
generated through dielectric loss of the piezoelectric ceramic is not readily
dissipated.

Active fiber composites (AFC) have been developed at MIT, comprised of PZT
needles that are arranged in a polymer matrix.44 One application for this composite
is the helicopter blade vibration control device pictured in Figure 4.31. The fine
PZT needles, which are fabricated by an extrusion technique, are arranged in an
epoxy resin, and the composite structure is sandwiched between the interdigital
electrodes (Ag/Pd), which are coated on a Kepton substrate. The AFC structures are
laminated on the helicopter blade such that the PZT fiber axes are oriented 45
degrees with respect to the blade direction in order to produce a torsional
deformation of the blade. A major problem with this design is the limitation in the
effective applied electric field strength due to the restricted contact area between the
flat electrode surface and the rounded contour of the PZT fibers. One remedy for
this problem has been to incorporate conducting particles in the epoxy matrix. A
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more detailed discussion concerning the design and action of the AFC material will
be presented in Chapter 8.

Piezoceramic fiber (Phase 1) Piezoceramic powder (Phase 1)

Figure 4.28 Two PZT/polymer composites: (a) a PZT rod type (1-3) and (b) a
PZT powder dispersed in a polymer matrix (0-3). [Connectivity
notation: (active (phase 1) - polymer (phase 2)).]

Melting Method Rolling Method

Melting polymer Ferroelectric powder Polymer Ferroelectric powder
1 1 1

(Ball milling) (R

(Film casting) (Cal

oiling)

3ndering)

Composite film Composite sheet

1
Electroding

1
Poling

1
Piezoelectric component

Figure 4.29 Flowcharts for the fabrication of PZT: polymer composites.
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Figure 4.30 A PZT: polymer composite deformable mirror.55

(8) Thin Films

The techniques for fabricating oxide thin films fall into two general categories:

1) Physical Processes: exemplified by the following commonly used
techniques:

Electron beam evaporation
RF and DC sputtering
Ion beam sputtering
Ion plating

(2) Chemical Processes: exemplified by the following commonly used
techniques:

Sol-gel method (dipping, spin coating, etc.)
Chemical vapor deposition (CVD)
MOCVD
Epitaxial methods (liquid phase, melting, capillary, etc.)

Ferroelectric thin films such as LiNbO3, PLZT,45 and PbTiO3
46 are commonly

produced by sputtering.46 A magnetron sputtering apparatus is shown in Figure
4.32. Heavy argon plasma ions bombard the cathode (target) dislodging its atoms.
These atoms are deposited uniformly on the substrate in an evacuated enclosure.
The sol-gel technique has also been employed for producing PZT films.47 Some
applications for thin film ferroelectrics are memory devices, surface acoustic wave
devices, piezoelectric sensors, and micromechatronic devices.
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Figure 4.31 Application of the active fiber composite (AFC), comprised of
oriented PZT fibers and epoxy, in a helicopter blade vibration
control device.44

Vacuum pump

Figure 4.32 Schematic depiction of a magnetron sputtering apparatus.

The microinachining process used to fabricate the PZT micropump is illustrated in
Figure 4.34. The etching process for the silicon:PZT unit is shown on the left-hand
side of the figure and that for the glass plate on the right side. A schematic of the
structure of the micropump is pictured in Figure 4.35 and a photograph of an actual
device is shown in Figure 4.36. The blood sample and test chemicals enter the
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system through the two inlets identified in Figure 4.34, are mixed in the central
cavity, and finally are passed through the outlet for analysis. The movement of the
liquids through the system occurs through the bulk bending of the PZT diaphragm
in response to the drive potential provided by the interdigital surface electrodes.
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Figure 4.33
(a) (b)

Epitaxially grown rhombohedral (70/30) PZT films with (001) and
(111) orientation: (a) optimum rapid thermal annealing profiles and
(b) x-ray diffraction patterns for films grown according to these
profiles.48

Pt/Ti/Silicon on
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Top Electrode Au/Ti deposition
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Membrane Formation
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Figure 4.34 The micromachining process used to fabricate a PZT micropump.48

The properties of the piezoelectric thin film are inevitably affected by three
important parameters:

1) Crystallographic Orientation: The P-E hysteresis curves for (111)- and
(OOl)-oriented PZT (70/30) films (thickness =1 um, x-ray diffraction pattern
Figure 4.33(b)) appear in Figure 4.37. The hysteresis curve associated with
the (001) film is observed to be more square than that of the (111) film.



204 Chapter 4

2) Stress from the Substrate: Tensile or compressive stress is generally
present on the piezoelectric film due to thermal expansion mismatch between
the film and the substrate. This sometimes results in a higher coercive field.

3) Size Effects: Similar to the critical particle size concerns associated with a
ferroelectric powder, there may exist a critical film thickness below which
ferroelectricity would disappear. This is an issue in ferroelectric thin film
research that has yet to be addressed and resolved.

Figure 4.35 A schematic diagram of the structure of a PZT micropump.48

Figure 4.36 Photograph of a PZT micropump (actual size: 4.5 x 4.5 x 2 mm3).48



Ceramic Actuator Structures and Fabrication Methods 205

Figure 4.37 Polarization versus electric field curves for (111)- and (001)-
oriented rhombohedral (70/30) PZT films.48

Example Problem 4.6__________________________________

Predict on a conceptual basis the polarization and strain curves for epitaxially grown
rhombohedral (111)- and (OOl)-oriented PZT thin films.

Solution

Since the spontaneous polarization is directed along the (111) perovskite axes, there
are four equivalent polarization states for the (111) film, while there are only two
states for the (001) film, as illustrated schematically in Figure 4.38.48 The coercive
field is, therefore, very well defined for the (001) film, leading to a square P-E
curve. Furthermore, since polarization reorientation in this film is more restricted
than in the (111) film, one would expect an extended linear portion of the strain
curve for field strengths greater than the coercive field as depicted in Figure 4.39.

Figure 4.38 Equivalent polarization states for epitaxially grown rhombohedral
PZT films: (a) (lll)-oriented and (b) (OOl)-oriented.48
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Figure 4.39 Anticipated polarization (top) and strain (bottom) curves for
epitaxially grown rhombohedral PZT films: (a) (lll)-oriented and
(b) (OOl)-oriented. Note the dramatic increase in the polarization
and the strain above the coercive field for the (001) film.48

(9) Displacement Amplification Mechanisms

In addition to the flextensional structures, such as bimorphs and cymbals, there are
structures that make use of several displacement amplification mechanisms.

A monolithic hinge structure is made from a monolithic ceramic body by cutting
indented regions in the monolith as shown in Figure 4.40(a). This effectively creates
a lever mechanism that may function to either amplify or reduce the displacement. It
was initially designed to reduce the displacement (including backlash) produced by
a stepper motor, and thus increase its positioning accuracy. Recently, however,
monolithic hinge levers have been combined with piezoelectric actuators to amplify
their displacement.
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Figure 4.40 Monolithic hinge lever mechanisms: (a) monolithic hinge structure
and (b) hinge lever mechanism.

If the indented region of the hinge can be made sufficiently thin to promote
optimum bending while maintaining extensional rigidity (ideal case!), a mechanical
amplification factor for the lever mechanism close to the apparent geometric lever
length ratio is expected. The actual amplification, however, is generally less than
this ideal value. If we consider the dynamic response of the device, a somewhat
larger hinge thickness [identified as 2b in Figure 4.40(a)] producing an actual
amplification of approximately half the apparent geometric ratio is found to be
optimum for achieving maximum generative force and response speed. The
characteristic response (that is, in terms of the displacement, generative force, and
response speed) of an actuator incorporating a hinge lever mechanism is generally
intermediate between that of the multilayer and bimorph devices.

When a piezoelectric actuator is to be utilized in a large mechanical control system,
the oil pressure displacement amplification mechanism shown in Figure 4.41 is
often implemented. It is a mechanism especially well suited for oil pressure servo
systems. The output displacement A/2 is effectively amplified by a 1:2 area ratio
according to:

= (d,/d2)2A/, (4-6)

Although the response is slow due to the viscosity of the oil, the overall loss
associated with the amplified displacement is very small.

An inchworm is a linear motor which advances in small steps over time. An
example of an inchworm device designed by Burleigh Instruments is pictured in
Figure 4.42.49 It is comprised of three piezoelectric tubes. Two of the tubes (labeled
1 and 3 in the figure) function to either clamp or release the metal shaft, while the
remaining tube (labeled 2 in the figure) actually moves the inchworm along the
shaft. When three separate drive voltages of differing phase are applied to the three
tubes, the inchworm can translate forward and backward along the metal shaft.
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Although this motor is rather slow (0.2 mm/sec), the high resolution per step (1 nm)
is a very attractive feature of the device.

Figure 4.41 An oil pressure displacement amplification mechanism.

Piezo cylinder 2

Piezo cylinder 1

\
Piezo cylinder 3

Metal shaft

Figure 4.42 An inchworm structure.49

4.3 ELECTRODE MATERIALS

(1) Actuator Electrodes: An Overview

The major problem with the most commonly used electrode material, silver (Ag), is
that it tends to migrate into ceramics under high electric fields. One solution to this
problem has been to use alloys such as silver-palladium (Ag-Pd). Precious metals
such as gold (Au), platinum (Pt), and silver-palladium (Ag-Pd) are expensive,
however, and thus not very suitable for mass production. As new dielectric
materials that can be sintered at low temperature are developed, electrode materials
like copper (Cu) and nickel (Ni) become feasible inexpensive alternatives. When the
conventional electrode materials must be used, innovative new methods of
production can also be employed to reduce the manufacturing cost.
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The bonding method developed by Ohnishi and Morohashi50 is one such method.
The structure fabricated by this method is a multilayer stack of 22 layers comprised
of 0.3 mm thick sintered ceramic disks arranged alternately with 10 um thick silver
(Ag) foils. The multilayer structure is hot-pressed at 900°C for 4 hours. A device of
this type with dimensions [ 5 x 5 x 9 mm3] demonstrates a bending strength of
approximately 100 MPa. The cost of manufacturing multilayer devices by the
bonding method is thus significantly cheaper than the conventional methods,
because inexpensive metal foils are used for the internal electrodes.

Another innovative fabrication technique has been developed by Morgan
Electroceramics which involves incorporating a copper (Cu) internal electrode in a
PZT multilayer actuator.51 The PZT and copper electrode materials are co-fired.
Ordinarily the sintering temperature of PZT is too high to allow for co-firing with a
copper electrode. The sintering temperature of the PZT used in these structures is
reduced to 1015°C by adding excess PbO. Special measures are used to optimize the
co-firing process. The oxygen (O2) pressure is precisely regulated by sintering in a
nitrogen (N^) atmosphere (10"10 atm). The pieces are also fired in a special sintering
sand, which is essentially a mixture of the Cu and PZT powders. This helps to
inhibit the oxidation of the Cu electrode during firing. A four-layer PZT actuator
(with layer thickness of 25 urn) fabricated by this method is pictured in Figure 4.43.

Mechanical weakness at the junction between the ceramic and the electrode metal
often gives rise to delamination problems. One solution to this problem has been to
make a more rigid electrode by mixing ceramic powder of the composition used for
the actuator material with the metal electrode paste. We will examine some of the
more popular conducting ceramic materials currently used as electrodes in ceramic
actuators in the next section.52

Figure 4.43 A PZT multilayer actuator with Cu internal electrodes co-fired at
1015°C.51

(2) Ceramic Electrodes

The most attractive ceramic electrode materials are conducting or semiconducting
perovskite oxides because of their compatibility with the crystal structure of the
actuator ceramics. Among the conducting ceramics Sr(Fe,Mo)O3, (La,Ca)MnO3 and
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Ba(Pb,Bi)O3 (which is actually a superconductor) are considered the best, but their
conductivity is drastically reduced when they are sandwiched between the lead-
based ceramic layers and sintered. One of the few successful structures utilizing a
ceramic conductor is a unimorph device comprised of a piezoceramic and a
Ba(Pb,Bi)O3 fabricated by hot-pressing. Semiconducting BaTiO3-based ceramics
with a positive temperature coefficient of resistivity (PTCR) also appear to be
promising alternative electrode materials for these structures.

In general, good ceramic electrode materials should possess the following
characteristics:

1) a high conductivity,
2) a sintering temperature and shrinkage similar to that of the piezoelectric

ceramic,
3) good adhesion with the piezoelectric ceramic,
4) slow diffusion into the piezoelectric ceramic during sintering.

The last characteristic is perhaps the most critical and the ultimate success of the
structure will depend on a well-defined interface between the electrode and
piezoelectric layers.

Barium Titanate-Based Multilayer Actuator

Barium titanate (BaTiO3), which is a ferroelectric with a Curie temperature of
120°C, is known to become electrically conductive when polycrystalline samples
are doped with rare-earth ions.53'54 The resistivity of some BaTiO3-based ceramics
(with 5 mole percent SiC>2 and 2 mole percent Ai2O3) is plotted in Figure 4.44 as a
function of I^Oj concentration. We see from these data that relatively small
concentrations of La in the range of 0.1 to 0.25 atomic percent lead to a change in
the resistivity of more than 10 orders of magnitude. Multilayer actuators comprised
of alternating layers of undoped resistive BaTiO3 and the BaTiO3-based
semiconducting composition doped with 0.15 atomic percent La have been
fabricated by the tape-casting process. The main advantage in using these materials
is that atomic diffusion across the interface between layers during the sintering
process tends to be suppressed because the layers are compositionally similar,
resulting in a well-defined interface between the actuator and electrode layers.
Another beneficial feature of this combination is that the sintering temperature and
shinkage of both materials are almost the same, so that no residual stress is present
in the sample after sintering. The fabrication of this structure is also somewhat
simpler since it requires no binder burn-out process, which is a time consuming step
required in the fabrication of devices with metal electrodes. A prototype device of
this type has been produced with eight 0.5 mm thick actuator layers, sandwiched
between 0.25 mm thick electrode layers.52
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Figure 4.44 The resistivity of BaTiO3-based ceramics (with 5 mole percent
SiC>2 and 2 mole percent A^Os) plotted as a function of La2O3
concentration.53'54

Mechanical Strength of Ceramic Electrode Devices

The mechanical strength of multilayer samples having an overall plate-like shape
with their piezoelectric and ceramic electrode layers perpendicular to the plate as
shown in Figure 4.45 (a) has been tested by a three-point bend method.52 Data were
also collected for samples of this configuration having the same piezoelectric
ceramic as the test specimens and palladium (Pd) electrode layers, which served as a
reference. Weibull plots for both are shown in Figure 4.45(b). The mechanical
strength of the ceramic electrode device is observed to be about 50 MN/m2, which is
approximately three to four times higher than that observed for the metal electrode
actuator. It is also noteworthy that the Weibull coefficient is generally much larger
when the ceramics electrodes are used, indicating that the deviation in fracture
strength is much smaller. Fracture was observed to occur mainly at the ceramic-
electrode interface for the structures with the metal electrodes, while no such
tendency was observed for the ceramic electrode device.

The electric field-induced strains measured in the prototype ceramic electrode
device are shown in Figure 4.46. It was determined in the study of this structure that
the longitudinal strain induced in the actuator layers was x3-(5xlO"4) and the
transverse strain X!=(-1.2xlO"4). The measured strains are 30% and 60% smaller
than the predicted values for the longitudinal and transverse strains, respectively.
The clamping effect associated with this strain anisotropy can be reduced by
decreasing the thickness of the electrode layers.
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Figure 4.45 Three-point bend testing of multilayer actuators: (a) sample
configuration and experimental setup, and (b) the Weibull plots for
the ceramic electrode and metal electrode (reference) structures.52
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Figure 4.46 Displacement curve for a BaTiO3-based multilayer actuator with
ceramic electrodes.52
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The uniaxial stress dependence of the strain induced in BaTiO3 for several applied
electric field strengths is shown in Figure 4.47. The typical strain responses of PZT
and PMN-PT specimens are also shown in the figure for comparison. The
magnitude of the induced strain in BaTiO3 is not as large as that generated in the
lead-based materials, but the generative stress (320 kgf/cm2) level is comparable
with those of the PZT and PMN-PT samples mainly due to the relatively small
elastic compliance [s33=13xlO~12 (m2/N)] of BaTiO3.

Figure 4.47
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The uniaxial stress dependence of the strain induced in BaTiO3 for
several applied electric field strengths. The typical strain responses
of PZT and PMN-PT specimens are also shown for comparison.

4.4 COMMERCIALLY AVAILABLE PIEZOELECTRIC AND
ELECTROSTRICTIVE ACTUATORS

Poled blocks and discs of PZT-based piezoelectric ceramics can be purchased from
many companies such as APC International, Aura Ceramics, AVX Kyocera,
Burleigh, Channel Products, Edo Corporation, Lockheed-Martin, Morgan
Electroceramics, Materials System Inc., Motorola, Piezo Kinetics Inc., Xin^tics
(USA), Murata, TDK, Matsushita Electronic Components, Toshiba Ceramic, NGK-
NTK, Tokin, Hitachi Metal, Taiheiyo Cement (Japan), Philips, and Siemens
(Germany). If the product is not specifically categorized as an actuator, however, it
may not have the durability required for actuator applications. Electrostrictive
PMN-based materials can be obtained from Lockheed-Martin, AVX-Kyocera,
Xin^tics (USA), and Nikki (Japan).

Multilayer and bimorph structures are among the most populuar for use as
displacement transducers. Cut-and-bond type multilayer actuators are typically 20-
50 layer laminations of 1 mm thick PZT disks, which produce a displacement in the
range of 10-100 pm with an applied voltage of 1 kV. Piezo Positioner by OWIS
(Germany), Piezo Translator by Physik Instrumente (Germany), PZT Pusher by
Burleigh Instruments (USA), Drive Master by Control Technics (USA) and Piezo
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Pile by NTK-NGK (Japan) are all commercially available products, which generally
cost approximately $6000 ($1000 for the actuator and $5000 for the control
system). Low voltage (less than 100 V) multilayer actutators prepared by a tape-
casting technology can be obtained from AVX-Kyocera, Morgan Electroceramics
(USA), NEC, Tokin, Hitachi Metal, Sumitomo Chemical, Denso (Japan) and Philips
(The Netherlands). Bimorph actuators find wide application as video head tracking
devices (Sony and Matsushita Electric), swing CCD mechanisms (Toshiba), and big
bimorphs (NTK-NGK, Ube Industry and Tokin). Another popular bimorph structure
marketed as "Thunders" can be obtained from Face Electronics.

Many actuator devices with other configurations are also currently commercially
available including the Inchworm by Burleigh Instruments (USA), the Piezoelectric
Pump by Physics International (USA) and Bimor Corp. (Japan), the Piezoelectric
Fan by Piezo Electric Products Inc. (USA), Misuzu-Erie and Nippon Denso (Japan),
and the Ultrasonic Motor by Shinsei Industry, Fukoku, Nasca, Seiko Instruments
and Nikon.

CHAPTER ESSENTIALS_______________________
1. Preparation of ceramic powders:

a. Mixed-oxide technique
b. Co-precipitation method
c. Alkoxide hydrolysis

2. Displacement magnification mechanisms:
a. Multilayer
b. Unimorph/bimorph
c. Monolithic hinge lever
d. Moonie/cymbal
e. Inchworm

3. Comparison between multilayer and bimorph actuators:
a. The multilayer type does not exhibit large displacements (10 urn), but has

a large generative force (100 kgf), a quick response speed (10 usec), a long
lifetime (1011 cycles) and high electromechanical coupling, k33 (70 %).

b. The bimorph type exhibits large displacements (300 um), but has a
relatively low generative force (100 gf), slow response speed (1 ms), a
shorter life time (108 cycles) and low electromechanical coupling, keff
(10%).

4. Electrode configurations for multilayer actuators:
a. Interdigital type in which internal stresses tend to develop. The following

configurations are specifically designed to relieve these stresses.
b. Plate-through
c. Slit-insert
d. Float-electrode types
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5. A multilayer structure typically exhibits a field-induced strain of 0.1% along its
length, / (for example, a 1 cm sample will exhibit a 10 um displacement), and
has a fundamental resonance frequency given by:

f =

where p is the density and 833° is the elastic compliance (for example, a 1 cm
sample will have a 100 kHz resonance frequency).

6. Bimorph tip displacement (8): clamped at one end condition (cantilever):
_ 3d 3 1 / 2 V 3d 3 1 Z 2 Vo = — ̂  — or 8 = — ̂  ——

2t2 t2

depending on the configuration. The fundamental resonance frequency of the
bimorph is determined by the total thickness, t, according to:

fr= 0.16 J— --
'VP sn

for both configurations.

CHAPTER PROBLEMS

4.1 Making use of a PZT-based ceramic plate with a piezoelectric strain
coefficient, d31=- 300 pC/N, dimensions of 25 mm x 5 mm x 0.5 mm, and a
phosphor bronze electrode (a high QM material!), design a unimorph with a
total active length of 25 mm, which will execute its maximum tip displacement
under an applied voltage of 100 V. Determine the optimum thickness of the
phosphor bronze electrode then calculate the maximum displacement. Here, the
density and the elastic compliance of the ceramic are p=7.9 g/cm3 and
SnE=16xlO"12 m2/N, respectively. You will need to search for the necessary data
(Young's modulus etc.) for phosphor bronze. (Refer to Example Problem 4.4.)

4.2 Summarize the problems related to the use of ceramic electrode materials as
compare to those associated with conventional metal electrode pastes.

Hint: Due to the limited range of conductivity for the ceramic electrode
materials, there will be a cut-off frequency, which presents a
fundamental limitation in the response speed.

4.3 Describe the difference between "silver paste" and "silver ink."

Hint: Which includes glass particles?
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4.4 The bend curvature (1/R) of a monolithic piezoelectric plate under an electric
field E is given by:

(t°f Y[d31(Z)][E3(Z)]ZwdZ
J_ _ -(tp/2)______________________
-R (to/2)
K J Y Z 2 w d Z

-(t0/2)

where t0 is the plate thickness, w is the plate width, Y is Young's modulus of
the ceramic, and d31 is the piezoelectric strain coefficient of the piezoceramic.
The reference coordinate system Z is placed such that its origin is at the center
of the plate. When Y and w are constant the equation for the bend curvature
reduces to:

R
12 (t0/2)

J [d31(Z)][E3(Z)]ZdZ
-Oo/2)

Given a monomorph plate for which the field distribution E(Z) and the barrier
thickness tb are given by:

E(Z) =

where ([(t</2)-tb] < Z < [to/2]) and

where e0 is the vacuum permittivity, K is the relative permittivity of the
monomorph, q is the electron charge, Nd is the donor density, and <t>0 is the work
function. Verify that the curvature is given by:

J_ -pdX(3t 0 - t b )
R ~ tl

or
_!_ - ( 3 d 3 l t ^ ( 2 t 0 - t b )
R " tl

corresponding to the completely poled case [d3i(Z) = d3i(constant)] or the
gradually poled case [d3,(Z) = d31(Z - (to/2) + tb) / tb)].34
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4.5 Referring to the Ellingham diagram for Ni and Cu that follows, discuss the
higher stability of Cu with PZT when they are co-fired.

14001200 1000 900 800 700 600 T(°C)

log p(O2)
(bar)

0.0006 0.0008 0.0010 0.0012 0.0014 0.0016

-1/T (1/K)
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DRIVE/CONTROL TECHNIQUES FOR
PIEZOELECTRIC ACTUATORS

There are three general methods for actuator drive/control that are most commonly
employed: DC drive, pulse drive, and AC drive. These methods are typically used
for displacement transducers, pulse drive motors and ultrasonic motors,
respectively. Displacement transducers are usually controlled in a closed-loop
mode. Open-loop control can also be employed, but only when strain hysteresis is
negligible and temperature fluctuation during operation is very small. Closed-loop
control is a feedback method whereby the electric field-induced displacement of a
ceramic actuator is monitored, deviation from the desired displacement is detected,
and an electric signal proportional to this deviation is fed back to the ceramic
actuator through an amplifier to effectively correct the deviation. Feedback is
generally used for these devices to alleviate problems associated with the non-
linearity and hysteresis commonly encountered in piezoelectric materials. The pulse
drive motor is typically operated in the open-loop mode, but special care must be
taken to suppress overshoot and mechanical ringing that can occur after the pulse
voltage is applied. The AC voltage applied to ultrasonic motors is not very large,
but the drive frequency must be precisely matched with the mechanical resonance
frequency of the device for optimum performance. Heat generation, which is a
potentially significant problem with this design, can be effectively minimized with
the proper selection of operating parameters.

5.1 CLASSIFICATION OF PIEZOELECTRIC ACTUATORS

Piezoelectric and electrostrictive actuators may be classified into two major
categories, based on the type of drive voltage applied to the device and the nature of
the strain induced by the voltage as depicted in Figure 5.1. They are: (1) rigid
displacement devices, for which the strain is induced unidirectionally, aligned with
the applied DC field, and (2) resonant displacement devices, for which an
alternating strain is excited by an AC field at the mechanical resonance frequency
(ultrasonic motors). The first category can be further divided into two general types:
servo displacement transducers (positioners), which are controlled by a feedback
system through a position detection signal, and pulse drive motors, which are
operated in a simple on/off switching mode. The drive/control techniques presented
in this chapter will be discussed in terms of this classification scheme.

The response of the resonant displacement devices is not directly proportional to the
applied voltage, but is dependent on the drive frequency. Although the positioning
accuracy of this class of devices is not as high as that of the rigid displacement

219
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devices, ultrasonic motors are able to produce very rapid motion due to their high
frequency operation. Servo displacement transducers, which are controlled by a
feedback voltage superimposed on a DC bias, are used as positioners for optical and
precision machinery systems. In contrast, a pulse drive motor generates only on/off
strains, suitable for the impact elements of dot matrix or inkjet printers. An impact
actuator can be created with a pulse driven piezoelectric element. A simple flight
actuator design is depicted schematically in Figure 5.2. The 2 mm steel ball can be
launched as high as 20 mm by this device when a rapid 5 urn displacement is
induced in the multilayer actuator.1
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Figure 5.1 Classification of piezoelectric/electrostrictive actuators according to
the type of drive voltage and the nature of the induced strain.

The material requirements for each class of devices will be different, and certain
compositions will be better suited for particular applications. The servo
displacement transducer suffers most from strain hysteresis and, therefore, a
Pb(Mg!/3Nb2/3)O3-PbTiO3 (PMN) electrostrictive material is preferred for this
application. It should be noted that even when a feedback system is employed, the
presence of a pronounced strain hysteresis general results in a much slower response
speed. The pulse drive motor, for which a quick response rather than a small
hysteresis is desired, requires a low permittivity material. Soft Pb(Zr,Ti)O3 (PZT)
piezoelectrics are preferred over the high permittivity PMN for this application. The
ultrasonic motor, on the other hand, requires a very hard piezoelectric with a high
mechanical quality factor, Qm, in order to maximize the AC strain and to minimize
heat generation. Note that the figure of merit for the resonant strain is characterized
by dFJQm (d: the piezoelectric strain coefficient, E: the applied electric field, /: the
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sample length, Qm: the mechanical quality factor). Although hard PZT materials
have smaller d coefficients, they also have significantly larger Qm values, thus
providing the high resonant strains needed for these devices.

Multilayer
Actuator

Figure 5.2 A simple flight actuator design.

5.2 FEEDBACK CONTROL

We will consider in this section the design of a microdisplacement control unit
functioning as a servo (mechanical feedback) system. An example of use in a
precision lathe machine, which can cut a rod with an accuracy of + 0.01 um.2 The
positioning system is comprised of a multilayer electrostrictive actuator, a
potentiometer position sensor (magnetoresistive type) and a feedback circuit as
shown in Figure 5.3. The feedback circuit for this compact positioner is pictured
schematically in Figure 5.4. We will begin by reviewing the fundamental principles
of the Laplace transform and then determine the transfer function for this actuator
system. We will conclude our examination of the system by evaluating its stability
in terms of steady state deviations induced by external disturbances. The reader is
referred to the texts of Amemiya3 and Davis4 for a more advanced treatment of
feedback systems.

(1) The Laplace Transform

Let us first review an important mathematical tool, the Laplace transform. The
Laplace transform is generally employed for treating the transient response to a
pulse input. The Fourier transform is preferred for cases where a continuous
sinusoidal input is applied, such as for resonance type actuators.
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Figure 5.3 A small piezoelectric actuator used as a micropositioner: (a) an
external view and (b) a cross-sectional view.
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Figure 5.4 Schematic representation of the feedback system for the smart
micropositioner.

Fundamental Principles of the Laplace Transform

We consider a function u(t) which is defined for t > 0 [u(t) = 0 for t < 0], and
satisfies |u(t)| < ke5' for all 8 not less than a certain positive real number 80. When
these conditions are satisfied, e"stu(t) is absolutely integrable for Re(s) > 80. We
define the Laplace transform:

U(s)=L[u(t)]= }e'slu(t)dt (5.1)



Drive/Control Techniques for Piezoelectric Actuators 223

The inverse Laplace transform is represented as L"][U(s)]. Application of the useful
theorems for the Laplace transform that are listed ahead reduce the work of solving
certain differential equations by reducing them to simpler algebraic forms. The
procedure is applied as follows:

1) Transform the differential equation to the s-domain by means of the
appropriate Laplace transform.

2) Manipulate the transformed algebraic equation and solve for the output
variable.

3) Obtain the inverse Laplace transform from Table 5.1.

Some Useful Theorems for the Laplace Transform:

(a) Linearity:
L [a u^t) + b u2(t)] = a U,(s) + b U2(s) (5.2)
U'[a U,(s) + b U2(s)] = a u,(t) + b u2(t) (5.3)

(b) Differentiation with respect to t:
Jdu(t)

L

I dt J
d"u(t)

dt"

= sU(s)-u(0) (5.4)

= s"U(s)-]Tsn-kuk-1(0) (5.5)

(c) Integration:
L[ju(t)dt]=U(s)/s + (l/s)[|u(t)dt] ( o (5.6)( o

(d) Scaling formula:
L[u(t/a)] = a U(sa) (a > 0) (5.7)

(e) Shift formula with respect to t: u(t-k)=0 for t < k
[k: positive real number] This represents the u(t) curve shifted by k
along the positive t axis.
Lfu(t-k)] = e ks U(s) (5.8)

(f) Differentiation with respect to an independent parameter:

3x

(g) Initial and final values

(5.11)

lim[u(t)]=lim[U(s)] (5.10)t-»o Is!"*00
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Table 5.1 Some common forms of the Laplace transform.

1
2

3

4

5
6
7
8

y

10

n

12

13

14

H(t)
l(t)Step
l(t)=l, t>0; l(t)=0, t<0
5(t) Impulse function
8(0 = 0°, t=0 ; 8(t) = 0, t*0

t " / n ! (n : positivcinteger)

e~a l (a: complex)

cos(at)
sin(at)

cosh(at)
sinh(at)

e"b'cos(at) a 2 > 0

e~h l sin(at) a2 >0

H ( t )

1 IT1
 la b

H ( , ) |C
S • " • " " >k —— -

H ( t )

I

i 2 "a 3 =a

H (t) «- s " P - (» 1

^^^ }; 2 a l

G(s)
1/S

1

l/s"+1

l/(s + a)

s/(s2 + a2)
a/(s2 + a2)
s/(s2-a2)
a/(s2-a2)

s + b
(s + b)2 + a2

a
(s + b)2 +a2

i(e--e-bs)
s

— (1-e")
S'

I , I aS-tanh —
s 1 2t> \ ^ J

m maf ^ . fas^ ,1-7- - —— coth — - 1
s2 2s L UJ \
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Example Problem 5.1__________________________________
Compute the Laplace transform of the Heaviside function (step function) H(t)=0
when t < 0 and H(t)=l when t > 0.

Solution

L[H(t)]= Je" s tH(t)dt= Je~stdt = ( l /s)e" s t°°= 1/s (P5.1.1)
o o

Example Problem 5.2__________________________________
Using the result from the previous problem, L[H(t)] = 1/s, obtain the Laplace
transform for a pulse function defined by the following:

P(t) = 0 when t < a and t > b (here, 0 < a < b)
P(t) = 1 when a < t < b

Solution

P(t) is obtained by superimposing the two step functions, H(t-a) and -H(t-b).
Using the shift formula, we obtain the Laplace transform of P(t):

L[P(t)] = e'as (l/s)-e'bs (1/s) = (1/s) (e'as-ebs) (P5.2.1)

(2) The Transfer Function

A Piezoelectric Actuator / Position Sensor / Differential Amplifier System

First, let's consider the displacement, u, in a piezoelectric actuator by an applied
electric field, E, in terms of the simple model depicted in Figure 5.5. Let us assume
a mass, M, is applied to the piezoelectric actuator spring, which has an elastic
stiffness, c, a piezoelectric strain coefficient, d, a length, /, and a cross-sectional
area, A. The oscillation of the mass is sustained by the piezoelectric force, which is
generated by the applied electric field and described by (Acd)E. The dynamic
equation is written as follows:

(5.12)
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AreaS

Figure 5.5 A simple piezoelectric actuator and mass model.

where £ represents the damping effect. The Laplace transform of Equation (5.12) is
represented as:

M s2 U + C s U + (Ac//) U = AcdE~ (5.13)

Here, U and E are the Laplace transforms of u and E, respectively. We may now
define the following:

U(s) = G2(s) E"(s)

where the function G2 is given by:

G2(s) = Acd / (M s2 + C s + Ac//)

(5.14)

(5.15)

This function, which essentially relates the input E (s) to the output U, is called the
transfer function.

We now can consider the position sensor used in this system, which generates a
signal voltage e0 proportional to the input displacement u. The transfer function Ga
for the sensor is simply:

G3(s) = K2 (5.16)

Finally, we consider the differential integral amplifier of the system. The command
voltage 6j is at the input, and the differential voltage from the position signal voltage
e0 is generated. When the command voltage BJ is larger than the position signal e0,
the voltage difference (e—e0) becomes positive and after being amplified is applied
to the piezoelectric actuator so as to increase the displacement. If Cj < e0, the applied
electric field is decreased. When we use an integral amplifier, this amplification is
described by:
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E = K , ( e j - e j d t (5.17)
Thus,

E~ = G,(s) (ef-O (5.18)

G,(S) = K ! / S (5.19)

There are three types of amplifiers commonly utilized in a system such as this one:
proportional, integral, and derivative (PID controller) with transfer functions KI,
KI/S, and KIS, respectively. Any one of these or a combination of these may be used
in a given system. In general, system stability will increase with increasing integral
components, but only at the expense of the response speed. On the other hand, the
responsivity of the system is enhanced significantly with increasing derivative
components, but, in this case, there is often some loss in stability.

Example Problem 5.3__________________________________
The transfer function of a piezoelectric actuator is given by:

U(s) = G(s) E~(s), (P5.3.1)
G(s) = Acd / (Ms2 + C s + Ac//) (P5.3.2)

Calculate the displacement response to an impulse voltage with E (s) = 1.

Solution
In the case of an impulse input, E (s) = 1. Thus, the output displacement U(s) is
provided directly by the transfer function G(s):

U(s) = (Acd/Mco) (co / [(s + C / 2M)2 + co2]) (P5.3.3)

where:

to2 = (A c / M/)-(C2/ 4M2) (P5.3.4)

If the relationship can be expressed in the form of one of the common Laplace
transforms found in Table 5.1, we can obtain the solution easily without using
complex mathematics. Fortunately, we are able to take this more simple approach
here (see #10 in Table 5.1) and the displacement response is found to be of the
form:

u(t) = (Acd/Mco) exp[-(C /2M)t] sin(cot) (P.5.3.5)

We see that the sinusoidal vibration is damped according to the magnitude of £ and
that the resonance frequency is also affected by the damping factor £.
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Block Diagram

Let us describe this servo system in terms of the block diagram pictured in Figure
5.6(a) using the three transfer functions just defined. It should be noted at this point
that an amplifier of rather low output impedance (less than 1 Q.) is typically
employed a system of this kind. This is necessary because the actuator possesses a
relatively large electrostatic capacitance, which can lead to a significant delay in
system response if the amplifier output impedance is too high. (Note that the cut-off
frequency is determined by the time constant, RC).

Integral amplifier Piezoelectric actuator
- * ^!i

«
A',
s

E Acd
Ms!~^s+^~-

Ki

U

Position sensor

KtAcd/M
Ac KiKiAcd

M

Figure 5.6 Block diagrams for a piezoelectric actuator servo system
representing the function of: (a) the individual system elements and
(b) the entire system.

There are generally two ways to unify the block diagram with a feedback loop:
open- and closed-loop transfer functions. The open-loop transfer function is defined
as

W0 = 0,6,63 K,K. Acd
Ms2 (5.20)

The closed-loop transfer function is calculated by completing the feedback function:

W = G G - G G ( G G G + G G G G G 2 - G G ( G G G 3 + • • •

G,G2

G,G2G3)
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= __________K.Acd/M__________
s3 + (C/M)s2 + (Ac/MOs + (K! K2 A c d / M Z )

This function applies to the entire system as depicted in Figure 5.6(b).

Control Stability

In an ideal situation, where the input command voltage, Cj, changes stepwise as
illustrated in Figure 5.7(a), it is expected that the displacement, u, will also change
in a stepwise fashion. However, in real situations, the actual displacement that
occurs is quite different from the ideal response. A divergent case is depicted in
Figure 5.7(d). This is an undesirable response from a practical point of view and, in
general, is referred to as unstable control.

Even if a more converging response is achieved by the system, this in itself does not
guarantee that the difference between the actual displacement voltage, e0, and the
input command voltage, Cj, will be exactly zero after a sufficient time lapse. This
displacement deviation, which is called steady state error, is an important issue in
control engineering. Simply reducing the steady state error to a minimum is not
necessarily the objective, however, as too small a displacement deviation can
sometimes cause too long a decay time for the transient vibration, which is also not
good control. So we see that the decay time for the transient vibration is another key
factor in evaluating a particular drive/control method.

(3) Defining the Criterion for System Stability

The Characteristic Equation

When the command input, e;, is a unit step, the displacement response of the
actuator system may be described by:

U = Wc e: = -——————2
 K-Acd/sM————————— (5.22)

s3 + (C/M)s2 + (Ac/M/)s + (K,K2Acd/M)

We may simplify this expression by assuming that: KiAcd/M=4, £/M=4, Ac/M/=6
and K1K2Acd/M=4, which yields:

U = 4 /s(s 3 + 4s2 + 6s + 4) (5.23a)

Further manipulation of this equation leads to the following:
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U =
s(s + 2)(s

£ 1

s -

Time t
(a)

s + 2 j l s + 1 - j

3fa

5 1

S

(5.23b)

Time
(b)

Figure 5.7

t 0
(c) (d)

Various possible output voltages,e0, from a step input, e;.

When we make use of inverse Laplace transform #4 from Table 5.1 leads to the
following equation for the displacement u(t):

= [l-e-'!t-2e'tsin(t)] (5.24)

With increasing time, the second and third terms approach zero and u(t) becomes
more nearly like the step function; therefore, this system is considered to be stable.
When the denominator of the closed-loop transfer function is set equal to zero, the
resulting equation is called the characteristic equation. The system is judged to be
stable when the real parts of the characteristic roots are all negative.

The Nyquist Criterion for Stability

The stability of the system can be characterized in terms of the so-called Nyquist
criterion. The Nyquist method utilizes the open-loop transfer function W0:
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W0 = 0,0,63 = ( K , K 2 A c d / M )
s[s 2+(C/M)s

(5.25)

The mathematical verification of this equation is somewhat beyond the scope of this
text and, therefore, we will primarily focus our attention on applying the criterion.
By substituting s = jco (where u is the angular frequency) into Equation 5.25, the
locus of W0 for co increasing from 0 to +°° may be plotted on the complex plane and
the resulting curves constitute what is referred to as a Nyquist diagram. A set of
such curves is shown in Figure 5.8. Considering the tendency of these curves in the
direction of the arrow (see K2=3 curve in Figure 5.8), we can say that the system is
stable if the point (-1 + j 0) is to the left of the locus. When this point is to the right
of the locus, the system is considered unstable and when the Nyquist locus passes
through this point, the system is exactly on the critical limit of stability.

= + 00) Real

i + y o

•0-0.2;

• 0 - 0 . 4 j

o-o.e;

Figure 5.8 A Nyquist diagram for a piezoactuator system.

Let us consider again the case associated with Equation (5.23), for which we
assumed KlAcdfM=4, £/M=4, Ac/M/=6. The general open-loop transfer function
for this system may be written as:

W0 = 4 K2 / jco(-co2 + 4 j to + 6) (5.26)

The curves depicted in Figure 5.8 correspond to this general case for various values
of K2. We see in this situation that if the gain of the displacement sensor K2 is
adjusted to 6, the locus passes precisely through the point (-1 + j 0), exactly at the
critical limit of stability. If the gain is reduced to half this value, the point (-1 + j 0)
is to the left of the locus (with increasing frequency) and a stable state exists. When
the gain is increased by a factor of 1.5, however, K2 = 9 and the point (-1 + j 0) is to
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the right side of the locus, resulting in an unstable state. The specific condition
described by Equation (5.23) corresponds to K2=l, which by this criterion is found
to be a very stable condition.

(4) Steady State Error

When the command voltage, e,, is changed, the sensor voltage, e0, which
corresponds to the actual position after a sufficient time lapse, will also change such
that:

ef-e0~ = (l-K2Wc)ef

= —;——————!———:——————————————————————————————— (5.27)
s 3 + ( C / M ) s 2 + ( A c / M / ) s + ( K , K 2 A c d / M )

When the input is a constant step voltage [that is, ej = l(t)], we also know that:

HmOi -e0) = lim[s(e: -e")] = 0 (5.28)
t-»=° s-»0

Thus, the steady state error of the position is zero. Considering now an input that is
a constantly increasing voltage, such that e; = t, ef = 1 / s2, we find that

(5.29)

and the steady state error is no longer equal to zero. If the position sensor gain, K2,
is increased, the steady state deviation decreases. As we have already discussed,
however, the system stability also deteriorates with increasing K2, thus we need to
establish some kind of a compromise between the steady state error and the system
stability.

The data presented in Figure 5.9 show the experimental data of the position change
for our compact actuator system under a step command input. We see in Figure
5.9(b) how the actuator's position gradually drifts without feedback control due to
the effects of thermal expansion. The displacement is more effectively regulated
when feedback control is employed. Proper choice of the damping constant is also
an important factor here in achieving the most stable response. We see in Figure
5.9(b) the effects of choosing a damping constant £ that is too small; a clear
overshoot is observed under these conditions at the rise and fall edges of the output
signal. When the damping constant is increased by means of a mechanical damper
such as a plate spring, the overshoot is eliminated as depicted in Figure 5.9(c). It is
important to keep in mind, however, in selecting an appropriate £ that excessively
high values will significantly decrease the responsivity of the system.
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(a) Command

(b) Actual
displacement
without feedback

(c) Actual
displacement
with feedback
(large Q

(d) Actual
displacement
with feedback
(small Q

Step :0 .1V
Width : 21 msec

10o

Time

Figure 5.9 Step response of the piezoelectric actuator.

(5) Advantages of Feedback Control

Adding a feedback control system that satisfies the Nyquist stability, generally
provides distinct benefits, namely: (1) a linear relationship between input and
output, (2) an output response with a flat frequency dependence, and (3)
minimization of external disturbance effects. These benefits are described in this
section.

Linear Relation Between Input and Output

Let us consider the nonlinear relation depicted in Figure 5.10 between an input
voltage, V, as might be applied to an electrostrictive actuator, and the corresponding
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output response, Y, which in this case would be the position sensor voltage, such
that:

Y = F (V) = KV2 (5.30)

for an electrostrictive actuator system. Let us add a feedback loop as shown in
Figure 5.1 l(a). We will assume that K and p are constants, and that X, V and Y are
variable signals at the points of the system indicated on the block diagram. This
system will be in equilibrium for a certain input X=X0 (that is, a command voltage
corresponding to a desired position) and corresponding V=V0, Y=Y0. In this state
the following equations must be satisfied:

K(X0-(3Y0)

F(V0)

(5.31)

(5.32)

Figure 5.10 A nonlinear relationship between Y (output voltage) and V (input
voltage) for an electrostrictive actuator system.

The point (V0, Y0) is identified as point P in Figure 5.10. Let's consider a small
change in X by an incremental amount, x. The corresponding increments of V and
Y are thus given by:

v = K(x-py)

y = F(V0)v

Substituting and solving for y, we obtain:

KF(V0)y = PKF(VJ

(5.33)

(5.34)

(5.35)
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If the condition:

(3KF'(V0)»1

is satisfied, then:

(5.36)

(5.37)

This means that a linear relation is obtained between the input x and output y in the
feedback control system.

/\
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Figure 5.11 Various feedback systems.

Output Response with a Flat Frequency Dependence

Let us now consider a forward transfer function, G(s), and a feedback transfer
function, H(s), as depicted in the block diagram of Figure 5.1 l(b). If we assume this
feedback system is stable, its closed-loop frequency response function, M(jca), is
given by:

M(jco) = G(jffl)
G(joo)H(jco)]

(5.38)

If the condition:
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|GGco) H(jo>)| » 1 (5.39)

is satisfied, then:

M(jco)= 1/HCjco) (5.40)

In other words, in the frequency range where the gain of the open-loop transfer
function, \G(jco)H(jco)\, is sufficiently larger than 1, the closed-loop frequency
response function, M(jco), depends only on the feedback transfer function, H(s). If
H(jw)=p (constant), M(jco) shows a constant characteristic with a gain (1/P) and a
phase angle of zero in this frequency range.

On the other hand, if the condition

|G(jco) H(jo>)| « 1 (5-41)

is satisfied, then:

M(jco) = G(jco) (5.42)

and for the frequency range in which |G(jco) H(jco)|=l, M(jo>) is obtained directly
from Equation (5.38). A resonance is occasionally observed around this frequency
(near the gain crossing frequency, cocg).

Minimization of External Disturbance Effects

We may now add an external disturbance (that is, a deviation in position due to
thermal dilatation or mechanical noise vibration) to the system and its associated
transfer function, G(s). This is represented as D(s) in the block diagram of Figure
5.1 l(c). The output, Y(s), for this system will be described by:

Y(s) = 1
(G(s)X(s) + D(s)) (5.43)

+ G(s)H(s)]_

The output deviation, AY(s), due to the external disturbance D(s) is given by:

AY(s) = —— —— (5.44)
[l + G(s)H(s)]

Let us consider as an example a step disturbance, d-l(t) (d: constant, l(t): unit step
function). The saturated output deviation Ay(°°) can be calculated using the Laplace
theorem (g) (see page 223):



Drive/Control Techniques for Piezoelectric Actuators 237

Ay(oo) = lim[sAY(s)] = lim
G(s)H(s)]

(d/s)

G(0)H(0)]
(5.45)

The external disturbance can be significantly diminished by a factor of
1/[1+G(0)H(0)], as compared to the case where no feedback is employed. The open-
loop transfer function under DC conditions, G(0)H(0), should be sufficiently larger
than 1 in order to minimize the output deviation.

If the external disturbance has a frequency spectrum D(jco), the output deviation
spectrum is:

AY(jco) = D(jco)
G(jco)H(jco)]

(5.46)

(a)

(b)

(c)

I sec

!

Time ——•*

Figure 5.12 Suppression of an external disturbance in a precision lathe machine
using feedback: (a) the mechanical load disturbance, (b) the position
change of the piezoelectric actuator without feedback, and (c) the
position change of the actuator with feedback.
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When the condition |G(jo))H(jro)|»l is satisfied in the frequency range
corresponding to the external disturbance, the feedback control is effective for
diminishing the external disturbance. The actuator response in a precision lathe
machine to a mechanical step load appears in Figure 5.12. Such a disturbance is
generated in the lathe machine when the cutting edge is occasionally caught in a
"sticky" material. The remarkable improvement from the 1 urn displacement
deviation that occurs without feedback [Figure 5.12(b)] to only 0.2 jam maximum
deviation with feedback [Figure 5.12(c)] is clearly demonstrated by these data.

Example Problem 5.4 __________________________________
Describe the Bode diagram for the standard second-order system with

G(jco) = —— 5—5 ——————— (P5.4.1)2 2

Solution

The Bode diagram is a representation of the transfer function as a function of
frequency on a logarithmic scale.

First, let us consider approximate curves for the low and high frequency regions.
For o> ->0, |G(jco)| = 1, so that in decibels:

= 201oglo(l) = (P5.4.2)

Resonance Peak

Figure 5.13 The Bode diagram for a standard second-order system.
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and the phase is 0° as indicated by the gain and phase curves appearing in Figure
5.13.

For a) -^ °°:

|G(jco)| = (P5.4.3a)

so that in decibels:

dB = -20 log10(coT)2 = -40 loglo(coT) (P5.4.3b)

and the phase is -180° as indicated by the gain and phase curves appearing in Figure
5.13.

The low- and high-frequency portions of the gain curve can be approximated with
two straight lines as shown in Figure 5.13. The high-frequency portion of the curve
is approximated with a straight line having a negative slope of 40 dB/decade (or 12
dB/octave).

Next, we will consider the deviation from these two lines around the bend-point
frequency. Substituting COT = 1 in Equation (P5.4.1) yields:

(P5A4)

so that the gain and phase become 1/(2Q and -90°, respectively. The constant £
corresponds to the damping constant. If £=0, an infinite amplitude will occur at the
bend-point frequency (that is, the resonance frequency). When £ is large (>l/2),
however, the resonance peak will disappear.

(6) Polarization Control Method

An interesting alternative technique, called polarization control, is used to minimize
the effect of strain hysteresis in piezoelectric actuators without using a complex
closed-loop system. The strain curves for a PZT-based material plotted as a function
of applied voltage (proportional to the electric field) and charge (proportional to the
polarization) appear in Figure 5.14. Note that the strain curve representing the
polarization dependence does not exhibit hysteresis while the curve representing the
electric field dependence does.5 (The reasons for this have already been discussed in
Section 2.6.) We see by these trends then that the strain hysteresis that occurs under
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a voltage control system will be significantly suppressed if polarization control is
used instead.

100 200
voltage (v)

300

100 200 300
input charge (nC)

Figure 5.14 The strain curves for a PZT-based material plotted as a function of:
(a) applied voltage (proportional to the electric field) and (b) charge
(proportional to the polarization). The lack of strain hysteresis in the
latter curve demonstrates the usefulness of polarization control for
piezoelectric actuators.

An example of a current supply circuit suitable for polarization control is pictured in
Figure 5.15. A current proportional to the input voltage, Vin, is supplied to the
piezoelectric actuator in this circuit. Another noteworthy feature of this current
supply is its very high output impedance as compared to the very small output
impedance of the conventional voltage supply.

The polarization control technique is effective only for pulse and AC drive methods.
When used for DC driving, the resistance of the actuator must be extremely large.
Otherwise, charge leakage in the ceramic actuator prevents stable control for quasi-
static positioning. A stacked actuator, for example, comprised of 92 layers of PZT
ceramic disks (each with a diameter of 20 mm and thickness of 0.5 mm) operated by
polarization control is able to maintain its charge only for about 30 minutes.5
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Figure 5.15 An example of a drive circuit for polarization control.

5.3 PULSE DRIVE

When a pulsed electric field is applied to a piezoelectric actuator, a mechanical
vibration is excited, the characteristics of which depend on the pulse profile.
Displacement overshoot and ringing are frequently observed. Quick and precise
positioning is difficult to achieve, and moreover can lead to the destruction of the
actuator due to the large tensile stress associated with overshoot. We will examine
more closely the transient response of a piezoelectric device driven by a pulsed
electric field in this section.

(1) The Piezoelectric Equations

If the applied electric field, E, and the stress, X, are small, the strain, x, and the
electric displacement, D, induced in a piezoelectric can be represented by the
following equations:

x, = Sy Xj + dmi Em

Dm = dmi Xj + Kmk Ek

(5.47)

(5.48)
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where (i, j = 1, 2, ..., 6; m, k = 1, 2, 3). These are the piezoelectric equations.
According to the tensor theory presented in Chapter 2, we know that for the lowest
symmetry trigonal crystal there are twenty-one independent SyE coefficients,
eighteen d^ coefficients, and six Kmk

x coefficients. We also recognized in that
discussion that the number of independent coefficients decreases with increasing
crystallographic symmetry. When considering polycrystalline ceramic specimens,
the poling direction is typically designated as the z-axis. A poled ceramic is
isotropic with respect to this z-axis and has a Curie group designation C^v (°°m).
There are 10 non-zero matrix elements (SHE, Si2E, 813 , 833 , S44

E, d3i, d33, dis, KH ,
and K33

 x) that apply in this case.

When considering the response of an electrostrictive material under DC bias (Eb)
the strain is given by:

\i = Mmi (Eb + Em)2 = M^Eb2 + 2 MrniEbEm + 5Em
2 (5.49)

If the alternative definition for dnii:

dmi = 2MmiEb (5.50)

is substituted in Equations (5.47) and (5.48), we can think in terms of an induced
piezoelectric effect when analyzing the response of an electrostrictive material.

(2) The Transverse and Longitudinal Vibration Modes

The Transverse Vibration Mode

Let's consider a transverse mechanical vibration in the simple piezoelectric ceramic
plate with thickness b, width w, and length / (b « w « /), pictured in Figure 5.16
(and as case (a) in Table 5.2). If the polarization is in the z direction and the x-y
planes are the planes of the electrodes, the extentional vibration in the x direction is
represented by the following dynamic equation:

3t dx dy

where u is the displacement in the x direction of a small volume element in the
ceramic plate. The relationship between the stress, the electric field (only Ez exists)
and the induced strain is described by the following set of equations:

x, = S|1
E X! + s12jj X2 + s13

E X3 + d3i Ez
X2 = Si2 Xi + Sn X2 + 813 X3 + d3i Ez

x3 = s13
E X! + s,3E X2 + s33

E X3 + d33 Ez (5.52)
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X4 = 844 X.4

Xs = 844 Xs

x6 = 2 (sn
E-s12

E) X6

Figure 5.16 Transverse vibration of a rectangular piezoelectric plate.

It is important to note at this point that when an AC electric field of increasing
frequency is applied to this piezoelectric plate, length, width and thickness
extensional resonance vibrations are excited. If we consider a typical PZT plate with
dimensions 100 mm x 10 mm x 1 mm, these resonance frequencies correspond
roughly to 10 kHz, 100 kHz and 1 MHz, respectively. We will consider here the
fundamental mode for this configuration, the length extensional mode. When the
frequency of the applied field is well below 10 kHz, the induced displacement
follows the AC field cycle, and the displacement magnitude is given by d^E^l. As
we approach the fundamental resonance frequency, a delay in the length
displacement with respect to the applied field begins to develop, and the amplitude
of the displacement becomes enhanced. At frequencies above 10 kHz, the length
displacement no longer follows the applied field and the amplitude of the
displacement is significantly reduced.

When a very long, thin plate is driven in the vicinity of this fundamental resonance,
X2 and X3 may be considered zero throughout the plate. Since shear stress will not
be generated by the applied electric field Ez, only the following single equation
applies:

X i E / j / E\ T^ / c* £-~*\i = X i / S i i -(031 / Sn ) Ez (5.53)

Substituting Equation (5.53) into Equation (5.51), and assuming that \\=duJdx and
dEJdx=Q (since each electrode is at the same potentials), we obtain the following
dynamic equation:

1 (5.54)
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The Longitudinal Vibration Mode

Let us consider next the longitudinal vibration mode. When the resonator is long in
the z direction and the electrodes are deposited on each end of the rod as depicted
for case (b) in Table 5.2, the following conditions are satisfied:

X, = X2 = X4 = X5 = X6 = 0 and X3 + 0 (5.55)

So that,

X3 = (x3-d33 Ez) / S33E (5.56)

for this configuration. Assuming a local displacement v in the z direction, the
dynamic equation is given by:

3E' ' (5.57)"v 2 ^J "ia z a

The electrical condition for the longitudinal vibration is not 3Ez/3z=0, but rather
dDJdz = 0, such that:

(5.58)

Substituting Equation (5.58) into Equation (5.57), we obtain:

2 2 .....
(5-59)

s°3 3;

where:

33 . _L. ,n ,0 ^ , . _L.

______

(d3
2
3/s3

E
3K3

x
3) l + k3

(5-60)

The dynamic equations for other vibration modes can be obtained in a similar
fashion using the elastic boundary conditions in Table 5.2.
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Table 5.2 Characteristics of various resonators with different modes of vibration.9
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Consideration of the Loss

When we consider the mechanical loss of the piezoelectric material, which is
viscoelastic and proportional to the strain, the dynamic equations (5.54) and (5.59)
must be modified.6

The transverse vibration mode is now described by:

32u 1p = ——
and the longitudinal vibration mode by:

![v + 5(3v/3t)]"
d z 2 (5.62)

Since Equations (5.54) and (5.59) [and, therefore, Equations (5.61) and (5.62)])
have very similar forms, we will consider just the transverse vibration mode here as
an example of how both cases might be treated.

Solution for Transverse Vibration Mode

Let us solve Equation (5.54) using the Laplace transform. Denoting the Laplace
transforms of u(t,X) and Ez(t) as U(s^c) and E~(s), respectively, Equation (5.54) is
transformed by Theorem (f) to:

psf,s2U(s,;0 = (5.63)
a x

We will assume the following initial conditions:

U((U)=0 and = o (5.64)
a t

We may also make use of the fact that:

p S u E = l / v 2 (5.65)

where v is the speed of sound in the piezoelectric ceramic, to obtain a general
solution:

= A e("/v) + B e-(M/v) (5.66)
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The constants A and B can be determined by applying the boundary conditions at
x— 0 and /:

X, = ( X ' ~ ^3 l E z ) = 0 (5.67)
sn

We may also make use of the fact that:

L[xj] = (dWdx) = A(s/v)e(sjr/v - B(s/v)e (u/v) (5.68)

In conjunction with the boundary conditions at x= 0 and / to yield:

A(s/v) - B(s/v) = d3jE~ (5.69a)
A(s/v)e(s(/v) - B(s/v)e-(s(/v) = d31E~ (5.69b)

Thus, we obtain:

H F~n-e~s ' /V l l
A = d3'b y C ,/ (5.70)si/v -s//v

and, consequently, Equations (5.66) and (5.68) become:

(~j:)/v -l- P-s«+*)/v _ P-"'v _ p-«(2'-^)'v|
e ,2 s ; / V

 C ——— - ———— ]- (5.72)

d31

i- (l-e~2s"v) -

The inverse Laplace transforms of Equations (5.72) and (5.73) now provide the
displacement u(t^c) and strain Xj(t^c). Making use of the expansion series

1 / (1 - e-2s(/v) = 1 + e2s//v + e4s(/v + e-6s//v + •- (5.74)

The strain, Xj(t,jc), can now be obtained by shifting the d3iEz(t) curves with respect
to t according to Theorem (e). We may also consider that since u(t, 112) = 0 [from
U(s, 112) = 0] and u(t,0)=-u(t, /) [from U(s, 0)=-U(s, 01, the total displacement of
the plate device A/ becomes equal to 2u(t, /). We finally arrive at the following:

e'S'/V) = d3 ,E-(v/s)[tanh(s//2v)] (5.75)
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(i) Response to a Rectangular Pulse Voltage

We will now consider the response to a rectangular pulse voltage such as is pictured
in the lower left-hand corner of Figure 5.17. We begin by substituting:

E~(s) = (Eo/s) (1 - e-(n/s)/v) (5.76)

into Equation (5.75), which will allow us to obtain the displacement A/ for n = 1,2
and 3. The quantity n is a time scale based on half the resonance period of the
piezoelectric plate.

For n= 1,

U(s,/) = d3iE°(^:e"s'/V)2

= d3 1E0(v/s2)[l-3e- s"v+4e-2 s / / v-4e-3 s ' / v + • • • ] (5.77)

Notice that the base function of U(s,/), 1/s2, gives the base function of u(t, /) in
terms oft. The inverse Laplace transform of Equation (5.77) yields:

u(t, /) = d31 E0 v t 0 < t < //v
u(t, 1) = d31 E0 v [t - 3(t - //v)] / < t < 2//v
u(t, /) = d31 E0 v [t - 3(t - //v) + 4(t - 2//v)] 2//v < t < 3//v

(5.78)

The transient displacement, A/, produced by the rectangular pulse voltage is pictured
in Figure 5.17(a) for n=l. The resonance period of this piezoelectric plate
corresponds to (2//v). Notice how under these conditions continuous ringing occurs.

For n=2,

U(s, /) = d31E0(v/s2) (1 -2es//v + e'28"*) (5.79)

Thus,

u(t, /) = d3iE0 v t 0 < t < //v
u(t, /) = d31E0 v [t - 2(t - f/v)] / < t < 2//v
u(t, /) = d31E0 v [t - 2(t - //v) + (t - 2l/v)] = 0. 2//v < t (5.80)

In this case, the displacement, A/, occurs in a single pulse and does not exhibit
ringing as depicted in Figure 5.17(b).
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Electric field
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Ib)

(c) n

Figure 5.17 Transient displacement A/ produced by a rectangular pulse voltage.
(Note that the time interval, T=(2//v), corresponds to the resonance
period of the piezoelectric plate.)

For n=3, U(s, /) is again expanded as an infinite series:

Ufs n = d3iE0(v/s2)(l-e-M / y)(l-e— )
(1+e-"")

= d31E0(v/s2)[l-2e-*+ 2e'2s"v-3e-3s"v+4e-4s"v-4e-5s"v+ (5.81)

The displacement response for this case is pictured in Figure 5.17(c).

So we see from this example that when a piezoelectric actuator is driven by a
rectangular pulse, the mechanical ringing is completely suppressed when the pulse
width is adjusted exactly to the resonance period of the sample (that is, T=2l/v, or
integral multiples of the resonance period).

How precisely does the pulse width need to be adjusted? The calculated transient
vibration for n=1.9 appears in Figure 5.18. Notice the small amount of ringing that
occurs after the main pulse. The actual choice of n, then, will depend on the amount
of ringing that can be tolerated for a given application.
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Electric field

Figure 5.18 Transient displacement, A/, produced by a rectangular pulse voltage
(n=1.9).

(ii) Response to a pseudo step voltage

We can take our discussion one step further by considering the response to a pseudo
step voltage such as is pictured in the upper left-hand corner of Figure 5.19. We
begin this time by substituting:

= (E0v/n/sz)(l-e"'s'v) (5.82)

into Equation (5.75). Let us again obtain the displacement A/ for n=l, 2 and 3.

For n= 1,

TT,C n - (d3 1E0//)(v2/s3)(l-e-^)2

(5.83)= (d31E0//)(v2/s3)[l -3e~s"v + 4e~2s"v - 4e~

Notice that the base function of U(s, /), 1/s3, will lead to a base function of u(t, /) in
the form t2/2 (parabolic curve) such that:

u(t, /) = (d31E0v2/2/) t2 0 < t < IN
u(t, /) = (d31E0v2/2/) [t2 - 3(t - IN)2] I < t < 2//v
u(t, /) = (d31E0v2/2L) [t2-3(t-//v)2 + 4(t-2//v)2] 2//v < t < 3//v (5.84)

The transient displacement for an actuator driven by the pseudo step voltage
pictured in Figure 5.19(a) is seen to exhibit continuous ringing. Notice that this
curve is actually a sequence of parabolic curves. It is not sinusoidal.
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Figure 5.19 Transient displacement A/ produced by a pseudo step voltage.

For n = 2,

U(s, /) = (d31Eo/2 /) (v2/s3) [ 1 - 2es(/v + e2s'/v] (5.85)

Thus,

u(t, /) = (d31E0v2/4/) t2 0 < t < / / v
u(t, 0 = (d31E0v2/4/) [t2 - 2 (t - //v)2] / < t < 2//v
u(t, 0 = (d31E0v2/40 [t2 - 2 (t - //v)2 + (t - 2//v)2]

= (d31E0//2) 2 / /v<t (5.86)

No ringing is apparent in the response for this case represented in Figure 5. 19(b).
When the applied field K includes the term (l+e's!/v), the expansion series
terminates infinite terms, leading to a complete suppression of mechanical ringing.

For n = 3, U(s, /) is again expanded as an infinite series:

U(s, /) = (d31E0/3/)(v2/s3)[l - 26^ + 2e--2s"v + 4e--4s//v (5.87)

The displacement response for this condition is represented by the curve appearing
in Figure 5.19(c).
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Experimental Observations of Transient Vibrations

Experimental results are presented here for the transient displacement response of a
piezoelectric actuator. A PZT-based bimorph actuator with a mechanical quality
factor Qm=1000 (low loss!) was used for the experiments.7 The bimorph tip
displacement was monitored with an eddy current type non-contact sensor. The
resonance frequency of this bimorph is about 100 Hz. The response of the bimorph
to a rectangular pulse and a pseudo step voltage are shown in Figures 5.20(a) and
5.20(b), respectively. Notice how ringing is completely eliminated in the both cases
when the pulse width or the rise time of the pseudo step is adjusted exactly to the
resonance period of the bimorph. It should be noted as well how the displacement
response is essentially a sequence of triangular or parabolic curves, for the
rectangular pulse or the pseudo step inputs, respectively.

n=l

Tip
displacement

Electric field

Electric field

(a) (b)

Figure 5.20 Bimorph tip displacement produced by: (a) a rectangular pulse
voltage and (b) a pseudo step voltage.7
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Consideration of the Loss

Recall that in order to properly account for loss effects Equation (5.61) must be
used for the transverse vibration rather than Equation (5.54). The displacement
U(s,/) can then be obtained by making the substitution:

s —> (5.88)

in Equation (5.75). This solution has not yet been obtained in an explicit form.
Approximate solutions for the piezoelectric resonance state have been determined
by Ogawa.6

Experimental results appear in Figure 5.21.8 The displacement A/ produced by a
rectangular pulse voltage observed in this investigation are similar to the results
shown in Figure 5.20, except for the vibrational damping. Once again we see that
when the pulse width of this rectangular voltage is adjusted to the piezoelectric
resonance period, T, or integral multiples of it, the vibrational ringing is eliminated.

decay response
voltage

T t
(Resonance period)

decay response

Figure 5.21 Displacement response of a lossy piezoelectric actuator under a
rectangular pulse voltage.8
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(3) Pulse Width Modulation Method

The pulse width modulation (PWM) method has been used to control an oil pressure
servo valve (see Section 8.4).9 The principle of the PWM method is illustrated in
Figure 5.22. A rectangular wave (RW) is generated, with a pulse width determined
by the intersection of the standard saw wave (SW) and the command voltage wave
(CW), and then amplified and applied to a PZT bimorph flapper. When the bimorph
flapper is driven by a rectangular wave (±Vmilx) of about 1 kHz, the oil pressure
outside the nozzle maintains a constant value (as if the flapper were located at some
average position) proportional to the duty factor (the ratio of the period during
which a pulse is sustained over the repetition period), because the response of the
oil flow is much slower (about 50 Hz). The oil pressure outside the nozzle, and
consequently the spool position, can be controlled in a linear fashion by the
command signal (CS), thus diminishing the nonlinearity and hysteresis associated
with the piezoelectric response of the PZT (see Figure 5.23).

Engineering control theory guarantees that the time averaged PWM output is
proportional to the command input, if the following conditions are satisfied:

1) The ratio of the carrier frequency, fc, to the input command frequency, fe,
should be greater than 7.

2) The carrier frequency must be high enough compared to the system response
to eliminate all ripple in the system output.

As an example, let's consider an oil pressure valve like the one just described,
which has a carrier wave frequency (RW) of 1250 Hz. Then the command
frequency must not exceed 1250 Hz/7=180 Hz. Where the carrier frequency is much
higher than the oil flow response (50 Hz) of the valve, the second condition is also
satisfied.

The PWM is very attractive from an engineering control point of view, in particular
for eliminating the hysteresis problems that will occur in an open-loop method.
However, in general, special care must be taken when utilizing a bimorph actuator.
First, the lifetime of the bimorph is limited to 10s cycles when it is driven at
maximum voltage. Delamination of the bonding layer may occur after only 10 hours
when it is operated continuously at the 1 kHz carrier frequency. Second, since the
bimorph motion is associated with a large hysteresis, it tends to generate a
considerable amount of heat, accelerating the piezoelectric aging effect.
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Figure 5.22 Demonstration of the pulse width modulation (PWM) method used

to control an oil pressure servo valve. The duty factor of the
rectangular wave (RW) is controlled by the command signal (CS).9
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Figure 5.23 Static characteristics of the oil pressure servo valve.9
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5.4 RESONANCE DRIVE

When an alternating electric field is applied to a piezoelectric ceramic, mechanical
vibration is excited, and if the drive frequency is adjusted to the mechanical
resonance frequency of the device, a large resonant strain is generated. This
phenomenon is called piezoelectric resonance and is very useful for applications
such as energy trap devices and actuators. We will consider in this section the
steady state response of such a device to a sinusoidally varying electric field.

(1) The Electromechanical Coupling Factor

Let us consider first the electromechanical coupling factor, k, which represents the
energy transduction rate in an electromechanical transducer. (Please refer to Section
3.5 and Reference 10). When an external field is applied on a piezoelectric device to
generate a mechanical deformation, a formal definition of k may be written in terms
of the stored and input energies as:

2 _ Mechanical Stored Energyk - ————:—————————— (5.89a)
Electrical Input Energy

Alternatively, it can also be defined by:

2 Electrical Stored Energy
k = ——————————————— (5.89b)

Mechanical Input Energy

The internal energy of a piezoelectric vibrator is given by the summation of
mechanical energy UM (=JxdX) and electrical energy UE (=JDdE). The total energy,
U, is calculated as follows, when the linear piezoelectric equations [Equations
(5.47) and (5.48)] apply:

U = UM + UE

= [(l/2)sij
EXjXi+(l/2)dmiEmXi]+[(l/2)dmiXiEm+(l/2)e0Kmk

x Ek Em] (5.90)

Here, the terms including the elastic compliance, s, and the dielectric constant, K,
represent the purely mechanical and electrical energies (UMM and UEE), respectively,
The terms including the piezoelectric strain coefficient, d, represent the energy
transduction from electrical to mechanical energy and vice versa through the
piezoelectric effect. Thus, the electromechanical coupling factor, k, can also be
defined by:

k= . UME (5.91)
VUMM UEE
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The value of k will depend on the vibration mode (that is, several values could be
obtained from a single ceramic sample corresponding to the different modes of
vibration), and can be positive or negative. (The absolute value |k| can be used in the
discussion of energy.) Some typical vibration modes appear in Table 5.2 with their
associated coupling factors.9

It is important to note that the electromechanical coupling factor can also be
expressed in the general form:

k2 = d 2 / (K xsE) (5.92)

which better reflects how the value of k will depend on the mode of vibration and
the anisotropic dielectric and elastic properties of the material. It should not be
surprising then to find that different values of the electromechanical coupling factor
can be obtained for a single specimen.

As an example, let's examine the following data measured for a typical PZT-based
piezoelectric ceramic sample. If we first compare the magnitudes of k33 and k31, it is
generally observed that k33 (69%) > k31 (39%) because the transverse piezoelectric
strain is about 1/3 the longitudinal strain for a given applied electric field strength.
Comparing k31 and kp (the planar coupling factor), we general find that k31 (39%) <
kp (57%) because kp is a measure of the material's response that includes the
contribution of the (2-dimensional) planar mode, which effectively leads to a higher
energy conversion. When we compare k33 and kt (the thickness coupling factor), it
is found in most cases that k33 (69%) > kt(48%). This is because the thickness mode
is 2-dimensionally clamped, which leads to a lower energy conversion. When we
characterize the action of a bimorph, the effective electromechanical coupling factor
keff can be defined for the bending vibration mode. We find in this case that k,,ff is
much smaller (10%) than k31 (39%), even though the bending action occurs through
the d31 piezoelectric strain coefficient. It should be noted as well that k15 (61%)
tends to be very large in perovskite type piezoelectric ceramics, due to their
relatively large shear strain coefficient, d[5.

The electromechanical coupling factor is not related to the efficiency of the
actuator, which is defined by the ratio of the output mechanical energy to the
consumed electrical energy. When the ceramic is deformed by an external electric
field, the input electrical energy is, of course, larger than the output mechanical
energy. However, the ineffective electrical energy is stored as electrostatic energy
in the actuator (the ceramic actuator is also a capacitor!), and reverts to the power
supply in the final process of an operating cycle. The efficiency is determined only
by the losses manifested as hystereses in the polarization versus electric field, strain
versus stress, and strain versus electric field curves (see Chapter 6). Thus, the
efficiency of a piezoelectric device is usually more than 97%.
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Example Problem 5.5
Calculate the electromechanical coupling factor ky of a piezoelectric ceramic
vibrator for the following vibration modes (see Figure 5.24):

(a) Longitudinal length extension mode (|| E): k33
(b) Planar extension mode of the circular plate: kp

I Electrode

Polarization
direction

(b)

Figure 5.24 Two vibration modes of a piezoelectric device: (a) the longitudinal
length extension and (b) the planar extensional modes.

Solution

We will start with the expression:

U = (1/2) Sij
E Xj Xi + 2 (1/2) d™ Em Xs + (1/2) Kmk

x Ek Em
= UMM + 2 UME + UEE (P5.5.1)

and make use of the following definition of the electromechanical coupling factor:

Uun d2
k =

X „£/K x s
(P5.5.2)

(a) The piezoelectric equations corresponding to the longitudinal extension are:

x3 = s33
E X3 + d33 E3

So that:

(P5.5.3)
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(b) The piezoelectric equations corresponding to the planar extension are:

x, = s1iEX1 + Si2
EX2 + d31E3

x2 = s12
E Xj + s22

E X2 + d32 E3
D3 = d3i X, + d32 X2 + K33

X E3

Assuming axial symmetry, SHE = s22
E, d3[ = d32 and Xi = X2 (= Xp), which allows us

to further simplify these equations to:

X! + x2 = 2 (SU
E + Si2

E) Xp + 2 d31 E
D3 = 2d 3 1X p + K33

xE3

So that: ____
2d,, d31J2/(l-o)kp = E-"E x = "V^, = k3,V2/(l-a) (P5.5.4)
+sf^K* Vs" K»

where a is Poisson's ratio given by:

_ c E / c E /p< < <\— ~S[2 / Sj i \rJ.J.OJ

(2) Piezoelectric Resonance

Let us consider once again a piezoelectric rectangular plate in which the transverse
piezoelectric effect excites the length extensional mode as depicted in Figure 5.16.
We will apply a sinusoidal electric field (E^EoC10*) to the plate and consider the
standing transverse vibration mode for t » 0. The following expression for the
strain coefficient, x^t, x), can be obtained by means of Equation (5.73):

f/_-j<"('-J:)/v _ -)in(l+x)/v , -)wc/v _ -jcn(2;-z)/v
x,(t,;c) = A R BJ«li£—————5————+_e————e_

sm[<ox/ v]1 93

sin[co//v] J

where s = jco.

Here, the speed of sound, v, is given by:

v = -L= (5.94)
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Electrical Impedance

The piezoelectric actuator is an electronic component from the viewpoint of the
driving power supply, thus its electrical impedance [=v(applied)/;(induced)] plays
an important role. The induced current is just the rate change of the electric
displacement Dz, which can be calculated by making use of the definition for D
given by Equation (5.48):

(5.95)

Substituting the expression given by Equation (5.93) for \i in this last equation and
this expression for current into the defining equation for the admittance, Y, yields:

Y = 1 = 1
Z v E.b

b 1 + Tx-LC E
"••u sn

[ tan(co//2v)
1 (co/ /2v)

(5.96)

This describes the admittance of a mechanically free (undamped) sample. Here, the
width of the plate is w, its length /, and its thickness, b. The applied voltage is v, the
induced current is (', and the speed of sound is v. The quantity K33

LC is called the
longitudinally clamped dielectric constant, which is given by:

K33
LC = K33

X - (d31
2/su

E) (5.97)

The resonance state is defined when the admittance becomes infinite (or the
impedance becomes zero). It is described by Equation (5.96) when: tan(co//2v)=°°
and co//2v = n/2. The resonance frequency, fR, can thus be defined as:

1
21

(5.98)

In contrast, the antiresonance state is realized when the admittance becomes zero
(and the impedance infinite). Under these conditions:

cot
2v J I 2v

(5.99)

where COA is the angular antiresonance frequency and, according to Table 5.2, the
electromechanical coupling factor, k31, is given by:
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(5.100)

Strain Distribution in the Sample

The position dependence of
derived from Equation (5.93):

may be described by the following expression

*,(•*) = d31E0
rcos[CD(/-2;c)/2v]
|_ cos (CO//2 v)

(5.101)

The resonance and antiresonance states may be interpreted in terms of the following
conceptual model. In a material with high electromechanical coupling (k close to 1),
the resonance or antiresonance states appear for tan(to//2v)=°° or 0 (that is, when
co//2v=(m-l/2)ji or nut, where m is an integer), respectively. The strain distribution,
\i(x), as given by Equation (5.101) for each state is illustrated in Figure 5.25. In the
resonance state, large strains and large changes in the "motional" capacitance are
induced, and current can flow easily. This is manifested in a large motional
admittance. On the other hand, at antiresonance, the strains induced in the device
exactly cancel, leading to no change in the capacitance and a high impedance. This
condition is manifested by a motional admittance of zero.

When we consider a typical case of k31=0.3, we find that the antiresonance
frequency is closer to the resonance frequency. A material with low coupling
coefficients exhibits an antiresonance mode where the capacitance change due to
the size change is compensated completely by the charging current. In other words,
the total admittance is the sum of the motional admittance and the damped
admittance.

Resonance Antiresonance
Low coupling

m =

m = 2

High coupling
m = l

m = 2

Figure 5.25 The strain distribution, Xi(x), for the resonance and antiresonance
states of a piezoelectric actuator.
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The general procedure for determining the electromechanical parameters k31, d3j,
SHE, and K33X is described below:

1) The speed of sound in the specimen, v, is obtained from the resonance
frequency fR (see Figure 5.26) using Equation (5.98).

2) The elastic compliance, s,iE, can be calculated using this speed and the
density of the specimen, p, in Equation (5.94).

3) The electromechanical coupling factor k31 can be calculated using the
calculated v and the measured antiresonance frequency, fA, in Equation
(5.99). When characterizing low coupling piezoelectric materials, the
following approximate equation is also applicable:

Af
f.

(5.102)

where: Af=fA-fR.
4) The strain piezoelectric coefficient, d3i, is calculated using Equation (5.100)

and the measured dielectric constant, K33
X.

Measured impedance curves for two common, relatively high k materials appear in
Figure 5.26.11 Note the large separation between the resonance and antiresonance
peaks for the higher k material [Figure 5.26(b)]. In this case: fA=2fR.

o
i

T3
II
1=L

(a) k33 = 0.70 f A=465 kHz
= 1.3 fR

fp =360 kHz

Frequency

(b) k33 = 0.90
fA=584 kHz

= 2 fR

fR =295 kHz
1/coCo

Frequency

Figure 5.26 Impedance curves for: (a) a PZT 5H ceramic with k33=0.70 and (b) a
PZN-PT single crystal with k33=0.90."
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Equivalent Circuits for Piezoelectric Vibrators

The equivalent circuit for a piezoelectric actuator is typically represented by a
network comprised of inductive (L), capacitive (C), and resistive (R) components.
The equivalent circuit for the resonance state, which has very high admittance (or
low impedance), is pictured in Figure 5.27(a). The electrostatic capacitance
(damped capacitance) is labeled Cd in the diagram and the components LA and CA
in this series resonance circuit represent the piezoelectric response of the actuator.
In the case of the transverse piezoelectric vibration of a rectangular plate, for
example, these quantities are defined by the following equations:

(5.103)

/~i _

71

/ W (5.104)

The resistance, RA, is associated with the mechanical loss (in particular, the
intensive elastic loss tanifi' described in Chapter 6). In contrast, the equivalent circuit
for the antiresonance state of the same actuator is shown in Figure 5.27(b), which
has high impedance as compared to that of the network pictured in Figure 5.27(a).

cf

CB

(b)

Figure 5.27 Equivalent circuits for a piezoelectric device at: (a) resonance and
(b) antiresonance.

Vibration at Antiresonance

Driving piezoelectric transducers and ultrasonic motors in the antiresonant mode,
rather than in the resonant state, is an effective method for reducing the load the
piezoelectric ceramic presents to the power supply. In terms of the strain
distribution that occurs for the antiresonant case (as depicted in Figure 5.25) and its
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associated integrated u(x) curves, if the electromechanical coupling k^i is close to
100%, the edge displacement of the plate is almost zero. However, the edge
displacement becomes similar to that achieved in the resonant state, if k31 is not very
large.

The mechanical quality factor, Qm, and temperature rise, AT, of a longitudinally
vibrating PZT ceramic bar transducer are plotted as a function of the vibration rate
for the resonance (B) and antiresonance (A) modes of operation in Figure 5.28.12 It
is apparent from these data that the quality factor at antiresonance, QB, is higher
than that at resonance, QA, over the entire range of vibration rate investigated.
Operation in the antiresonance mode is thus advantageous, because it leads to the
same mechanical vibration level without generating heat. Ultrasonic motors are
conventionally operated at the resonance frequency; however, these results make it
clear that antiresonance operation is actually a more favorable mode in terms of
these benefits.

2000
Q
1500

1000

500

0.01 0.02 0.05 0.1 0.2 0.5
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Figure 5.28 The mechanical quality factor, Q, and temperature rise, AT, of a
longitudinally vibrating PZT ceramic bar transducer plotted as a
function of the vibration rate, v0, for the resonance (B) and
antiresonance (A) modes of operation. The longitudinal vibration is
produced by the transverse piezoelectric effect acting through d31.12

The frequency dependence of the electromechanical conversion efficiency for this
device is shown in Figure 5.29 for various applied loads.13 The difference between
the resonance (A-type) and antiresonance (B-type) frequencies is also highlighted
on this graph. When the load is not large, a significant variation in the efficiency
with frequency is observed. As the load increases, the efficiency curve becomes
flatter. When we consider the driving conditions that apply for each state, that is, a
constant electric field, E, for the resonance mode and a constant electric
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displacement, D, for the antiresonance mode, the lower loss in the antiresonance
mode makes sense. Recall that the strain hysteresis is significantly less when the
strain is considered as a function of the electric displacement as compared with its
electric field dependence. Moreover, antiresonance operation requires a low driving
current and a high driving voltage, in contrast to the high current and low voltage
required for resonance mode operation, thus allowing for the use of a conventional,
inexpensive low current power supply.
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Figure 5.29 Frequency dependence of the electromechanical conversion
efficiency of a longitudinally vibrating PZT ceramic bar transducer
under various loads. [Q,=u>/(dA; A: resonance; B: antiresonance]

5.5 SENSORS AND SPECIALIZED COMPONENTS FOR
MICROMECHATRONIC SYSTEMS

Solid-state actuators are often used in conjunction with displacement sensors or
stress sensors in micropositioning systems. We will examine some of the most
commonly used position and stress sensors in the first part of this section. We will
then consider in some detail the designs of the piezoelectric damper and the
piezoelectric transformer and their function in modern micromechatronic systems.

(1) Position and Stress Sensors

We will consider first various methods for measuring microscale displacements.
Precise displacement detection at this level is an important part of many
drive/control systems, in particular for servo displacement systems. Remarkable
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advances have been made with microscale position sensors and currently attainable
displacement resolutions are A?=10"10 m (1 A) using DC methods and A/=10"13 m
(10"3 A) using AC methods. The techniques are classified the into two general
categories: electrical (resistance, electromagnetic induction and capacitance
methods) and optical (optical lever, optical grid, interferometric and optical sensor)
methods.14 A summary of the sensitivity and response of these methods appears in
Table 5.3 after the brief descriptions of each that follow.

Resistance Methods

Metal wire strain gauges, which are often used to measure the piezoelectric strain
(A///), typically have a resolution of 10~6. The basic structure of this device is
pictured schematically in Figure 5.30(a). The strain gauge is usually attached to the
sample with an appropriate resin. The resistance of the gauge wire changes when
the sample deforms. A Wheatstone bridge is used to precisely measure the
resistance change, from which the strain can then be determined. The change in
resistance is actually due to two effects: the change in specimen size and the
piezoresistive effect. In a metal wire gauge the magnitudes of these two effects are
comparable, while for a gauge made from a semiconductor the piezoresistive effect
is greater by 2 orders of magnitude than the size effect. The frequency response of
the strain gauge is generally quite broad. Measurements at frequencies as high as 10
MHz are possible.

Sensing Part

Gauge length ".. /"I r — — - — — -

Lead
Permanent magnet pair

Displacement transfer rod

Figure 5.30 The basic structures of: (a) a strain gauge, and (b) a magneto-
resistive potentiometer.

Contact potentiometers are similar to helical variable resistors. The contact position
can be monitored according to the resistance. There are two general types of
potentiometer sensors: the angle detector and the linear position detector. The
resolution of a potentiometer device is limited by the thickness of the resistive
helical wire, which is typically about 10 um. The resolution is quite a bit better,
however, for a newer variety, which makes use of a continuous conductive polymer.
This type has a resolution to 0.1 um, and a response of 100 kHz.15 Non-contact
potentiometers operate through the magnetoresistive effect, by which certain
semiconducting materials exhibit a large resistance change with the application of a
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magnetic field. The basic structure of a typical non-contact potentiometer,
comprised of a magnetoresistive sensor and a tiny permanent magnet, is pictured
schematically in Figure 5.30(b). This structure tends to have a long lifetime because
the lack of contact eliminates problems of wear. It also offers an excellent resolution

jam.of 10'3

Electromagnetic Induction Methods

A schematic representation of a differential transformer is pictured in Figure
5.31(a). It is comprised of two identical electromagnetic coils and a magnetic core,
to which the monitor rod is attached. Any change in the position of the magnetic
core will result in a change in the mutual inductance of the two coils. The difference
in the voltages induced in the two coils is electronically processed and the resulting
signal translated into the corresponding displacement. This is why the device is
called a differential transformer. The typical resolution for this sensor is 1 um, but
resolutions on the order of 10"2 urn can also be achieved when a lock-in amplifier is
incorporated into the system. The response speed is limited to about 100 Hz by both
the frequency of the AC input voltage and the mechanical resonance, which is
determined by the mass of the core.

Another method uses the eddy current in a non-contact device as illustrated in
Figure 5.3l(b). When a metal plate approaches a coil conducting an AC current, an
eddy current (with a ring shaped flow) is induced in the metal plate. The magnetic
flux from the eddy current interacts with that of the coil, effectively decreasing the
inductance of the coil. There are two types of eddy current sensors: the single-coil
sensor, in which the single coil detects the change in inductance, and the triple-coil
sensor, in which two secondary coils detect the eddy current generated by a primary
coil. A small metal plate (Al foil) is attached to the sample. Since the mechanical
load is small, the resonance of the sample can be also measured. The limits of
resolution and response for this method are 0.1 urn and 50 kHz, respectively.

Primary coil
( AC input >

Coil

Secondary coil

Secondary coil

Core Metal

Figure 5.31 Schematic depictions of: (a) the structure of a differential
transformer, and (b) an eddy current sensor.
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Capacitance Methods

The capacitance of an air-filled parallel-plate capacitor changes linearly with the
distance between the two plates. A very sensitive dilatometer, based on this
principle and utilizing a very precise capacitance bridge, can achieve AC
displacement resolution of up to 10~3 A.16

Optical Methods

The optical lever, which essentially consists of a laser source and a mirror, has been
another popular apparatus for measuring the small displacements produced by such
effects as thermal expansion. The sample displacement is transformed to mirror
rotation, which is detected by the deflection of the reflected laser beam. The
deflection can be measured by means as simple as a ruler on a screen or as
sophisticated as a linear optical sensor, which produces an electrical signal directly
proportional to the beam position. The resolution is ultimately determined by the
laser beam path length and the overall response of the system depends on the
mechanical resonance of the mirror mechanism.

Interferometers can be used in conjunction with an optical fiber sensor or on an
optical bench. When two or more monochromatic, coherent light beams with the
same wavelength are superposed, an interference or "fringe" pattern is formed
which depends on the phase difference and the optical path difference between the
"arms" of the interferometric system. Double-beam sytems, such as the Michelson
configuration depicted in Figure 5.32(a), and multiple beam systems, such as the
Fabrey-Perot configuration depicted in Figure 5.32(b), can be employed for
detecting microscale displacements.17'18 When the optical path length difference
between the two beams of a system like the Michelson interferometer changes, the
resulting fringe shift will occur in integral multiples of X/2, Precise measurement of
the changes in light intensity make it possible to detect displacements of less than 1
nm by this method.

Laser

1 Mirror

Laser

Displacement
Detector

(a)

Displacement

(b)

Figure 5.32 Two interferometric systems for measuring displacement: (a) the
Michelson interferometer (two beam method) and (b) the Fabrey-
Perot interferometer (multiple beam method).
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Table 5.3 A summary of microdisplacement measurement techniques.

Principle Method Sensitivity Response

Resistance Strain Gauge
Metal

Semiconductor

Potentiometer

A/// = 10'6

A/// = 10'8
10 MHz
10 MHz

Electromagnetic
Induction

Contact
Non-Contact

Differential Transformer
AC
DC

A/ = 10"' urn
A/= 10"3nm

M = 10"2 urn
A/ = 10'1 urn

100 kHz
IkHz

100 Hz
100 Hz

Eddy Current M = 10'1 urn 50 kHz

Optical Optical Lever

Optical Fiber

A/ = 10"' urn

A/ = 10"2 ̂ m

IkHz

100 kHz

Stress Sensors

Piezoelectric ceramics activated through the direct piezoelectric effect can function
as stress and acceleration sensors. One such piezoelectric stress sensor, designed by
Kistler, consists of a stack of quartz crystal plates (extensional and shear types) and
can detect three-dimensional stresses.19 Similar multilayer PZT structures have been
proposed for use as three-dimensional actuators and sensors by PI Ceramics of
Germany.20

A cylindrical gyroscope produced by Tokin of Japan is depicted in Figure 5.33.21

The cylinder has six divided electrodes, one pair of which is used to excite the
fundamental bending mode of vibration, while the other two pairs are used to detect
the acceleration. When rotational acceleration occurs about the axis of the gyro, the
voltage generated on the electrodes is modulated by the Coriolis force. By
subtracting the signals generated between the two pairs of sensor electrodes, a
voltage that is directly proportional to the acceleration can be obtained.

The converse electrostrictive effect, which essentially reflects the stress dependence
of the dielectric constant, is also used in the design of stress sensors.22 The bimorph
structure, which utilizes the difference between the static capacitances of two
laminated dielectric ceramic plates, provides superior stress sensitivity and
temperature stability. The change in capacitance of the top and bottom plates will be
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opposite in sign for a uniaxial stress and of the same sign for when a deviation in
temperature occurs. The response speed is limited by the capacitance measurement
frequency to about 1 kHz. Unlike piezoelectric sensors, electrostrictive sensors are
effective in the low frequency range, especially for DC applications.

lead

vibrator

holder

Figure 5.33 A piezoelectric cylindrical gyroscope (Tokin, Japan).21

(2) Piezoelectric Damper

The mechanical damper is another important component in a mechatronic system.
In addition to electro- and magnetorheological fluids, piezoelectric materials can
also be used in mechanical damping devices. Consider a piezoelectric material
attached to an object whose vibration is to be damped. When the vibration is
transmitted to the piezoelectric material, the mechanical energy of the vibration is
converted into electrical energy through the piezoelectric effect, and an AC voltage
is generated. If the piezoelectric material is in an open- or short-circuit condition,
the generated electrical energy is converted back into vibration energy without loss.
This cycle is repeated continuously producing a sustained vibration. If a proper
resistance is connected, however, the electrical energy is consumed through Joule
heating, leaving less energy to be converted into mechanical energy, and the
vibration is rapidly damped. The damping takes place most rapidly when the series
combination of the resistance, R, and capacitance, C, of the piezoelectric material is
selected such that impedance matching occurs. The optimum choice will satisfy the
condition: R=l/(27tfC), where f is the vibration frequency.23 A collaborative effort
between ACX Company and K2 has led to the production of the new "smart ski"
pictured in Figure 5.34 that makes use of this principle. The blade design
incorporates PZT patches that effectively suppress excess vibration in the ski as it
slides over the snow.24

The electric energy, UE, generated in the first part of the cycle can be expressed in
terms of the electromechanical coupling factor, k, and the mechanical energy, UM,
as:
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UE = UM(k2) (5.105)

Making use of a suitable series resistance to transform the electrical energy into
heat, transforming efficiency as high as 50% can be achieved with the piezoelectric
damper. Accordingly, the vibration energy is decreased at a rate of l-k2/2 times per
vibration cycle, since energy amounting to k2/2 multiplied by the mechanical
vibration energy is dissipated as heat energy. As the square of the amplitude is
equivalent to the amount of vibration energy, the amplitude will decrease at a rate of
(l-k2/2)1/2 times per vibration cycle. Assuming a resonance period of T0, the
number of vibrations occurring over a time interval, t, will just be 2t/T0 and the
amplitude of the vibration after t seconds has passed will be:

k2
= e~"T (5.106)

or
r t2"

(5.107)

where T is the time constant of the exponential decay in the vibration amplitude. So
we see from this analysis that the vibration will be more quickly damped when a
material with a higher k is used.

Fig. 5.34 Piezoelectric damper for skis developed by ACX and K2.24

Where ceramics tend to be rather brittle and hard, they can be difficult to
incorporate directly into a mechanical system. Hence, a flexible piezoelectric
composite is a practical alternative. A composite material comprised of a
piezoceramic powder and carbon black suspended in a suitable polymer, as pictured
schematically in Figure 5.35, can be fabricated with an electrical conductivity that is
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highly sensitive to small changes in the concentration of carbon black. The
conductivity of the composite changes by more than 10 orders of magnitude around
a certain fraction of carbon black called the percolation threshold, where links
between the carbon particles begin to form. The conducting pathways that form
become essentially internal resistances within the material. A concentration of
carbon black can thus be established that effectively leads to the formation of a
series resistance favorable for significant dissipation of the vibrational energy.

PZT ceramic

i *
Piezoelectricity Conductivity Mechanical

flexibility

Figure 5.35 A piezoceramicxarbon black:polymer composite for vibration
damping.

The dependence of the damping time constant, T, on the volume percent of carbon
black in PLZT:PVDF and PZT:PVDF composites is shown in Figure 5.36. The
minimum time constant and therefore the most rapid vibration damping is seen to
occur with a volume percent of about 7% carbon black for both composites. Note
that the PLZT:PVDF material, with a higher electromechanical coupling, k, exhibits
the larger dip in i and thus more effective damping.

(3) Piezoelectric Transformer

Operating Principle

One of the bulkiest and most expensive components in solid-state actuator systems
is the power supply, especially the electromagnetic transformer used in the power
supply. Electromagnetic transformer loss occurring through the skin effect, thin
wire loss, and core loss all increase dramatically as the size of the transformer is
reduced. Therefore, it is difficult to realize miniature low profile electromagnetic
transformers with high efficiency. The piezoelectric transformer (PT) is an
attractive alternative for such systems due to its high efficiency, small size, and
lack of electromagnetic noise. They are highly suitable as miniaturized power
inverter components, which might find application in lighting up the cold cathode
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fluorescent lamp behind a color liquid crystal display or in generating the high
voltage needed for air cleaners.

Figure 5.36 Damping time constant, T, as a function of volume percent of carbon
black in PZT:PVDF and PLZT:PVDF composites. [Note that the
minimum time constant (quickest damping) occurs at the
percolation threshold for both composites, and the higher k material
(PLZT:PVDF) is the more effective damper.]

The original design to step up or step down an input AC voltage using the converse
and direct piezoelectric properties of ceramic materials was proposed by Rosen.26

This type of transformer operates by exciting a piezoelectric element like the one
pictured at the top of Figure 5.37 at its mechanical resonance frequency. An
electrical input is applied to one part of the piezoelectric element (for the element
depicted in Figure 5.37, at the top left electrode), which produces a mechanical
vibration. This mechanical vibration is then converted back into an electrical
voltage at the other end (right edge electrode) of the piezoelectric plate. The
voltage step-up ratio, r, without load (open-circuit conditions) is given by:

r°ck31k33Qm(//t) (5.108)

where / and t are the electrode gap distances for the input and output portions of the
transformer, respectively. Note from this relationship how the length to thickness
ratio, the electromechanical coupling factors, and/or the mechanical quality factor
are the primary means of increasing the step-up ratio. This transformer was utilized
on a trial basis in some color televisions during the 1970's.

In spite of its many attractive features, the original Rosen transformer design had a
serious reliability problem. Mechanical failure tends to occur at the center of the
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device where residual stresses from poling are the most highly concentrated. This
happens to also be coincident with the nodal point of the vibration where the
highest induced stresses occur. The two more recently developed transformers
pictured in Figure 5.37 are designed to avoid this problem and are currently
commercially produced for use as back-light inverters in liquid crystal displays.
Both of the newer designs make use of more mechanically tough ceramic
materials. The Philips Components transformer shown in Figure 5.37(b) further
alleviates the problem by using a multilayer structure to avoid the development of
residual poling stress in the device.27 The NEC design pictured in Figure 5.37(c)
makes use of an alternative electrode configuration to excite a third resonance
excitation (longitudinal) in the rectangular plate to further redistribute the stress
concentrations in a more favorable manner.

(Rosen type)
(a) _____

"̂•"••••"""̂ ^^2

Residual Stress Release

(Philips)
(b)

Induced Stress Release

Figure 5.37 Piezoelectric transformer designs: (a) the original Rosen design,26

(b) a multilayer design developed by Philips,27 and (c) a triple
resonant mode type developed by NEC.28

Power Supplies for Piezoelectric Actuators

A variety of new methods for driving piezoelectric actuators has emerged in recent
years. We will consider the basic design of these power supplies and a few of the
most promising designs here.
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A typical system is illustrated in Figure 5.38.29 If we tune the transformer's
frequency to precisely match the resonance frequency of an ultrasonic motor, it can
be used as a driver for the system, thus creating a transformer-integrated motor.30

Such a configuration might, for example, take the form of a ring transformer
having the same dimensions as the ultrasonic motor. A transformer coupled^ with a
rectifier can be used to drive a multilayer or bimorph piezoelectric actuator.29

Battery Low Piezo- High
voltage transformervo|tage
inPut output

Ultrasonic
tor

Piezoelectric
actuator

Figure 5.38 The basic configuration of a typical piezoelectric actuator drive
system (AC or pseudo DC) incorporating a piezoelectric
transformer.29

A compact drive system designed for a piezoelectric vibration control device for a
helicopter is shown schematically in Figure 5.39. It includes a multilayer
piezoelectric actuator to suppress the vibration and a piezoelectric transformer to
drive it.

Two kinds of power supplies utilizing piezoelectric transformers powered by a
24 VDc helicopter battery have been developed. One serves as a high voltage DC
power supply (100-1000 V, 90 W) for driving a piezoelectric actuator, and the
other is an AC adapter (±15 VDO 0.1-0.5 W) for driving the supporting circuitry.
Large and small multi-stacked piezoelectric transformer elements, both with an
insulating glass layer between the input and output parts to ensure a completely
floating condition, were used for the high voltage supply and the adapter,
respectively. An actuator manufactured by Tokin Corporation with dimensions of
10x10x20 mm3 and capable of generating a 16 u,m displacement under the
maximum operating voltage of 100 V was used in this system.

Chopped 24 V AC voltage is applied to the piezoelectric transformer with a step-up
ratio of about 10. This high voltage AC signal is converted to high voltage DC
(300 V) through a rectifier, and the charge is collected on a capacitor (at point A in
Figure 5.40). A power amplifier is used to regulate the voltage that is finally
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applied to the actuator. A Class-D switching amplifier is used rather than a
conventional switching or linear amplifier, because it allows more precise control
of the amplitude and frequency of the drive signal and a higher actuator response
rate due to the chopped DC input voltage. The signal from a pulse width
modulation (PWM) driving circuit is applied to the two power MOSFETs of the
half bridge, as shown in Figure 5.40, to chop the constant 300 VDc voltage from the
piezoelectric transformer and to maintain the desired level of amplitude and
frequency control.

29Figure 5.39 Compact drive system for piezoelectric actuator control.

The output voltage is applied to the piezoelectric actuator through a filtering
inductance of 100 mH. The PWM carrier frequency is maintained at 40 kHz, which
is below the mechanical resonance frequency of the piezoelectric actuator (-60
kHz). The displacement curves of an actuator driven by this newly developed
power amplifier are shown in Figure 5.41. The displacement was directly measured
with an eddy current sensor. As seen in this figure, a displacement of ±1.5 um was
controlled with an applied voltage of ±20 V. This drive system can be operated at
frequencies up to 500 Hz, which is sufficient to maintain active vibration control
on a helicopter.

In summary, the piezoelectric transformer can be used as part of the drive circuitry
for a piezoelectric actuator. It has the advantages over conventional
electromagnetic transformers of being lightweight, compact in size, highly
efficient, and free of electromagnetic noise.
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Figure 5.40 Pulse width modulation circuit for driving the power amplifier. 29
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Figure 5.41 The displacement curves of a piezoelectric actuator driven by the
newly developed power amplifier.
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Example Problem 5.6__________________________________
Determine the specifications a ceramic actuator drive system with the following
characteristics:

(a) The multilayer actuator has 100 ceramic layers, each 100 um thick with an area
of 5 x 5 mm2. The relative permittivity is 10,000. Calculate the capacitance of
the actuator.

(b) Assuming it has a density p=7.9 g/cm3 and elastic compliance S33D=13xlO"2

m2/N, calculate the resonance frequency of the actuator. The electrode may be
ignored for this calculation.

(c) Determine the current needed if 60 V is to be applied to the actuator as quickly
as possible.

(d) The cut-off frequency (1/RC) must be less than the mechanical resonance
frequency. Determine the output impedance of the power supply.

Solution

(a) C = ne0K(A/t) (P5.6.1)

= (100)[8.854 x 10'12 (F/m)]( 10,000) [5x5xlO'6 (m2)/100 x 10'6 (m)]

^C=2.21xlO'6(F)

Note: Multilayer actuators have a capacitance of more than 1 uF.

(b) The resonance frequency for the thickness vibration (neglecting the coupling
with width vibrations) is given by:

fR =——jL= (P5.6.2)

2(100)[100xl(r6 (m)]^[7.9x!03 (kg/m3)][13xl(T12(m2 /N)]

-> fR =156 (kHz)

Note: The response speed of the power supply must be greater than the
actuator's resonance frequency.

(c) The relationship between the actuator voltage and the charging current is given
by:

I = Q/T R = C V f R (P5.6.3)
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= [2.21 x 10'6 (F)] [60 (V)] [156 x 103 (Hz)]

-M = 21(A)

Note: Ideally a significant current is required by the power supply, even if
just for a relatively short period (6 us). The power is estimated to be
60 (V) x 21 (A). So we see that more than 1 kW is needed for the
resonance drive. A power of 12 W is needed for the 2 kHz drive in a
dot matrix printer.

(d) Assuming COR = 2 re f R = 1/RC:

R = l / [ 2 7 t f R C ] (P5.6.4)

= 1 / (2 re [156 x 103 (Hz)][ 2.21 x 10'6 (F)])

-> R = 0.46 (&)

The output impedance of the power supply should be less than 1 Q.

The power supply specifications are:

Maximum Voltage: 200 (V), Maximum Current: 10 (A), Frequency Range: 0-
500 (kHz), Output Impedance: < 1 (Q).

CHAPTER ESSENTIALS_______________________
1. Classification of ceramic actuators:

Actuator Type
Rigid Displacement

Resonant Displacement

Drive
Servo

On/Off

AC

Device
Servo-Displacement
Transducer

Pulse Drive Motor

Ultrasonic Motor

Material Type
Electrostrictive

Soft Piezoelectric

Hard Piezoelectric

2. Control: Open loop On/off drive
Pulse width modulation (PWM)
Polarization control

Closed loop Servo drive
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3. PWM criteria:

a. The ratio of the carrier frequency, fc, to the input command frequency, fe,
should be greater than 7.

b. The carrier frequency, fc, must be high enough (compared to the system
response) to eliminate ripple in the system output.

4. The Laplace transform: a powerful tool for transient analysis has the general
form:

U(s) = jVs tu(t)dt

Among the theorems that apply to the Laplace transform, the following are
especially useful:

a. Differentiation with respect to t:

L
L dt J

b. Shift formula with respect to t: u(t-k)=0 for t < k
[k: positive real number] This represents the u(t) curve shifted by k
along the positive t axis.

ksL[u(t - k)] = e s U(s)

c. Differentiation with respect to an independent parameter:

dx 3x
d. Initial and final values

l im[u(t)]=lim[U(s)]
t->0 |s-»~

5. The transfer function: G(s) = U(s) / E~(s) [where: E"(s): the input, U (s): the
output] G(s) can be obtained by inputting a unit impulse function.

6. The transfer function of a piezoelectric actuator with a mass of M:
U(s) = G(s) E'(s)
G(s) = [A c d / (M s2 + C s + Ac//)]

7. The Nyquist criterion of stability: When the point (-1+jO) is to the left of the
Nyquist diagram (increasing co), the system is stable.
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8. Pulse drive: The pulse width or rise time must be adjusted to exactly match the
resonance period of the actuator system to eliminate vibrational ringing.

9. Resonance drive: A high Qm material is essential in order to optimize the
vibration amplitude and to suppress heat generation.

10. Measuring techniques for microdisplacements:
Resistance method: strain gauge, potentiometer
Electromagnetic induction methods: differential transformer, eddy-current type
Optical methods: optical lever, optical fiber

11. Piezoelectric transformers are promising alternatives to use in the drive
circuitry for solid-state actuators.

CHAPTER PROBLEMS

5.1 Using a rectangular piezoelectric plate and the transverse d^i mode, consider
the design of a flight actuator.

a. Assuming a rectangular negative pulse (-E0) is applied to the plate,
which is installed normally and rigidly fixed at one end, verify that the
velocity of sound, v, at the other end is given by [2|d31|E0v], which is
independent of the length.

b. Suppose this velocity is acquired by a small steel ball of mass M with
no loss in energy. Calculate the maximum height the steel ball will
attain when the impulse is applied entirely in the upward direction.

5.2 Considering the strain distribution x\(x) as depicted in Figure 5.26 for a
material with a low electromechanical coupling material, draw the
displacement distribution u(x) for both the resonance and antiresonance
states, and discuss the difference between the two states.

5.3 Using the equivalent circuit for a piezoelectric transducer in the
antiresonance state [see Figure 5.28(b)], derive the equations that define L
and C with respect to the intrinsic physical parameters, p, d, SE, and the
dimensions of the transducer.

5.4 The transfer function for a piezoelectric actuator is given by:
U(s) = G(s) E~(s)
G(s) = A c d / ( M s 2 + Cs + Ac//)

Calculate the displacement response to the step voltage: E~(s) = 1/s.
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5.5 Let us consider open-loop and closed-loop transfer functions of the form:
W0 = 4 / s (s2 + 4 s + 6)
Wc = 4 / (s3 + 4s2 + 6s + 4)

for a ceramic actuator system.

a. Using the Nyquist criterion, check the stability of this feedback control
system.

b. Describe the Bode diagram for Wc(jco), and discuss the frequency
dependence.

5.6 Explain how the type of servo mechanism can be determined from the Bode
diagram shown below:

\ , 0-order type (0 dB/decade)

l-order type (20dB/decade)

* \_ - 2-order type (40dB/decade)
\_ ~

Hint

The slope of the low frequency (co->0) portion of the Bode diagram
identifies the type of the servo mechanism. When the open-loop transfer
function has a pole at the origin, the Bode diagram will have a slope of -20
dB/decade in the low frequency region.

Slope (dB/decade) Type of Servo Mechanism
0

-20
-40

TypeO
Type 1
Type 2

5.7 Using a rectangular piezoceramic plate (length: /, width: w, and thickness: b,
poled along the thickness), we have found the following parameters: k3], d^i,
and Qm. Explain the fundamental principles for both the resonance and pulse
drive methods.
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The density, p, and dielectric constant, K33
prior to the following experiments.

of the ceramic must be known

a. Using an impedance analyzer, the admittance for the mechanically free
sample (that is, one that is supported at the nodal point at the center of
the plate) is measured as a function of the drive frequency, f, and the
admittance curve shown in Figure 5.27 is obtained. Explain how to
determine the k3j, d31, and Qm values from these data. Also verify that
the following approximate equation can be used for a low coupling
piezoelectric material:

k31
2/(l-k31

2) = (7t2/4)(Af/fR)

where Af = fA - fR.

b. Using a pulse drive technique, the transient displacement change was
measured as a function of time, and the displacement curve pictured
below was obtained. Explain how to determine the the k3i, d3j, and Qm
values from these data. Use the relationship: Qm=(l/2)w0T.

Time
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LOSS MECHANISMS AND HEAT GENERATION

The loss mechanisms in piezoelectric materials are of three fundamental types:
dielectric, mechanical and electromechanical. We will consider first the
phenomenology of losses and then examine the methods by which the individual
losses are measured. It is generally observed that the generation of heat in a
piezoelectric material is due mainly to the intensive dielectric loss, tan8', (that
associated with dielectric hysteresis) when driven off-resonance, while the heating is
due primarily to the intensive mechanical loss, tan<]>', (that associated with elastic
hysteresis) when the component is driven at resonance. Further, a significant
decrease in the mechanical quality factor, Qm, accompanied by an increase in
vibration is observed for piezoelectric ceramic devices driven at resonance. This
effect is due entirely to an increase in the extensive dielectric loss. When subjected
to a pulse drive, both off-resonance and resonance effects are manifested
simultaneously, and the combined action of the dielectric and mechanical loss
mechanisms is observed.

6.1 HYSTERESIS AND LOSS IN PIEZOELECTRICS

As the industrial demand for piezoelectric actuators has increased in recent years,
fundamental research in this area has become more focused on issues related to
reliability. Especially for high power applications, the heat generated by these
dielectric and mechanical loss mechanisms is a significant problem.

The loss or hysteresis associated with a piezoelectric can be both detrimental and
beneficial. When the material is used in a positioning device, hysteresis in the field-
induced strain presents a serious problem in reproducibility of the motion. When the
material is driven in a resonance mode, as is the case for ultrasonic motor
applications, the losses generate excessive heat in the device. Also because the
resonant strain amplification is proportional to the mechanical quality factor, Qm,
low (intensive) mechanical loss materials are generally preferred for ultrasonic
motors. On the other hand, a high mechanical loss, which corresponds to a low
mechanical quality factor Qm, is actually used for piezoelectric force sensors and
acoustic transducers because it enables a broader range of operating frequencies.

Systematic studies of the loss mechanisms in piezoelectrics operated under high
voltage and high power conditions have been limited and, to date, little has been
reported in the literature on the subject. A partial theoretical treatment of loss
mechanisms can be found, such as that presented in the text by T. Ikeda1; however,
these descriptions tend to neglect piezoelectric losses, which have become more
important in the context of recent investigations. A phenomenological description of

285
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the loss mechanisms associated with piezoelectrics will be presented in this chapter.2

Processes leading to the generation of heat under off-resonance operating conditions
and the high power characteristics of devices operated under resonance conditions
will be considered. The resonance and anti-resonance vibration modes will be
examined with respect to the mechanical quality factor, Qm. Finally, the mechanisms
for heat generation in devices operated under pulse drive conditions will be treated.

(1) Microscopic Origins of the Loss Mechanisms: An Overview

The mechanisms for the electromechanical loss fall into four general categories,
defined in terms of fundamental characteristics of the material, namely in relation to:
(1) domain wall motion, (2) the lattice type, (3) the microstructure (polycrystalline
samples), and (4) the conductivity of the material (highly ohmic samples).3 When
the material is a ceramic piezoelectric, it is the first category that most strongly
characterizes the loss.

Some interesting experimental results have been reported concerned with the
relationship between dielectric and mechanical losses in piezoceramics.4 These
results are represented in Figure 6.1, in which mechanical loss, tan<(>, is plotted with
respect to the dielectric loss, tanS, for a series of piezoelectric ceramics with
compositions, Pbo.9Lao.i(Zr0.5Ti0.5)i-xMexO3, where Me represents the dopant ions
Mn, Fe, or Al, and x covers a range between 0 and 0.09. The mechanical losses were
measured on poled ceramic disks 0.4 mm thick and 5 mm in diameter, at their
respective radial resonance frequencies (around 520 kHz). Since it is not possible to
measure the dielectric losses on poled ceramics at the resonance frequency, due to
the occurrence of very strong electromechanical interactions, the measurements were
made on depoled specimens at approximately the same frequencies. The Mn-doped
ceramics showed dielectric losses below 1%, while Fe doping produced losses of 1-
2%, and Al doping increased the loss to over 3%. The linear relationship:

tan<|> = 0.32 tan5 (6.1)

was found to apply to these nominal compositions.

Assuming that 90 domain wall movements constitute the primary loss mechanism
for these materials, the proportionality constant was defined in terms of the relevant
physical parameters, such that:

tantj) = [m xs
2 E0 Kx / Ps

2 SE] tan8 (6.2)

where m is a constant assigned a value between 0.7-0.8, dependent on the crystalline
structure, xs the spontaneous strain, Kx the dielectric constant at constant stress, Ps
the spontaneous polarization, and SE the elastic compliance at constant electric field.
Taking into account the relationship:

xs = Q Ps
2 (6.3)
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= 2 Q s 0 K x Ps, (6.4)

where Q is the electrostrictive coefficient, the proportionality constant in Equation
(6.2) is found to be also proportional to the square of the electromechanical coupling
factor, k2. However, note that since the experiments were carried out on samples
with different polarization states (that is, unpoled and poled), the correlation is not
significant from a theoretical viewpoint. In principle, only the dielectric loss
associated with poled samples should be considered.

Poled Sample

tanc(> (%)

0.5

Pb0.9La0.1(Zr0.5Tio.5)l-:(Mex03
Me = Mn, Fe, Al

0 < x < 0.09

Figure 6.1 The correlation between mechanical loss, tan<|>, and dielectric loss,
tan5, for a series of piezoelectric ceramics with composition
Pbo.9Lao.i(Zro.5Tio.5)i_xMexO3, where Me represents the dopant ions
Mn, Fe, or Al, and x covers a range between 0 and 0.09.4 [f=520 kHz]

(2) Dielectric Loss and Hysteresis and the Polarization [P(E)]Curve

The Relationship Between Dielectric Hysteresis and the Dissipation Factor

Let us consider first the dielectric loss and hysteresis associated with the electric
displacement, D, (which is proportional and almost equal to the polarization, P)
versus electric field, E, curve pictured in Figure 6.2, neglecting the
electromechanical coupling. When the electric displacement, D, (or polarization, P)
traces a different curve with increasing applied electric field, E, than it does when
the applied electric field is decreasing, the material is said to be exhibiting dielectric
hysteresis.
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When the dielectric hysteresis is not very large, the observed variation in electric
displacement, D, can be represented as if it had a slight phase lag with respect to the
applied electric field. If the alternating electric field, E , associated with such a
phase lagging electric displacement has an angular frequency, co=2jif, it can be
expressed as:

(6.5)

will oscillate at the same frequency but

(6.6)

and the induced electric displacement, D
lag in phase by 8, such that:

Figure 6.2 A plot of electric displacement, D, as a function of applied electric
field, E, characteristic of dielectric hysteresis.

If we express the relationship between D and E as:

D*= K*e0E*

where the complex dielectric constant, K*, is:

K*= K ' - jK"

and where:

K7K' = tan5

(6.7)

(6.8)

(6.9)

Note that the negative sign preceding the imaginary part of Eq. (6.8) is associated
with the phase lag of the electric displacement and that K'e0= (Do/E0)cosS and K"e0=
(Do/E0)sin6. In terms of this complex description, the hysteresis loop should be
elliptical in shape, which is not what is actually observed.
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The integrated area inside the hysteresis loop, labeled we in Figure 6.2, is equivalent
to the energy loss per cycle per unit volume of the dielectric. It is defined for an
isotropic dielectric as:

we = -} D dE = - } D — dt (6.10)
0 dt

Substituting the real parts of the Electric Field, E , and Electric Displacement, D ,
into Equation (6.10) yields:

2-a.lv>

we = p0cos(ot-5)[E0cosin(cot)]dt
o

2jc /o>

= E0D0cosin(5) jsin2(o)t)dt = 7tE0D0sin(5) (6.11)

o
so that:

we = TC K"s0 E0
2 = TC K' s0 E0

2 tan5 (6.12)

When there is no phase lag (5=0), the energy loss will be zero (we=0) and the
electrostatic energy stored in the dielectric will be recovered completely after a full
cycle (100% efficiency). However, when there is a phase lag, an energy loss (or non-
zero we) will occur for every cycle of the applied electric field resulting in the
generation of heat in the dielectric material. In this context, the quantity tan8 is
referred to as the dissipation factor.

The electrostatic energy stored during a half cycle of the applied electric field will
be just 2Ue, where Ue, the integrated area so labeled in Figure 6.2, represents the
energy stored during a quarter cycle. This can be expressed as:

(l/2)we = 2 Ue = 2 [(1/2) (E0D0cos5)] = (E0D0)cos5 (6.13a)

Recognizing that K's0=(D0/E0)cos8, Eq. (6.13a) may be rewritten in the form:

(l/2)we = 2 Ue = K' s0 E0
2 (6.13b)

Combining this equation with Equation (6.12) yields an alternative expression for
the dissipation factor:

= (1/271) (we/Ue) (6.14)
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which highlights the significance of tanS in terms of the electrostatic energy
efficiency.

The Temperature. Electric Field, and Frequency Dependences of the Intensive
Dielectric Loss

The temperature, frequency, and electric field dependences of the intensive
dielectric loss, tanS', as determined from dielectric hysteresis data collected under
stress-free conditions for a PZT-based ceramic are shown in Figures 6.3, 6.4 and
6.5, respectively.5 We see from these data that the intensive dielectric loss, tanS',
decreases gradually with increasing temperature (Figure 6.3), but is rather
insensitive to frequency in this low frequency range (Figure 6.4). It is also observed
in Figure 6.5 that tanS' initially increases in proportion to the applied electric field
and then essentially levels off beyond 1.5 (kV/mm). The complex representation
described in the previous section no longer applies for this range of applied electric
field.

tanS'

0.15

0.1

0.05

0
20 40 60 80

Temperature ("C)

100

Figure 6.3 The intensive dielectric loss, tanS', as a function of sample temperature
(3 kV/mm, 300 Hz).

0.15

tanS
0.1

0.05

0,

2kV/mm, 25"C

0 0.5 1 1.5 2
Frequency (kHz)

Figure 6.4 The intensive dielectric loss, tanS', as a function of frequency (T=25"C,
E=2 kV/mm).5
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0.15

tan5
0.05 -

0.5 1 1.5 2 2.5 3
Electric Field (kV/mm)

Figure 6.5 The intensive dielectric loss, tanS', as a function of electric field
(T=25°C, f=300 Hz).5 [The value for E=0 (marked by a solid triangle
on the plot) was obtained with an impedance analyzer under a very low
electric field.]

(3) Electromechanical Loss and Hysteresis: General Considerations

A Theoretical Description

Let us expand the treatment presented in the previous section to include loss
mechanisms associated with piezoelectric materials. We will start with the Gibbs
free energy, G, which in this case is expressed as:

G = -(1/2) sE X2-d X E- (1/2) KX80

and in general differential form as:

dG = -x dX-D dE-S dT

(6.15)

(6.16)

where x is the strain, X is the stress, D is the electric displacement, E is the electric
field, S is the entropy, and T is the temperature. Equation (6.16) is the energy
expression in terms of the externally controllable (which is denoted as "intensive")
physical parameters X and E. The temperature dependence of the function is
associated with the elastic compliance, SE, the dielectric constant, Kx, and the
piezoelectric charge coefficient, d. We obtain from the Gibbs energy function the
following two piezoelectric equations:

x = _

D = -

ax
——
dE

dE

K X 8 0 E

(6.17)

(6.18)
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Note that the Gibbs energy function and the piezoelectric equations derived from it
cannot lead to a phase-lagging dielectric loss without invoking irreversible
thermodynamic equations and dissipation functions. One can achieve a satisfactory
description, however, by introducing complex physical constants into the
phenomenological equations; in this way, the loss is treated as a perturbation. The
theoretical equations so derived are accurate for cases where the dielectric and
mechanical losses, tan8', tarn])', and tan9', are not very large (~ 0.1).

Therefore, we will introduce the complex parameters Kx*, SE*, and d* in order to
account for the hysteretic losses associated with the electric, elastic, and
pie/oelectric coupling energy:

Kx* = Kx(l-jtan5') (6.19)

S
E* = sE(l-jtan(l)1) (6.20)

d* = d (1-j tanO') (6.21)

where 9' is the phase delay of the strain under an applied electric field, or the phase
delay of the electric displacement under an applied stress. They will be exactly the
same if we use the same complex piezoelectric constant d* in Equations (6.17) and
(6.18). Here, the angle 8' represents the phase delay of the electric displacement in
response to an applied electric field under a constant stress (that is, zero stress)
condition. Finally, the angle ()>' is the phase delay of the strain in response to an
applied stress under a constant electric field (that is, a short-circuit) condition. We
will view these phase delays as "intensive" losses.

Samples of experimentally determined D-E (stress-free conditions), x-X (short-
circuit conditions), x-E (stress-free conditions), and D-X (open-circuit conditions)
hysteresis curves appear in Figure 6.6. These measurements are standard for the
characterization of piezoelectric materials and simple to conduct.

The purely electrical and purely mechanical stored energies and hysteretic losses
may be expressed in terms of the dielectric and mechanical hysteresis curves
depicted in Figures 6.6(a) and 6.6(b) as:

Ue = (l/2)KXe0E0
2 (6.22)

we= 71 KX e0 E0
2 tanS' (6.23)

E X 0 (6.24)
wm = 7i s X0

2 tancj)' (6.25)

according to the analysis carried out in the previous section.
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Xo

Xo

(b)

Figure 6.6 Samples of experimentally determined hysteresis curves: (a) D-E
(stress-free conditions), (b) x-X (short-circuit conditions), (c) x-E
(stress-free conditions), and (d) D-X (open-circuit conditions).

It is not possible to determine the more complicated electromechanical loss by
applying a similar analysis to the x-E curve, however, because it does not adequately
account for all the elastic energy expended. Let us consider the electromechanical
energy, Uem, stored during a quarter cycle of the applied electric field cycle (that is,
from E=0 to E=E0) in terms of our previous analysis:

= - fxdX = —
J 2

(Ed)2
(6.26)

Replacing d and SE by d*=d(l-jtan9') and SE* = sE(l-jtanij>'), we obtain:

U em= —— (6.27)

and

^ (2 tan 6'- tan <(>') (6.28)

So we see that the x-E hysteresis data analyzed in this manner does not lead to a
relationship that involves only the piezoelectric loss, tan6'; instead we find that the
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observed loss involves contributions from both the piezoelectric, tanG', and the
elastic loss, tan(t>'.

Similarly, when we consider the D-X hysteresis data in this manner, the
electromechanical energy Ume stored during a quarter cycle of the applied stress and
the hysteresis loss, wme, that occurs during a full stress cycle, are found to be:

X (6.29)

and

K x e n
^ (2tanG'-tan5') (6.30)

Hence, from the D-E and x-X data, we can obtain the contributions of the dielectric
loss, tan5', and the mechanical loss, tarn))', respectively, we may evaluate finally the
electromechanical loss, tan 0'.

Our discussion so far has been concerned with the so-called "intensive" electric,
mechanical, and piezoelectric losses, which are defined in terms of the "intensive"
(that is, externally controllable) parameters of applied stress, X, and electric field, E.
In order to further define the physical significance of the electromechanical losses,
we will need to also consider the free energy in terms of the "extensive" (that is,
material-related) parameters of strain, x, and electric displacement, D.1 We will start
once again with the differential form of the free energy equation, which in this case
is the Helmholtz free energy designated by A, such that:

dA = X dx + E dD-S dT, (6.31)

We obtain from this energy function the following two piezoelectric equations:

X = (6.32)

(6.33)

where c is the elastic stiffness at constant electric displacement (open-circuit
conditions), h is the inverse piezoelectric charge coefficient, and KX is the inverse
dielectric constant at constant strain (mechanically clamped conditions). The
extensive dielectric loss (tanS), mechanical loss (tan<]>), and piezoelectric loss (tan0)
are thus defined in terms of the these quantities expressed in complex form as:
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Kx* = K x ( l + j t a n 5 ) (6.34)

cD* = cD ( l+j tan( |>) (6.35)

h* = h ( l + j t a n 9 ) (6.36)

It should be noted that the dielectric constant under a constant strain (i.e., zero strain
or completely clamped) condition, Kx (not Kx ), and the elastic compliance under a
constant electric displacement (i.e., open-circuit) condition, sD*(not SE*), can simply
be provided as the inverses of KX* and CD*, respectively. Thus, using the same loss
quantities represented by Equations (6.34) and (6.35), we can express their
corresponding inverse complex quantities as:

Kx*= K x ( l - jtan8) (6.37)

s°*= s D ( l - jtan<|>) (6.38)

and consider the phase delays associated with them in terms of extensive losses.

Example Problem 6.1__________________________________
Verify the relationship:

d2 h2

S E K X S 0 C D ( K X / 6 0 )
(P6.1.1)

This value is defined as the square of an electromechanical coupling factor (k2),
which should be the same even for different energy description systems.

Solution

When the following equations [Equations (6.17) and (6.18)]:

x = sEX + dE (P 6.1.2)

D = dX + K X E 0 E (P6.1.3)

are combined with the following [Equations (6.32) and (6.33)]:

X = cDx-hD (P6.1.4)

E = -hx + (K x / s 0 )D (P6.1.5)

we obtain:

X = CD(SE X + d E) - h (d X + Kx e0 E) (P6.1.6)
E = -h (SE X + d E) + (KX / EO) (d X + Kx e0 E) (P6.1.7)

or upon rearranging:
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(1 - CD SE + h d) X + (h Kx e0 - CD d) E = 0 (P6.1.8)
[h SE - (K* / e0) d] X + [1 - (K* / e0) Kx e0 + h d] E = 0 (P6.1.9)

Combining the latter two equations yields:

(l-cDsE+hd)[l-(Kx/e0) Kxe0 + hd] - (h Kxe0-cDd)[hsE-(KYe0)d] = 0 (P6.1.10)

which, when simplified, produces the desired relationship:

d2 h2

s E K x e 0 C D ( K X / E O )
(P6.1.11)

It is important to consider the conditions under which a material will be operated
when characterizing the dielectric constant and elastic compliance of that material.
When a constant electric field is applied to a piezoelectric sample as illustrated in
Figure 6.7(a), the total output energy will be a combination of the energies
associated with two distinct mechanical conditions that may be applied to the
material: (1) the mechanically clamped state, where a constant strain is maintained
and the specimen cannot deform, and (2) the mechanically free state, in which the
material is not constrained and is free to deform. We expect then that during the
time interval over which the total input electrical energy is applied the total output
energy will just be the sum of the energies associated with these two states, and,
under ideal conditions, equivalent to the total input energy. This can be expressed
by:

— Kxe E2 = — Kxe E2 + — —-E2 (6.39a)
2 2 2 SE

such that:

Kx EO = Kx e0 + 4- (6.39b)
s

When a constant stress is applied to the piezoelectric as illustrated in Figure 6.7(b),
the total output energy will be a combination of the energies associated with two
distinct electrical conditions that may be applied to the material: (1) the open-circuit
state, where a constant electric displacement is maintained, and (2) the short-circuit
state, in which the material is subject to a constant electric field. We expect in this
case that during the time interval over which the total input mechanical energy is
applied, once again the total output energy will just be the sum of the energies
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associated with these two states, and, under ideal conditions, equivalent to the total
input energy. This can be expressed as:

SDX? + 1 d2 -xf

which leads to:
_E _ D ,

K x s
(6.40b)

Total Input
Electrical Energy

= (1/2)Kxe0E0
2

(a)

Total Input
Mechanical Energy

Electrically
short-circuited

Stored
Electrical Energy

Mechanically
clamped

Stored
Mechanical Energy

Electrically
open-circuited

Stored
Mechanical Energy

= (1/2)(d2/sE)E0
2

Stored
Electrical Energy

= (1 /2)(d2 /KXE0)X0

(b)

Figure 6.7 Schematic representation of the response of a piezoelectric material
under: (a) constant applied electric field and (b) constant applied stress
conditions.
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Hence, we obtain the following equations:

K X /K X = (1-k2) (6.41)

sD/ sE - (1-k2) (6.42)

where:

k2 = F
 d* (6-43)

SE Kx 80

We may also write equations of similar form for the corresponding reciprocal
quantities:

K X /K X - (1-k2), (6.44)

cE/ cD = (1-k2), (6.45)

where, in this context,

9

k2 = -J5-A——— (6.46)
c ° ( K X / E 0 )

This new parameter k is the electromechanical coupling factor, and identical to the
k in Equation (6.43). It will be regarded as a real quantity for the cases we examine
in this text (see Example Problem 6.1).

In order to establish relationships between the intensive and extensive losses, we
will need to employ the following three equations, which describe the dielectric
permittivity under constant stress (Kxe0), the elastic compliance under constant
electric field (SE), and the piezoelectric charge coefficient (d) in terms of their
corresponding reciprocal quantities:

Kxe = ———————-——-———— (6.47)
(K*/eJ[ l -h 2 / (cDK x /e o ) ]

1 (6.48)
cD[l-h2/(cDKx/eJ]

d = . (6.49)
h [ l - h 2 / ( c D K ' / e )]
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Replacing the parameters in the three equations above with the complex parameters
defined in Equations (6.19)-(6.21) and (6.34)-(6.36), and making use of Equations
(6.43) and (6.46) to incorporate the electromechanical coupling factor, k, we obtain
the following useful expressions that relate the intensive and extensive losses:

tan 5' = ——5- [tan 5 +k2 (tan < j > - 2 tan 9)] (6.50)
vl — k )

tanf = ——- [tan<t> + k 2 ( tan8-2tan9)j (6.51)
V 1 ~ K j

tan 9' = —!-Y [tan 5 + tan 4> - (1 + k2) tan 0] (6.52)
V 1 ~~ K J

A significant feature of this result is that the intensive dielectric, elastic, and
piezoelectric losses are found to be correlated with their extensive counterparts
through the real electromechanical coupling factor. The denominator, (1-k2),
appearing in each of the equations above comes essentially from the ratios Kx /Kx

and SD/SE, which are equivalent to this factor as defined in Equations (6.41) and
(6.42). The electromechanical coupling is thus reflected in our description of the
dissipation factor, which by definition is just the imaginary part of the relevant
complex parameter divided by the real part. It should also be noted that the precise
definition of the electromechanical coupling factor for a given piezoelectric material
will depend on the mode of vibration at which the sample is driven.

Measurement Techniques

The intensive losses of a PZT-based ceramic actuator manufactured by Philips
Components determined from dielectric and mechanical hysteresis data appear in
Figure 6.8. The intensive piezoelectric loss for this device is shown in Figure 6.9.
An average correlation between the electric field and the compressive stress given
by X=E(Kxs0/sE)"2 was used. The hysteresis measurements were conducted under
quasi-static conditions using the experimental apparatus depicted in Figure 6.10.
The extensive losses depicted in Figure 6.11 for the PZT ceramic actuator were
calculated from the intensive loss data recorded in Figures 6.8 and 6.9.

Note that the piezoelectric losses, tanQ' and tan0, are not as small as previously
believed,1 but are, in fact, comparable to the dielectric and elastic losses, and
increase gradually with the applied field or stress. It is also noteworthy that the
extensive dielectric loss, tang, increases significantly with an increase of the
intensive parameter (the applied electric field), while the extensive elastic loss, tan<|>,
is rather insensitive to changes in the intensive parameter (the applied compressive
stress).
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Figure 6.8 Intensive losses determined from: (a) D-E (mechanically free), (b) x-X
(short-circuit), (c) x-E (mechanically free) and (d) D-X (open-circuit)
hysteresis data for a PZT-based actuator.
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Figure 6.9 The intensive piezoelectric loss, tan0', as a function of electric field and
Compressive stress, for a PZT-based actuator.
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Figure 6.10 Experimental apparatus for collecting the hysteresis data: (a) D-E and
x-E, and (b) x-X and D-X.

When hysteresis data corresponding to Figures 6.6(a) (D-E) and 6.6(b) (x-X) are
collected under constrained conditions, that is, D-E is measured from a material that
is mechanically clamped and x-X is measured under open-circuit conditions, the
observed hysteresis will be smaller as will be the extensive losses, tan8 and tan(j>.
This alternative route for obtaining the three losses independently, however,
presents some practical difficulties; it is almost impossible to achieve a completely
clamped state for an elastically stiff piezoelectric ceramic, and charge leakage can
be significant during an x-X measurement under these conditions.
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(4) Losses at Piezoelectric Resonance

So far, we have considered the losses for a quasi-static or off-resonance state. A
variety of problems arises when ultrasonic motors are driven at a resonance
frequency. Among the most detrimental effects to occur are a significant distortion
of the admittance spectrum due to the nonlinear response of the elastic compliance
for high amplitude vibrations and the generation of heat, which leads to a serious
degradation of motor performance due to depoling of the piezoelectric ceramic.
While a high Qm is desirable for reducing the amount of heat generated in the
device, it should be noted that the amplitude of the vibration at resonance is directly
proportional to the magnitude of the quality factor.

The Admittance and Displacement at a Piezoelectric Resonance

First, we will consider the admittance spectrum of the piezoelectric ceramic. Similar
to what was done in Section 6.1(3), we will make use of the complex parameters
K33X*=K33X(l-jtan5'), SU

E*= su
E(l-jtan<|>'), and d31*=d(l-jtan6'), substituting them

this time into Equation (5.96) such that:

Y= Yd + Y m =( l -k 3
2

1 ) j m w f K » E ° l -

jcow/K 3 3 e 0 k2
co / / 2 v *

= jcoCc -J-^— [tan 8' - k^ (2 tan 9' - tan (j)')]

. _, , 2 I/, ./„ „/ , / \ \ tan(co / /2v*+ JcoC0k3
2

1 (l-j(2tan9'-tan<|)))—^-———

c o / / 2 v *
(6'53)

where the following additional substitutions are made:

C =
w / K K e

Cd=(l-k3
2,)C0

(6.54)

(6.55)

Note that the loss appearing in the first term of Equation (6.53) (the damped
admittance) includes the extensive dielectric loss, tan8, not the intensive loss, tan8'.
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Making use of the following expression for the complex velocity:

1v* =
VPsiEi(1~J tan(t) ')

= v (! + (!/2) jtan<K) (6.56)

we may define the quantity l/(tan(co//2v ) with an expansion-series approximation
over a range of frequencies around ro//2v =7t/2. The resonance state will be defined
with respect to a finite admittance maximum, rather than an infinite Y in a loss-free
material. We may now make use of two new frequency parameters, Q, and AQ,
defined as:

Q = c o / / 2 v

and

AQ = Q - Tt/2

(6.57a)

(6.57b)

0.15

land
0.1

0.05

).4 0.5 0.6 0.7 0.8 0.9 1

Electric Field (kV/mm)

O.ISrr

0.1

taiuji
0.05

20 25 30

Compressive Stress (MPa)

Electric Field (kV/mm)
n is Q.5 0.6 0.7 0.8 0.9u.u, . , r.-. . . i r. -, , . , ri'i i j I rri I i i vi" i '

0.1

tanG
0.05

Q
14 16 18 20 22 24 26 28 30

Compressive Stress (MPa)

Figure 6.11 The extensive loss factors, tanS, tani]>, and tan6, as a function of
electric field or Compressive stress, measured for a PZT-based
actuator.
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Since we know that to 1/2 v* = (71/2+ A£2) [l-(l/2) j tan ()>'], we may now express:

1
tan(co//2v*)

j(7i/4)tan<j>' (6.58)

Thus, assuming that T31= k31
2/(l-k31

2), an approximate expression for Ym over a
range of frequencies around the first resonance may be written as follows:

Ym = jcoCdr3i[(l-j(2tane-tan<|)t)][(tan(co//2v*)/(co//2v*)]

1-j(2tan9-tan(|)')
L31 (-AQ + j (7t / 4) tan <>') (TT / 2) (1 - (1 / 2) j tan <)>')

= j(8/7i2)co0Cdr3
j[(3/2)tan(|) /-2tane]l
-(4/7t)AQ + jtan(|)' J

(6.59)

The maximum admittance, Ym
max, is obtained at A£2 = 0:

Ym
max = (8/Ti2) co0 Cd T31 (taiuli1) "' (6.60)

In order to obtain the mechanical quality factor, we will need to consider a value of
A£2, which corresponds to the half-power point or an admittance level of Ym

mdx/ -J2 .
This condition is met when A£i = (n/4)tanc|)', such that:

Qm= Q0/2AQ = (Ti/2) / 2(7T/4)tam|>' = (tanc))')"1 (6.61)

This verifies the inverse relationship between the mechanical quality factor and the
mechanical loss, Qm = (tan <)>') .

Example Problem 6.2 _________________________________
Starting with the following equation for the motional admittance:

Y - j w / c r31L -(4/rc)AQ + jtan<{>'

obtain expressions for the mechanical quality factor, Qm, and the maximum
admittance, Ym

max.



Loss Mechanisms and Heat Generation 305

Solution

Focusing on the dependence of this equation on AQ, we see that it will exhibit its
maximum when Afi = 0, and be at the half-power point (that is, (I/ 2)Ym

max) when
(4/7i)AQ = tan<j>'.
Since Qm=Q0/2AQ at the half-power point, where Q0= n/2, we can write:

Q = ("/2) = _!_ (P6.2.2)
2 (TC / 4) tan f tanf

So that,

' "r"/°W""A'"t"^lJ=(8/7I>:
C"r3' (P6.2.3)

We will next consider the displacement amplification. Once again we may make
substitutions of the appropriate complex parameters, this time into Equation (5.101),
to yield:

= d 3 ,E z / 2v*l ( (ol- tan ——
co/ J

= 2d 3 , ( l - j tan9)E z /

= 2d3 1(l-j tan9)E z /

0)1

[ co/tan •
\2v

(l/2)jtanf (6.62)
j(7t/4)tanf]

The maximum displacement u^ is obtained at AQ = 0:

umas = (8/7i2) d31 Ez / (tanf)"' (6.63)

and we see that the maximum displacement at the resonance frequency is (8/7i2)Qm

times larger than that occurring at a non-resonance frequency, (d31E2 /).

In summary, when we measure the admittance or displacement as a function of drive
frequency, we can obtain the mechanical quality factor, Qm, which is estimated from
Qm=co0/2Aco, where 2Ao> is the full width at half maximum as depicted in Figure 6.12.
We will also be able to obtain from these data, the intensive mechanical loss, tam|>',
which has been shown to be just the inverse of the mechanical quality factor.
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Figure 6.12 Frequency dependence of the induced displacement in a piezoelectric

ceramic around the fundamental resonance frequency (k3] mode).

The Equivalent Circuit

The equivalent circuit for a piezoelectric actuator is generally represented with a
network of inductive (L), capacitive (CO, and resistive ® components. An equivalent
circuit representative of the resonant state of the piezoelectric is depicted
schematically in Figure 6.13(a). It represents a condition of very low impedance.
According to the expression for the admittance previously presented as Equation
(6.53), we recognize that Cd corresponds to the electrostatic capacitance (of the
longitudinally clamped sample considered in the development of this equation) and
that the components LA and CA in the RCL series portion of the circuit represent the
piezoelectric response. Let's consider as an example the case of a vibration setup in
a rectangular plate through the piezoelectric tensor component d3i. The reactive
equivalent circuit components corresponding to this vibrational state in the material
are defined by the following equations:

LA =
Ib (6.64)

(6.65)

where / is the length of the bar sample and w its width. The total resistance, RA,
appearing in the circuit depicted in Figure 6.13(a) represents the combined effect of
resistances associated with the dielectric loss, Rj, (damped) and the extensive
mechanical loss, Rm (motional). Thus, the effective resistance, RA, will correspond
essentially to the intensive mechanical loss, tarn))', which we found in Equation (6.51)
depends on the extensive mechanical loss factor, tam|>, and the coupled dielectric and
piezoelectric losses (tanS-2tan6). The equivalent circuit corresponding to the
antiresonance state of the same actuator is depicted in Figure 6.13(b). In contrast to
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the low impedance network representing the resonance condition, this equivalent
circuit is characterized by a relatively high impedance.

> LA CA RA ,

I I

) —————— 0

(a) cd

O ——————— <
I I

•*.. .s*. A .

t ———————— ———————— <
CB

I ———— O

R RB

Figure 6.13 Equivalent circuits representing the response of a piezoelectric
device: (a) at resonance and (b) at antiresonance.

Electromechanical Loss as a Function of Vibration Velocity

The mechanical quality factor Qm can be obtained from the admittance data or the
AC displacement spectrum at the half-power frequencies. When the data are
collected under conventional constant voltage conditions, however, a significant
asymmetry in the admittance spectrum is observed with increasing applied voltage
(that is, as the vibration velocity is increased). Examples of this distorted response
are depicted in Figure 6.14(a), where we see increasing asymmetry in the curves
beyond a displacement velocity of 0.063 (m/s) and ultimately a discontinuity in the
curve for the sample vibrating at 0.085 (m/s). This asymmetric and hysteretic
response at high applied voltages makes this method unsuitable for the precise
determination of the electromechanical coupling parameters of a piezoelectric
device.

The asymmetry observed in the admittance spectrum under constant voltage
conditions originates from the nonlinear elastic properties of the piezoelectric
ceramic, which promote a significant increase in the strain around the resonance
frequency. The induced AC displacement and vibration velocity are, hence, not
directly proportional to the applied voltage and the asymmetric response is
observed. The displacement and velocity are proportional to the motional current,
however, and, therefore, a resonance method utilizing a constant motional current,
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where the minimum applied voltage corresponds to the resonance state, was
developed to more precisely determine the electromechanical constants of
piezoelectrics.8 Note that the displacement at the end of the rectangular piezoelectric
plate is a function of the sample size /, but that the vibration velocity at the tip is not
size dependent. Thus, it is preferable to refer to the mechanical output with respect
to the vibration velocity, rather than the applied electric field. Also note that the
vibration velocity generally varies with frequency, and the values indicated near
each curve in Figure 6.14 correspond to off-resonance conditions.

A schematic of the high power system used for this method is depicted in Figure
6.15.10 The sample in this case is formed in a simple block configuration and
electroded as appropriate for the desired vibrational mode to be excited. The
impedance response of specimens examined with this system is shown in Figure
6.14(b). These data were collected under constant current conditions (that
correspond in this case to constant AC displacement and vibration velocity). We see
under these conditions almost perfectly symmetrical curves maintained up to
relatively high vibration velocities. The mechanical quality factor, Qm, is precisely
determined from the bandwidth of the resonance impedance response measured
under these conditions.10

Y(S)
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200

ISO

100
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0161 (n$

438 <B9 410 411 412

(a) ass f(kHz)

Figure 6.14 Admittance and impedance curves measured for a piezoelectric
device under: (a) constant voltage and (b) constant current
conditions.8 [Note the asymmetrical curves obtained under constant
voltage conditions and the more symmetric curve shapes obtained
under constant current conditions.]

The mechanical quality factor, Qm, is plotted in Figure 6.16 as a function of
composition, x, for a Pb(ZrxTi!.x)O3 ceramic (doped with 2.1 atom percent Fe) at
two effective vibration velocities, v0=0.05 m/s and 0.5 m/s.6 A trend that is
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noticeable in Figure 6.16 is the significant overall decrease in the mechanical quality
factor with increasing vibration velocity. We also see from the curves shown in the
figure complementary trends between the two vibration rates at the morphotropic
phase boundary composition (x=0.52); a minimum in the Qm at the lower vibration
velocity corresponds to a maximum Qm at the higher rate. It should be noted as well
the data collected by conventional methods employing an impedance analyzer under
low voltage (power) conditions will not reflect the high power performance of these
materials.

Let us consider at this point the fundamental mechanism for the observed
degradation of the mechanical quality factor, Qnl, with increasing vibration velocity.
The effective resistances, Rm, Rj, and RA, are shown in Figure 6.17 plotted as a
function of vibration velocity of a PZT-based hard piezoelectric plate actuator.8
Note that Rm, which we have indicated is primarily associated with the extensive
mechanical loss, is largely insensitive to the vibration velocity, while Rj, which is
associated with the extensive dielectric loss, is seen to increase significantly around
a certain critical vibration velocity. Thus, the primary loss mechanism at smaller
vibration velocities is considered to be the extensive mechanical loss, which
provides a high mechanical quality factor, Qm, under these conditions. As the
vibration velocity increases, the contribution of the extensive dielectric loss
increases significantly, and the Qm (inverse of intensive mechanical loss) decreases
as the sum of Rm and Rd. Heat is generated in the material beyond that critical
vibration velocity where the extensive dielectric loss becomes the dominant factor.

DIFFERENTIAL CIRCUIT

TRANSFORMER

Figure 6.15 Block diagram of the constant current measurement system for
determining the mechanical quality factor of piezoelectric ceramics.

It has been proposed that in general the extensive dielectric loss is mainly attributed
to 180 degree domain reversal, and the mechanical loss is attributed to non-180
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degree domain reorientation.11 The domain reorientation will depend on the
magnitude of the applied electric field; in particular, it has been suggested that the
onset of 180 degree domain reversal occurs suddenly at a relatively high electric
field, and that this is likely the primary mechanism for the generation of heat in these
piezoelectric specimens. Further investigation is required to more precisely identify
and model the microscale phenomena associated with the losses that appear to lead
to the significant heat generation that occurs in the operation of piezoelectric
actuator devices at resonance.

6.2 HEAT GENERATION IN PIEZOELECTRICS

(1) Heat Generation Under Off-Resonance Conditions

Heat generation in various types of PZT-based actuators operated under a relatively
large applied electric field (equal to or greater than 1 kV/mm) at an off-resonance
frequency has been studied, and a simple analytical method has been established to
evaluate the temperature rise. Such an analysis is useful for designing high-power
piezoelectric actuators.
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Figure 6.16 Mechanical quality factor, Qm, plotted as a function of composition,
x, at two effective vibration velocities v0=0.05 m/s and 0.5 m/s for
Pb(ZrxTi!.x)O3 doped with 2.1 atom percent Fe.5

The heat generated in multilayer piezoelectric ceramic (PZT-based) actuators of
various sizes has been investigated and the mechanisms for the heating have been
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examined.5 The device temperature of several PZT-based actuators manufactured by
Philips driven at 3 kV/mm and 300 Hz is shown in Figure 6.18. A uniform
temperature rise throughout the entire device was observed for all actuators tested.
The temperature rise is plotted as a function of the ratio Ve/A in Figure 6.19, where
Ve is the effective volume (between the electrodes of the device) and A is the
surface area. The observed linear relationship is expected for the dissipation of heat
through an area enclosing a volume of active material in which the heat is generated.
Thus, we see that in designing an actuator that will experience only a small rise in
temperature in operation, a small Ve/A is desired.
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I J_ J
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Vibration Velocity vg (m/s)

Figure 6.17 Vibration velocity dependence of the effective resistances Rm, Rd,
and RA for a PZT-based hard piezoelectric plate specimen
operated in the k31 mode.8
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Driving Time (sec)
Figure 6.18 Device temperature as a function of driving time for multilayer

actuators of various sizes operated at 300 Hz and 3 kV/mm.5
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Figure 6.19 Temperature rise plotted as a function of the ratio V</A, where Ve is
the effective volume in which the heat is generated and A is the
surface area through which the heat is dissipated, for PZT multilayer
actuators operated at 3 kv/mm and 300 Hz.5

According to the law of energy conservation, the amount of heat stored in the
piezoelectric, which is just the difference between the rate at which heat is
generated, qg, and that at which the heat is dissipated, q&, can be expressed as

qg-qd = V p C (dT/dt) (6.66)

where it is assumed a uniform temperature distribution exists throughout the sample
and V is the total volume, p is the mass density, and C is the specific heat of the
specimen. The heat generation in the piezoelectric is attributed to losses. Thus, the
rate of heat generation, qg, can be expressed as:
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qg = w f V e (6.67)

where w is the loss per driving cycle per unit volume, f is the driving frequency, and
Ve is the effective volume of active ceramic. According to the measurement
conditions, this w corresponds to the dielectric hysteresis loss, we, which was
previously defined by Equation 6.23 in terms of the intensive dielectric loss tan§' as:

w = we = 7i Kx S0 E 0
2 tan8'

Substituting for tan5' by using the relationship defined by Equation (6.50), we arrive
at an expression for the dielectric hysteresis loss written in terms of the extensive
dielectric loss, tan5, and the electromechanical loss, (tanc|>-2 tanO):

we = [l/(l-k2)][tan5 + k2 (tam|>-2tane)] n Kxe0 E 0
2 (6.68)

Note that we do not need to account for wenl explicitly [as defined by Equation
(6.28)], because the electromechanical loss is already included implicitly in our
current expression for we. If we neglect the transfer of heat through conduction, the
rate of heat dissipation (q^) from the sample is the sum of the rates of heat flow by
radiation (qr) and by convection (qc):

qd = qr + qc = e A a (T4-T0
4) + h. A (T-T0) (6.69)

where e is the emissivity of the sample, A is the sample surface area, o is the Stefan-
Boltzmann constant, T0 is the initial sample temperature, ^ is the average
convective heat transfer coefficient.

Thus, Equation (6.66) can be written in the form:

w f Ve-A k(T) (T-T0) = V p C (dT/dt) (6.70)

where the quantity

k(T) = a e (T2 + T0
2)(T + T0) + h. (6.71)

is the overall heat transfer coefficient. If we assume that k(T) is relatively insensitive
to temperature change, solving Equation (6.70) for the rise in temperature of the
piezoelectric sample yields:

T-T0 = [w f Ve/ k(T) A] (l-e-t/r) (6.72)

where the time constant T is expressed as:

t = p C V / k ( T ) A (6.73)

As t -> oo, the maximum temperature rise in the sample becomes:
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AT = w f V e / k ( T ) A

As t -> 0, the initial rate of temperature rise is given by

dT/dt = ( w T f V e / p C V ) = A T / T

(6.74)

(6.75)

where WT can be regarded under these conditions as a measure of the total loss of the
piezoelectric. The dependences of k(T) on applied electric field and frequency are
shown in Figures 6.20 and 6.21, respectively. The total loss, WT, as calculated from
Equation (6.75) is given for three multilayer specimens in Table 6.1. The
experimentally determined P-E hysteresis losses measured under stress-free
conditions are also listed in the table for comparison. It is seen that the extrinsic P-E
hysteresis loss agrees well with the calculated total loss associated with the heat
generated in the driven piezoelectric.

40
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3.5

Figure 6.20 The overall heat transfer coefficient, k(T), plotted as a function of
applied electric field for a PZT multilayer actuator with dimensions
of 7 x 7 x 2 mm3 driven at 400 Hz.5

(2) Heat Generation Under Resonance Conditions
The generation of heat has been observed in rectangular piezoelectric plates when
driven at resonance.9 Although the maximum electric field is not very large, heat is
generated due to the large strain/stress induced at resonance. The maximum heat
generation was observed in the nodal regions for the resonance vibration, which
correspond to the locations where the maximum strains/stresses are generated.
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Figure 6.21 The overall heat transfer coefficient, k(T), plotted as a function of
frequency for a PZT multilayer actuator with dimensions of
7 x 7 x 2 mm3 under three different applied electric field strengths.5

Table 6.1 Loss and overall heat transfer coefficient for PZT multilayer samples
(E = 3 kV/mm, f = 300 Hz).5

Actuator 4.5 x 3.5 x 2.0 mm3 7.0 x 7.0 x 2.0 mm3 17 x 3.5 x 1.0 mm3

WT(kJ/m) 19.2

P-E hysteresis loss (kJ/m3) 18.5

k(T)(W/m2K) 38.4

19.9

17.8

39.2

19.7

17.4

34.1

The temperature variation in a PZT-based plate sample as observed with a
pyroelectric infrared camera is shown in Figure 6.22. The images in Figures 6.22(a)
and 6.22(b) depict the temperature variations in samples driven at the first (28.9
kHz) and second resonance (89.7 kHz) modes, respectively. The highest
temperature (dark spot) is evident at the nodal areas for the specimen in Figures
6.22(a) and 6.22(b). This observation supports the claims described in the previous
section that the heat generated in a resonating sample is associated with the intensive
elastic loss, tan<)>', which has been shown to be related to the coupled action of the
extensive mechanical, dielectric, and electromechanical losses as defined by
Equation (6.51). According to that discussion, we determined that the resonance loss
at small vibration velocities is mainly determined by the intensive mechanical loss,
which provides a high mechanical quality factor, Qm, and with increasing vibration
velocity, the contribution of the extensive dielectric loss significantly increases and
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heat is generated in the sample, as we observe for the samples depicted in Figure
6.22.

This is also in agreement with the result presented in Section 6.2(1), where a high
voltage was applied to the specimen at an off-resonance frequency. We concluded
there that the heat is generated largely through the intensive dielectric loss, tan5'.
Where both the "intensive" dielectric and mechanical losses are closely related to
the "extensive" dielectric and mechanical losses as expressed by Equations (6.50)
and (6.51), and the extensive dielectric loss tan8 is known to change significantly
with both the externally applied electric field and stress, it appears that the major
contribution to the heat generation in both cases is from the "extensive" dielectric
loss.

Figure 6.22 Temperature variations in a PZT-based plate sample observed with a
pyroelectric infrared camera. The specimens are driven at two
different resonance frequencies: (a) the first resonance mode (28.9
kHz) and (b) the second resonance mode (89.7 kHz). The arrows
indicate the highest temperature areas (dark areas).
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(3) Heat Generation Under Pulse Drive

We consider here the situation where a piezoelectric actuator is operated under a
high, pulsed electric field. Heat generation is expected when the actuator is driven
cyclically. We will consider the temperature rise of a PZT multilayer actuator
operated under a pulse drive signal with a trapezoidal waveform, such as is typically
applied to diesel engine injection systems. The trapezoidal waveform has a
maximum voltage of 100 V, a frequency of 60 Hz, and a duty cycle of 50%. The
dependence of the heat generated in the device, as manifested by an increase in
temperature of the actuator, on the rise time of the driving pulse are summarized in
Table 6.2 and Figure 6.23. The temperature rise is observed to be rather strongly
dependent on the rise time, and can be attributed largely to the vibrational overshoot
and ringing effects occurring in the driven actuator. A series of waveforms are
depicted in Figure 6.24, which shows the actuator response to driving pulses with
increasing rise times. A significant ringing effect is observed for the shorter rise
time, which leads to the generation of additional heat in the device through the
mechanical resonance response that is occurring under these conditions. Depending
on the magnitude of the overshoot and ringing effects that are induced, the
temperature rise can be increased by more than 50% as compared with the
temperature of the device when no ringing occurs (corresponding roughly to the off-
resonance condition).

Table 6.2 Heat generation in a PZT multilayer actuator driven by trapezoidal
waveforms with various rise times [100V (maximum voltage,
unipolar), 60 Hz, 50% duty cycle].

Rise time (usec) 72 85 97 102 146 240 800

Temperature rise (°C) 23.7 21.6 20.5 20.2 20.3 18.6 16.6

Vrms(V) 72.9 72.8 72.7 72.7 72.6 72.1 71.3

In conclusion, when a piezoelectric actuator is operated under pulse drive
conditions, heat will be generated in the device due to both the intensive dielectric
and mechanical losses occurring via the mechanical resonance of the device (that is,
the ringing effect). In order to minimize the generation of heat in the device when
operated under these conditions, care must be taken to reduce the vibrational
overshoot and ringing effects by changing the rise time of the driving pulse. As
described in Section 5.3, the optimum rise time in this case will be one that is equal
to the resonance period of the actuator.



318 Chapter 6

30
AT (°C)

22.5

IS

7.5

0 50 100 ISO 200

Rise time (usec)

Figure 6.23 Temperature rise plotted as a function of rise time for a PZT
multilayer actuator driven by a pulse with a trapezoidal waveform
[100 V (maximum voltage, unipolar), 60 Hz, 50% duty cycle].
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Figure 6.24 Rise time dependence of the vibrational ringing in a PZT multilayer
actuator driven by a pulse with a trapezoidal waveform [100 V
(maximum voltage, unipolar), 60 Hz, 50% duty cycle].
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6.3 HARD AND SOFT PIEZOELECTRICS

Small amounts of dopants sometimes drastically change the dielectric and
electromechanical properties of ceramics. Donor doping tends to facilitate domain
wall motion, leading to enhanced piezoelectric charge coefficients, d, and
electromechanical coupling factors, k, producing what is referred to as a "soft
piezoelectric." Acceptor doping, on the other hand, tends to pin domain walls and
impeding their motion, leading to an enhanced mechanical quality factor, Qnl,
producing what is called a "hard piezoelectric." Table 6.3 summarizes the
advantages and disadvantages of soft and hard piezoelectrics and compares their
characteristics with a leading electrostrictive material, Pb(Mgi/3Nb2/3)O3 (PMN).
The electrostrictive ceramic is commonly used for positioning devices where
hysteresis-free performance is a primary concern. However, due to their high
permittivity, the electrostrictive devices are generally used only for applications that
require slower response times.

Table 6.3 Advantages (+) and disadvantages (-) of soft and hard piezoelectrics,
compared with the features of a leading electrostrictive material,
Pb(Mg,/3Nb2/3)03 (PMN).

Materia d
1

k Qm Off-Resonance
Applications

Resonance
Applications

PMN High ^ High ^ Low ^ High Displacement Broad Bandwidth*
(DCBias)" (DC Bias)' (DC Bias)' No Hysteresis*

Soft
PZT-5H

High High Low High Displacement Heat Generation

Hard
PZT-8

Low Low High Low Strain High AC
Displacement

On the other hand, the soft piezoelectric materials with their relatively low
permittivity and high piezoelectric charge coefficients, d, can be used for
applications requiring a quick response time, such as pulse driven devices like inkjet
printers. Soft piezoelectrics generate a significant amount of heat when driven at
resonance, however, due to their small mechanical quality factor, Qm. Thus, for
ultrasonic motor applications, hard piezoelectrics with a larger mechanical quality
factor are preferred despite the slight sacrifices incurred with respect to their smaller
piezoelectric strain coefficients, d, and the electromechanical coupling factors, k.
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(1) Dopant Effects on Piezoelectric Response

Let us consider the crystallographic defects produced on the perovskite lattice due to
doping. Acceptor ions, such as Fe3+, lead to the formation of oxygen deficiencies
(n) in the PZT lattice, and the resulting defect structure is described by:

PXZryTiLy.JFexXOj.^ Ux/2)

Acceptor doping allows for the easy reorientation of deficiency-related dipoles.
These dipoles are comprised of an Fe3+ ion (effectively the negative charge) and an
oxygen vacancy (effectively the positive charge). The oxygen deficiencies are
produced at high temperature (>1000°C) during sintering, but the oxygen ions are
still able to migrate at temperatures well below the Curie temperature (even at room
temperature), because the oxygen and its associated vacancy are only 2.8 A apart
and the oxygen can readily move into the vacant site as depicted in Figure 6.25(a).

O Vacancy

_ _ _\ _ /easy to move

Ow* ]fh • O
"6"* o

(a) W

Figure 6.25 Lattice vacancies in PZT containing: (a) acceptor and (b) donor
dopants.

In the case of donor dopant ions, such as Nb5+, a Pb deficiency is produced and the
resulting defect structure is designated by the following:

Donor doping is not very effective in generating movable dipoles, since the Pb ion
cannot easily move to an adjacent A-site vacancy due to the proximity of the
surrounding oxygen ions as depicted in Figure 6.25(b).

These simple defect models help us to understand and explain various changes in the
properties of a perovskite ferroelectric of this type that occur with doping. The effect
of donor doping in PZT on the field-induced strain response of the material was
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examined for the soft piezoelectric composition (Pbo.73Bao.27)(Zr0.75X^.25)03.12 The
parameters maximum strain, xmax, and the degree of hysteresis, Ax/xmiK, are defined
in terms of the hysteresis response depicted in Figure 6.26(a). The maximum strain,
xmax> is induced under the maximum applied electric field. The degree of
hysteresis, Ax/x^, is just the ratio of the strain induced by half the maximum
applied electric field to the maximum strain, x^. The effect of acceptor and donor
dopants (2 atom percent concentration) on the induced strain and degree of
hysteresis is shown in Figure 6.26(b). It is seen that materials incorporating high
valence donor-type ions on the B-site (such as Ta51, Nb5+, W6+) exhibit excellent
characteristics as positioning actuators, namely, enhanced induced strains and
reduced hysteresis. On the other hand, the low valence acceptor-type ions (+1, +2,
+3) tend to suppress the strain and increase the hysteresis and the coercive field.
Although acceptor-type dopants are not desirable when designing actuator ceramics
for positioner applications, acceptor doping is important in producing "hard"
piezoelectric ceramics, which are preferred for ultrasonic motor applications. In this
case, the acceptor dopant acts to pin domain walls, resulting in the high mechanical
quality factor characteristic of a hard piezoelectric.
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Figure 6.26 Maximum strain and hysteresis in Pb0.73Bao.27(Zr075Tio.25)O3-based
ceramics: (a) hysteresis curve showing the parameters needed for
defining the maximum strain, x,^, and the degree of hysteresis,
Ax/xmax, and (b) the dopant effect on actuator parameters.12
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Example Problem 6.3
The coercive electric field, Ec, of a ferroelectric material is defined to be the
minimum field strength required to reorient the polarization direction of a polar
domain by 180°. It is also affected by the presence of dopants on the crystalline
lattice. Explain the effect of dopants on the "soft" and "hard" characteristics of PZT
piezoelectric materials in terms of the simple defect model described in Section
6.3(1).

Solution

The "soft" and "hard" characteristics are reflected in the coercive field Ec, or more
precisely in the stability of the domain walls. A piezoelectric is classified as "hard"
if it has a coercive field greater than 1 kV/mm, and "soft" if the coercive field is
equal to or less than 1 kV/mm.

Consider the transient state of a 180° domain reversal that occurs at a domain wall
associated with a configuration of head-to-head polar domains. We know from
Gauss' law that:

div D = p (P6.3.1)

where D is the electric displacement and p is the charge density. The domain wall is
very unstable in a highly insulating material and therefore readily reoriented and the
coercive field for such a material is found to be low. However, this head-to-head
configuration is stabilized in a more conductive material and thus a higher coercive
field is required for polarization reversal and the associated domain wall movement
to occur. These two cases are illustrated schematically in Figure 6.27.

(a)
111——% Easy to move Stable

Figure 6.27 Stability of 180° domain wall motion in: (a) an insulating material
and (b) a material with free charges.

Next, let us consider the free charges associated with defect structures present in a
doped PZT material. The presence of acceptor dopants, such as Fe , in the
perovskite structure is found to produce oxygen deficiencies, while donor dopants,
such as Nb5+, produce A-site deficiencies. Acceptor doping allows for the easy
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reorientation of deficiency-related dipoles. These dipoles are comprised of a Fe +

ion (effectively the negative charge) and an oxygen vacancy (effectively the positive
charge). The oxygen ions are able to migrate at temperatures well below the Curie
temperature (even at room temperature), because the oxygen and its associated
vacancy are only 2.8 A apart and the oxygen can readily move into the vacant site.
Thus, acceptor doping effectively pins domain walls and "hard" characteristics are
observed. On the other hand, donor doping is not very effective in generating
movable dipoles, since the Pb ion cannot easily move to an adjacent A-site vacancy
due to the proximity of the surrounding oxygen ions. "Soft" characteristics are,
therefore, observed for donor-doped materials. Another factor that should be
considered here is that lead-based perovskites, such as PZT, tend to be p-type
semiconductors due to the evaporation of lead during sintering and are thus already
"softened" to some extent by the lead vacancies that are produced. Hence, donor-
doped materials will exhibit large piezoelectric charge coefficients, d, but will also
exhibit pronounced aging due to their soft characteristics.

(2) High Power Characteristics

Let us now consider high power piezoelectric ceramics for ultrasonic (AC drive)
applications. When the ceramic is driven at a high vibration rate (that is, under a
relatively large AC electric field) heat will be generated in the material resulting in
significant degradation of its piezoelectric properties. A high power device such as
an ultrasonic motor therefore requires a very "hard" piezoelectric with a high
mechanical quality factor, Qm, to reduce the amount of heat generated.

The temperature rise in undoped, Nb-doped, and Fe-doped PZT samples is plotted
as a function of vibration velocity in Figure 6.28.10 A significant reduction in the
generation of heat is apparent for the Fe-doped (acceptor-doped) ceramic.
Commercially available hard PZT ceramic plates tend to generate the maximum
vibration velocity around 0.3 m/s when operated in a k31 mode. Even when operated
at higher applied electric field strengths, the vibration velocity will not increase for
these devices; the additional energy is just converted into heat.

Higher maximum vibration velocities have been realized in PZT-based materials
modified by dopants that effectively reduce the amount of heat generated in the
material and thus allow for the higher rates of vibration. The vibration velocity for
devices with the (l-z)Pb(ZrxTi1.x)O3-(z)Pb(Mni/3Sb2/3)O3 composition developed by
NEC13 is shown as a function of Zr concentration, x, in Figure 6.29. The maximum
vibration velocity of 0.62 m/s occurs at the x=0.47, z=0.05 composition and is
accompanied by a 20°C temperature rise with respect to room temperature. The
incorporation of additional rare earth dopants to this optimum base composition
results in an increase in the maximum vibration velocity to 0.9 m/s (Figure 6.30).'4
This increased vibration rate represents a threefold enhancement over that typically
achieved by commercially produced hard PZT devices and corresponds to an
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increase in the vibration energy density by an order of magnitude with minimal heat
generated in the device.

60
O Undoped Pb(Zo.54Tb.46)Oa

A 0.5 wt% Nb-doped

• 0.5 wt% Fe-doped

0.01 0.05 0.1 0.5

Vibration Velocity VQ (m/s)

Figure 6.28 Temperature rise, AT, plotted as a function of effective vibration
velocity, v0, for undoped, Nb-doped, and Fe-doped PZT samples.
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Figure 6.29 Maximum vibration velocity plotted as a function of Zr content, x,
for PZT-based devices from the system (l-z)Pb(Zr!CTi1.x)O3-
(z)Pb(Mni/3Sb2/3)O3. The maximum vibration velocity of 0.62 m/s
occurs at the x=0.47, z=0.05 composition and is accompanied by a
20°C temperature rise with respect to room temperature.1'
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Figure 6.30 Maximum vibration velocity versus rare earth ion doping
concentration in the base system of (0.95)Pb(Zr0.47Ti0.53)O3-
(0.05)Pb(Mni/3Sb2/3)O3.14

CHAPTER ESSENTIALS_________________________
1. Various techniques for measuring the dielectric, mechanical and piezoelectric

losses separately:

a. Data from D-E, x-X, x-E, and D-X hysteresis curves for determining the
dielectric, mechanical, and piezoelectric losses.

b. Examination of the heat generated under resonance and off-resonance
conditions for determining the intensive mechanical and dielectric losses.

c. Resonance/antiresonance measurement techniques for determining the
intensive and extensive mechanical losses, respectively.

2. Concerning the electromechanical losses:

Piezoelectric Losses (tan6' and tan6) are not as small as previously believed.

Extensive Dielectric Loss (tanS) increases with the applied electric field.

Extensive Mechanical Loss (tan<|>) is insensitive to changes in the applied
compressive stress.
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3. Heat generation in piezoelectrics:

a. Off-Resonance Drive occurs primarily through the intensive dielectric loss,
tan5'.

b. Resonance Drive occurs primarily through the intensive mechanical loss,
tanf.

c. Pulse Drive occurs through the combined effects of the intensive dielectric
and mechanical losses.

The fundamental mechanism acting in all cases is the extensive dielectric loss,
tan8, which is enhanced by a large applied electric field or stress.

4. A significant decrease in mechanical quality factor, Qm, occurs with increasing
vibration level in a piezoelectric ceramic driven at resonance. Data collected by
conventional methods employing an impedance analyzer under low voltage
(power) conditions will not reflect the high power performance of these
materials. A general depiction of the variation of Qm with vibration rate for a
typical piezoelectric actuator appears in Figure 6.31.

"••v High Q material

Qm X

Intermediate Q material

Vibration Rate

Figure 6.31 A general depiction of the variation of Qm with vibration rate for a
typical piezoelectric actuator.
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CHAPTER PROBLEMS
6.1 Substituting the complex parameters: KX*=KX (1-j tan5'), K* =K (1 + j tanS),

SE*=SE (1-j tand/), c°*= c° (1 + j tan<)>), d*=d (1-j tan9'), h*=h (1 + j tanG) into
the equations:

^X. _ C D ( K " / e o )

( l - h 2 ) (K X /S 0

E _ (ic'/ejc1
s — „ r

(1-h2) C°(KX /E O )

verify the relationships between the intensive and extensive losses:

tan 8' =

tan<b' =

tan 6' = 2
— k

k2(tan(j)-2tane)

k2(tan5-2tan9)J

where k is the real electromechanical coupling factor.
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INTRODUCTION TO THE FINITE ELEMENT
METHOD FOR PIEZOELECTRIC STRUCTURES

The finite element method and its application to the piezoelectric system are
introduced in this chapter.

7.1 BACKGROUND INFORMATION

Consider the piezoelectric domain Q, pictured in Figure 7.1, within which the
displacement field, u, and electric potential field, <j>, are to be determined. The u and
<j) fields satisfy a set of differential equations that represent the physics of the
continuum problem considered. Boundary conditions are usually imposed on the
domain's boundary, T, to complete the definition of the problem.

r
Figure 7.1 Schematic representation of the problem domain Q, with boundary F.

The finite element method is an approximation technique for finding solution
functions.1 The method consists of subdividing the domain Q, into sub-domains, or
finite elements, as illustrated in Figure 2. These finite elements are interconnected at
a finite number of points, or nodes, along their peripheries. The ensemble of finite
elements defines the problem mesh. Note that because the subdivision of Q into
finite elements is arbitrary, there is not a unique mesh for a given problem.
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Within each finite element, the displacement and electric potential fields are
uniquely defined by the values they assume at the element nodes. This is achieved
by a process of interpolation or weighing in which shape functions are associated
with the element. By combining, or assembling, these local definitions throughout
the whole mesh, we obtain a trial function for Q. that depends only on the nodal
values of u and § and that is "piecewise" defined over all the interconnected
elementary domains. Unlike the domain SI, these elementary domains may have a
simple geometric shape and homogeneous composition.

Figure 7.2 Discretization of the domain Q.

We will show in the following sections how this trial function is evaluated in terms
of the variation principle to produce a system of linear equations whose unknowns
are the nodal values of u and <)>.2

7.2 DEFINING THE EQUATIONS FOR THE PROBLEM

(1) The Constitutive and Equilibrium Equations

The constitutive relations for piezoelectric media may be derived in terms of their
associated thermodynamic potentials.3 Assuming the strain, x, and electric field, E,
are independent variables, the basic equations of state for the converse and direct
piezoelectric effects are written:
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The quantities CE (elastic stiffness at constant electric field), e (piezoelectric stress
coefficients), and yf (dielectric susceptibility at constant strain) are assumed to be
constant, which is reasonable for piezoelectric materials subjected to small
deformations and moderate electric fields. Furthermore, no distinction is made
between isothermal and adiabatic constants.

On the domain, Q, and its boundary, F, (where the normal is directed outward from
the domain) the fundamental dynamic relation must be verified:

where u is the displacement vector, p the mass density of the material, t the time, X
is the stress tensor, and r = <rj \i r^> is a unit vector in the Cartesian coordinate
system.

When no macroscopic charges are present in the medium, Gauss's theorem imposes
for the electric displacement vector, D:

~aT = 0 (7'3)
i

Considering small deformations, the strain tensor, x, is written as:

1 f 3u,. 3u,
or, 3rk

,_ „
(7.4)

Assuming electrostatic conditions, the electrostatic potential, 0, is related to the
electric field E by:

E = -grad<|> (7.5)

or, equivalently,

E; = -— (7.6)
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Using Equations (7.2), (7.3) and (7.6) in combination with (7.1) yields:

2 3-pco 2
U i= —^xkl-eidiJor. (7-7)

(2) Boundary Conditions

Mechanical and electrical boundary conditions complete the definition of the
problem.

The mechanical conditions are as follows:
• The Dirichlet condition on the displacement field, u, is given by:

u; = u° (7.8)

where u° is a known vector. For convenience, we name the ensemble of surface
elements subjected to this condition Su.

• The Neumann condition on the stress field, X, is given by:

X s - n j = f ° (7.9)

where n is the vector normal to F, directed outward, and f° is a known vector.
For convenience, we name the ensemble of surface elements subjected to this
condition Sx-

The electrical conditions are as follows:
• The conditions for the excitation of the electric field between those surfaces of

the piezoelectric material that are not covered with an electrode and are,
therefore, free of surface charges are given by:

D;- !!;=() (7.10)

where n is the vector normal to the surface. For convenience, we name the
ensemble of surface elements subjected to this condition S0. Note that with
condition (7.9), we assume that the electric field outside £1 is negligible, which
is easily verified for piezoelectric ceramics.

• When considering the conditions for the potential and excitation of the electric
field between those surfaces of the piezoelectric material that are covered with
electrodes, we assume that there are p electrodes in the system. The potential on
the whole surface of the p"1 electrode is:
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0 = 0P (7.11)

The charge on that electrode is:

-JjDin,dSp = Qp (7.12)

In some cases, the potential is used, and in others it is the charge. In the former
case, 0p is known and Equation (7.11) is used to determine Qp. In the latter case,
Qp is known and Equation (7.10) is used to determine <|>. Finally, in order to
define the origin of the potentials, it is necessary to impose the condition that
the potential at one of the electrodes be zero (00 = 0).

(3) The Variational Principle

The variational principle identifies a scalar quantity n, typically named the
functional, which is defined by an integral expression involving the unknown
function, w, and its derivatives over the domain £1 and its boundary F. The solution
to the continuum problem is a function w such that

511 = 0 (7.13)

PI is said to be stationary with respect to small changes in w, Sw. When the
variational principle is applied, the solution can be approximated in an integral form
that is suitable for finite element analysis. In general, the matrices derived from the
variational principle are always symmetric.

Equation (7.7) and the boundary conditions expressed by Equations (7.8) to (7.12)
allow us to define the so-called Euler equations to which the variational principle is
applied such that a functional of the following form is defined that is stationary with
respect to small variations in w.

2xkleME i + ExIEjJdQ- JJfiUldSx
a sx

M p

I JJ(*-*P)ni(eMxH +xJE j)dSp +£>pQP (7.14)
P=0 sp P=0
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Note that the first term of this expression for n represents the Lagrangian of the
mechanical state. Satisfying the stationary condition for IT implies that all the
conditions described by Equations (7.7) through (7.12) are satisfied.

7.3 APPLICATION OF THE FINITE ELEMENT METHOD

(1) Discretization of the Domain

The domain £1 is divided into sub-domains £ie, or finite elements (Figure 7.2), such
that:

(7.15)

Common finite elements available for discretizing the domain are shown in Figure
7.3. As a result of the discretization, the functional II can then be written as:

(7.16)

Note that the term ne contains only volume integral terms if the element Q,e is inside
the domain Q,. Elements having a boundary coincident with r will have a term ne

that contains both volume and surface integrals.

(2) Shape Functions

The finite element method, being an approximation process, will result in the
determination of an approximate solution of the form:

where the N; are shape functions prescribed in terms of independent variables (such
as coordinates) and the a; are nodal parameters, known or unknown. The shape
functions must guarantee the continuity of the geometry between elements.
Moreover, to ensure convergence, it is necessary that the shape functions be at least
C™ continuous if derivatives of the m* degree exist in the integral form. This
condition is automatically met if the shape functions are polynomials complete to
the mth order.
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Linear . Quadratic

2 nodes

Cubic

3 nodes 4 nodes

Quartic

5 nodes

4 nodes

8 nodes

10 nodes

26 nodes

12 nodes

20 nodes

56 nodes

3 nodes

20 nodes 3 2 nodes

6 nodes 15 nodes

Figure 7.3 Common finite elements.

17 nodes

Triangular
family

Lagrange
family

Serendipity
family

The construction of shape functions for an element £2e, defined by n nodes, usually
requires that if Nj is the shape function for node i, then N,= l at node i, and Nj=0 at
the other nodes. Also, for any point p in Q,e we must have:

ZN,(p) = l (7.18)
i

Polynomials are commonly used to construct shape functions. For instance a
Lagrange polynomial:
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(7.19)

can be used at node i of a one-dimensional element containing n nodes (see Figure
7.4). It verifies the following conditions.

(7.20)

2X00=1

For the 4-node rectangular element of Figure 7.5, we can write the four shape
functions as:

(7.21)

where i and j indicate the row and column of the node in the element and i,j-l,2.
The conditions described by Equation (7.20) can be verified for these functions.
Finally, the position of any point p with coordinates (£, r|) in the element is given
by:

-i -i
i -i

-i i
i i

(7.22)

In most cases, the same shape functions are used to describe the element geometry
and to represent the solution W .
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Figure 7.4 A generalized n-node linear element.

5=1

Figure 7.5 An example of a four-node quadrilateral element.

(3) Parent Elements

In order to better represent the actual geometry, it is generally useful to use
curvilinear finite elements for the discretization of Q,. These elements are then
mapped into parent finite elements (Figure 7.6) in order to facilitate the computation
ofne.

An isoparametric representation is commonly used to perform the mapping of the
actual elements into the reference elements. Consider a volume element £2e of the
domain £2 defined by n nodes. The position vector R of a point p of Qe can be
written as a function of parameters £, n, and £:

(7.23)

which is the same as:
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R = (7.24)

Parent Element (2-D) Actual Element (3-D)

-1 • ^ • 1
-1.' T ) « 1

T l = - l

Figure 7.6 An example of a parent element for an 8-node quadrilateral element.

The finite element representation can be written in the following form:

(7.25)

where:

n = ( x , x 2

Z n = ( Z l Z 2 • • • Zn)

N = (N, N2 ... Nn)

(7.26)
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The scalars x(, yt, and Z; represent the Cartesian coordinates at node i and N; is the
shape function at node i. A differential element at point p is thus defined by:

dR = F (7.27)

and

— = FX — = J— (7.28)

where:

TT -* v- — (7.29)

and

dR = atd^ + a2dr] + a3 (7.30)

Vectors ai, a2, and a3 are the base vectors associated with the parametric space, J is
the Jacobian matrix of the transformation, and F^ is the transformation matrix from
the parametric space to the Cartesian space.

From Equations (7.27) and (7.28), we obtain:

; = F5"dR (7.31)

and

3R
(7.32)

A volume element is defined by:
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dV = |(dxAdy)'dz| (7.33)

which, in Cartesian space, is dV - dx dy dz, and in parametric space:

dV = |(a,d^Aa2dTi)-a3dC (7.34)

which is the same as:

dV = Jd^drjdC where J = det J | (7.35)

Therefore, the quantity ne can be expressed in parametric space as:

J(...)dxdydz = J(...)jd^dridC (7.36)
Qe Qparent

which allows the computation of each element to be performed on the parent
element rather than on the real element.

(4) Discretization of the Variational Form

We now write the solution functions for the piezoelectric problem in terms of the
shape functions. For each element £le defined by n nodes, the electric field is
obtained from Equation (7.6) and can be written in the form:

E = -B;<& (7.37)

where 3> is the vector associated with the nodal values of the electrostatic potential:

B; = [B;, B;2 - B;,,] (7.38)

and
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9N,

3y
9N°
dz

(7.39)

The terms B6^ are the first spatial derivatives of the shape functions. Similarly, for
each Q,e the strain tensor defined by Equation (7.4) becomes:

where U is the vector of the nodal values of the displacement:

(7.40)

(7.41)

and

0 0

^ 0

dz

9N"
3z

dz dy

3N"

(7.42)

Consequently, Equation (7.1) becomes:

(7.43)

Finally, we can rewrite the functional ne on the element as:
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IT = -JJJUeX(Be
u

XcEB^-pco2NeXNe)UedQe

+ f f lu e Be eB|:<l>ed£2e -•
J JJ u <P

" Qe

"^ ,QD (7-44)
^c P=0SX

After integrating the shape function matrices and their derivatives, we can write:

IT= — U" (Ke -arMe)Ue + U': K^O' +—<bc KLO'-U0 F e + > (b O (7.45)r* v UU ' llifi f* T flxp / j T p 'tp V /2 2 ^

where:

Me = JJ|pco2NeXNedQe

ae

Qe

F" = |JNeXfdS^

and K uu, K ^,, and K^ are the elastic, piezoelectric, and dielectric susceptibility
matrices, and Me is the consistent mass matrix.

(5) Assembly

The matrices in (7.46) must be rearranged for the whole domain £2 by a process
called assembly. From this process, we obtain the following matrices:
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(7.47)

The application of the variational principle implies the minimization of the
functional IT with respect to variations of the nodal values U and <&. Therefore:

—— = 0 V i (7.48)
3u.

and

(7.49)

Making use of Equations (7.45) and (7.16), and applying the stationary condition
IT, we obtain:

K.-C3M K .
K A -rr- II Jt. 1 I f-^ I V '

to

„

The vector for the nodal charges, Q, is such that for all nodes i that belong to an
electrode p with potential (|>p, the sum of the charges Q; is equal to 4>p. For all other
nodes j that do not belong to an electrode, Qj = 0.

(6) Computation

Specific integration, diagonalization, and elimination techniques are employed to
solve the system (7.50) on a computer. A full description of these techniques is a
topic that extends well beyond the scope of this text and thus will not be presented
here. The matrix equation (7.50) may be adapted for a variety of different analyses,
such as the static, modal, harmonic, and transient types:
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Static Analysis:

K,,
U F

-Q
(7.51)

Modal Analysis:

K,,,,-co2M K
K,, K.

0
-Q

(7.52)

Harmonic Analysis

Km -u/M KUJ|U
v x \fJV.j , l^AA

F
-Q

(7.53)

Transient Analysis

M
0

1 K'

K'J|4>
U M K , , K,,

K,,
F

-Q
(7.54)

Each of these cases requires specific conditioning and computation techniques.
Some of the techniques used in the commercial program ATILA are demonstrated
in the CD supplement to the text.

CHAPTER ESSENTIALS_______________________
1. Within each finite element, the displacement and electric potential fields are

uniquely defined by the values they assume at the element nodes (degrees of
freedom). This definition is obtained by interpolation, or utilizing shape
functions associated with the element. By combining, or assembling, these local
definitions throughout the whole mesh, we obtain a trial function for Q, that
depends only on the nodal values of u and fy and that is "piecewise" defined
over all the interconnected elementary domains.

2. Mechanical and electrical boundary conditions complete the definition of the
problem. The Dirichlet conditions apply to the displacement field u and the
Neumann conditions to the stress field X. Note that with this condition we
assume that the electric field outside Q, is negligible, which is easily verified for
piezoelectric ceramics.

3. Using the system of equations and the defined boundary, we obtain the
functional:
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rl ,. p 7
-n^n <cb x -e F 'iHSi i / i V ijkl kl kii k / u

Q ^ Su

- jj|7(2xkleiklEi + EiXjEpdQ- JJfjUidS,J2Q z

M

'I
P=0 SD p=0

4. The domain Q. is divided into sub-domains £2e, or finite elements
(discretization), and the functional n can be written as:

^ ^ UU ' Uifi ^ i ([KJI ' / _, T pv

z z p=o

where:

Me = j|Jpo)2NeXNedQe

and Ke
uu, Ke^u, and K6^ are the elastic, piezoelectric, and dielectric

susceptibility matrices, and Me is the consistent mass matrix.

5. By applying the stationary condition to n, the solution is derived from:

Ku u-co2M K U | U

-Q

The matrix equation (7.50) may be adapted for a variety of different analyses,
such as the static, modal, harmonic, and transient types.
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CHAPTER PROBLEMS

7.1 Using the ATILA software code template on the CD supplement, calculate the
resonance frequencies and simulate the vibrations for a IT shaped ultrasonic
motor with the following design parameters:
a. leg material: aluminum and brass
b. leg length: 10, 15 and 20 mm
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SERVO DISPLACEMENT TRANSDUCER
APPLICATIONS

Piezoelectric/electrostrictive actuators are classified into three categories, based on
the type of driving voltage applied to the device and the nature of the strain induced
by the applied voltage: (1) servo displacement transducers, (2) pulse drive devices
operated in a simple on/off switching mode, and (3) ultrasonic resonant devices.
The fields of application of the ceramic actuators are also classified into three
categories: (1) positioning, (2) motor application, and (3) vibration suppression.

This chapter will focus on servo displacement transducers and applications. These
devices are used for positioning and vibration suppression in optical control systems
(such as those implementing deformable mirrors) and mechanical systems
implementing such mechanical devices as microscope stages, linear motion guide
mechanisms, oil pressure servo valves and VCR head control mechanisms. Many of
the devices for these applications are made from lead magnesium niobate (PMN)-
based electrostrictive ceramics because the hysteresis in their strain response is
small as compared with that exhibited by other electrostrictive and piezoelectric
materials.

8.1 DEFORMABLE MIRRORS

(1) The Monolithic Piezoelectric Deformable Mirror

Precise wave front control with as small a number of parameters as possible and
compact construction is a common and basic requirement for adaptive optical
systems. Continuous surface deformable mirrors, for example, tend to be more
desirable than segmented mirrors in terms of controllability. The monolithic
piezoelectric deformable mirror pictured in Figure 8.1 has been produced that is
comprised of a PZT bulk ceramic (the ceramic monolith) with electrodes arranged
in a two-dimensional configuration.1 Applying suitable voltages to the electrodes
causes the mirror to deform, as if pushing the mirror by rods from the backside. One
application of this mirror is demonstrated in Figure 8.2 in which the phase of the
reflected light is effectively modulated by adjusting the contour of the mirror
surface. A deformable mirror can also be used to correct the distortion that occurs in
a telescope image due to atmospheric conditions, as illustrated in Figure 8.3.
Various electrode configurations have been proposed to produce a variety of mirror
contours.2

347
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Glass mirror Address electrode

Piezo - ceramic

Lead

common electrode

Figure 8.1 A deformable mirror made from a piezoelectric monolith.1

Figure 8.2 Application of the monolithic piezoelectric deformable mirror for
phase modulation.'
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Deformable mirror

Uncompensated image
Compensated image

Figure 8.3 A telescope image correction system using a monolithic
piezoelectric deformable mirror.1

(2) The Multimorph Deformable Mirror

The monolithic piezoelectric deformable mirror requires many electrodes (350
elements) and many electrical leads to the individual electrode elements.
Furthermore, since each element does not function independently, a minicomputer
is required for its control. A much simpler multimorph deformable mirror has been
proposed which can be more simply controlled by means of a microcomputer.3,4

In the case of the two-dimensional multimorph deflector design, a static deflection
along the z axis f;(x,y) is generated by the voltage distribution on the ith layer
V;(x,y), which can be obtained by solving the following system of differential
equations:

3y4 + B. d = 0 (8.1)

where [i=l,2,...,I], A and Bj are constants, d31 and d32 are piezoelectric strain
coefficients, and I is the total number of layers in the multimorph. This equation is
derived specifically for piezoelectric layers, but may also be adapted to describe a
device comprised of electrostrictive layers, provided the nonlinear relationship
between the electric field and the induced strain characteristic of electrostrictive
materials is properly taken into account.
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When the conditions d3i=d32 and fi(x,y) = 0 under V[(x,y) = 0 (i = 1,2, ..., I) are
assumed, then Equation (8.1) reduces to:

V 2 f i ( x , y ) + C i V i ( x , y ) = 0 (8.2)

where Q is a constant which is different for each layer and V2 is the Laplacian
operator. Thus, we see in general that the contour of the mirror surface can be
changed by means of an appropriate electrode configuration and applied voltage
distribution on each electroactive ceramic layer.

The contour of the mirror surface can be represented by the Zernike aberration
polynomials, whereby an arbitrary surface contour modulation g(x,y) can be
described as follows:

g(x,y) - Cr(x2+y2)+ Q'x(x2+y2) + Cc
2y(x2+y2) + - (8.3)

Notice that the Zernike polynomials are orthogonal and therefore completely
independent of each other. The Cr and Cc terms represent refocusing and the coma
aberration, respectively. As far as human vision is concerned, correction for
aberrations, up to the second order in this series (representing astigmatism), is
typically sought to provide an acceptably clear image.

The important parameters for designing the electrode configurations are as follows:

a. The Effective Optical Area: Typically, only the central portion of the mirror
surface (amounting to about one quarter of the total mirror surface) is used
since the outer portions are difficult to deform when the boundary conditions
for optimum operation are applied. The electrode covering the active area is
divided into J identical elements (typically in an 8x8 array).

b. The Deflection of Each Unit: The deflection of a particular unit with the
application of unit voltage is given by:

1 ' " (8.4)
pq(P z +Q 2 )

where:

n = sin(P7t^j)sin(Q7CTij)sin(P7iu/2)sin(Q7iv/2)sin(P7tx)sin(QT:y)
P = (p/y and Q = (q//y)

and the coordinates (£,j, ry) identify the center of the jth electrode element. All
elements have the same area (uv). The suffix i refers to the ith layer.
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c.

d.

The Voltage Distribution: The level of voltage Vy, j = 1, 2, ..., J applied to
each element to generate the deflections fj(x,y) is determined such that the
mean-square error between the generated and the required deflections over the
effective optical area is minimized.

Electrode Shape: Certain groups of elements are addressed with the same
voltage to effectively establish a desired electrode shape and associated mirror
contour.

As examples, let us consider the cases where we wish to refocus and to correct for
the coma aberration. A uniform large area electrode can provide a parabolic (or
spherical) deformation with the desired focal length. In the case of coma correction,
one could employ the electrode pattern shown in Figure 8.4, which consists of only
six elements addressed by voltages applied in a fixed ratio.

PMN ( refocusing)

_ PMN (coma aberration )

Glass mirror - PMN ( no electrode)

(b)

Figure 8.4 A two-dimensional multimorph deformable mirror designed for
refocusing and coma aberration correction: (a) front view and
(b) cross-sectional view of the structure.4

Measurement of the deflection of a deformable mirror has been carried out using the
holographic interferometric system pictured schematically in Figure 8.5.3 The
presence of the hologram in the system effectively eliminates effects of the initial
deformation of the mirror from the final interferogram. Some experimental results
characterizing mirror deformations established for the purpose of refocusing, coma
correction, and both refocusing and coma correction are shown in Figure 8.6. Good
agreement between the desired and generated contours is seen in each case. These
results also demonstrate the effectiveness of achieving a superposition of
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deformations by means of an appropriate configuration of discrete electrodes. The
deformable mirror examined in this study was found to have a linear response to
sinusoidal input voltages with frequencies up to 500 Hz.

PMN platdia '̂Glass plate
[Deformable mirror]

M : Mirror
HM = Half mirror

Figure 8.5 Optical system for the deformable mirror.3

Interferograms from deformable mirrors incorporating PZT piezoelectric and PMN
electrostrictive elements under a series of applied voltages are shown in Figure 8.7.3
A distinct hysteresis for the PZT mirror is apparent, while no significant hysteretic
effect is observed for the PMN mirror.

(3) The Articulating Fold Mirror

An active mirror for use in space imaging systems called the articulating fold mirror
has been developed.5 The system is depicted schematically in Figure 8.8. Three
articulating fold mirrors were incorporated into the optical train of the Jet
Propulsion Laboratory's Wide Field and Planetary Camera-2, which was installed
into the Hubble Space Telescope in 1993. As shown in Figure 8.8, each articulating
fold mirror utilizes six PMN electrostrictive multilayer actuators to precisely tip and
tilt a mirror in order to correct for the aberration in the Hubble telescope's primary
mirror.

Images of the core of M100, a spiral galaxy in the Virgo cluster, before and after the
correction of the aberration appear in Figure 8.9. The corrections have helped to
restore the Hubble system to its original imaging specifications.
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Layer

First

I Second
I

Electrode configuration

-7 electrostrjctor
—; Glass plate

(a)

i Aberration
l__________-_:

Desired Wave Fronts Generated Wave.Fronts

Figure 8.6 A PMN-based multilayer deformable mirror: (a) diagrams of
internal electrode configurations and the overall multilayer structure
and (b) interfere grams revealing the surface contours produced on
the mirror.3

8.2 MICROSCOPE STAGES

An adjustable sample stage for optical and electron microscopes has been developed
that utilizes a monolithic hinge lever mechanism.6 A schematic depiction of the
stage and its components appears in Figure 8.10. The displacement induced in the
PZT multilayer actuator under an applied voltage of 1 kV is amplified by a factor of
thirty by means of a two-stage lever mechanism, leading to an actual displacement
of 30 um at the center of the stage.
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Figure 8.7 Interferograms from: (a) PZT and (b) PMN deformable mirrors.;

LJGHTWEIGHTED BEZEL TILT
MIRROR RETAINERS BEZEL MECHANISM COVER

PMN ACTUATORS

Figure 8.8 Schematic diagram of an articulating fold mirror utilizing PMN
actuators.5

The sample stage must be compact, especially when it is to be used in the electron
microscope, and able to withstand vacuum conditions of about 10~9 mmHg. In order
to meet the latter condition, a suitable nonvolatile bonding resin should be used
between the layers of the multilayer actuator, and electrode materials such as zinc
and cadmium, which are highly volatile under these conditions, must be avoided.
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A probe scanning actuator for a scanning tunneling microscope (STM) has been
proposed that makes use of a PZT tripod structure as illustrated in Figure 8.11.7 One
primary limitation with this design is the displacement hysteresis of the probe
actuator, which directly affects the reproducibility and resolution of the STM image.
A more reliable PMN-based probe actuator design that is virtually hysteresis free
has been developed to overcome this limitation.8

(a)

Figure 8.9 Hubble space telescope images of the Ml00 galaxy: (a) before and
(b) after installation of the articulating fold mirrors to correct for
aberration in the system.5

Multilayer piezo - ceramic —

Figure 8.10 An adjustable microscope stage using a monolithic hinge lever
mechanism.6
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10mm

Electrode

( a ) (b)

Figure 8.11 A probe control actuator for a scanning tunneling microscope: (a) an
individual ceramic unit and (b) the tripod structure.7

8.3 HIGH PRECISION LINEAR DISPLACEMENT DEVICES

Recent developments in precision diamond cutting and polishing have been
remarkable. The high degree of precision for flatness required of laser
interferometric mirrors to adequately satisfy the requirements for most applications
to date has been achieved with these machines. The requirements for newly
developed applications, however, indicate an even higher precision in the flatness of
the laser mirror surfaces (on the order of 0.05 urn), and thus more sophisticated
precision linear motion guide mechanisms must be employed on the cutting
apparatus. Conventional guide mechanisms, such as air bearings and roller type
bearings, produce residual noise vibration (ringing) due to the low friction contact
between surfaces, which results in a slow response. An ultrahigh precision linear
guide system that makes use of PZT actuators has been developed with a linear
motion tolerance of + 0.06 jam / 200 mm.9 A similar mechanism can be employed
to produce an ultraprecise x-y positioning stage.10

(1) An Ultrahigh Precision Linear Motion Guide Mechanism

A block diagram of the linear guide mechanism is shown in Figure 8.12. The linear
motion is driven by the transfer screw mechanism pictured in the lower right-hand
side of the figure. As the motion occurs, the transverse motion and the pitching and
rolling of the moving table relative to the master scale (made of fused quartz)
installed on the base is monitored by the three differential transformers installed in
the bottom of the movable table as shown in the figure. The three PZT positioners
situated at the edges of the table (two of which are shown in the figure) respond to
signals processed by the feedback circuit so as to maintain a constant position.
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Figure 8.12 Block diagram of the ultrahigh precision linear motion guide
system.9

The key component of this mechanism is the feedback circuit. The flatness of the
master scale is initially measured as a function of position by a position encoder and
the data are recorded as correction data in the ROM (read only memory) of the
system. The table position at a given time is measured and the correction signal
corresponding to that particular table position is combined with the differential
transformer signal. The resulting signal is processed and then fed back to the PZT
actuators. This process is effective in producing a precision in the linear motion that
actually exceeds that of the master scale. The flatness error of the master scale is
depicted in Figure 8.13. The correction data collected by the three differential
transformers are stored in the ROM of channels 1-3 as reference data for correction
by the PZT acuators. Based on the correction data processed by the system the
master scale exhibits some concavity with a flatness error amounting to a 0.2 (am
deviation.

Some additional features of this system are depicted in Figure 8.14. The movable
table is guided on a slider medium, which for this system is a polymer lubricant as
shown in Figure 8.14(a). The linear motion of the table is typically accompanied by
a +2 um transverse displacement. The linear drive system is comprised of an
electromagnetic rotary motor and a transfer screw mechanism. The PZT actuators
installed between the moving table and the polymer slider have a cylindrical
configuration [see Figure 8.14(a)] and can produce a displacement up to +3 um
depending on the magnitude of the applied voltage. The three differential
transformers are installed beneath the table, as shown in Figure 8.14. The transverse
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motion is monitored after being amplified by a factor of four by means of the lever
mechanism.

Differential transformer positions

Figure 8.13 A depiction of the flatness error of the master scale for the ultrahigh
precision linear motion guide system.9

Piezoactuator (0 igxtf 15x20£ )
Maxdisp. ; 7 /um/ lOOOV

Differential
transformer Movable table

' Cut hinge
Lubricating polymer

a )

Master scale
7T
Plate spring

C b )

Figure 8.14 Details of the ultrahigh precision linear motion guide system:
placement of (a) a piezoelectric actuator and (b) a differential
transformer in the system.9

The data shown in Figure 8.15 indicate the effectiveness of this high precision linear
guide system in maintaining a linear translation with a significantly reduced
transverse displacement. The data appearing in Figure 8.15(a) represent the motion
of the table without the servo correction. The +2 jim transverse motion is apparent
in these data. The data appearing in Figure 8.15(b) represent the motion of the table
when the servo mechanism is coupled with the master scale. These data indicate that
transverse displacement has been reduced to ±0.15 pm. The data appearing in
Figure 8.15(c) represent the motion of the table when the servo mechanism is
employed and some correction of the master scale (reference) data is applied. This
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results in a transverse displacement that has been further reduced to about +0.06
|im. Although we have focused here on the transverse displacement correction, it
should be noted that this system is also effective in reducing the pitching motion
from +0.8 second without the servo to + 0.1 second when the feedback mechanism
is in operation.

Table position'. 200 m m

(a)

(b)

(c)

Figure 8.15 Data indicating the reduction of the transverse displacement in a
system incorporating the ultrahigh precision linear guide
mechanism: transverse movement (a) without the servo mechanism,
(b) with the servo mechanism, and (c) with the servo mechanism
and scale error correction applied.9

(2) An Ultraprecise x-y Stage

An ultraprecise x-y positioning stage based on a similar mechanism has also been
developed.10 A schematic representation of the stage appears in Figure 8.16. Highly
precise positioning, on the order of + 0.05 jam accompanied by only a 1 jirad yaw,
is achieved with this stage for manipulations over a relatively broad area of 120
(mm) x 120 (mm). Moreover, movement of this stage can be quite rapid [10 (mm) /
200 (ms)]. The use of ultraprecise x-y stages such as this has become increasingly
more important in the photolithographic processing of VLSI semiconductor chips.
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Figure 8.16 An ultrahigh precision x-y positioning stage. 10

8.4 SERVO SYSTEMS

A classification of servo systems with respect to power and response is shown in
Figure 8.17." We see from this layout that a system employing a combination of
electric and oil pressure control (that is, an electrohydraulic system) is required to
achieve both high power and quick response. An even quicker response, on the
order of 1 kHz, is currently desired for the electrohydraulic system. This is actually
the maximum and generally least attainable speed indicated in Figure 8.17,
however, and has yet to be realized for any of the most commonly employed
systems featured in this classification. Among the more recent developments for
enhancing the performance of devices in this class is a simplified valve structure
that makes use of a piezoelectric PZT flapper.11'12 This design proves to be limited
in its usefulness, however, due to the hysteretic response of the PZT. In order to
effectively compensate for the hysteresis, the device is controlled by a pulse width
modulated drive voltage, which causes the flapper to constantly vibrate in sympathy
with the carrier signal, thus severely limiting the high frequency response and the
durability of the servo valve. (The design and operation of this device is presented
in more detail in Chapter 5.) A modification of this basic design, incorporating an
electrostrictive PMN bimorph for the flapper instead of the problematic
piezoelectric PZT, has been developed that effectively overcomes these
limitations.13'14
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Figure 8.17 Classification of servo valves with respect to power and response.1'

(1) Oil Pressure Servo Valves

A schematic depiction of a two-stage four-way valve appears in Figure 8.18.14 The
first stage of the valve contains a PMN-based electrostrictive flapper. The second
stage spool is the smallest currently available with a diameter of only 4 mm and a
nominal flow rate of 6 liter/min.

The electrostrictive composition 0.45PMN-0.36PT-0.19BZN (PMN: lead
magnesium niobate, PT: lead titanate, BZN: barium zinc niobate) is used because of
its large displacement and small hysteresis. The flapper has a multimorph structure
in which two PMN thin plates are bonded on both sides of a phosphor bronze shim
as shown in Figure 8.19. The multimorph structure is used for its enhanced tip
displacement, generative force and response speed. The structure is addressed such
that the top and bottom electrodes and the metal shim have a common ground
potential as shown in the figure, and a high voltage (designated by Vi and V2 in the
figure) is applied on the electrodes between the two PMN plates on each side of the
shim. The tip deflection exhibits a quadratic dependence on the applied voltage as
would be expected for an electrostrictive response, thus, in order to obtain a linear
relation, a push-pull driving method is adopted in which the applied voltages are
controlled such that:
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V, = V0

V, = V0 vapp [V0 = 600 V] (8.5)

where vapp is the applied signal voltage. A plot of vapp as a function of displacement
x, as shown in Figure 8.20, is seen to be nearly linear. Notice that the displacement
hysteresis for the PMN-based ceramic is much smaller than what would occur for a
PZT piezoelectric. The resonance frequency of this flapper in oil is about 2 kHz.

(a)
©PMN-flapper
© fixed orifice

(b)
nozzle Q) spool

i> spool posiHon sensor

Figure 8.18 A schematic depiction of a two-stage four-way valve: (a) front view
and (b) top view.

PMN

3
O

O 0

L
0 O |

-20 -4

Figure 8.19 The multimorph electrostrictive flapper. u
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40

Figure 8.20 Push-pull drive characteristics of the electrostrictive flapper. M

The conventional force feedback method makes use of a structure in which the
flapper tip and the spool are connected by a spring, which limits the responsivity of
the system. In order to overcome this limitation, an alternative electric feedback
method, for which a signal associated with the spool position is used, has been
developed.13'14 A compact differential transformer (50 kHz) is employed to detect
the spool position. This method has various merits including a readily variable
feedback gain and the option of a speed feedback mode of operation.

A block diagram of the oil pressure servo valve from reference input to spool
displacement is shown in Figure 8.21. Several approximations are adopted for the
frequency range below 1 kHz:

1) The power supply is represented by Ka / (Ta s + 1).
2) The transfer function of the flapper has a second-order form.
3) The compressibility of the oil is neglected.
4) The visco-resistance between the spool and sleeve is also neglected.

It is assumed in the following analyses that the speed feedback mode of operation
has not been employed. When the input-output relation for the system depicted in
Figure 8.21 is expressed in a simple second-order form, the following transfer
function is obtained:

Y(s)
R(s) K a s

(8.6)
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Figure 8.21 Block diagram of the servo valve.13'14

where:

(2Anp/CQ]M

a, =

2(A 2 /T)
a2

2A(3aK a K h

cr

Example Problem 8.1
Neglecting the higher order terms and
block diagram shown in Figure 8.21.

Solution

and D, derive Equation (8.6) from the

There are four variables represented in Figure 8.21: R(s), E(s), X(s), and Y(s). We
may write the following three equations for the nodes indicated by open circles in
the block diagram:

Tas
~~

= R(s ) - [K+K v y s ]Y(s ) (P8.1.1)

co; en, 2A
Y(s) (P8.1.2)
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v
M s2 + D s

2A
Y(s) = (3X(s) - AsY(s) (P8.1.3)

Solving Equation (P8.1.1) for E(s), substituting this expression into Equation
(P8.1.2), and solving for X(s) yields:

X(s) =

A n ( M . + D . )

(0?

(P8.1.4)

Combining Equation (P8.1.4) with Equation (P8.1.3) allows us to write:

((K/v)s + D(Ms2
 + Ds) + Agj y(s) = px(s)

2A J
(P8.1.5)

where:

PX(S) =

cxK a(Kp + Kv ys) _
•Ls + 1 '

A n (Ms 2 +D s)
Y(s)

Cl-U2

We can now obtain the inverse transfer function in the initial form:

R. „ /^, ,\ (P8.1.6)

where:

co
An(Ms2+Ds)

Neglecting terms of order higher than s2 results in the somewhat more simplified
form of the inverse transverse function:

Y(s)
= K (P8.1.7)
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where:

A D CF
Kp aKaAKp

aaKaAKp Lv j2Aa(3KaKp |_ <% J 2Aa|3KaKp aKaAK

Neglecting the terms containing Kvy and D and further simplifying Equation
(P8.1.7) produces Equation (8.6).

The static spool displacement of the oil pressure servo valve utilizing the electronic
feedback system is shown as a function of reference input in Figure 8.22. The slight
hysteresis and nonlinearity manifested in the response curve for the non-regulated
valve shown in Figure 8.20 do not appear in the data recorded in Figure 8.22 due to
the action of the feedback mechanism implemented in this system. The dynamic
characteristic of the spool displacement is shown in Figure 8.23. The 0 dB gain
level was adjusted at 10 Hz. A slight peak in the gain curve occurs at 1800 (Hz) and
the 90° retardation frequency is about 1200 Hz. The maximum spool displacement
at 1 kHz is +0.03 mm. In terms of the classification scheme appearing in Figure
8.17, this new servo system is placed in the position of the two x's indicating that it
is the fastest servo valve currently available.

(2) Air Pressure Servo Valves

Similar nozzle-flapper mechanisms can be applied for air pressure control.15 The
main difference between the oil and air pressure control systems is the force applied
to the flapper. The typical range of diameter for most nozzle-flapper mechanisms
utilized in oil and air pressure control systems is dn=0.3-0.8 mm, and the maximum
force on the flapper fmax is determined by the following:

fmax < (l /2)7tdn
2p (8.7)

where p is the nozzle pressure. The typical range of p for oil pressure systems is 70-
210 kgf/cm2, and for air pressure systems 3 kgf/cm2. The nozzle-flapper distance is
generally adjusted to less than dn/4.
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0 O.S 1.0
Reference input r ( V )

Figure 8.22 The static spool displacement of the oil pressure servo valve
utilizing the electronic feedback system plotted as a function of
reference input.13'14

100 1000
frequency t H z ]

-270

Figure 8.23 Normalized frequency characteristics of the oil pressure servo valve
utilizing the electronic feedback system.13'14
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(3) A Direct Drive Spool Servo Valve

A direct drive spool servo valve has also been developed that uses two multilayer
PMN-based actuators coupled with a sophisticated hinge lever mechanism as shown
in Figure 8.24. This system exhibits an even quicker response with a 90° phase
retardation frequency of about 1400 (Hz).

reluctance position sensor
2nd stage
spool

Figure 8.24 Schematic diagram of a direct drive spool servo valve incorporating
two PMN-based multilayer actuators.14

8.5 VCR HEAD TRACKING ACTUATORS
The requirements for high quality VCR images have become increasingly stringent,
especially when the tape is played in still, slow, or quick mode. When the tape is
moving at a speed different from the normal speed, the head trace deviates from the
recording track in a manner that depends on the velocity difference as illustrated in
Figure 8.25. In order to monitor this deviation, the head traces on the guard band,
generating guard band noise.16 The auto tracking scan system produced by Ampex
makes use of a piezoelectric actuator, which responds to the guard band noise signal
to effectively regulate the position of the head so that it continues to follow the
recording track. The piezoelectric device generates no magnetic noise.

These actuators typically have a bimorph structure because of the relatively large
displacement they can produce. Special care must be taken to not produce a spacing
angle between the head and the tape when bimorph devices are used for tracking,
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because a single bimorph tends to undergo a slight rotation as it deflects. Various
alternative designs have been proposed to produce a rotation free deflection.

.Normal speed Head locus Doub,espeed

• Double speed ( with bimorph function ) <=>( without bimorph
j ^ function)

Tape direction
25.35mm

130 Ml Track width
5f«n Guard band

(a)

Head bimorph / ^ •,

Figure 8.25 The auto tracking scan system incorporating a bimorph piezoelectric
actuator: (a) detail of the videotape and locus of the video head and
(b) a schematic of the entire system showing the placement of the
head bimorph.16'17

The s-shape mode bimorph developed by Ampex is depicted in Figure 8.26.16 The
tip of the bimorph bends to oppose the rotation. In order to detect the tape track, the
head is vibrated at 450 Hz, and this modulation signal is fed back to the actuator.
The sensor electrode is for monitoring the head position, as well as for electrical
damping.

A parallel spring mechanism developed by Sony is shown in Figure 8.27.17 This
actuator has been installed on a broadcasting VCR, the BVH-1000 [a schematic
depiction of this system is shown Figure 8.25(b)]. Since the track width is wide (130
urn) for obtaining high-resolution images, a large displacement is required for the
actuator.

A ring bimorph developed for a commercially available VCR by Matsushita
Electric is pictured in Figure 8.28.18'19 This compact movable head allows for
noiseless image searching in both the quick scan (up to 8 times) and still/slow
modes. An auto tracking system incorporating a piezoelectric actuator has been
proposed as a standard device in 8 mm VCRs.16
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Sensor electrode

Support

Actuator electrode

Figure 8.26 The s-shape mode bimorph developed by Ampex.

Sub bimorph

Mother bimorph

Head holder

Head chip

Figure 8.27 A parallel spring mechanism developed by Sony.1

Piezo device support

Figure 8.28 A ring bimorph by Matsushita Electric. 18,19
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8.6 VIBRATION SUPPRESSION AND NOISE ELIMINATION
SYSTEMS

(1) Vibration Damping

The U.S. Army is interested in developing a rotor control system for helicopters. A
bearingless rotor flexbeam with integrated piezoelectric strips is pictured in Figure
8.29.20 An active fiber composite ply has been designed to generate the twisting
motion of the helicopter blades.21 The fibers are aligned transversely as shown in
Figure 8.30 in order to sense and actuate in-plane stresses and strains.
Semicontinuous 130 urn diameter PZT fibers are currently used. The matrix
material is comprised of B-staging epoxy and a fine PZT powder, which is used to
increase the dielectric constant of the matrix so that a higher electric field can be
established within the high permittivity fibers. Glass fibers, 9 um in diameter, can
also be included to further enhance the strength of the blade. Various types of PZT
sandwiched beam structures have been investigated for this and similar flexbeam
applications and for active vibration control.22

Figure 8.29 A bearingless rotor flexbeam with integrated piezoelectric strips.20

(2) Noise Elimination

A block diagram of a system for eliminating acoustic noise is shown in Figure
8.31.23 The acoustic noise is detected by a piezoelectric microphone, and the signal
is fed back to a piezoelectric high-power speaker to generate a conjugate wave
(identified as the "antinoise" signal in the figure), which effectively cancels the
noise signal as shown.
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Figure 8.30 An active fiber composite ply designed for use in the bearingless
rotor flexbeam.21

Active Cancellation <1,000 Hz
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Figure 8.31 A block diagram of a system for eliminating acoustic noise. 23
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CHAPTER ESSENTIALS_______________________
1. The deformable mirror surface contour can be represented by the Zernike

aberration polynomials, which can be used to optimize the design of the
system.
a. Each orthogonal term represents the function of individual devices

independent of the other elements in the system.
b. Higher order corrections can be made by increasing number of terms used,
c. Error evaluation is also possible.

2. An ultrahigh precision linear guide system that makes use of PZT actuators has
been developed. The transverse motion and the pitching and rolling of the
moving table are monitored by the three differential transformers installed in
the bottom of the movable table. Three PZT positioners situated at the edges of
the table respond to signals processed by a feedback circuit so as to maintain a
constant position. This process is effective in producing precision in the linear
motion that actually exceeds that of the master scale.

CHAPTER PROBLEMS

7.1 Describe the merits of implementing the expansion series for designing an
actuator device.

7.2 Is the following argument correct?
"Given a servo system with a position sensor and an actuator, the precision
of position control will not exceed the specified master scale precision."

7.3 Write a brief definition for each of the following important
micropositioning terms,
a. pitch
b. roll
c. yaw
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PULSE DRIVE MOTOR APPLICATIONS

Pulse drive motors are used in swing CCD image sensors, microangle goniometer
devices, inchworms, dot matrix and inkjet printer heads, piezoelectric relays, and
automobile adaptive suspension systems. Low permittivity actuator materials are
essential for these applications, due to the low currents typically applied to the
devices from the power amplifiers used in these systems. Vibration overshoot and
ringing are critical drive/control issues for this class of devices and, thus, effective
means for suppressing these detrimental effects will also be considered in this
chapter.

9.1 IMAGING SYSTEM APPLICATIONS

The swing CCD image sensor, the swing pyroelectric sensor, and the piezoelectric
bimorph camera shutter are presented here as key examples of how the new
actuators can be used in state-of-the-art imaging systems. Each offers unique
advantages over the conventional devices previously used in these systems.

(1) The Swing CCD Image Sensor

Charge-coupled devices (CCD) have become popular as solid-state image sensors,
and are employed widely in video cameras. Although the resolution and sensitivity
have recently undergone considerable improvement, there are still problems in
image resolution, especially in the horizontal direction.' One method for improving
the horizontal resolution involves alternately swinging a CCD chip by a half picture
unit cell (pixel) as the image data are sampled.2

A magnified view of an interline transfer type CCD is shown in Figure 9.1.2 The
sensing part of the optical image system is made up of photodiodes, and the
remaining parts, which include vertical CCD registers and transfer lines and
overflow drains, are shielded by an aluminum coating. The principle of the swing
imaging method is illustrated schematically in Figure 9.2. The CCD chip substrate
is shifted alternately in the horizontal direction by half of the horizontal pixel pitch
(PH) with respect to the input image light as shown in Figure 9.2(a). The timing of
this swing motion is adjusted to correspond to the frame period as shown in Figure
9.2(b) so as to sample the image data at two spatial points (A and B). The image
signals obtained in the A and B fields are combined and processed such that a two-
fold improvement in the horizontal resolution is achieved. This method also leads to
an effective sensing area twice that obtained by a conventional system. This can

375
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significantly reduce the appearance of moire patterns (an interference phenomenon)
in the image.

Light Light
shield sensing part

Signal transfer

Figure 9.1 A magnified view of an interline transfer type CCD.2

(a) U_

(b)

Pixel

Light sensing part

A Field
1 Frame

B Field
I

Swing amplitude Field shift Pulse

Figure 9.2 Operation of the swing CCD image sensor: (a) The CCD chip
substrate is shifted alternately in the horizontal direction by half of
the horizontal pixel pitch (PH) and (b) the timing of the swing
motion is adjusted to correspond to the frame period.2

The structure of the swing CCD sensor developed by Toshiba is shown in Figure
9.3. The CCD substrate is translated by a pair of piezoelectric bimorphs supported
at both ends. The supports are needed to protect the bimorph from external noise
vibrations. A special brace is used that provides the required support without
decreasing the deflection of the bimorph (see Figure 4.22). A drive voltage of only



Pulse Drive Motor Applications 377

15 V is required to generate an 11 urn displacement, which corresponds to half of
the CCD pixel pitch, so that no high voltage supply is required. In order to suppress
the vibration overshoot and ringing that occurs when the system is driven by a step-
voltage, a trapezoidal waveform with a rise/fall time of 4 ms, which is almost equal
to the resonance period, is used (see Figure 5.19).

ChiP

Ceramic substrate
i*""***̂

Moving direction ^g^&r1^^^-^ . Bimorph support

Piezo-bimorph Flexible substrate

Figure 9.3 The structure of the swing CCD sensor developed by Toshiba.2

(2) The Swing Pyroelectric Sensor

The piezoelectric bimorph can also be used in a similar manner with pyroelectric
sensors. A large electromagnetic motor has conventionally been used for chopping
infrared light to monitor the temperature. A tiny pyroelectric sensor that makes use
of a piezoelectric bimorph light chopper developed by Sanyo is shown in Figure
9.4.3 The compact size, light weight, and low cost of the unit make it a suitable
temperature sensor for microwave ovens.

(3) The Piezoelectric Bimorph Camera Shutter

Following the recent introduction of various automatic features in cameras, such as
automatic focusing and automatic film winding, many innovative designs for
compatible mechanisms for driving systems with dual focus and zoom type lenses
were developed. The shutter must also be adjusted in these systems, thus compact
and lightweight shutters suitable for quick movement are required. A camera shutter
incorporating a piezoelectric bimorph developed by Minolta is pictured in Figure
9.5.4 The number of components for this system, as compared with conventional
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spring-charge mechanisms, is reduced by one-third. A tip displacement of 300 jim
of the piezoelectric bimorph can provide a shutter opening of 8 mm in diameter. In
order to eliminate hysteresis effects and to ensure that the shutter is completely
closed after an exposure, a reverse potential is applied to the piezoelectric bimorph
at the end of every operation.

IR Beam

Piezo - bimorph

Magnified view Package

Figure 9.4 The structure of the swing pyroelectric sensor.3

WingB
Bimorph Support

Wing A Lever
Clostd State Open State

Figure 9.5 A camera shutter incorporating a piezoelectric bimorph developed
by Minolta.4
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9.2 INCHWORM DEVICES

The motion produced by an inchworm device is similar to that produced by an
ultrasonic motor in terms of the general speed and execution of the motion, but the
mechanisms for their operation are completely different. The inchworm is driven by
a rectangular signal at a frequency below its resonance frequency, and its movement
is intermittent and discrete.

(1) A Microangle Goniometer

A microangle^goniometer consisting of a fixed inchworm and a turntable is pictured
in Figure 9.6. The inchworm is comprised of an electrostrictive unimorph and two
electromagnets. Let us consider the operation of the inchworm with reference to the
timing diagram shown in Figure 9.7. The operation cycle is initiated with the
movable electromagnet on and the fixed one off. The drive voltage is applied to the
electrostrictive unimorph to displace the movable magnet. The angular position of
the turntable is thereby advanced. The two electromagnets are then alternately
switched on and off, the voltage on the unimorph is removed, and the movable
magnet is returned to its initial position with the turntable kept in its displaced
position. Repetition of this process drives the turntable sequentially and the rotation
angle increases. The rotation direction is reversed by exchanging the clamp timing
of the two electromagnets.

Top view

Fixed electromagnet

Movable electromagnet

Side view

Turntable

Figure 9.6 A microangle goniometer consisting of a fixed inchworm and
turntable.
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Figure 9.7 Timing diagram for the components of the inchworm microangle
goniometer system.5

The operation of the microgoniometer at 0.5 Hz is illustrated in Figure 9.8. The
angular position as a function of time has a clear triangular form comprised of
discrete steps. The angular velocity of the turntable is controlled by the voltage
applied to the unimorph, current passing through the electromagnets, and by the
drive frequency. The system produces a maximum angular speed of 10~2 rad/sec and
a maximum shift of 6 x 10"4 rad/step. A modified version of this inchworm
microgoniometer, utilizing three PZT actuators for both the clamp and shifting
operations, has also been proposed by a group at Hitachi.6

. At 0.5 Hz

1
•? oo 3

X

25 50 75
Time (sec)

100 125

Figure 9.8 The response of the inchworm microangle goniometer system
operated at 0.5 Hz.5
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(2) Linear Walking Machines

Sophisticated linear walking machines have been developed by two German
companies. A linear drive inchworm, incorporating two d33 (longitudinal mode) and
two d31 (transverse mode) multilayer actuators, fabricated by Philips is pictured in
Figure 9.9.7 Very precise positioning of less than 1 nm has been reported for this
device. There are some problems with this design however, in particular, the rather
high level of audible noise in operation, significant heat generation when it is driven
at high frequency, and high manufacturing costs due to the use of several multilayer
piezoelectric actuators. A two-legged inchworm manufactured by Physik
Instrumente appears in Figure 9.10.8 The motion of a pair of inchworm units,
consisting of two multilayer actuators, are coupled such that there is a 90° phase
difference between them in order to produce a smoother, more continuous
movement of the device.

Multilayer piezo-actuator

Figure 9.9 A linear drive inchworm, incorporating two d33 (longitudinal mode)
and two d3i (transverse mode) multilayer actuators, fabricated by
Philips.7

Micro walking vehicles incorporating an inchworm mechanism comprised of two
electromagnets and a multilayer piezoelectric actuator are pictured in Figure 9.II.9

When a diamond cutting edge is installed on this vehicle, it becomes a compact
machining tool. The tool can move over any sloped surface provided the surface is
magnetic as illustrated in Figure 9.12. Tasks ranging from microgroove cutting to
microdust elimination can be achieved by attaching different tools to the vehicle.
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Roller

Multilayer piezo-actuator

Multilayer piezo-actuator
The Control Voltage Sequence

Figure 9.10 A two-legged inchworm smooth walking device manufactured by
Physik Instrumente.8

•Micro stepping motor -Pivot pin
•Piezo element -Flexure armx.

00
CM

Figure 9.11 Compact microwalking machining vehicles incorporating an
inchworm mechanism comprised of two electromagnets and a
multilayer piezoelectric actuator.9
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Figure 9.12 Illustration of micromachining using multiple compact vehicles. The

attractive force between the mini-machine and the work surface is
magnetic.9

Impact mechanism walking machines have also been proposed.10 The structure of
such a walker is pictured in Figure 9.13. The moving table is attached to a V-shaped
guide rail. The weight table is moved by the counterforce of the main weight when
an expansion or contraction of the multilayer piezoelectric actuator is induced at an
appropriate rate as illustrated in the motion sequence depicted in Figure 9.14. Note
that the clamping force of the table is provided by the frictional force, which is
determined by the coefficient of friction between the surfaces and the weight of the
table.

Weight (Sub)

Piezo
Weight
(Main)

Base Moved
object

Figure 9.13 Impact mechanism walking machine utilizing a piezoelectric
multilayer actuator.10



384 Chapter 9

Piezo
Moved object \ Weight.

(l)Start
Acceleration

(2)Slow contraction

m
(3)Sudden stop

t=n
(4)Rapid extension

(5)End

Figure 9.14 Motion sequence for a walker with an impact mechanism. Notice
the slow and rapid action of the piezoelectric actuator.10

9.3 DOT MATRIX PRINTER HEADS

Although the production of impact dot matrix printers has decreased in recent years,
they are still popular in offices and factories. Since the piezoelectric dot matrix
printer is the first mass-produced device using multilayer ceramic actuators, and one
of the most successful products, it is worthwhile to examine more closely some of
the most commonly used designs.

The advantages of the piezoelectric printer head compared to the conventional
electromagnetic types are:

1) low energy consumption,
2) low heat generation (electromagnetic solenoids generate significant heat!),
3) fast printing speed.

Both bimorph and multilayer types have been developed, but only the multilayer
type has been commercialized, because of its:

1) longer lifetime,
2) faster printing speed,
3) higher impact force,
4) higher efficiency.
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A dot matrix printer mechanism incorporating an array of piezoelectric bimorphs
proposed by Piezo Electric Products Incorporated is pictured in Figure 9.15.
Printing wires are installed at the tip of each of the seven bimorphs supported in a
cantilever style. The printing speed at an operating frequency of 1 kHz is 200 cps,
when a 5 x 7 character style is used.

Paper Wire guide

Paper transfer

Wire motion

Piezo bimorph

Figure 9.15 A dot matrix printer mechanism incorporating an array of
piezoelectric bimorphs proposed by Piezo Electric Products
Incorporated.

(1) Printer Head Element Using a Multilayer Actuator

NEC developed a printer head element utilizing a longitudinal multilayer actuator,
which provides much superior characteristics to the bimorph type in printing speed
and durability.11'12 Since the longitudinal multilayer actuator does not exhibit a large
displacement, a suitable displacement magnification mechanism is essential for this
system. A printing wire stroke of 500 um should be produced from the 10 um
actuator displacement. A high energy transmission efficiency is also desired for this
magnification mechanism.

A differential two-stage magnification mechanism is shown in Figure 9.16(a).n The
displacement induced in a multilayer actuator pushes up the force point and rotates
lever 1 and lever 2 around the fulcrum counter-clockwise and clockwise,
respectively, so that the tip displacements of levers 1 and 2 are amplified five times.
This is the primary displacement magnification mechanism occurring through a
monolithic hinge lever. These opposing displacements are transferred to lever 3 in
the secondary amplification stage, generating a large wire stroke. This is the
differential magnification mechanism. Typical characteristics of this design (in a
static condition) are an 8 um displacement of the piezoactuator, a 240 um wire
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stroke, and overall displacement magnification of thirty. The displacement
magnification can be increased if necessary. The static energy transmission
coefficient e is defined as:

Output Energy from the Magnification Mechanism
Stored Energy in the Piezoactuator

(9.1)

where ^c is the free displacement (m) of the piezoceramic device, Cc is the
compliance of the ceramic (rn/N), £m is the free displacement (m) of the
displacement magnification mechanism, and Cm is the compliance of the
mechanism (m/N). The static energy transmission coefficient for this design can be
as large as 51%. The printer head is constructed from a stack of these elements
arranged in an alternating configuration as shown in Figure 9.16(b).12 The nine
printing wires, each of diameter 0.25 mm, are brought together along the wire guide
as shown in the figure.

Force point

Fulcrum Head element

( a )
( b )

Figure 9.16 An inkjet printer head developed by NEC: (a) the differential two-
stage magnification mechanism used in a single element and (b) the
entire printer head assembly.11,12

(2) The Equivalent Circuit for the Piezoelectric Printer Head

The use of an equivalent electrical circuit for representing the vibrations of an
electromechanical system has become a standard method of analysis for designing
and characterizing the optimum performance of various piezoelectric vibrators. A
schematic of the equivalent circuit for the printer head described in the last section
appears in Figure 9.17(b).13 The analysis helps to characterize the rigidity,
nonlinearity, and hysteresis of the wire motion as they influence the impact on the
paper and the ink ribbon/platen combination.
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®.

Figure 9.17 A schematic of the equivalent circuit for the dot matrix printer head
elements: (a) an individual differential type piezoelectric printer
head element and (b) equivalent circuit for the element.13

The equivalent circuit components appearing in the schematic for the circuit shown
in Figure 9.17(b) are designated by subscripts, which correspond to the numbered
features of the individual element pictured in Figure 9.17(a). The lever's moment of
inertia is represented by I, and the lever mass by Mj. The compliances of each part
are associated with the capacitances designated by Q, Q' and Q". The quantity
designated by <j>i, at the first transformer (left-hand side of the diagram) represents
the electromechanical transduction rate and the quantities fa and fa', appearing near
the other transformers in the circuit represent the transduction of the linear
movement into an angular displacement. The transduction rate associated with the
movement of the center of mass is represented by the quantities, ri. The damped
capacitance is designated by Cld. The equivalent mass of the actuator is represented
by mi and the equivalent mass of the wire by m13.
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The load of the printer head, consisting of the paper, ink ribbon and platen, has a
significant nonlinear stiffness (3rd-6th order) with respect to the impact force as
well as a distinct hysteresis. An approximate representation of this nonlinear
relationship is shown in Figure 9.18.13 The decrease in the repulsion coefficient that
occurs due to the hysteresis is represented by an equivalent resistance, RL,
connected in parallel to an equivalent capacitance, CL, where the nonlinear stiffness
is associated with the quantity I/ CL- A model printer head, with 0.45 mm between
the wire tip and the printing media, was fabricated and the experimental data related
to the wire head displacement and the impact force collected for the prototype were
compared with those generated in a computer simulation carried out on the
equivalent circuit. The results summarized in Table 9.1 and Figure 9.19 indicate
good agreement between the experimental and theoretical data.

I
I
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Figure 9.18 An approximate representation of the nonlinear stiffness associated
with the printer head load.13

Table 9.1 Experimental and equivalent circuit analysis data characterizing the
performance of a prototype printer head.13

Eigenfrequency (Hz)
Free Stroke (nm)

Impact Force (N)

Experimental

1740-1840
670-710

7.5-8.3

Calculated

1785
730

7.98
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Figure 9.19 Response characteristics of the wire head. 13

(3) Operation Characteristics of the Multilayer Actuator Printer Head

Specifications for the printer head incorporating multilayer piezoelectric actuators
are summarized in Table 9.2.12 The following features are particularly noteworthy.

Response Frequency: The eigenfrequency of the head element (in free vibration
without impacting the platen) is 1.7 kHz. When impact with the platen occurs the
response frequency increases to 2.2 kHz. This frequency corresponds to a printing
speed of more than 300 cps for characters comprised of 7x6 dots.

Impact Force: The impact force on the ribbon and paper (55 kg type) is 0.9 kgf.
Printing pressure of this magnitude allows for triplicate printing when wires of 0.25
mm diameter are used.

Energy Consumption: This print head exhibits an exceptionally low energy
consumption of 3 mJ/dot per printing wire.

Drive Voltage: The drive voltage is only 90 V, much smaller than required for the
piezoelectric bimorph type.

Heat Generation: The heat generation is about 0.7 mJ/dot per wire, which is an
order of magnitude smaller than occurs in conventional electromagnetic types.
Thus, the printer head can be covered completely, allowing for nearly noiseless
printing.
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Table 9.2 Specifications for the multilayer piezoelectric actuator printer head.1

Pin Number
Wire Diameter (mm)
Eigenfrequency (kHz)
Response Frequency (kHz)
Printing Pressure (kgf)
Energy Consumption (mJ/dot)
Multiple Page Capability
Drive Voltage (V)_______

0.25
1.7
2.2
0.9
3

triplicate
90

(4) Flight Actuator Printer Head

The flight actuator described Section in 5.1 can be used in impact printers as shown
in Figure 9.20.14 Elimination of mechanical ringing or double strike can be achieved
with the proper adjustment of the applied voltage pulse width as shown in Figure
9.21.

Ink ribbon
Steel plate Wire

Armature \
Multilayer actuator

1 1 n 1 1 1 1 ]f[r
\

V '
^ Spring Platen

10mm
Base

Figure 9.20 A flight actuator printer head.1

Paper

9.4 INKJET PRINTERS

The current generation of printers, following the impact dot matrix types, includes
inkjet and laser printers. These better satisfy the need for better image quality and
faster printing.
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(1) The Basic Design of the Piezoelectric InkJet Printer Head

In this section, we will examine the basic design of a piezoelectric inkjet printer
head capable of printing intermediate gray scales.15"17 A drop-on-demand type of
piezoelectric printer head is shown in Figure 9.22. The head is comprised of a
piezoelectric ceramic cylinder, a micro one-way valve, and a flow resistance
component, which together function as a tiny pump. This micropump responds over
a broad range of frequencies and can produce a wide range of ink drop sizes.15 The
key component of this printer head is the microvalve. The structure of the
microvalve is pictured in Figure 9.23. The valve and base patterns are successively
plated onto a substrate using electroforming techniques. They are then removed
from the substrate by a delamination process.

(a)

(b)

(c)

200.0

5 100.0
0.0

150.0
? 100.0
4
" 0.0

200.0
> 100.0

0.0

150.0
1 100.0

0.0

200.0

g 100.0

0.0

150.0
100.0

0.0

4 3 12 16 20

ti«e(m sec)

Figure 9.21 Adjustment of the drive voltage pulse width applied to a flight
actuator print head leading to conditions of: (a) mechanical ringing,
(b) no mechanical ringing, and (c) double strike.14
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15-17Figure 9.22 Operation of a drop-on-demand type piezoelectric printer head

The area of the printed dot can be adjusted to four distinct levels with the
application of an appropriate drive voltage pulse width. The smallest dot diameter
possible for this print head is 80 jim. Gray scale printing is achieved by using dot-
area modulation. The dot density for a 2x2 matrix created with five gray levels is 8
dots/mm (which corresponds to a pixel density of 4 pel/mm). The reflection density
from the gray scale pattern printing of this print head, operated with a drive
frequency of 10 kHz, is plotted as a function of gray level in Figure 9.24. A range of
seventeen intermediate gray scales is represented. Another piezoelectric inkjet
printer head incorporating a piezoelectric bimorph is shown in Figure 9.25.18

(2) Integrated Piezo Segment Printer Head

A high speed, high resolution color printer which makes use of integrated
piezoelectric segments has been developed by Seiko-Epson.19 The inkjet head
structure incorporating the Multi-Layer Ceramic with Hyper-Integrated
Piezoelectric Segments (MLChips) is pictured in Figure 9.26. The inkjet is activated
primarily by the bending mode of a piezoelectric unimorph. Layers of zirconia (to
form the ink chambers), the vibration plate, and the PZT actuator plate are co-fired
in the fabrication process. This produces a stable structure, which allows for
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adequate vibration isolation between ink chambers as well as some retardation of
mechanical aging effects.

Support arm

Figure 9.23 The structure of the micro one-way valve with a flow path diameter
of 1 urn.15

8/16
Gray level

16/16

Figure 9.24 The reflection density from the gray scale pattern printing of the
drop-on-demand type piezoelectric printer head plotted as a function
of gray level. [Drive frequency: 10 kHz.]15
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Figure 9.25 A piezoelectric inkjet printer head incorporating a piezoelectr
bimorph.18

ic

• Upper Electrode
PZT-———
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Vibration Plate
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Ink Supply Hole
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Figure 9.26 The inkjet head structure incorporating the Multi-Layer Ceramic
with Hyper-Integrated Pie/oelectric Segments (MLChips)
developed by Seiko-Epson.19

An MLChips unit 10 mm x 10 mm in size is composed of two arrays of 48 ink
chambers. High precision nozzle fabrication is essential for proper ink drop
generation and ink impact accuracy, and thus two advanced processes are
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employed: submicrometer precision pressing and microchip water repellency
treatment. The so-called face eject back contact structure of the printer head is
depicted in Figure 9.27. This laminated structure, which more readily allows for
various configurations of the inkjet nozzles in a two-dimensional array, is well
suited to mass production at low cost.

MLChips

Stainless Steel
Plate

NceVk

Figure 9.27 The face eject back contact structure of the printer head
incorporating the MLChips technology developed by Seiko-Epson. 19

High speed meniscus control is achieved by implementing the pull-push-pull (PPP)
method. The concept is illustrated in Figure 9.28. An intermediate voltage is applied
to the PZT actuator in its initial state. The first "pull" stage of the process occurs
when the applied voltage is reduced and the ink meniscus is smoothly drawn into
the nozzle. The "push" occurs with a rapid step up to the highest voltage thereby
exciting a large vibration in the vibration plate that causes ink to be ejected from the
nozzle. Finally, in the second "pull" stage the voltage is reduced to an intermediate
level at a rate that effectively damps the meniscus vibration quickly. This three-step
meniscus control process provides precise and rapid ink drop formation and
delivery to the page.
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Figure 9.28 The pull-push-pull meniscus control method. 19

The present integrated piezoelectric printer head characteristics are as follows:

1) Ink Chamber Density: 120dpi,
2) Number of Nozzles [N]: 48 N x 6 colors,
3) Response: 28.2 kHz,
4) Minimum Ink Drop: 4 pi,
5) High Definition Mode: Multisized Dot Technology 4/7/11 pi,
6) High Speed Mode: MSDT 11/23/39 pi.

9.5 PIEZOELECTRIC RELAYS

The relay is a basic component commonly found in electrical equipment. Most
current relays are mechanical switches driven by electromagnetic solenoids. The
need for increasingly faster response and more compact size has stimulated the
development of new types of relays. The piezoelectric relay is a promising
alternative. The basic structure of a piezoelectric relay proposed by Piezo Electro
Products, Inc. (PEPI) is pictured in Figure 9.29.20 The primary advantages of the
piezorelay over the electromagnetic type are (1) low energy consumption, (2) no
heat generation, (3) no generation of electromagnetic noise, (4) quick response, (5)
compact size, and (6) suitability for integration. The structure pictured in Figure
9.29, which utilizes the coupled action of a piezoelectric bimorph and a spring, is
readily integrated into relay arrays. Relay cards, 6 mm in thickness and with a
density of several pieces per square centimeter, are commercially available.
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Contact

Piezo bimorph

Snap action spring

Figure 9.29 The basic structure of a piezoelectric relay proposed by Piezo
Electro Products, Inc.20

Another relay incorporating a piezoelectric bimorph manufactured by Omron is
pictured in Figure 9.30.21 This design includes an especially sensitive snap-action
switch, which is activated with only several tens of micron displacement and leads
to an overall response speed of less than 5 ms.

Case

Leaf spring
Piezo bimorph

Card

Operation direction

Input circuit

Contact
Base

Movable piece

Terminal

Figure 9.30 A piezoelectric bimorph relay developed by Omron.21

When a piezoelectric bimorph is used as the actuator for a relay of this type, the
generative force is decreased with the deflection, thus leading to contact problems.
A snap-action spring or a permanent magnet is often used in conjunction with the
bimorph to ensure proper contact by producing a system with mechanical
bistability. Both the on and off states are mechanically stable, and no continuous
application of electric field is necessary. This is the fundamental principle of
latching relays. The piezoelectric bimorph functions in this case only to switch
between the two states. The latching function is especially useful for emergency
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shut-down situations. The relay retains the initial state so that the system is restored
to normal operation when restarted. Latching relays typically constitute only 10% of
the total relay production, but the unit price is about 10 times higher than non-
latching varieties, leading to comparable sales overall.

A multilayer piezoelectric actuator relay has also been introduced by NEC on a trial
basis.22 The schematic diagram of this device pictured in Figure 9.31 illustrates the
operation of the monolithic hinge lever mechanism.

Hinge j

f f i C f c i , l i )

Pushing chip

Multilayer actuator

Hinge 3
H 3 ( h 3 , t 3 )

Height adjuster

Arm 1
Hinge 2 ( H i ( h i , t t ) ]

Arm 2

Hinge
/ / « ( />< , l i )

Stopper

Hinge 5
WsUs, h)

Figure 9.31 A multilayer piezoelectric actuator relay introduced by NEC.22

A compact latching relay has been developed utilizing a shape memory ceramic
unimorph.23 The basic structure of the relay is similar to the Omron design pictured
in Figure 9.30, with the shape-memory ceramic unimorph (made from an
antiferroelectric-ferroelectric phase transition material as described in Section 3.1)
replacing the piezoelectric bimorph. Once the bending is induced in the unimorph
by applying a pulse voltage, it can be maintained for more than a week. Recovery of
the original shape is obtained by applying an inverse bias voltage. The static
conditions for switching are shown in Figure 9.32. The dynamic responses of the
shape memory latching relay and a conventional electromagnetic coil relay are
compared in Figure 9.33. Although some chattering is apparent in the responses of
both relays, the shape memory ceramic one exhibits much quicker action (1.8 ms
rise) and lower energy consumption (7 ml) than the electromagnetic relay. Use of a
smart material in the design of a relay can thus be effective in reducing the number
of components and the total size of the device.
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Figure 9.32 The static conditions for switching of a compact latching relay
utilizing a shape memory ceramic unimorph.23

600V

| 3 . 4 « s

13m

1 0 m A A

(a)

•5ms—

T i m e
Drive Energy: 7 mj

OFF

8. Oats J
9.3ns

(b)

1 2 V

ON

T i m e
Drive Energy: 10 mj

Figure 9.33 Dynamic response of two latching relays: (a) a shape memory
ceramic relay and (b) an electromagnetic coil relay.23

9.6 ADAPTIVE SUSPENSION SYSTEMS
In general, when a shock absorber of an automobile provides a higher damping
force (referred to as a "hard" damper), the controllability and stability of the vehicle
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are improved. Driving comfort is diminished, however, because the road roughness
is easily transferred to the passengers. The purpose of the electronically controlled
shock absorber is to provide both controllability and comfort simultaneously. When
normal, relatively smooth road conditions exist, the system is set to provide a low
damping force ("soft" damping) so as to optimize passenger comfort, and when
rougher terrain is encountered the damping force is increased accordingly to
improve the controllability while still maintaining a reasonable level of comfort. In
order to effectively respond to variations in the road surface, a highly responsive
sensor/actuator combination is required for the shock absorbing system.

The piezoelectric TEMS (Toyota Electronic Modulated Suspension) system, which
is designed to adapt its dampening action to each change in road surface texture
encountered was installed on the "Celcio" in 1989.24 The structure of this
electronically controlled shock absorber is pictured in Figure 9.34. The sensor is
comprised of 5 layers of 0.5 mm thick PZT disks. It has a sensing speed of 2 ms and
roughness resolution is about 2 mm. The actuator in this system is comprised of 88
layers of 0.5 mm thick disks. A 50 um displacement is induced with an applied
voltage of 500 V, and this is magnified forty times by means of a piston/plunger pin
combination. The stroke of the piston pushes the change valve regulating the
damping force down, thereby opening the bypass oil route and effectively
decreasing the flow resistance ("softening" the damping effect). This adjustable
damper is basically a binary (hard or soft) control system.

Piezoelectric sensor

Piezoelectric multilayer
actuator

Piston

__ Damping change
valve

Figure 9.34 The piezoelectric TEMS (Toyota Electronic Modulated Suspension)
system.24
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Figure 9.35 The response of the adaptive TEMS system as compared to two
conditions of fixed damping.24

The response of the adaptive system as compared to two conditions of fixed
damping is shown in Figure 9.35. The up-down acceleration and pitching rate were
monitored when the vehicle was driven on a rough road. When the TEMS system
was used (top set of curves), the up-down acceleration was suppressed to a level
comparable with that obtained with fixed soft damping, providing comfortable
driving conditions. At the same time, the pitching rate was also suppressed to a level
comparable with that obtained with fixed hard damping, allowing for better
controllability.

CHAPTER ESSENTIALS_______________________
1. Advantages of the Piezoelectric Printer Head: to a conventional

electromagnetic type:
a. low energy consumption,
b. low heat generation (electromagnetic solenoids generate significant heat!),
c. fast printing speed.

2. Merits of the Multilayer Actuator: for the impact printer application as
compared to the bimorph type:
a. longer lifetime,
b. faster printing speed,
c. higher impact force,
d. higher efficiency.

3. The Co-Fired Integrated Multilayer Printer Head Structure: allows for
successful mass production of the inkjet printer.
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4. Latching Relays: typically constitute only 10% of the total relay production, but
the unit price is about 10 times higher than non-latching varieties, leading to
comparable sales overall. It is thus considered a highly functional and valuable
device!

5. Shape Memory Ceramic Latching: use of a smart material such as this in the
design of a relay can be effective in reducing the number of components and
the total size of the device.

CHAPTER PROBLEMS

9.1 Piezoelectric actuators can be employed in laser and inkjet printers. Survey
the recent literature on this issue.

9.2 List and briefly describe the major problems of using a piezoelectric ceramic
in a pulse drive device (in terms of the tensile stress, heat generation etc.).
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ULTRASONIC MOTOR APPLICATIONS

The pulse drive motors described in the previous chapter are driven by an applied
voltage with a rectangular waveform at a frequency less than the resonance
frequency, while ultrasonic devices are driven by a sinusoidal AC voltage at the
resonance frequency. Ultrasonic devices are divided into three general categories.
The first type is operated in a mode that produces a simple ultrasonic vibration for
uses such as the ultrasonic scalpel. The second type is designed to transmit energy
to air or a liquid for applications such as the piezoelectric fan, the piezoelectric
pump, and the ultrasonic microscope. Ultrasonic motors constitute the final
category, which will be the primary focus of this chapter. The ceramic materials
typically used in the fabrication of high power ultrasonic motors are similar to the
conventional piezoelectric PZT-based materials used for vibrator/resonator
applications, but a high mechanical quality factor, Qm, is generally required for the
motors, as described in Section 6.1. This and other design parameters will be
examined further throughout the chapter.

10.1 GENERAL DESCRIPTION AND CLASSIFICATION OF
ULTRASONIC MOTORS

(1) Historical Background

Electromagnetic motors have actually existed for more than a hundred years. While
these motors still dominate the industry, further improvement of the current designs
is limited. These improvements await the development of suitable new magnetic
and superconducting materials. Efficient motors of this type smaller than 1 cm are
difficult to produce. An electromagnetic motor with a submillimeter rotor used in a
wristwatch, for example, requires a permanent magnet about 1 cm in diameter. The
efficiency of piezoelectric ultrasonic motors is independent of their size and
therefore they have gained much attention for minimotor applications.

The basic structure of an ultrasonic motor is depicted in Figure 10.1. It consists
essentially of a high frequency power supply, a stator, and a slider/rotor piece. The
stator is composed of a piezoelectric driver and an elastic vibrator. The slider has an
elastic moving component with a friction coat on the side facing the stator. The
motor is driven by a compact and inexpensive drive circuit, which, in conjunction
with its simple design, makes it especially suitable for mass production.

The first practical ultrasonic motor was proposed by H. V. Earth of IBM in 1973.'
The rotor in this design is in contact with two horns placed on either side of it as

403
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shown in Figure 10.2. When one of the horns is driven by its piezoelectric vibrator,
the rotor is driven in one direction, and rotation in the opposite direction occurs
when the other horn is driven. Various mechanisms based on virtually the same
principle have been subsequently proposed.2'3 The motors of this design were
ultimately not very useful, however, due to changes in the vibration amplitude that
tend to occur at higher temperatures and as a consequence of mechanical
degradation. In the 1980's, more precise and sophisticated positioners, which do not
generate magnetic field noise, were required by integrated circuit manufacturers as
the pattern density on chips continued to increase. This trend helped to accelerate
the development of new ultrasonic motors. The merits and demerits of modern
ultrasonic motors are summarized in Table 10.1.

Statori
Piezoelectric

Driver
Elastic Vibrator

Piece

Electrical
Input

il

^>

jHi'gh
Pow<

Frequency i
sr Supply

v:-.
i- '•'•• :

Mechanical
J L Ouput

r ^
Friction Elastic Sliding

Coat Piece
i Slider/Rotor

Figure 10.1 The basic structure of an ultrasonic motor.

Horn 1.

Horn 2

Piezovibrator 2

Piezovibrator 1

Figure 10.2 The first practical ultrasonic motor proposed by H. V. Barth of IBM
in 1973.l
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Table 10.1 The merits and demerits of modern ultrasonic motors.

___________Merits ___ Demerits ________

^ Low Speed and High Torque > High Frequency Power Supply
> Direct Drive Required
> Quick Response > Torque vs. Speed Droop
> Wide Range of Speeds > Low Durability
> Hard Brake with No Backlash
> Excellent Controllability
^ Fine Position Resolution
> High Power-to-Weight Ratio
> Quiet Drive
> Compact Size and Light Weight
> Simple Structure and Easy

Production
> No Generation of Electromagnetic

Radiation
> Unaffected by External Electric or

Magnetic Fields

Example Problem 10.1_________________________________
Write expressions for the input current density, the induced strain, and the stored
electric and elastic energies and any related quantities for a longitudinal
piezoelectric actuator under DC, AC off-resonance, and AC resonance drive
conditions.

Solution

I. DC Drive

Electric Field: E3 = V / /
Polarization: ?3 = K3 £3
Generative Strain: X3 =d33 E3
Generative Stress: X3 = X3 / S33E = (d33/S33E) E3
Stored Electric Energy: UEE = (Pa E3)/2 = (K3 E 3

2)/2
Stored Piezoelectric Energy: UME = (x3X3)/2 = (d33

2 E3
2)/2 s33

E

Electromechanical Coupling Factor: k33
2 = UME/UEE = d33

2/ K3 s33
E

II. AC Drive (off-resonance)

Electric Field: E3 = [V0sin(cot)]//
Current Density: J3 = Y0E3 = aiK^E3
Vibration Amplitude: x3 = d33E3
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Vibration Velocity: v = to d33 £3
Input Electric Energy Density: UEE = J3 E3 = eoK3E3

2

Mechanical Energy Density: UME = co (d33
2/s33

E)E3
2 = co k33

2 K3 E3
2

III. AC Drive (resonance)

Electric Field: E3 = [V0sin(co0t)]//
Current Density: J3 = Ym E3= cocc K3E3

Vibration Velocity: v = 1 / y p sf3

Resonance Frequency: f0 = v/2 /
Resonance Amplification: a = Ym/Y0
Vibration Amplitude: x3 = ad33E3 /
Maximum Vibration Velocity: vm = co0ad33E3 / = n a v d33 E3
Sound Pressure: p=pv(vm)=7iapv2d33E3=7ia(d33/s33

B)E3
Input Electric Power: P = IV = J3S E3 / = co0a K3E3

2Vm
Mechanical Energy Density: UME = co0oE3 / (d33

2/s33
E)E3S

= to0a (d33
2/s33

E)E3Vn

where p is the mass density.

Note: Some of these parameters are a times larger than those defined for the
off-resonance mode.

(2) Classification of Ultrasonic Motors

There are two general types of ultrasonic motors: the rotary type and the linear type.
They can be further distinguished by their shape. The rod, 7i-shaped, ring, and
cylinder types are depicted in Figure 10.3.

The vibration induced in the motor is either in the form of a standing wave or a
traveling wave. Recall that a standing wave is described by:

us(x,t) = A [cos(kx)] [cos(o)t)] (10.1)

while the equation for a traveling wave is:

ut(x,t) = A cos(kx - cot) (10.2)



Ultrasonic Motor Applications 407

re-Shaped
In-plane

Figure 10.3 Various ultrasonic motor configurations.

Equation (10.2) can be rewritten as:

u,(x,t) = A [cos(kx)][cos(cot)] + A [cos(kx - 7i/2)][cos(cot - n/2)] (10.3)

This leads to an important result. A traveling wave can be generated by superposing
two standing waves with a phase difference of 90 degrees between them. This is the
only feasible way to generate a stable traveling wave in a structure of finite size and
volume.

The Standing Wave Motor

The standing wave motor is sometimes referred to as a vibratory coupler or a
"woodpecker" motor. A vibratory piece is connected to the piezoelectric driver and
the tip portion executes an elliptical displacement as shown in Figure 10.4.4
Orienting an x-y coordinate system such that the x-axis is normal to the rotor face,
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we see in Figure 10.4(a) that the vibratory piece is in contact with the rotor or slider
at a slight angle, 0. When a displacement:

= u0 sin(cat + a) (10.4)

is excited in the piezoelectric vibrator, the vibratory piece will bend due to its
contact with the rotor, causing the tip of the vibrator to move along the rotor face
between points A and B as shown in Figure 10.4(b). The tip then moves freely from
point B to point A. When the resonance frequency of the vibratory piece, f l t is
adjusted to the resonance frequency of the piezovibrator, f0, and the bending
deformation is sufficiently small compared with the length of the piece, the
displacement of the tip from point B to point A is described by:

x(t) = u0sin(G)t + a) and y(t) = (3) (10.5)

which produces an elliptical locus. The torque is thus applied only as the vibrator
tip moves from A to B. Some slight rotation speed ripple is observed, however, due
to the inertia of the rotor.

The standing wave motor has the advantages of low production cost and high
efficiency (theoretically up to 98%). The fundamental disadvantages of this design
are related to some variability of the locus and a certain degree of asymmetry
between the clockwise and counterclockwise rotations.

Oscillator

Figure 10.4 The vibratory coupler type of motor: (a) system configuration and
(b) locus of vibrator tip locus.4
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The Traveling Wave Motor

The superposition of two standing waves with a 90-degree phase difference
produces a traveling wave in the type of motor that bears this name (also known as
the surface wave or "surfing" motor). A particle on the surface of the elastic body
executes a displacement with an elliptical locus due to the coupling of longitudinal
and transverse waves as shown in Figure 10.5. This motor requires two vibration
sources to generate the traveling wave, leading to a rather low efficiency (not more
than 50%). The rotation direction is readily changed, however, by switching the
phase difference from 90 to -90 degrees.

Propagation direction

Elastic body

Figure 10.5 The traveling wave type of motor.

The following classification will be employed for presenting and comparing the
essential features of the most popular and widely used ultrasonic motors currently
available. Four principal categories constitute this classification scheme:

1. Standing Wave Motors: in which one major vibrational mode is induced by
means of one actuator component. [Note that we will include the vibratory
coupler motor in this category even though it is technically not a purely
standing wave device, but rather exhibits a coupling of the standing wave and
bending mode vibrations. The operation of the device can still be adequately
described in terms of the conventional standing wave model if appropriate
allowances are made for the bending mode.]

2. Mixed-Mode Motors: in which two vibrational modes are induced by means
of two actuators. (This type is, in a sense, a variation of the standing wave
motor, but in this case two standing waves are induced and combined.)
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3. Traveling Wave Motors: in which two vibrational modes with a phase
difference of 90 degrees between them are excited by two actuators and
combine to produce the traveling wave.

4. Mode Rotation Motors: in which one vibrational mode is excited through the
action of several actuators. This is, in a sense, a variation of the traveling
wave type, but in this case multiple actuators are used to induce the
individual vibrations with an appropriate phase difference to generate the
desired displacement when combined.

10.2 STANDING WAVE MOTORS

(1) Rotary Motors

The fundamental structure of the rotary motor is pictured in Figure 10.6. The design
developed by Sashida has four vibratory pieces, which are installed on the end of a
cylindrical vibrator and are pressed onto the rotor.4 It can attain a rotation speed of
1500 rpm, a torque of 0.8 kg-cm, and an output of 12 W (with 40% efficiency) from
an input of 30 W applied at 35 kHz. This type of ultrasonic motor can achieve a
much higher speed than is possible for the inchworm (described in Chapter 9)
because it is operated at a higher frequency corresponding to its resonance
frequency where an amplified displacement occurs (A/ = a d E /). The characteristic
power-related features measured for this motor are plotted as a function of torque in
Figure 10.7. The production of prototypes such as this one in the early 1980's
motivated the surge of research that has occurred in the last two decades concerned
with the development and application of ultrasonic motors.

PZT
Piezovibrator

Horn
Vibration piece

Rotor

Figure 10.6 A typical rotary motor structure.4
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Figure 10.7 Power-related characteristics of the Sashida rotary motor.

Another variation on this basic design which makes use of a hollow piezoelectric
ceramic cylinder as a torsional vibrator appears in Figure 10.8.5 An interdigital type
electrode pattern is printed at a 45° angle on the cylinder surface as shown in Figure
10.8(b) so that the torsional vibration can be induced in the structure. A rotor
attached to the end of the cylinder is thus rotated in response to this vibration.

Ceramic
Hollow Cylinder

t

Figure 10.8 A piezoelectric hollow cylinder torsional vibrator developed by
Tokin Corporation: (a) the basic structure and (b) the interdigital
electrode configuration for inducing the torsional vibration.5

A simpler and more compact motor has been designed that makes use of a metal
tube rather than a piezoelectric PZT.6 The basic structure of the stator is shown in
Figure 10.9(a). Two rectangular poled PZT pieces are bonded to the metal tube as
shown in the figure. When Plate X is driven, a bending vibration is excited along
the x-axis. Due to the non-uniform mass distribution of Plate Y, a second bending
vibration is also induced along the y-axis that lags in phase the bending vibration
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established in the x direction. This results in an elliptical clockwise displacement.
When Plate Y is driven, a counterclockwise wobble motion is excited. The rotor is
a cylindrical rod with a pair of stainless ferrules separated with a spring as shown
in the diagram of the entire motor assembly appearing in Figure 10.9(b). The cost
for the materials and simple construction of this motor is quite low as compared
with some of the more elaborate designs. Another advantage lies in the fact that
only a single-phase power supply is required to drive the motor.

The power-related characteristics of a metal cylinder motor 2.4 mm in diameter and
12 mm in length with no load applied are plotted as a function of torque in Figure
10.10. The motor was driven at 62.1 kHz in both rotation directions. A no-load
speed of 1800 rpm and an output torque up to 1.8 mNm were obtained for rotation
in both directions under an applied rms voltage of 80 V. The very high level of
torque produced by this motor is due to the dual stator configuration and the high
contact force between the metal stator and rotors. The rather high maximum
efficiency of about 28% for this relatively small motor is a noteworthy feature of the
data presented in Figure 10.10. One of the world's smallest ultrasonic motors to
date is pictured in Figure 10.II.6 It is 1.8 mm in diameter and 4 mm in length. The
rotor is a thin hollow tube, through which an optical fiber can pass.

Rotor

Elastic hollow
cylinder

Plate X

(b)

Figure 10.9 A metal tube rotary motor: (a) structure of the metal tube stator and
(b) assembly of the entire motor.6

(2) Linear Motors

A n-shaped linear motor comprised of a multilayer piezoelectric actuator and fork-
shaped metallic legs is pictured in Figure 10.12.7 Due to the slight difference in
mechanical resonance between the two legs, there will be a phase difference of 90
or -90 degrees (depending on the drive frequency) between the bending vibrations
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set up in the legs. The walking slider moves similarly to the way a horse uses its
fore and hind legs to trot. A test motor with dimensions 20x20x5 mm3 exhibits a
maximum speed of 15 cm/s and a maximum thrust of 0.2 kgf with an efficiency of
20%, when driven by a 6 V, 98 kHz (actual power = 0.7 W) input signal as
indicated by the data appearing in Figure 10.13. This motor has been employed in a
precision x-y stage.

100

o.s 1 1.5 2
Torque (mNm)

Figure 10.10 The power-related characteristics of a metal cylinder rotary motor
plotted as a function of torque.6 [Diameter: 2.4 mm, length: 12 mm,
operating frequency: 62.1 kHz, load: none]

Figure 10.11 One of the world's smallest ultrasonic motors to date.6 [Diameter:
1.8 mm, length: 4 mm]
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Figure 10.12 A Ti-shaped linear ultrasonic (walking) motor: (a) the basic structure
and (b) a motion sequence showing the walking action of the legs in
operation.7 (Note how the 90-degree phase difference between the
legs enables the device to walk.)
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Figure 10.13 Performance characteristics of a n-shaped test motor: (a) velocity
and (b) efficiency as a function of load.7 [Dimensions: 20x20x5
mm3, drive voltage: 6 V, 98 kHz]

10.3 MIXED-MODE MOTORS

A significantly improved rotary motor has been developed by Hitachi Maxel that
makes use of a torsional coupler instead of the vibratory pieces used in the
conventional design.8 The torsional coupler transforms the longitudinal vibration
generated by the Langevin vibrator to a transverse vibration, producing an elliptical
rotation of the tip. The modified motor pictured in Figure 10.14 exhibits higher
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torque and efficiency due to the action of the torsional coupler and an enhanced
contact force with the rotor. A motor 30 mm x 60 mm in size with a 20-30° cant
angle between the leg and vibratory pieces provides a torque as high as 13 kg cm
with an efficiency of 80%. However, this type produces only unidirectional rotation.
Even though this motor is driven by a pulsed input, the output rotation is quite
smooth due to the inertia of the rotor.

The Windmill motor pictured in Figure 10.15 has a flat and wide configuration that
is driven by a metal-ceramic composite structure.9 The motor is comprised of four
basic components: a stator, a rotor, a ball bearing, and the housing structure as
shown in Figure 10.15(a). The piezoelectric part is simply a ring with a diameter of
3.0 mm electroded on its top and bottom surfaces that has been transversely poled
(that is, across its thickness). The metal rings are fabricated by electric discharge
machining and have four arms placed 90° apart on the inner circumference of the
ring as shown in Figure 10.15(b). The metal and piezoelectric rings are bonded
together, but the arms remain free, allowing them to move like cantilever beams.
The length and cross-sectional area of each arm are selected such that the
resonance frequency of the secondary bending mode of the arms is close to the
resonance frequency of the radial mode of the stator. The rotor is placed at the
center of the stator and rotates when an electric field is applied having a frequency
between the radial and bending resonance modes. The truncated cone shape at the
rotor end ensures constant contact with the tips of the arms.

Torsion coupler

Propeller

Al horn

Piezoelectric*<-ra-Spacer

Al cylinder

(a)
Figure 10.14 A mixed-mode ultrasonic motor incorporating a torsional coupler:

(a) the structure of the entire motor and (b) motion of the torsional
coupler.8
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Figure 10.15 The "windmill" motor: (a) cross-sectional view and (b) various
stators.9 [Diameter: 3-20 mm]9

Rotation is produced by the alternate contraction and expansion of the stator.
During the contraction portion of the cycle, the four arms at the center of the metal
ring clamp the rotor and apply a tangential force to it. Since the radial mode
frequency of the stator is close to the secondary bending mode frequency of the
arms, the deformations add and the tips of the arms bend down. During the
expansion portion of the cycle, the arms release the rotor at a different position.
The resulting motion is similar to the action produced by a human hand as it grasps
and twists an object.

The radial mode resonance frequency, no-load speed, and maximum torque are
plotted as a function of motor size in Figure 10.16. When a motor with a 5 mm
diameter is driven at 160 kHz, a maximum speed of 2000 rpm and a maximum
torque of 0.8 mNm is attained. The speed, efficiency, and output power of a 3 mm
diameter motor are plotted as a function of load torque in Figure 10.17. The
starting torque of 17 |aNm for this motor is one order of magnitude higher than that
of a thin film motor of a similar size.

A dual vibration coupler motor is pictured in Figure 10.18.10 A torsional Langevin
vibrator acts in conjunction with three multilayer actuators to generate larger
transverse and longitudinal surface displacements of the stator, as well as to control
their phase difference between them. The rotation direction is switched by changing
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the phase difference. Since it is quite difficult to match the torsional and
longitudinal resonance frequencies, the motor is generally operated at a frequency
corresponding to the torsional resonance frequency.
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Figure 10.16 Radial mode resonance frequency, no-load speed, and starting
torque as a function of stator diameter.9 [Drive: 15.7 V, 160 kHz]
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Figure 10.17 Speed, efficiency, and output power as a function of load torque for
a 3 mm diameter motor.9

10.4 TRAVELING WAVE MOTORS

(1) Linear Motors

A linear motor driven by two bending vibrations is pictured in Figure 10.19. ' The
two piezoelectric vibrators installed at both ends of a transmittance steel rod excite
and receive the traveling transverse wave, which is an antisymmetric fundamental
lambda wave. Adjustment of the load resistance of the receiving vibrator produces a
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perfect traveling wave. Movement in the reverse direction is induced by exchanging
the exciting and receiving roles of the piezoelectric vibrators.

BALL
BEARING

SHAFT
SPRING

ROTOR
STATOR

K-HEAD
LONGITUDINAL
PZT

TORSIONAL
PZT

-BOTTOM
NUT

Figure 10.18 A dual vibration (longitudinal and torsional) vibration coupler
motor. 10

The bending vibration transmitted via the rail rod is represented by the following
differential equation:

3t2 3x2 ~
(10.6)

where w(x,t) is the transverse displacement (see Figure 10.5), x is the coordinate
along the rod axis, Y is Young's modulus of the rod, A is its cross-sectional area, p
is its density, and I is its moment of inertia. Assuming a general solution of the
form:

w(x,t) = W(x) [A sin(cot) + B cos(cot)] (10.7)

the wave transmission velocity, v, and the wavelength, A,, are given by:

= flit
Aj

(10.8
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X = 2n\ (10.9)

3x6 mm
Transmission rod

— 6cm —

Horn( 1 : 4 )

Piezo vibrator
28 kHz
200

Slider

Figure 10.19 A linear motor driven by two bending vibrations.11'12

When the motor is driven in this manner, a wavelength as short as several
millimeters can be readily produced by adjusting either the cross-sectional area, A,
or the moment of inertia, I, of the rod thereby ensuring adequate surface contact
with the slider. A typical wavelength is about 26.8 mm.

The structure of the slider, clamped to the transmission rod with an appropriate
force is pictured in Figure 10.20. The contact face is coated with rubber or a vinyl
resin.

I I \\\\\
ft

Rubber Spring

Transmission rod

Figure 10.20 End view of the slider clamped to the transmission rod."'12

The transmission efficiency is strongly affected by the contact position of the
vibration sources on the rod. The periodic variation of the transmission efficiency
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with the position of the piezoelectric driver with respect to the free end of the rod
(this length is labeled / in Figure 10.19) is shown in Figure 10.21. The optimum
position for the vibration source is at a distance / from the end of the rod that
corresponds to exactly one wavelength, 26.8 mm.

The slider is 60 mm long clamp, where its length is selected to be approximately
two wavelengths of the vibration. It is driven at a speed of 20 cm/s and produces a
thrust of 5 kgf at 28 kHz. A serious problem with this type of linear motor lies in its
low efficiency (around 3%) since the entire rod must be excited, while only a
relatively small portion of it is utilized for the output. The ring type motors
described in Section 10.4 generally have a higher efficiency because the stator and
the rotor have the same length and the entire rod can be utilized.

(a) 100
7=27.5-27.7 kHz
R = 16 kQ

\

Figure 10.21 Characteristics of the linear motor as a function of position of the
piezoelectric driver with respect to the end of the rod: (a) the
transmission efficiency and (b) the displacement.11'12

A LiNbO3 surface acoustic wave motor is pictured in Figure 10.22.13 Rayleigh
waves are excited in two mutually perpendicular directions on the surface of a Y-cut
LiNbO3 crystal plate (127.8°-rotation) via two pairs of interdigital surface
electrodes arranged as shown in Fig. 10.22(a). The slider structure with three balls
as legs appears in Figure 10.22(b). The driving vibration amplitude and the wave
velocity of the Rayleigh waves are adjusted to 6.1 nm and 22 cm/s, respectively, in
both the x and y directions. It is important to note that even though the vibration
amplitude is much smaller (< 1/10) than the surface roughness of the LiNbO3, the
slider moves smoothly. The mechanisms for this have not yet been fully identified,
but one possibility may be related to a local enhancement of the frictional force
through the ball contact.
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(mm)
( b )

Figure 10.22 A LiNbO3 surface acoustic wave motor: (a) the stator structure and
(b) the slider structure.

A rectangular plate dual-mode vibrator motor is pictured in Figure 10.23.14 The
fundamental longitudinal (L{) mode and eight harmonic bending (B8) mode
vibrations, which have practically the same resonance frequency, are utilized in the
operation of this device. When input signals with a phase difference of 90 degrees
are applied to the L-mode and B-mode electrodes, identical elliptical displacements
are generated at both ends of the plate, causing the rollers in contact with these areas
to rotate. Such a system is well suited for the task of conveying paper and cards.

(a)

,

/gy--A A
, -MODE

V IV M
ROLLER
VINYL

PRESSURE
yPAPER

t-VIBRATOR

,'• -B-MOpE'p'Riy'E-J CERAMIC
•x-':::::-'jGNb':-:-:-:-x-':-':-i

Figure 10.23 A rectangular plate dual-mode vibrator motor: (a) the fundamental
longitudinal LI mode and the eighth harmonic bending B8 mode
vibrations and (b) schematic diagram of the motor.14
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The 7t-shaped device described in Section 10.2(2) can be modified to operate as a
traveling wave motor.15 Two multilayer actuators are installed at the two corners of
the 7i-shaped frame as shown in Figure 10.24. When input signals with a 90-degree
phase difference are applied to the actuators, a "trotting" motion is induced in the
less of the device.

MULTILAYER PIEZOELECTRIC
ACTUATOR

DURALUMIN

Figure 10.24 A ji-shaped ultrasonic linear motor of the traveling wave type.15

(2) Rotary Motors

When the rod discussed in the previous section is bent to form a ring, it can be
operated as a rotary motor. Two types of ring motors are pictured in Figure 10.25,
one operates via a bending mode and the other via an extensional mode of
vibration.16 Although the basic principle of operation for these motors is similar to
that for the linear type, more sophisticated methods of ceramic poling must be
applied and somewhat more complex mechanical support structures are needed.

Bending vibration
Cylindrical vibrator

(a)

Extensionai
vibrator

Figure 10.25 Two types of ring ultrasonic motors utilizing (a) a bending mode
and (b) an extensional mode vibration.16
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Operation of "Surfing" Rotary Motors

When a source of vibration is acting at a given position on a closed ring (either
circular or square) at the resonance frequency of the ring, a standing wave is
excited, due to the interference of the two disturbances that proceed from the source
around the ring in opposite directions. When more than one vibrator is applied, the
superposition of the disturbances generated by the sources (two from each source)
can produce a traveling wave around the ring.

Assuming a vibration of the form Acos(cot) is applied at position 9=0 on an elastic
ring, the n-th mode standing wave established in the ring is described by:

u(6,t) = A[cos(n9)][cos(cot)] (10.10)

A general expression for a traveling wave is:

u(9,t) = Acos(n9-wt) (10.11)

Alternatively, a traveling wave can be represented as the superposition of two
standing waves in an equation of the form:

u(9,t) = A[cos(n9)][cos(cot)] +A[cos(ne-xc/2)][cos(cot-7t/2)] (10.12)

from which we see that a traveling wave can be generated by superposing two
standing waves whose phases differ by 90 degrees with respect to both position and
time. In more general terms we can say that the superposition of standing waves
with any constant phase difference except n can result in a traveling wave. In
principle, excitation at only two positions on the ring is sufficient to generate a
traveling wave. Some commonly used vibration source configurations are illustrated
in Figure 10.26. In practice, the largest number of vibration sources possible is
preferred in order to increase the mechanical output. When deciding upon the total
number and placement of the vibration sources the symmetry of the electrode
pattern must be carefully considered.

The displacements produced in ring motors of the bending and extensional mode
types are depicted in Figure 10.27.16 The displacement locus becomes an elongated
ellipse normal to the surface for the thin ring motor operated in the bending mode,
while the locus is a flat ellipse independent of the thickness for the device operated
in the extensional mode. The thrust direction on the top and bottom surfaces is the
same for the bending mode motor, but they are in opposite directions for the
extensional mode motor. The main advantage of the extensional mode over the
bending mode is its higher speed due to its relatively high resonance frequency.
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sin cos sin cos

1st

Figure 10.26 Some commonly used vibration source configurations for generating
a traveling wave in a ring motor.16

Slider

( b ) Extensional

Figure 10.27 Ring motor displacements for: (a) the bending mode and (b)
extensional mode types.16
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Examples of "Surfing" Rotary Motors

17The first successful "surfing" rotory motor was developed by Sashida. The stator
structure for this device is pictured schematically in Figure 10.28. A traveling wave
is induced in the elastic body by the thin piezoelectric ring to which it is bonded. A
ring-shaped slider in contact with the "rippled" surface of the elastic ring can be
driven in either the clockwise or counterclockwise direction depending on the phase
of the input voltage applied to the piezoelectric. The motor's thin design makes it
suitable for installation in a camera as part of the automatic focusing system. Eighty
percent of the exchange lenses in Canon's EOS camera series have already been
replaced by the ultrasonic motor mechanism. Most of the newer versions of the
surfing rotary motor developed in the United States and Japan generally have been
variants of this original design.

RUBBER BRASS RING
\ //-PZT

ROTOR 7
POLARIZATION

K0sin ft> t

Figure 10.28 Stator structure of the original "surfing" rotary motor developed by
Sashida.17

The PZT piezoelectric ring is divided into 16 positively and negatively poled
regions and two asymmetric electrode gap regions so as to generate a 9th mode
traveling wave at 44 kHz. The electrode configuration for this design is asymmetric
and requires more complex lead connections than the simple basic structure
described in the previous section.

A photograph and a side view schematic of the motor appear in Figures 10.29 and
10.30, respectively. It is comprised of a 2.5 mm thick brass ring with a 60 mm outer
diameter and a 45 mm inner diameter bonded onto a 5 mm thick PZT ceramic ring
with divided electrodes printed on the back side. The rotor is a polymer ring that has
been coated with a hard rubber or polyurethane. The motor speed is plotted as a
function of torque for several levels of applied voltage in Figure 10.31.
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Figure 10.29 Photograph of the Sashida's surfing rotary motor (Shinsei
Industry).17 [1. housing, 2. bearing, 3. spring, 4. stator, 5. PZT ring,
6. contact material, 7. rotor]

Axis

Rotor

Slider

Elastic ring

Piezo - ring

Bearing Felt

Figure 10.30 A side view schematic of Sashida's surfing rotary motor.

The automatic focusing mechanism incorporating this rotary motor that was
developed for the Canon camera is pictured in Figure 10.32.17 The placement of two
motors in the system is shown in Figure 10.32(a). The compact size of the device
allows it to fit nicely above and beneath the lens array. A more detailed view of the
motor's contact with the lens components appears in Figure 10.32(b). The stator
actually has a ring of teeth, positioned on an antinode circle as pictured in Figure
10.33(a), which effectively amplifies the transverse elliptical displacement and
increase the speed. The lens position is shifted by means of the screw mechanism
shown in Figure 10.32(b).
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Figure 10.31 The surfing motor speed plotted as a function of torque for several
levels of applied voltage.17

The advantages of this motor over a conventional electromagnetic motor are:

1. Silent Drive: due to the ultrasonic operating frequency and the absence of a
gear mechanism. This makes the system especially suitable for video cameras
with microphones.

2. Compact Size: allowing it to be incorporated in a space efficient manner in
systems such as the automatic focusing camera.

3. High Speed: since the motor requires no gear mechanism, it can operate at
higher speeds than its electromagnetic counterpart.

4. Energy Saving: this compact, self-contained motor unit is highly efficient.

One important consideration in the design of these traveling wave motors concerns
the support of the stator. The nodal points or lines of a standing wave motor are
stationary and thus serve as ideal contact points for the support structure. A
traveling wave device will not have this feature and care must be taken in selecting
and making contact with the support points such that the bending vibration is not
significantly suppressed. The stator for this motor is supported along an axial
direction with a felt interface to establish a "gentle" frictional contact as shown in
Figure 10.32(b). The rotation of the stator is stopped by means of pins, which latch
onto the stator teeth when engaged. An alternative means of support for a traveling
wave stator has been proposed by Matsushita Electric. It is essentially a nodal line
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support method applied to a higher order vibration mode as illustrated in Figure
10.33(b).18 Note the relative position of the nodal circle used for support with
respect to the placement of the stator teeth on an adjacent antinodal circle as
depicted in Figure 10.33(a).

Rotor

Piezo device
Elastic ring

ROTOR

BALL BEARING

COUPLING KEY

HELICOID SCREW

DISH-SHAPED SPRING

FELT

(b) FOCUSING LENS

OPTICAL AXIS
PIN USED TO STOP ROTATION
OF THE STATOR

Figure 10.32 The automatic focusing mechanism, developed by Canon,
incorporating the surfing rotary motor: (a) placement of two motors
in the system and (b) detail showing the motor's contact with the
lens components.17

A much smaller version of this basic surfing motor design, measuring only 10 mm
in diameter and 4.5 mm in thickness, has been produced by Seiko Instruments.19
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The structure of this miniature motor is pictured in Figure 10.34. When it is driven
with a driving voltage of 3 V and a current of 60 mA a no-load speed of 6000
rev/min with a torque of 0.1 mN.m is generated. Smaller motors similar to these
have also been developed by Allied Signal to be used as mechanical switches for
launching missiles.20

(a) ROTOR

VIBRATOR

(b)
DISPLACEMENT DISTRIBUTION
IN RADIAL DIRECTION

NODAL POSITION
(FIXTURE )*

Figure 10.33 Support mechanism for the surfing rotary motor stator: (a) a ring of
teeth is placed on an antinodal circle and (b) the support is placed on
a nodal circle associated with a higher order vibration mode.18

Simple disk structures are preferable over unimorphs for motors because the
bending action of the unimorph cannot generate sufficient mechanical power and its
electromechanical coupling factor is generally less than 10%.21'22 Therefore, instead
of the unimorph structure, a simple disk is generally used in these motors. The (1,1),
(2,1) and (3,1) vibration modes of a simple disk, which are axial-asymmetric modes,
are depicted in Figure 10.35. Excitation of these modes can produce a rotation of the
inner and outer circumferences, resulting in "hula hoop" action.

An interesting design referred to as the "spinning plate" motor is pictured in Figure
10.36.23 A combination rotary/bending vibration is excited in a PZT rod when sine
and cosine voltages are applied to the divided electrodes. The inner surface of a
cup-like rotor is brought in contact with the "spinning" rod to produce the rotation.
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ROTOR
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LEAD
WIRE

STATOR
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SUPPORT PLATE PIEZOELECTRIC
FOR STATOR CERAMIC

Figure 10.34 A miniature version of the surfing rotary motor design produced by
Seiko Instruments.19 [Diameter: 10 mm, thickness: 4.5 mm]

(1,1) MODE (2,1) MODE
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sin att

COS 0)t

(3,1) MODE

Figure 10.35 A disk-shaped "hula hoop" rotary motor.21,22

10.5 MODE ROTATION MOTORS

The PZT tube motor pictured in Figure 10.37, which was developed jointly by
researchers at the Pennsylvania State University and the Institute of Materials
Research and Engineering in Singapore, has a long, thin configuration.24 It is similar
to the Tokin motor23 in appearance, but the mechanism for its operation is quite
different. Four segmented electrodes are applied to the PZT tube (having an outer



Ultrasonic Motor Applications 431

diameter of either 1.5 mm or 2.2 mm) and it is uniformly poled along the radial
direction. A rotary bending mode of vibration is excited in the PZT cylinder when
sine and cosine voltages are applied to the segmented electrodes as shown in Figure
10.37. The vibrating PZT stator thus simultaneously drives the two rotors in contact
with each end of the wobbling cylinder. The motion is analogous to that produced
by the "spinning plate" motor operated by a four-phase drive voltage.

DIRECTION OF
POLARIZATION
DIRECTION OF
EXCITED
ELECTRIC
FIELD

EXPANSION

DIVIDED ELECTRODES

CONTRACTION

Figure 10.36 The "spinning plate" rotary motor.23

A PZT tube motor of this type with inner and outer diameters of 1.5 mm and 2.2
mm, respectively, 7 mm in length, and having a mass of 0.3 g generates a torque of
0.1 mNm and has a no-load speed of 1000-2000 rpm. The specifications for the PZT
tube motor with those of two other commercially available motors appear in Table
10.2. A tube motor of this size generally has an efficiency of more than 20%, which
is about one order of magnitude higher than that exhibited by the electromagnetic
motors. The power density of the PZT tube motor exceeds that of the Seiko motor
by about one order of magnitude which is due primarily to the utilization of the
rotary bending mode of vibration in the operation of the device. The tube motor is
highly suitable for a variety of precision micromechanical applications, such as
intravascular medical microsurgery. The primary disadvantage of this design lies
with the difficulty in manufacturing the delicate PZT tubes with the required degree
of uniformity in wall thickness and cylinder symmetry, which leads to a rather high
manufacturing cost. The metal tube motor is thus a less expensive alternative for
these types of applications.
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Shaft
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Figure 10.37 The PZT tube motor developed by researchers at Penn State and the
Institute of Materials Research and Engineering in Singapore.24

Table 10.2 The specifications for the PSU/IMRE tube motor and two other
commercially available motors.

Outer Diameter (mm)

Length (mm)

Input Power (V)

(mA)

No-Load Speed (rpm)

Starting Torque (mNni)

Motorola
Electromagnetic
Micromotor

7

16

1.5

126

5000

0.075

Sieko
Ultrasonic
Micromotor

8

4.5

1.5-3.5*

60-12

1200

0.05-0.1

PSU/IMRE
Ultrasonic
Micromotor

2.2

8

3-6*

2-5

1000-2000

0.1

* A booster circuit is required.
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10.6 PERFORMANCE COMPARISON AMONG VARIOUS
ULTRASONIC MOTORS

The standing wave motors are generally among the least expensive, primarily
because they require only a single vibration source. This type also offers an
exceptionally high efficiency (as high as 98% theoretically), but the motion in both
the clockwise and counterclockwise directions is generally not well controlled.
Traveling wave type motors require more than one vibration source to generate the
propagating wave, leading to a much lower efficiency (typically not more than
50%), but its rotational motion is generally far more controllable. The performance
characteristics of three motors representing the standing wave type (vibratory
coupler), a hybrid type ("compromise teeth vibrator"), and the traveling wave type
are summarized in Table 10.3. 5

Table 10.3 The performance characteristics of three motors representing the
standing wave type (a vibratory coupler by Hitachi Maxel), a hybrid
type (the "compromise teeth vibrator" by Matsushita), and the
traveling wave type (by Shinsei Industry).25

-̂̂ CHARACTERISTICS

^^ -̂̂ ^^
TYPES ^~~\_

Coupler S&i

Type jj

'//////

Compromise

Type '

uiftn
'///////

Surface

Wave

Type
'///////

Rotation

Uni-
Direction

Reversible

Reversible

Rotation
Speed

[ rpm )

600

600

600

Rotation
Torque

[ kgf-cm ]

13

1

0.5

Efficiency
I •/• \

80

45

30

Size
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&

Long

,
i

Wide
&

Thin

Analogy

x- — ̂

$?'"
Euglena

^0%

j^js
$j&£-^*

Paromecium

^T
jSfvJ)^^^ ftf

^^
Ameba

The traveling wave motor does not lend itself well to miniaturization. A sufficient
gap between adjacent electrodes is required to ensure proper insulation between
them. During electrical poling, which involves alternating the polarity across
adjacent poled regions in the ceramic, cracks readily develop in the electrode gap
regions where residual stresses tend to concentrate. This problem ultimately
precludes any further miniaturization of the traveling wave type of motor. Standing
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wave motors, on the other hand, with their much simpler structures, are much better
suited for miniaturization. They simply require a uniformly poled piezoelectric
element, a few lead wires, and a single power supply.

Another problem associated with the traveling wave motor concerns the support of
the stator. In the case of a standing wave motor, the nodal points or lines are
generally supported, which has a minimum effect on the resonance vibration. A
traveling wave does not have stable nodal points or lines and therefore relatively
elaborate support structures must be designed that will not significantly suppress the
bending vibration. One of the simplest means is the method previously described
that is depicted in Figure 10.28, whereby the stator is supported along an axial
direction with a layer of felt between the pieces to minimize the damping effects on
the vibration.

In general, the following design concepts must be optimized in the development of
new microscale ultrasonic motors:

1. A simple structure for which the number of components is as small as
possible is desirable.

2. A simple poling configuration should be utilized.

3. It is best to minimize the number of vibration sources and drive circuit
components required for operation. (Standing wave motors meet this
requirement nicely.)

10.7 MICROSCALE WALKING MACHINES

Current advances in biomedical research and ultraprecise surgical techniques
require sophisticated tiny actuators for manipulation of such tools as optical fibers,
catheters, and microscale surgical blades. Microscale walking devices are especially
attractive for applications such as these and thus much research related to the
development of the tiny walkers has been underway in recent years.

(1) PVDF Walker

Two early designs for PVDF bimorph walking machines are pictured in Figure
10.38.26 The devices were fabricated from two PVDF films, each with a thickness of
30 urn, bonded together and bent with a curvature of 1 cm"1. The legs of the walker
are of slightly different widths so that there will be a difference between their
resonance frequencies so that the leg movement required for both clockwise and
counterclockwise rotations of the device will be possible.
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Figure 10.38 Two early designs for PVDF bimorph walking machines: (a) the
arch and (b) the triangular configurations.26

(2) A Ceramic Multilayer Ultrasonic Motor

Schematic diagrams of a ceramic multilayer motor and its electrode pattern are
pictured in Figure 10.39.27 Longitudinal (Li) and bending (B2) modes are
simultaneously excited in the device when the appropriate input signals are applied
to the external electrodes. The speed and efficiency of the motor is shown as a
function of load in Figure 10.40.

115 urn
x 40 layers

21mm
External
electrode 4.8mm

Figure 10.39 A simple ceramic multilayer linear ultrasonic motor.27
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Figure 10.40 The speed and efficiency of the ceramic multilayer linear ultrasonic
motor as a function of load. 27

(3) Ultrasonic Motor Vehicles

The Mussierkun toy developed by Seiko Instruments is a tiny vehicle with
dimensions 10x10x10 mm3 incorporating ultrasonic motors 8 mm in diameter. The
toy is activated by illuminating an optical sensor in Mussierkun's eye.28

A four-wheel vehicle ( 7 x 7 x 7 mm3) produced by researchers at the Pennsylvania
State University is pictured in Figure 10.41.29 It is driven by two metal tube motors
(4 mm in length). The forward, backward, and sideways motions of the vehicle are
controlled by a joystick remote control device.

10.8 CALCULATIONS FOR THE SPEED AND THRUST OF
ULTRASONIC MOTORS

Calculations for the speed and thrust of an ultrasonic motor include parameters
associated with both the type of motor and the contact conditions between the slider
and the stator portions of the device. The contact models typically employed
represent the following conditions: (1) rigid slider and rigid stator, (2) compliant
slider and rigid stator, and (3) compliant slider and compliant stator. Further, the
pulsed drive for the vibratory coupler type motor and the continuous drive of a
surface wave type must be incorporated into the calculation.



Ultrasonic Motor Applications 437

Figure 10.41 A four-wheel vehicle ( 7 x 7 x 7 mm3) produced by researchers at the
29Pennsylvania State University, utilizing two metal tube motors.

(1) Surface Wave Motor Calculations

The rigid slider and rigid stator contact model is employed in the analysis of surface
wave motors. The slider speed can be obtained from the horizontal velocity of the
stator surface portion of the stator as it undergoes the displacement depicted in
Figure 10.42. The phase velocity of the vibration, vsw, is simply given by:

vsw = f A (10.13)

where f is the frequency and X the wavelength of the stator vibration. The speed of
the slider, v, is described by:

(10.14)
A

where Z is the transverse vibration amplitude and e0 is the distance between the
surface and the neutral plane as shown in Figure 10.42.
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eo Elastic Material
Neutral Plane

Piezoceramic

Figure 10.42 Stator displacement of a surface wave type motor.

Example Problem 10.2_________________________________
Calculate the phase velocity of the surface vibration, vsw, and the slider speed, v, for
a surface wave type motor, using the following typical measured values: bulk
vibration velocity: 5050 (m/s), vibration frequency: 30 (kHz), vibration wavelength:
A = 28 (mm), distance e0: 3.5 (mm), and transverse surface vibration amplitude:
1 (urn).

Solution

Using the known values of vibration frequency and wavelength the phase velocity
of the surface vibration is calculated as follows:

vsw = f A = [30xl03 (Hz)] [28xlO~3 (m)] (P10.2.1)

^^ v s w= 850 (m/s)

which is found to be much slower than the bulk vibration velocity.

The slider speed may be determined from the given data according to the following:

= (47t2)Zeof
A,

(m)][3.5xlQ-3 (m)][30xl03 (Hz)]
[28xlO"3 (m)]

v = 150(mm/s)

which is considerably slower than the bulk vibration velocity!

(P10.2.2)
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(2) Vibration Coupler Motor Calculations

The compliant slider and rigid stator contact model is employed in the analysis of
vibration coupler motors. The horizontal and vertical displacements of the rigid
stator shown as a and b, respectively, in Fig. 10.43, are described by:

a = a0 [cos(tot)] and b = b0 [sin(cot)]

The horizontal speed of the stator may thus be expressed as:

vh = T— = -aoco[sin(eot)]
at

(10.15)

(10.16)

Vo r
Slider

Faster

Slower Slip

"^Piezoelectric

Stator

Figure 10.43 The vibration coupler motor: (a) schematic depiction of the motor
structure and (b) the displacement of the stator.

The normal force, n, is plotted as a function of phase, cot, in Figure 10.44. The curve
shown is defined as:

Slider and Stator in Contact: (7i/2-((>/2) < tot < (7i/2+(|>/2)

n = (3[sin(tot) - cos((|>/2)] (10.17a)

Slider and Stator Not in Contact: 0 <cot < (n/2-^/2) and (ii/2-$/2) < tot < (2n)

n = 0 (10.17b)

where 0 is a measure of the contact period as shown in Figure 10.44 and P is a
parameter defined in the analysis that follows.
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Figure 10.44 The normal force acting for a vibratory coupler motor plotted as a
function of phase.

The integrated normal force, N, is given by:

N = Jnd(o)t)

/• j \ J t /2H '2

= — f P[sin(wt)-cos((|>/2)]d(cot)
2? J

N = |- | [s in(4>/2)-(<|>/2)cos(<t>/2)]
W

from which we may define the parameter, |3, as:

j tN

(10.18)

P = T-.;sin(^/2)-((|)/2)cos((t)/2)]
(10.19)

The no-load slider speed corresponds to the average horizontal stator speed (vh), and
is identified as v0 in the plot of vh as a function of phase (cot) in Figure 10.45. It is
thus evaluated over the phase interval between P[ and P2 by:

vo = Jvhd(cot)

— [ -aow [sin(mt)] d(cot)

-a0m[sin(0/2)]
(0/2)

(10.20)
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Figure 10.45 The horizontal stator speed of a vibratory coupler motor plotted as a
function of phase.

When the phase conditions identified by P3 and ?4 in Figure 10.45 exist, no slip is
observed and

vh = v0 = -a0co[cos(v/2)]

Comparison of Equations (10.20) and (10.21) indicates that:

sin(0/2)
cos(\j//2) =

Of/2)

(10.21)

(10.22)

The frictional force, f, is defined in terms of the kinetic coefficient of friction
between the slider and the stator, Uk, and under conditions where it acts as an
accelerating force or a drag force it is expressed as follows:

Accelerating Force: (7i/2-\|//2) <o)t < (7i/2+\|//2)

f = u k n (10.23a)

Dragging Force: (7i/2-<|>/2) < cot < (7i/2-V|//2) and (jt/2-\|//2) < tot < (rc/2 + ty/2)

(= -Mkn (10.23b)

The magnitude of the maximum thrust, F, is given by the integrated frictional force
as:

F = jfd(cot)
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= (^-} f
\ 77T. I J

271
J [r(cot)]d(cot)- J [r(cot)]d((ot)+ J [r(wt)]d(cot)

where r(cot) = sin(cot)-cos(<|>/2).

Integrating yields:

F = 1 - (10.24)

When \|/ < <|> « 1:

F = nkN[l-2(v/<|>)] = nkN[l-2(l/V3)] (10.25)

When $=0 and i|/=0, v0= -a0co and F= -0.155ukN. When ty=n and cos(v|//2)= 2/n,
v0=- (2/7t)a0co and F= -0.542ukN. So we see, in general, that as the contact period,
<|>, is increased, the thrust, F, increases at the expense of the slider speed.

In summary, if the contact period, (|>, under a certain normal force, N, can be
determined experimentally or theoretically, the no-load speed, v0, can be calculated
from Equation (10.20) and the no-slip position angle, \\i, from Equation (10.22).
The thrust, F, can then be obtained from Equation (10.24).

10.9 ELEMENTS OF DESIGNING AN ULTRASONIC MOTOR

The process for designing an ultrasonic motor will be demonstrated for the Ti-shaped
linear motors pictured in Figure 10.46. A multilayer type is depicted in Figure
10.46(a)30 and a bimorph type in Figure 10.46(b). We will follow the process
outlined in the design flowchart presented in Figure 10.47.
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(a) (b)

30Figure 10.46 Two 7i-shaped linear motors: (a) a multilayer type' and (b) a
bimorph type.
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Figure 10.47 A flowchart for the design of an ultrasonic motor.

(1) Defining the Specifications of the Device

Let us assume that the customer has provided the following required specifications
for a 7t-shaped linear motor:
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Table 10.4 Desired Specifications for a rc-shaped linear motor.

Thrust (gf) 200

Speed (cm/s) 20
Size (mm3) 20 x 40 x 5

Drive Frequency (kHz) 90

(2) Determining the Size of the Piezoelectric Actuator

The size of the piezoelectric actuator is determined largely by the resonance
frequency at which it will be operated. The 7t-shaped multilayer motor requires an
actuator that will be operated in a thickness longitudinal mode of vibration. The
resonance frequency for the desired vibrational mode is given by:

(10.26)

Assuming a mass density for the ceramic of p=7.8x!03 (kg/m3), a compliance of
S33D=25xlO~12 (m2/N), and a length 1=9 (mm), the resonance frequency for the
thickness longitudinal mode will be:

1
f, = 2[9xlO'3 (m)]J\ [7.8xl03 (kg/m3)][25xlO-12 (m2 /N)]

f = 1.25xl05(Hz)

The resonance frequency of the piezoelectric actuator should actually be selected
slightly higher than the drive frequency to allow for the presence of the vibratory
piece, which will be installed later. The size of the multilayer actuator produced by
NEC/Tokin is about 5x5x9 (mm3).

(3) Determing the Size of the Vibratory Piece

The two legs and cross bar of the 7i-shaped structure are referred to as the
"cantilevers" and the "free bar," respectively. The resonance frequency for both is
described by a general equation of the form:

(10.27)
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where / is the length of the element, t is its thickness, Y is Young's modulus, p is the
mass density, and am is a parameter determined by the vibration mode. Values for
ccm are given in Figure 10.48 for the first three resonance modes of the cantilever
and free bar elements. The second mode resonance frequencies for the cantilevers
(c) and the free bar (b) are thus defined as follows:

(10.28a)

f -f a > "
1.875 1st mode-

4.694 2nd mode^<r~^

(10.28b)

am

4.730

7.853

7.855 3rd modo«"'*>^>'->- 10.996
(b)

Figure 10.48 Values of the parameter am corresponding to the first three
resonance modes for the elements of a n-shaped linear motor: (a) the
cantilevers and (b) the free bar.

Using the mass density [p=2.76x!03 (kg/m3)] and Young's modulus [Y=7.03xl010

(N/m2)] for aluminum, and the dimensions determined by finite element analysis
indicated in Figure 10.49, the cantilever and free bar second mode resonance
frequencies are found to be f2c=255 (kHz) and f2b=106 (kHz).

49.5mm

I I2.8mm

(b)

Figure 10.49 Dimensions of two 7i-shaped linear motors determined by finite
element analysis (FEM): (a) the multilayer type30 and (b) the
bimorph type.
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Free vibration analysis is performed using a finite element analysis (FEM) program
on the structures. Some results are presented in Figure 10.50. In order to achieve
high speed both the longitudinal and flexural modes must be excited at an
intermediate drive frequency. Theoretically and experimentally determined
resonance frequencies for the bending (LI) and transverse (up and down)
vibrational (B4) modes of the cantilever element on a bimorph type n-shaped linear
motor are plotted as a function of thickness of the element in Figure 10.51. The data
obtained by finite analysis [Figure 10.51 (a)] and the experimental results are in
good agreement with a discrepancy of less than 4% for both resonance frequencies.
It is important for the proper operation of this device that these two resonances are
adjusted to the same frequency. We see from the data of Figure 10.51 that this
condition is satisfied when the element has a thickness of about 2.8 (mm).

FREQ = 105.4360 kHz FREQ = 108.3190 kHz

Figure 10.50 Some results of the free vibration finite element analysis on a
bimorph type n-shaped linear motor: (a) leg bending is excited at
105 kHz, and (b) transverse leg motion is excited at 108 kHz.

Next, driven vibrational analysis is performed on the device. The trace of the leg
movement when a sinusoidal drive is applied to one actuator and a cosine drive on
the other as shown in Figure 10.52 is determined. Both actuators are driven at 90
(kHz) with a force of 6 (N). The elliptical loci of the legs' displacement for various
positions on the legs are shown at the bottom of Figure 10.52. The counterclockwise
rotation of all points produces an efficient drive force against the rail.

(4) Determining the Rail Size

The rail size depends primarily on the motor size. Once this has been decided upon
according to the preceding considerations, an appropriate rail configuration can be
selected. In the case of the 7i-shaped motor discussed here, a rail with a cross-section
of 5x5 (mm2) is used.
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Figure 10.51 Resonance frequencies for the bending (LI) and transverse
vibrational (B4) modes of the cantilever element on a bimorph type
Ji-shaped linear motor plotted as a function of thickness determined
by: (a) finite element analysis and (b) experiment.

(5) Selecting the Proper Drive Conditions

The resonance frequencies of the ultrasonic motor are measured with an impedance
analyzer. Two actuators are connected together with the same polarity for the
symmetric modes (a 180° phase difference between the legs), and with the opposite
polarity for the antisymmetric modes (a zero phase difference between the legs).
Some typical spectra for the 7i-shaped motor are shown in Figure 10.53.

sin tut

a b c d e f

Figure 10.52 Driven vibrational analysis of the Ti-shaped linear motor.
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The motor will be driven most efficiently over the frequency range that extends
from a resonance mode that produces a large longitudinal displacement to one
corresponding to a large bending displacement. The drive frequency should also fall
between the frequencies form symmetric and antisymmetric leg motion, ideally
such that there is either a 90° or a -90° phase difference between the legs conducive
for the "trotting" motion of the device.

A

100 120
Frequency (kHz)

(a)

100 120

Frequency (kHz)

(b)

Figure 10.53 Admittance spectra for a 7i-shaped ultrasonic motor: (a)
symmetric and (b) and antisymmetric vibration modes.

the

Driven vibration analysis by FEM typically indicates the same counterclockwise
elliptical vibration of both legs. The displacement of the legs can also be examined
using a laser Doppler method. Typical data collected by this method for a 7i-shaped
linear ultrasonic motor are summarized in Figure 10.54. We see from these data that
there exists a frequency range over which the same rotation direction is produced in
both legs. This agrees well with FEM predictions.

(6) Checking the Motor Specifications

The dependence of the motor propagation direction on drive frequency for a n-
shaped motor is shown in Figure 10.55, and the speed of the motor as a function of
drive voltage and load are shown in Figures 10.56(a) and 10.56(b), respectively.
The maximum no-load speed and maximum load are approximately 20 cm/s and
200 gf (20 N), respectively. The propagation direction of the motor is reversed by
exchanging the drive signals applied to the two multilayer actuators. Tests of the
motor's action in both directions result in similar speed versus drive voltage curves.
The measured parameters for the motor thus meet the original device specifications
requested by the customer.
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Figure 10.54 Rotation direction of the elliptical vibration of the two legs of a n-
shaped ultrasonic linear motor as determined by the laser Doppler
method, [a, b, c: first leg, d, e, f: second leg]
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Figure 10.55 The dependence of the motor propagation direction on drive
frequency for a 7i-shaped ultrasonic linear motor.

10.10 OTHER ULTRASONIC MOTOR APPLICATIONS

(1) The Ultrasonic Surgical Knife

The blades of conventional surgical knives tend to become coated with clotted
blood during an operation thus impeding the cutting of tissue. Ultrasonic vibration
of the knife is an effective means of maintaining a clear blade for longer periods of
time during the procedure.31 The ultrasonic vibration in the vicinity of the cut also
helps to accelerate the rate of blood clotting near the wound after the incision is
made. A very thin ultrasonic tube-shaped knife has been proposed for fine
procedures such as cataract surgery.32
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Voltage (Vp.p)
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20 40 60 80 100
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Figure 10.56 Speed of the Ti-shaped ultrasonic linear motor plotted as a function
of: (a) the drive voltage and (b) the load.

(2) The Piezoelectric Fan/Pump

An ultrasonic device designed to displace air is the piezoelectric fan, which has
been used for cooling electronic circuits33 and for suspending particulate
substances.34 Devices designed to displace liquids include piezoelectric pumps, ink
jets, and evaporators.35,36

Piezoelectric Fans

Some electronic components such as high power transistors generate heat and,
therefore, require a local compact cooling system which does not generate
electromagnetic noise. A compact piezoelectric fan developed by Piezo Electric
Products, Incorporated (PEPI) is shown in Figure 10.57.37 The device includes a
pair of piezoelectric bimorphs which are driven out of phase in order to optimize the
fan action. A flexible blade attached to a weight is installed at the tip of each
bimorph. This configuration causes the bottom and the top of the blade to have a
phase difference of 90° when driven by the bimorph so that it executes a motion
similar to a swimming fish. A piezoelectric fan unit with dimensions 4 x 2 x 1.2 cm3

is capable of decreasing the heat generated from a 30 W heater to several mW.
Compact piezoelectric fans with a similar design are also fabricated by Misuzu-Erie
and Nippon Denso38 of Japan.
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Bimorph Weight

Figure 10.57 A compact piezoelectric fan developed by Piezo Electric Products,
Incorporated (PEPI).37

Piezoelectric Pumps

Piezoelectric pumps are generally comprised of a dual bimorph structure coupled to
two one-way valves as shown in Figure 10.58, which depicts a pump produced by
Bimor, Incorporated, of Japan.39 This device can be driven directly by the
commercial line voltage (50-60 Hz and 100 V) because the bimorph resonance
frequency has been tuned to approximately 50-60 Hz. The flow characteristics of
piezoelectric pumps operated in air and water are shown in Figure 10.59. These
pumps are most extensively used for injection of intravenous drip in hospitals and
for automatic seasoning equipment in hotels.

Evaporators

The general structure of a piezoelectric evaporated is quite similar to that of the
inkjet. The major differences between the two devices are primarily related to the
drive resonance and the maximum evaporation rate of the liquid. One significant
application for the piezoelectric evaporated has been in cool vapor humidifiers,
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which are preferred in homes with small children for safety reasons. A more recent
application that has attracted considerable attention is its use as part of a system for
evaporating heavy oil in diesel engines to increase the combustion efficiency of the
fuel.

1 —>• one way valve
2 -> Piezo - bimorph
3 -> Amplitude
4 —> Elastic mold

Figure 10.58 A piezoelectric pump produced by Bimor, Incorporated.3

1.0 2.0U/min)

Figure 10.59 The flow characteristics of piezoelectric pumps operated in air and
water.
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Example Problem 10.3_________________________________
Describe the role of the "horn" in ultrasonic motors.

Solution

A "horn" is an AC resonance displacement amplification mechanism. It effectively
produces an amplification of the resonance displacement that is inversely
proportional to the diameter of the vibrator. Three commonly used types are
depicted in Figure 10.60. The exponential cut horn (a) exhibits the highest energy
transmission efficiency, but the fabrication procedure needed to produce a precisely
cut horn of this shape is not simple and thus not cost efficient from a production
point of view. The linear taper horn (b) exhibits an intermediate efficiency and is
somewhat easier to fabricate. The step contoured horn (c) is the easiest to fabricate,
but is the least efficient due to reflection of a portion of the vibration energy at the
neck of the structure.

( a ) ( b ) ( c )

Figure 10.60 Three commonly used horn types: (a) the exponential cut horn, (b)
the linear taper horn, and (c) the step contoured horn.

10.11 MAGNETIC MOTORS

Motors activated by magnetic actuators have the capability of operating by remote
control. Prototype micromagnetic devices have been demonstrated that can fly,
walk, swim and drill.40 One intriguing design has the shape of a tiny butterfly,
which can actually fly between a pair of magnetic poles when it is magnetically
driven at a frequency corresponding to the resonance frequency of the butterfly's
wings. Another interesting and potentially useful device is the magnetic screw
motor pictured in Figure 10.61. The photos depict the device drilling through a
piece of beef as it is driven by a cyclic magnetic field. The rate of rotation of the
magnetic drill is thus synchronized with the frequency of the applied field and in
this demonstration the rate of drilling occurred at approximately 1 mm/s.
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Figure 10.61 A magnetic screw motor.40

10.12 RELIABILITY OF ULTRASONIC MOTORS

We have considered in some detail in this chapter the essential elements involved in
the development of ultrasonic motors. In particular, we examined the following key
concepts:

1) Basic Materials Development: identifying materials with low loss that are
able to sustain high vibration rates

2) Methods for Measuring High Field Electromechanical Couplings

3) Fundamental Ultrasonic Motor Design Considerations:
a) Displacement Magnification Mechanisms: such as the horn and hinge

lever mechanisms
b) Basic Ultrasonic Motor Types: classified according to their mode of

operation, such as the standing wave type and the traveling wave type
c) Frictional Contact: between the stator and moving parts of the motor
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4) Drive and Control of the Ultrasonic Motor:
a) High Frequency/High Power Supplies
b) Resonance/Antiresonance Modes of Operation

Important in the consideration of all these relevant areas is the matter of reliability.
We will consider here the reliability of an ultrasonic motor in terms of three critical
issues: (1) heat generation within the device, (2) the friction materials used, and (3)
the drive/control techniques employed.

(1) Heat Generation

The primary factor affecting the reliability of an ultrasonic motor is heat generation
within the device. The heat generated during operation can be great enough to cause
the temperature to increase as high as 120°C and cause serious degradation in the
performance of the motor due to depoling of the piezoelectric ceramic. A hard
piezoelectric with a high mechanical quality factor, Qm, is thus required to inhibit
the excessive generation of heat and the detrimental effects of thermal depoling.
Selection of an appropriate material is also influenced by the fact that the amplitude
of the mechanical vibration at resonance is directly proportional to the magnitude of
Qm. Materials from the solid-solution system PZT-Pb(Mn,Sb)O3 described in
Chapter 6 are excellent choices in this regard as motors in which they are contained
have been found to operate at input/output power levels an order of magnitude
higher than those incorporating conventionally used hard PZT materials. No
significant heating was observed for these devices when operated at these higher
power levels.41'42

(2) Frictional Coating and Lifetime

The efficiency of the Shinsei ultrasonic motor incorporating various friction
materials with respect to maximum output is shown in Figure 10.62.43 The highest
ranking materials among those represented in the figure are those in the A group,
PTFE (polytetrafluoroethylene, Teflon), PPS (Ryton), PBT (polybutylterephthalate),
and PEEK (polyethylethyl ketone). Some of the more popular materials used in
commercially available motors include Econol (Sumitomo Chemical), CFRP
(carbon fiber reinforced plastic, Japan Carbon), PPS (Sumitomo Bakelite), and
polyimide. The wear for an ultrasonic motor incorporating CFRP friction material is
plotted as a function of driving period in Figure 10.63. The data indicate that a 0.5
mm thick coat of this material will last approximately 600-800 hours.44

Until recently, the lifetime of an ultrasonic motor was largely determined by the
durability of the friction material used in the device. The emergence of new, more
durable friction materials has led to considerably longer lifetimes for some of the
more recently developed motors. As one example, let us consider the performance
of the Shinsei motor USR 30.43 The motor is driven continuously for 2000 hours
such that there is alternately a clockwise rotation for one minute and then
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counterclockwise for the next minute, a rotation rate of 250 rpm, and a load of 0.5
kg-cm. The change in the rate of rotation after this drive period was less than 10%.
A second test examines the deterioration of motor characteristics under intermittent
drive conditions whereby the motor rotates clockwise for one revolution and then
counterclockwise for the next revolution with no load applied. After 250 million
revolutions under these conditions, no significant degradation in motor
characteristics was observed. Considering the lifetime requirements for motors such
as this used in a VCR, about 2000-3000 hours, we see that the lifetime of the
ultrasonic motor will quite adequately meet the required specifications.
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Figure 10.62 The efficiency of the Shinsei ultrasonic motor incorporating various
friction materials with respect to maximum output.43

(3) Drive and Control of the Ultrasonic Motor

The four principal methods for controlling an ultrasonic motor are summarized in
Figure 10.64. Pulse width modulation is the best of the four in terms of the high
degree of controllability and efficiency that can be achieved.

When the motor is driven at the antiresonant frequency, rather than at the resonance
frequency, the load on the piezoelectric ceramic and the power supply are reduced.
The mechanical quality factor Qm and temperature rise of a PZT ceramic bar sample
driven at its fundamental resonance (A-type) and antiresonance (B-type)
frequencies are plotted as a function of vibration velocity in Figure 10.65.45 The
data show that that QB is higher than QA over the entire vibration velocity range
indicating that the same level of mechanical vibration can be achieved in the
antiresonance mode as attained in the resonance mode, but without excessive heat
generation. Moreover, when it is operated in the antiresonance mode the admittance
is very low and therefore it can be powered by a conventional inexpensive low
current, high voltage source, in contrast to the high current, low voltage source
required for driving the piece at resonance.
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Figure 10.63 Wear as a function of driving period for an ultrasonic motor
incorporating CFRP friction material: (a) over a range of contact
forces and (b) with a contact force of 3 kgf.44

One final feature of ultrasonic motors should be highlighted before we close our
discussion on this class of devices. They are generally characterized by low speed
and high torque, in contrast to the high speed and low torque characteristic of
conventional motors. Thus, ultrasonic motors do not require gear mechanisms,
which allows for their very quiet operation and their compact size. The relative
simplicity of their design is also favorable from a reliability point of view as there
are fewer components that will be subject to wear and failure over the lifetime of
the motor.
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Figure 10.64 The four principal methods for controlling an ultrasonic motor.
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Figure 10.65 The quality factor Q and temperature rise for a PZT bar driven at a
fundamental resonance (A) and antiresonance (B) frequency plotted
with respect to vibration velocity.45 [Longitudinal vibration]
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CHAPTER ESSENTIALS_______________________

1. Merits and Demerits of Ultrasonic Motors:

___________Merits______________________Demerits__________

> Low Speed and High Torque ^ High Frequency Power Supply
> Direct Drive Required
> Quick Response > Torque vs. Speed Droop
> Wide Range of Speeds > Low Durability
> Hard Brake with No Backlash
> Excellent Controllability
> Fine Position Resolution
> High Power-to-Weight Ratio
> Quiet Drive
> Compact Size and Light Weight
> Simple Structure and Easy

Production
> No Generation of Electromagnetic

Radiation
> Unaffected by External Electric or

Magnetic Fields

2. Classification of Ultrasonic Motors:
a. Rotary Type
b. Linear Type
c. Rod Type
d. n-Shaped
e. Ring (square) and Cylinder Types
f. Standing Wave Type
g. Mixed-Mode Type
h. Traveling Wave Type
i. Mode Rotation Type

3. Principle of Operation for the Traveling Wave Type: A traveling wave can be
generated by superposing two standing waves with a 90-degree phase
difference between them.

4. Contact Models for Speed/Thrust Calculations:
a. Rigid Slider and Rigid Stator
b. Compliant Slider and Rigid Stator
c. Compliant Slider and Compliant Stator
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5. Essential Elements Involved in the Development of Ultrasonic Motors:
a. Basic Materials Development
b. Methods for Measuring High-Field Electromechanical Couplings
c. Fundamental Ultrasonic Motor Design Considerations:

i. Displacement Magnification Mechanisms
ii. Basic Ultrasonic Motor Types
iii. Frictional Contact

d. Drive and Control of the Ultrasonic Motor:
i. High Frequency/High Power Supplies
ii. Resonance/Antiresonance Modes of Operation

CHAPTER PROBLEMS

10.1 Describe the general principle for generating a traveling wave on an elastic
ring using a unimorph structure. Then, assuming a displacement produced
by the second order vibration mode of the form u(9,t)=Acos(20-cot),
describe two possible electrode and poling configurations that can be
applied to the piezoelectric ceramic ring to produce the traveling wave.

10.2 Verify Equations (10.18) to (10.25) for the compliant slider and rigid stator
model. Evaluate the average speed, v0, and the maximum thrust, F, for the
cases of ty = 0 and 0 = n.

10.3 Survey the recent literature (that is, from the last five years) and prepare a
brief report on the research that has been done on piezoelectric ultrasonic
motors during this period. Be sure to include the following in your report:

a. Include a list of papers (at least five) which report on ultrasonic
motors.

b. Prepare a classification of the motors reported using the categories
described in this chapter (that is, standing wave type or traveling wave
type, rotary or linear type, etc.).

c. Provide a brief explanation of the basic operating principles of the
motors included in your report.

d. Summarize and briefly describe any intended applications for the
motors included in your report.
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THE FUTURE OF CERAMIC ACTUATORS IN
MICROMECHATRONIC SYSTEMS

After twenty-five years of intensive research and development of solid-state
actuators, the focus has gradually shifted to applications. Piezoelectric shutters
(Minolta Camera); automatic focusing mechanisms (Canon) in cameras, dot matrix
printers (NEC), and inkjet printers (Epson); and piezoelectric part-feeders (Sanki)
have been commercialized and mass produced on a scale of several tens of
thousands of pieces per month. Throughout this period of commercialization,
especially over the last decade, new actuator designs and methods of drive and
control have been developed to meet the requirements of the latest applications. At a
somewhat slower pace advances in device reliability and strength have likewise
occurred, although some considerable work is yet to be done in further extending
the lifetime of devices and ensuring consistent performance over that period. An
overview of these recent trends in development followed by a projected view of
future trends and design concepts will be presented in this chapter.

11.1 DEVELOPMENT TRENDS AS VIEWED FROM PATENT
STATISTICS

A chart depicting the breakdown of 508 patent disclosures filed in Japan from 1972
to 1984 with respect to technical content appears in Figure 11.1 (a) and a chart
representing the breakdown for 550 patents disclosed from 1988 to 1990 is shown
in Figure ll.l(b).1 Four major categories characterize the technical content: (1)
materials development, (2) device design, (3) drive/control systems, and (4)
applications. Specific areas within these major categories include new
compositions, fabrication processes, multilayer actuators, bimorph structures,
displacement magnification mechanisms, drive methods, control methods, servo
displacement transducers, and pulse drive and ultrasonic motor applications. Note
that device application concepts constitute most of the patents summarized in Figure
ll.l(a), while only about one-quarter of the patents classified in Figure ll.l(b) are
related to this area. This tendency is generally observed in the development of any
device. Once the basic design is proposed, various prototype devices are fabricated
and application patents are filed. However, as the actual commercialization is
promoted, the focus shifts to the optimization of the designs, cheap and efficient
manufacturing processes, and new drive/control methods.

The application patents filed from 1972 to 1984 were primarily concerned with
pulse drive motors (43%) and servo displacement transducers (40%), while
ultrasonic motor applications (5%) were of only marginal interest at this time. The
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proportions shift quite noticeably during the 1988 to 1990 time frame, however,
when, in general, application patents decreased to about 27%, but more than a third
of that group was dedicated to ultrasonic motor applications (11%), while the servo
displacement and pulse motor applications constituted the rest in equal portion

Figure 11.1 Breakdown of patent disclosures filed in Japan between 1972 and
1990 with respect to technical content: (a) 1972 to 1984 (508
patents) and (b) 1988 to 1990 (550 patents).1

The first stage in the development of piezoelectric actuators was focused primarily
on the inexpensive mass production of devices such as computer hardware, imaging
devices, and sensors and was pursued largely by electronic manufacturing
companies. Some examples are the dot matrix printers produced by NEC, the swing
CCD image devices produced by Toshiba, the VCR tracking heads produced by
Sony and Matsushita Electric, and the piezoelectric relays produced by OMRON.
More recently, in the second stage of development, chemical companies, including
organic/petrochemical industries such as TOTO Corporation, Tokin, Hitachi Metal,
Murata Manufacturing Co., Ube Industry, Tosoh, NTK, Sumitomo Special Metal,
Toshiba Ceramics, Taiheiyo Cement, Mitsui Chemical, and NGK, have become
involved. Their aim is to extend their domain by producing specialized ceramic
powders in collaborative ventures with optical and mechanical industries. In these
industries, where precision cutting and polishing machines are used extensively, the
quality and reliability of the actuator is more important than low cost and the
investment in high quality materials is essential.
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11.2 THE PIEZOELECTRIC ACTUATOR/ULTRASONIC
MOTOR MARKET

(1) Comparison of U.S., Japanese, and European Industries

Recent production and applications of ceramic actuators in the United States, Japan,
and Europe are summarized in Table 11.1. The developments in the United States
are generally supported by the military-related government institutions and are
mainly focused on active vibration control using relatively large actuators (>30 cm).
In contrast, piezoelectric actuators and ultrasonic motors have been developed by
private industries in Japan for applications requiring precision positioners and
compact motors made with tiny actuators (<1 cm). Most of the products and
applications are too consumer-oriented to be supported by the Japanese government.
The only major government sponsored research in this area in Japan concerns
"micromechanisms," which is primarily focused on small motors for the
micromachining of silicon. European developments are a little behind Japan and the
United States, but target a broad range of applications. The typical device size
produced by European industries at this time is on the order of about 10 cm.

Table 11.1 Summary of ceramic actuator production and applications in the
United States, Japan, and Europe.

FOCUS

DEVICES

APPLICATIONS

ACTUATOR SIZE

MAJOR
PRODUCERS

United States

Military Products

Vibration Dampeners

Space Structures
Military Vehicles

Larger Scale
(>30 cm)

AVX/Kyocera
Morgan Matroc
Itek Optical Systems
Burleigh
Allied Signal

Japan

Consumer Products

Mini-Motors
Positioners
Vibration Dampeners

Office Equipment
Cameras
Precision Machining
Automobiles

Miniature Scale
(<1 cm)

Tokin Corporation
NEC
Hitachi Metal
Mitsui Chemical
Canon
Seiko Instruments

Europe

Laboratory Equipment

Mini-Motors
Positioners

Stepper Motors
Airplane Components
Automobiles
Hydraulic Systems

Intermediate Scale
(10cm)

Philips
Siemens
Hoechst Ceramic Tec.
Ferroperm
Physik Instrumente
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(2) The Ceramic Actuator Market

The major markets for ceramic actuators in Japan and the United States are
summarized in Table 11.2. Several years ago Mr. Sekimoto, Former President of
NEC, made a prediction for the piezoelectric actuator market in his New Year's
speech for 1987, stating that the market for the devices would reach $10 billion in
the near future. The actuator market in the United States has been dominated by the
military until recently and, therefore, is more difficult to estimate in terms of
production and profit. An overview of recent activity in the Japanese market related
to ceramic actuators is presented briefly here to provide some perspective on the
growth that has occurred lately in this area.

Table 11.2 Major markets for piezoelectric actuators in Japan (1994) and the
United States (1996).

Market Production (pieces / year)

JAPAN (1994)

Ink Jet Printers (Epson) 5 x 105

Dot Matrix Printers (NEC) 3 x 10s

Camera Shutters (Minolta) 1 x 10s

Camera Autofocus Systems (Canon) 3 x 104

Parts Feeders (Sanki) 1 x 104

Piezoelectric Transformers 5 x 105

(NEC, Tokin, Mitsui Chemical)

UNITED STATES (1996)

Smart Submarine Skins (Navy)
Hydrophones (Navy)

Propeller Noise Eliminators (Navy)
Smart Aircraft Skins (Air Force)
Helicopter Rotor Motors (Army)

Aeroservoelastic Control Systems (Army)
Motor Mounts (Army)

Cabin Noise Eliminators (Army)
Seat Vibration Dampeners (Army)

Production of Ceramic Actuator Elements in Japan

Tokin and other companies are producing multilayer actuators at a rate of roughly
two million pieces per year. They are sold at an average rate of $50 per piece,
bringing the total market value to about $100 million. Predictions for the next five
years indicate that the production rate will increase by a factor of ten while
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production costs will decrease by a quarter, leading to a total market growth of up to
$250 million.

If multilayer actuators are incorporated into the design of certain electronic devices,
the anticipated market growth for these products could increase by about a factor of
ten. For example, the original dot-matrix printer produced by NEC cost on average
about $3000, while the later design incorporating multilayer actuators costs only
about $100. NEC produced about 100,000 dot matrix printers in 1986, making them
the leader with total sales of $300 million. Epson has started to produce
piezoelectric ink jet printers (unit price about $300) at a rate of 1 million units per
year, bringing total sales for this product to about $5 billion.

Camera-Related Devices Produced by Japanese Companies

Piezoelectric bimorph type camera shutters have been widely commercialized by
Minolta Camera. The "Mac Dual" series is produced at a rate of about 300,000 units
per year. The camera costs about $350 (the actuator costs less than $1) and total
sales exceed $100 million per year.

Canon's automatic focusing systems incorporating an ultrasonic motor are very
popular. About 80% of the exchange lenses in the "EOS" series produced in 1992
had ultrasonic motors and the trends indicate that the automatic focusing systems
for all cameras of this type will include ultrasonic motors in the near future. This
series is produced at a rate of about 300,000 pieces per year, and with unit cost at
about $700 per unit, total sales are current about $210 million per year.

The Ultrasonic Motor Market in Japan

Ultrasonic motors appeared as a new product in June of 1986 when Shinsei Industry
introduced a propagation wave type version of the motor on a trial basis. The first
production batch (about 1500 pieces) was used for automatic curtain drawers in the
New Tokyo Municipal Building in 1990. The motors have been widely
commercialized since that time and continue to show tremendous growth potential.
Shinsei Industry has developed and promoted a variety of new products and systems
over the last twenty years or so including an extremely successful series of nuclear
magnetic resonance (NMR) medical instruments.

There have been several key applications of the ultrasonic motor promoted by
various companies that have been vital to the surge of growth that has occurred in
the marketing of these devices over the last few decades. One of the first large scale
applications of the ultrasonic motor occurred in 1991 when the motors were
incorporated into the headrest control unit of the Toyota New Crown sedan. The
automatic focusing units of Canon's EOS series of cameras has been another major
application for the motors. Canon is also promoting the development of smaller
motors for use in the automatic film winding system of their cameras. This will
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likely become another important area of application for the motors that will
contribute significantly to their market growth. Seiko Instruments currently
produces a line of wristwatches which utilize two miniature ultrasonic motors for
the silent alarm and perpetual date change functions. One million watches are
produced per year and they sell for $200 per watch. Ultrasonic motors are also
important components in Sanki's part feeders, which are currently sold at a cost of
$500 per unit, generating about $10 million per year in total sales.

One of the most promising future applications for ultrasonic motors is in an
automated window shutter system. The proposed system will sell for about $2000
per unit and they will be produced initially at a rate of 100,000 per year, generating
about $200 million per year. It is anticipated as well that ultrasonic motors will find
greater application in computer hardware, such as disk drives (such as floppy and
CD drives), and significant production and sale of the motors for these applications
will occur over the next few years.

It is the proposed goal of Matsushita Electric to replace all the conventional
miniaturized electromagnetic motors currently used, most of which are now
produced by Mabuchi at a production rate of 1 billion pieces per year. Even when
the relatively low cost of the ultrasonic motors (about $3 per unit) is taken into
account the anticipated total sales of the motors is significant (about $3 billion per
year). It is projected that even if only 10% of the conventional electromagnetic
motors are replaced by ultrasonic motors, about $300 million from the sale of the
motors can be generated per year, which translates to approximately $3 billion from
the sale of the devices in which the motors have been incorporated.

In conclusion, summing up the estimated annual sales from these prospective
markets alone, approximately $500 million from the sale of individual ceramic
actuator elements, about $300 million from camera-related applications, and
roughly $150 million related to the sale of ultrasonic motors, a total of near $1
billion is anticipated. Mr. Sekimoto's prediction of ceramic actuator sales
amounting to near $10 million in the near future may in fact be realized! At the very
least, the current trends suggest a bright financial future for the ceramic actuator
industry.

11.3 FUTURE TRENDS IN ACTUATOR DESIGN

(1) Concepts Related to the Design of Smart Actuators

The performance of smart actuators is dependent on a combination of several
factors which can be classified into three general categories: (1) material properties,
(2) device design, and (3) drive technique. We will now consider the development
of new devices with respect to these matters as both a summary of the key ideas
presented in the text and a means to predict to some extent the course of future
trends in the marketing of ceramic actuator devices.
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Optimizing Material Properties

Achieving a higher induced strain or stress is a primary objective in the
development of new actuator/transducer materials. The most commonly
implemented sample geometry for lead zirconate titanate (PZT) has been one in
which the electric field is applied parallel to the spontaneous polarization (poling)
direction, mainly because PZT has traditionally been available only in
polycrystalline form. As we saw in Chapter 3, among piezoelectric ceramics the
maximum induced strain (~ 0.1%) is generated in lanthanum-doped PZT (PLZT)
and electrostrictive lead magnesium niobate-lead titanate, Pb(Mg1/3Nb2/3)O3-PbTiO3
(PMN-PT).

Subsequent work on lead zinc niobate-lead titanate, P^Znj/aNb^CVPbTiOs (PZN-
PT) single crystals, which included detailed studies of the optimum crystal
orientations for the maximum piezoelectric response, indicated that even higher
strain levels of up to 1.3% were possible for these materials. Furthermore, materials
from this system in thin film [100] form are expected to exhibit more ideal (square)
polarization and strain versus electric field hysteresis loops due to a more simple
process of domain reversal. As we saw in Chapter 3, this characteristic is especially
important in the design of MEMS devices.

Reproducibility of the strain characteristics depends in general on the grain size,
porosity, and impurity content of the material. Increasing the grain size enhances the
magnitude of the field-induced strain, but degrades the fracture toughness and
increases the hysteresis. Thus, the grain size should be optimized for each
application. On the other hand, porosity does not affect the strain behavior
significantly. The tip deflection of unimorphs made from a Pb(Mgi/3Nb2/3)C>3-based
material is not affected by porosity, if it is kept below 8% as shown by the data
appearing in Figure 11.2.2 Hence, fine powders made by wet chemical processes
such as co-precipitation and sol-gel are desirable, and suitable ceramic preparation
processes are sought (as discussed in Chapter 4) to optimize grain size and porosity.

The impurity level (donor- or acceptor-doped) is another key material design
parameter, which can lead to significant enhancements in the strain and
hysteresis/loss characteristics of the material as described in Section 6.3. Studies on
the effect of dopants on the quasi-static field-induced strain in (Pbo.73
Ba0.27)(Zro.75Ti025)O3 indicate that since donor-doping produces "soft"
characteristics, a sample with a donor dopant will exhibit larger strains and less
hysteresis when driven under a high pseudo DC electric field (1 kV/mm). On the
other hand, acceptor doping produces "hard" characteristics, leading to small
hysteresis losses and a large mechanical quality factor when the sample is driven
under a small AC electric field. Such materials are suitable for ultrasonic motor and
piezotransformer applications. Data reported for the temperature rise as a function
of vibration velocity of undoped, Nb-doped, and Fe-doped Pb(Zr,Ti)O3 samples
driven at resonance indicate that heat generation in the Fe-doped (acceptor)
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specimen is especially low (see Figure 6.28). The maximum temperature rise is
observed at the nodal points in the specimen where maximum stress and strain
occur when the sample is driven in this mode (see Figure 6.22). The major loss
factor associated with this temperature rise is apparently the (intensive) mechanical
loss of the PZT. We considered the mechanisms for heat generation and the
suppression of this effect in piezoelectric materials in Chapter 6.

Theoretical
expectation

0 2 A B 8 10
Porosity [•/.)

Figure 11.2 Tip deflection of a Pb(Mg1/3Nb2/3)O3-based unimorph plotted as a
function of the sample porosity.2

The practical limit for the maximum vibration velocity (vmax) of conventional
piezoceramics has already been attained. Once this maximum velocity is exceeded,
any additionally input electrical energy is converted into heat, rather than into
mechanical energy. The typical root-mean-square value of v^ for the
commercially available materials (for specimens exhibiting a temperature rise
=20 C above room temperature) is around 0.3 m/sec for a rectangular k31 sample.
Ceramics from the Pb(Mn,Sb)O3-Pb(Zr,Ti)O3 (PMS-PZT) system typically exhibit
a vmax of 0.62 m/sec, while specimens from this system doped with Yb, Eu, and Ce
have achieved maximum velocities of up to 0.9 m/sec (see Figure 6.30). These are
considered the "champions" at present. Input electrical energy and output
mechanical energy one order of magnitude higher than what are generally
characteristic levels for conventional commercially available piezoelectrics are
anticipated for these materials, without significant heat generation. This is an
excellent demonstration of the important role ion doping can play in the design of
new materials and the tailoring material properties for specific applications.

The material's strain characteristics may be stabilized with respect to temperature
variations by developing suitable solid solutions or composite structures. New
trends focused on these concerns involve such applications as high temperature
actuators for engines and cryogenic actuators for laboratory equipment and space
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structures. Ceramic actuators are best used under compressive stress conditions,
because the ceramic is, in general, relatively weak under an applied tensile stress.
Data reported for the compressive uniaxial stress dependence of the weak-field
piezoelectric strain coefficients (d) for various PZT ceramics indicate that hard
piezoelectric compositions have the highest d coefficients. The details of this study
and the implications for new applications were examined in Section 3.5.

Optimizing Device Design

One significant drawback of using piezoelectrics in actuators is their small induced
strains (only about 0.1%). Thus, much effort has been made to find new ways to
amplify the displacement. The methods employed fall into two general categories:
(1) amplification with respect to space and (2) amplification with respect to time.
The first type is demonstrated by bimorphs and moonie/cymbal devices, and the
latter is exemplified by inchworms and ultrasonic motors.

(i) Moon ies/Cymbals

Two of the most popular actuator designs are the multilayers and bimorph
structures. The multilayer device, in which roughly 100 thin piezoelectric or
electrostrictive ceramic sheets are stacked together, has the advantages of low drive
voltage (100 V), quick response (10 usec), high generative force (1000 N), and high
electromechanical coupling. The displacement produced by these devices, however,
is only on the order of 10 um and, therefore, not sufficient for some applications.
On the other hand, the bimorph, which consists of a series of only relatively few
piezoelectric and elastic plates bonded together, generates a considerably larger
bending displacement of several hundred um, but has a rather low response time
(1 msec) and generative force ( IN) . Two popular composite flextensional actuator
structures, called the "moonie" and the "cymbal," were designed to have
characteristics intermediate between those associated with multilayer and bimorph
actuators. This type of transducer typically exhibits displacements an order of
magnitude larger than those produced by multilayer devices, and has a much larger
generative force and quicker response than the bimorph structure. The composite
device consists of a thin multilayer piezoelectric element (or a single ceramic disk)
sandwiched between two metal plates bent and bonded together such that, in the
case of the moonie, narrow moon-shaped cavities are created within the device. We
examined the structure and performance of these actuators in Chapter 4.

(ii) Compact Ultrasonic Motors

These devices, which function by means of high power ultrasonic vibrations, were
first commercially demonstrated by Sashida (see Figures 10.28-10.30). When two
phase-shifted sinusoidal voltages are alternately applied to the thin piezoelectric
ring within this device the surface of an elastic layer bonded to the piezoelectric
becomes "rippled." A ring-shaped slider in contact with the induced surface waves
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thus undergoes a rotation by effectively "surfing" over the dynamically deformed
surface. Even though this ripple displacement is not particularly large, when
operated at a relatively high frequency (15-200 kHz) the slider is able to attain quite
high rotational speeds. Canon has installed this compact rotary motor in the lens
assembly of a camera as part of the automatic focusing mechanism (see Figure
10.32). Using essentially the same principle, Seiko Instruments has further
miniaturized the ultrasonic motor to a diameter as small as 10 mm and installed this
tiny motor in a wristwatch to function as a silent alarm (see Figure 10.34). The
primary limiting factor in miniaturizing this type of motor lies in the ceramic
manufacturing process. Standing wave-type motors, the structure of which is less
complicated, are more suitable for miniaturization. The windmill and metal tube-
type motors, developed at Penn State and described in Chapter 10, are inexpensive
and advanced performance micromotors that show much promise for a variety of
applications. Finite element analysis (FEM) has emerged as a powerful tool for
predicting vibration modes in a stator. An introduction to the method as it is applied
to actuator design was presented in Chapter 7 and a demonstration of the ATILA
software (Magsoft Corporation) is provided on the CD-ROM supplement to this
textbook.

(iii) MEMS Devices

Thin films of PZT can be deposited onto a silicon membrane and microactuators
and sensors can then be micromachined from the film. Such a system is referred to
as a microelectromechanical system (MEMS). A MEMS blood tester based on
such a structure has been developed recently by Omron Corporation of Japan
(Figure 4.36). Surface waves are induced in the PZT layer of the device when the
appropriate input signal is applied to two surface interdigital electrodes. The blood
sample is drawn inside the device and mixed with a test chemical that is introduced
into the system through two inlets. The blood and the chemical agent are mixed in
a cavity at the center of the device and then transferred via an outlet to a monitor.
The finite element method was employed in the design of this system to evaluate
the flow rate of the fluid as a function of parameters such as the thickness of the
PZT film, the thickness of the silicon membrane, the inlet and outlet nozzle size,
and the cavity size (see Chapter 4).

(iv) New Electrode Materials and Configurations

Silver electrodes are popular and desirable from a manufacturing point of view, but
they present serious problems, especially when used with lead-based materials
under high electric field and high humidity conditions. The silver tends to migrate
into the active material under these conditions, thus degrading the performance of
the device. This problem can be avoided by making use of a silver-palladium alloy
or more expensive, platinum electrodes. Where the aim is to produce inexpensive
reliable ceramic actuators, copper (Cu) and nickel (Ni) electrodes, which may be
fired at temperatures as low as 900°C, are attractive (see Section 4.3). The
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development of ceramic compositions that can be sintered at lower temperatures
(and thus co-fired with the alternative electrode materials just described) is another
very active area of research at this time. Delamination of the electrode layer is yet
another serious problem that occurs for multilayer-type actuators as well as
bimorph structures. Composite electrode materials prepared as metal and ceramic
powder colloids, ceramic electrodes, and electrode configurations with via holes
are some of the more promising solutions to this problem. The internal stress
concentrations that can develop with the application of an electric field sometimes
initiate cracks in the device. Large tensile stress concentrations associated with the
production of such defects are readily observed at the edge of the internal electrode
(see Figure 4.11). One strategy for overcoming this problem is to design an
electrode that generates a maximum tensile stress that is never greater than the
critical mechanical strength of the ceramic. Several electrode configurations have
been proposed that meet this basic criterion: the plate-through type, the slit-insert
type, and the float-electrode-insert type (see Figure 4.8). Each has features that can
effectively extend the lifetime of the actuator. The reasons why the lifetime is
extended with decreasing layer thickness as described in Chapter 4, however, have
not yet been identified. There are still some processing related dilemmas associated
with these designs that limit their practical implementation at this time. The plate-
through type, for example, requires a specialized, expensive processing step to
generate the external insulating coating, while the consistent production of very
thin slits is a major drawback of the slit-insert type.

(v) Controlling Heat Generation

Heat generation is another important concern in designing multilayer actuators.
Measurements of the heat generated in multilayer piezoelectric ceramic actuators of
various si/es have been reported (see Figure 4.18). In order to suppress the heat
generated in such a structure, a design conducive to a small VJA is preferred; a
hollow cylinder, for example, is preferred to a solid rod configuration. When an
actuator is to be driven off-resonance, it is also important to consider that the heat is
generated largely through the intensive dielectric loss, rather than through the
intensive mechanical loss, as is the case for resonance mode operation. We
addressed these and other design considerations related to the suppression of heat
generation in Chapter 6.

(vi) Reducing Agine Effects and Extending Device Lifetime

The aging of a device arises primarily from two factors: depoling and destruction.
Creep and zero-point drift of the displacement are manifested when the ceramic has
become depoled. The induced strain can be significantly degraded when the actuator
is operated under very high electric fields, at elevated temperature, in high humidity
conditions, and under excessive mechanical stress. The effects of temperature and
DC bias field on the lifetime of a multilayer piezoelectric actuator have been
reported by Nagata [see Section 4.2(2)].3 The lifetime of an actuator, tDC, operated
under a DC bias field, E, is described by the following empirical equation:
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= AE"nexp(WD C /kT) (11-D

where n has a value of about 3 and WDC is an activation energy, which extends over
a range of 0.99-1.04 eV (see Figure 11.3). Device "health" monitoring systems have
been proposed which utilize a variety of failure detection techniques. An
"intelligent" actuator system that makes use of acoustic emission (AE) monitoring
has been proposed (see Figures 4.15 and 11.4).4 In this system, the actuator is
controlled by two feedback mechanisms: (1) position feedback, which can
compensate for positional drift and hysteresis, and (2) breakdown detection
feedback, which can stop the actuator system safely before any serious damage to
the work occurs (such as in a lathe machine). Among the systems presented in
Chapter 4 is a new electrode configuration, similar to that used for a strain gauge,
which has been proposed as another innovative device for health monitoring (see
Figure 4.16).
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Figure 11.3 Lifetime, tDC, of a multilayer piezoelectric actuator plotted as a
function of: (a) temperature and (b) DC bias voltage.3

Development of New Drive/Control Techniques

Piezoelectric and electrostrictive actuators may be classified into two general
categories: (1) rigid displacement devices, for which the strain is induced along the
direction of the applied DC field, and (2) resonating displacement devices, for
which the alternating strain is excited by an AC field at the mechanical resonance
frequency (see Figure 5.1). The first can be further divided into two types: (la)
servo displacement transducers, which are controlled by a feedback system through
a position-detection signal and often employed as positioners, and (Ib) pulse drive
motors, which are operated in a simple on/off switching mode and are used in
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systems such as dot matrix printers. The material requirements for these classes of
devices are somewhat different, and certain compounds will be better suited to
particular applications. The ultrasonic motor, for instance, requires a very hard
piezoelectric with a high mechanical quality factor, Qm, to inhibit heat generation.
The performance of servo displacement transducer tends to be adversely affected by
strain hysteresis and, therefore, electrostrictive PMN is generally used for these
devices. A good pulse drive motor requires a low permittivity material exhibiting a
quick and optimum response at a specific operating power more than small
hysteresis, so soft PZT piezoelectrics are preferred over the high permittivity PMN
materials for this application. Issues related to the characterization of piezoelectric
and electrostrictive materials for actuator applications were presented in Chapter 5.
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Figure 11.4 Acoustic emission (AE) count from piezoelectric PZT-PNN
multilayer actuators with the various layer thicknesses (100, 150,
and 200 um) as a function of number of drive cycles.4

A new application for piezoelectrics has recently been proposed: the piezoelectric
transformer. The piezoelectric transformer offers a variety of advantages over
conventional electromagnetic types, namely: (1) it is small and lightweight, (2) it is
highly efficient, (3) it generates no magnetic noise, and (4) it is made of
nonflammable components. The piezoelectric transformer is expected to find a wide
range of application, one of which is in driving piezoelectric actuators. Since most
piezoelectric actuators are driven by voltages in the range of 100-1000 V, a
transformer is required when battery driven circuitry is employed. The compact
piezoelectric device is an attractive alternative to the conventional electromagnetic
transformers currently used for this purpose. We discussed a variety of new
applications for the piezoelectric transformer in some detail in Chapter 5.
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(i) Pulse Drive

Pulse drive of the piezoelectric/electrostrictive actuator tends to lead to the
generation of very large tensile stresses in the device, sometimes large enough to
initiate cracks. In such cases, a compressive bias stress should be applied by means
of a clamping mechanism such as a helical spring or a plate spring. Another way to
inhibit these stresses is by suppressing the transient vibrations of the piezoelectric
by applying an appropriate pseudostep voltage. As we considered in Section 5.3, the
overshoot and ringing of the tip displacement is completely suppressed when the
rise time is precisely adjusted to the resonance period of the piezoelectric device. A
rise in temperature is occasionally observed, particularly when the actuator is driven
repeatedly in pulse drive. Suitable adjustment of the pulse rise time is another
important factor in controlling the generation of heat in the device. Depending on
the degree of the overshoot, the temperature of the piezoelectric actuator can
increase by more than 50% as compared to the case where there is no vibrational
ringing (which corresponds roughly to the off-resonance condition). When the
piezoelectric actuator is operated under pulse drive, a resonance-related heating
mechanism due to the intensive mechanical loss is superposed with the off-
resonance heat generation that is associated largely with the intensive dielectric (PE
hysteresis) loss. Thus, care must be taken to reduce the mechanical vibration
overshoot and ringing by adjusting the step rise time in order to maintain minimal
heat generation in the device (see Figures 6.23 and 6.24).

(ii) Antiresonance Drive

It has been proposed that ultrasonic motors be driven in the antiresonance mode as
opposed to the resonance mode of operation conventionally used. The quality
factor, Qm, and the temperature rise of a rectangular PZT ceramic bar have been
investigated when the bar is driven at both fundamental resonance (A mode) and
antiresonance (B mode). It was found in this study that the quality factor at
antiresonance, QB, is higher than that at resonance, QA, over the entire range of
vibration velocity investigated (see Figure 10.65). These findings indicate that
operation of the motor in the antiresonance mode can provide the same mechanical
vibration level without generating heat. Ultrasonic motors have conventionally been
operated in the resonance mode, at the fundamental resonance frequency; however,
we now see that operating at the antiresonance frequency results in a higher
mechanical quality factor, Qm, and higher efficiency than possible at resonance.
Moreover, at antiresonance, the admittance of the material is very low, and the
motor can be operated at a lower current and a higher voltage, in contrast to the high
current and low voltage drive conditions required for resonance operation. This
means that a conventional inexpensive power supply may be used to drive the
motor. We considered the practical aspects of ultrasonic motor design and operation
in Chapter 10.
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(2) Future Trends for Smart Actuators

Higher Function

Much of the current interest in solid-state actuators stems from the development of
smart materials and structures. The evolution of this family of materials is gradually
progressing through stages ranging from trivial functionality to smart to intelligent
and finally to a more "wise" mode of operation. As already discussed, the off-
diagonal couplings listed in Table 1.2 all have corresponding converse effects (such
as the piezoelectric and converse piezoelectric effects) so that both "sensing" and
"actuating" functions can be realized in the same material. One example is the
material used in the electronic modulated automobile shock absorber developed by
Toyota Motors pictured in Figure 9.34. The sensor detects the road roughness and
the actuator responds by modifying the valve position to change the rate of shock
absorption. Both the sensor and the actuator are multilayer piezoelectric devices.

Miniaturization

Future research trends will follow two general courses, the development of large
scale devices for application in larger systems such as space structures and
miniature devices for use in systems such as office and medical equipment. The
smallest devices will be required for medical diagnostic equipment such as blood
test kits and surgical catheters. The development of piezoelectric thin films
compatible with silicon technology for microelectromechanical systems (MEMS)
will become increasingly important. The structure depicted in Figure 11.5 is a good
example. A tiny PZT ultrasonic rotary motor (with a 2.0 mm outer diameter) is
mounted on a silicon membrane.5 The eight electrodes are addressed in a four-phase
sequence (sine, cosine, -sine, -cosine). The torque obtained is three orders of
magnitude higher than that of a silicon MEMS motor of equivalent size.

As the size of these miniature devices decreases, the weight of the electric lead wire
from the power supply becomes significant. Remote control will be required for
submillimeter devices. A photodriven actuator is thus a promising candidate for
microscale displacement applications. The photostriction effect was discussed in
Section 1.3(9), and a fully remote control microwalking machine of this type is
pictured in Figure 11.6.

Integration

Achieving higher functionality and enhanced performance sometimes requires
additional components (for example, the addition of a position sensor to a smart
structure) and therefore increasing complexity of the system. The development of
these rather complex systems generally requires the combined expertise of
interdisciplinary research teams. As the size of the team increases and the
contributions of individual segments of the team become more compartmentalized,
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the cost of development and production of the product tends to increase, and the
efficiency of the process tends to deteriorate. This is sometimes referred to as the
"spaghetti syndrome."

Glass lens rotor

Figure 11.5

Ti/R bottom
Silicon nitride

Schematic depiction of a PZT MEMS motor, with an eight-pole
stator (Inner diameter: 1.2 mm, outer diameter: 2.0 mm), mounted
on a silicon membrane.5

Figure 11.6 Photostrictive walking device. Note the fully remote control.

On the other hand, miniaturization also requires, in addition to smaller components,
fewer elements overall. In order to satisfy the requirements of both higher
functionality and miniaturization, a very smart material is needed. Smarter devices
allow for fewer components in the system. The performance of a miniature system
is thus better rated in terms of performance/volume or performance/volume cost as
opposed to simply the overall performance of the unit.
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As the degree of integration is increased, the reliability of the unit becomes an
increasingly important issue. Thus, the development of systems with more
sophisticated and responsive "health monitoring" capabilities will be necessary.

Target Markets and Applications

We will conclude with a brief introduction to the research and development
activities of the International Center for Actuators and Transducers at the
Pennsylvania State University.

The Japanese Technology Transfer Association conducted market research in 1991
focused on the goals of eighty Japanese electronic components companies in
developing new actuator devices. The results of the study are summarized as
follows:

1) Motors, approximately 5-8 mm diameter, are the most commonly needed
for office equipment applications, such as personal computers, printers,
and copy machines.

2) The optimum specifications for displacement transducers are: displacement
100 |im, force 100 N, and response speed 100 usec.

Since the design of conventional electromagnetic motors is not conducive to
miniaturization, piezoelectric ultrasonic motors are currently the only practical
alternative devices to satisfy the 5-8 mm size requirement. The "cymbal" transducer
was developed to meet the specifications for displacement transducers, since no
other electromechanical actuator configuration at that time satisfied these
requirements.

The center has identified three primary long-term target areas of application for new
micromechatronic systems: information, biological, and ecological technologies.
Compact ultrasonic motors are important for the information technology
applications. In addition to the development of suitable ultrasonic motors for these
purposes, compact piezoelectric transformers (no magnetic noise) and photostrictive
actuators are also being developed to meet the needs of this industry. A new
keyword has been coined for the "integration of transducers for information
technology, transinforgration. The biological applications are focused primarily on
simple actuators and sensors for daily medical checks. The design of these devices
generally involves the use of a suitable thin or thick piezoelectric film, which
ideally should be manufactured inexpensively and be disposable. Microsurgical
instruments incorporating miniature ultrasonic motors are also attractive for
minimally invasive surgical procedures, such as the removal of kidney stones. The
ecological applications for this class of devices will initially involve primarily the
sensing capabilities of these smart systems for monitoring the presence of pollutants
in a given environment. Future applications will likely make fuller use of the
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actuating elements of the system to also respond to an unacceptably high level of
pollutants to initiate an appropriate action.

One ecological concern that directly impacts the development of lead-based devices
is the increasing concern in both the United States, Japan, and Europe to more
strictly regulate the handling of lead-based products to ensure minimal public
exposure to this toxic element. The development of new policies in this area could
lead to serious restrictions on the use of PZT and other popular lead-based
compositions as early as the year 2020. It is clear that the time has come to initiate
serious research in search of new materials that do not contain lead to replace the
lead-based compositions that are currently the mainstay of the electromechanical
device industry.

The number of patents related to lead-free piezoelectric materials filed worldwide
from 1986 to 2001 is shown in Figure 11.7. The number of patents in this area has
increased dramatically since 1999, largely in response to the increased regulation of
lead-containing products throughout the world. Lead-free piezoelectric materials
can be classified into five general categories: (1) piezoelectric single crystals [such
as langasite (LasGasSiOu) and lithium tetraborate (Li2B4O7)], (2) tungsten-bronze
ferroelectric ceramics, (3) bismuth layer structure ferroelectric ceramics, (4)
compositions based on the potassium-sodium niobate, KNbCVNaNbC^ system, and
(5) perovskite ferroelectric ceramics. A breakdown of the relative development of
these classes of materials in terms of the number of related patents filed and papers
published is depicted in Figure 11.8. The development of bismuth compounds
[bismuth layered and (Bi,Na)TiC>3] is clearly an important area at this time as
indicated in the figure, where we see the number of patents filed related to these
materials is about 61% of the total number surveyed. This is mainly because
bismuth compounds are easily prepared as compared to the other categories of
materials. Dramatic development of these materials is anticipated over the next
decade.
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Figure 11.7 The number of patents related to the development of lead-free
piezoelectric ceramics filed worldwide from 1986 to 2001.
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Figure 11.8 A breakdown of the relative development of lead-free materials in
terms of the number of related patents and papers. (Total number in
survey: 102)

CHAPTER ESSENTIALS_______________________
1. Current Markets: for piezoelectric actuators and ultrasonic motors:

a. Computer-related
b. Camera-related

2. Reliability of ceramic actuators:
a. Ceramics: depends on reproducibility of batches, temperature

characteristics of the material, the applied stress, the level of induced
strain, and aging effects,

b. Devices: depends on the electrode material and configuration electrode
designs, layer thickness, the presence of "health monitoring" mechanisms,

c. Drive Systems: depends on the drive mode (pulse or continuous), the
control of heat generation mechanisms, and the power level.

3. Future Directions:
a. Large-Scale Devices: for vehicles and space structures,
b. Miniature Devices: for office equipment,
c. Ultra-miniaturization: for medical applications.
d. Remote Control: will become increasingly important, especially for

miniature and ultra-miniature devices.
4. Key Goals:

a. Avoid the "Spaghetti Syndrome."
b. Increase the performance/volume cost rating of the device
c. Desired motor specifications: size: 5-8 mm, desired features: high speed,

torque, efficiency.
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CHAPTER PROBLEMS

1.1 Based on a literature survey from the past five years, discuss and summarize
recent research related to the reliability of piezoelectric actuators. The papers
should deal with issues such as actuator design, low hysteresis/high power
piezoelectrics, manufacturing reproducibility, and high temperature
characteristics. Your survey should include at least five papers.

a. Classify the reliability issues addressed in the papers in terms of
materials-, design-, and drive/control-related issues.

b. Summarize the problems addressed in the papers and their possible
solutions.

c. Provide a complete list of the papers used for your report.
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Abnormal grain growth, 173
Acoustic emission, 156-63, 185-87

Kaiser effect, 159-60
Active fiber composites (AFC), 199-201,

371
Actuators

bimorph, 190-95,254
device design, 176-208

bimorph, 190-95
composites, 199-202
cylindrical devices, 188-89
cymbal, 197-99
disk actuators, 177-78
displacement amplification
mechanisms, 206-8, 385-86

inchworm, 207-8
monolithic hinge structure,

206-7, 353-56, 398-99
oil pressure, 207-8

monomorph, 195-97
moonie, 197-99
multilayer actuators, 178-88
rainbow, 195-97
thin films, 201-6
unimorph, 190-95

elastomer actuator, 24-26
electrodes, 208-13

internal, 180-88
interdigital with float elec-

trode, 183
plate-through design, 182-84
slit-insert design, 183

electrorheological fluid actuator, 27-31
electrostrictive actuator, 22-24, 31

commercialized, 213-14
resonant displacement devices,
219-21

response speed, 143-45

[Actuators]
rigid displacement devices, 219-
21

magnetorheological fluid actuator, 27-
31

magnetostrictive actuator, 18-22, 31
mechanical properties, 145-63
multilayer actuators, 178-88

fabrication
cut-and-bond method, 179
tape-casting method, 179-81

new actuators, 8-10
photostrictive actuator, 26-27
piezoelectric actuator, 22-24,31,219-

21
commercialized, 213-14
electrical impedance, 260-61
equivalent circuits, 263
resonant displacement devices,
219-21

response speed, 143-45
rigid displacement devices, 219-
21

polymer actuator, 24-26
polymer film actuator, artificial muscle,

13-14
shape memory actuator, 14-18, 31,

398-99
smart actuator, 7-8

future trends, 33-34
health monitoring, 185-89

acoustic emission, 185-87
strain gauge electrode, 186-88

solid-state actuator, 7-32
Adaptive optical systems, 347
Aging, 143, 186-87
Antiferroelectric materials, physical prop-

erties, 46-48
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Antiferroelectricity, phenomenological
theory, 77-80

Artificial muscle. See Actuators, polymer
film actuator, artificial muscle

Barium titanate (BaTiOj), 42-46, 106
ceramic processing

alkoxide hydrolysis (sol-gel
method), 172

co-precipitation method, 170-71
direct precipitation method, 171
mixed-oxide method, 170
sintering, 174

domain reorientation, 82-91
domain structure, 85-86
grain size effects, 92-97
history, 103
multilayer actuator, 210-13
piezoelectric effect in ceramics, 106
piezoelectric effect in single crystal, 55
spontaneous polarization, 67-68

Calcination, 169
Ceramic powder processing methods,

169-72
alkoxide hydrolysis (sol-gel method),

171-72
co-precipitation method, 170-71
mixed-oxide method, 169-70

Ceramic processing
hot pressing, 173
sintering, 173-75

doping, 174-75
Coercive field, 82, 83

crystal structure effects, 91-92
dopant effects, 322-23
hard and soft piezoelectrics, 118

Columbite, 170
Composites

active fiber composites (AFC), 371
electro/magnetorheological fluids, 27-

31
electrostrictive, 139
magnetostrictive Terfenol-D/epoxy,

128-29
piezoelectric, 103,122-25,197-202

active fiber composites (AFC),
199-201

piezoceramic/carbon black/poly-
mer, 271-73

Contact potentiometers, 266
Cracks

lateral crack, 152
median crack, 152
Palmqvist crack, 151

Critical particle size (Dcrjt), 93, 204
Curie constant, 44
Curie temperature, 42
Curie-Weiss law, 44
Curie-Weiss temperature, 44

Deformable mirror, 199
Dielectric constant

complex, 288
longitudinally clamped dielectric con-

stant, 260
Dielectric materials, 37
Dielectric relaxation, 93
Differential transformer, 267
Digital displacement, 120
Dipole moment, 41
Dipole orientation polarization, 37
Displacement amplification mechanisms,

207-8
Displacement reduction mechanisms, 3-7
Dissipation factor, 287-90
Dot matrix printer head, 22
Drive techniques

mechanical ringing, 248-52
off-resonance drive, heat generation,

310-14
piezoelectric transformer, 272-77
position sensors, 265-70

capacitance methods, 268
electromagnetic induction meth-
ods, 267

optical methods, 268-69
resistance methods, 266-67

pulse drive, 241-55
heat generation, 317-18
longitudinal vibration mode, 244,
246

pseudo step voltage, 250-53
pulse width modulation, 254-55
rectangular pulse, 252-53
rectangular pulse voltage, 248-50
transverse vibration mode, 242-
43,246-51

resonance drive, 256-65
antiresonance state, 260-65
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[Drive techniques]
equivalent circuit, antiresonance,
306-7

equivalent circuit, resonance,
306-7

heat generation, 314-16
motional admittance, 261
piezoelectric resonance, 256, 259-
65

equivalent circuit, 263
resonance state, 260-65

stress sensors, 269-70
Duty factor, 254

Efficiency (ri), 134
Elastic deformation, 48
Electric displacement, 37
Electric field-induced strain, 48^-9
Electric polarization, 37
Electric poling, 110

mechanical strength, 156-59
Electrodes

application
bonding method, 209
co-firing with ceramic, 209

materials, 208-13
ceramic, 209-13

Electromechanical coupling factor (k), 70,
131-36,298-99

Electronic polarization, 37
Electrostriction, 22, 37,49

converse electrostriction effect, 69,269
direct electrostriction effect, 69
electrostriction coefficient (M)

definition, 49
tensor form, 50-52

electrostriction coefficient (Q)
matrix form, 60-61
measurement, 71
tensor form, 50-52

phenomenological description, 64-67
stress dependence, 145^8
temperature coefficient (TCE), 139-42
temperature dependence, 71-72,138-

42
macroscopic composite method,
139

microscopic approach, 139-42

[Electrostriction]
tensor representation, 50-52

Electrostrictive materials
ceramics, compared with piezoelectric

materials, 116-17
mechanical properties, 145-63

Feedback control, 221^41
polarization control, 239^1
system design

characteristic equation, 229-30
closed loop frequency response
function, 235

Fourier transform, 221
Laplace transform, 221-25
Nyquist criterion, 230-32
steady state error, 229, 232-33
transfer function, 225-29

Bode diagram, 238-39
closed loop, 228
open loop, 228

Ferroelectric materials, 49
domain reorientation, 82-92

Uchida-Ikeda model, 86-91
physical properties, 42-46
relaxor ferroelectrics, 113-19
thin films, 201-6

Ferroelectricity, 37-39
first-order phase transition, 44, 63-64
phenomenological theory, 62-64
second-order phase transition, 62-63,

68-69
Finite element method (FEM), 329-46

assembly, 342-43
boundary conditions, 332-33
computation techniques, 343^4
constitutive equations, 330-32
discretization

piezoelectric domain, 334
variational form, 340-42

finite elements, 329
mesh, 329
nodes, 329
parent elements, 337-40
piezoelectric domain, 329
shape functions, 330,334-37
variational principle, 333-34

Fracture mechanics, 149-51
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Fracture toughness, 149, 151-56
grain size effects, 156-57

Giant magnetostriction, 19, 127-29
Giant magnetostrictive materials, 127-29
Grain size effects, ferroelectricity, 92-98

Heat generation, 310-18
off-resonance drive, 310-14
pulse drive, 317-18
resonance drive, 314-16

Hydrostatic pressure model, 93-97
Hysteresis, 285-310

dielectric, 287-91
electromechanical measurement, 299-

301
theoretical description, 291-99

Inchworm. See Motors, linear, inchworm
Ionic polarizability, 41
Ionic polarization, 37

Kanzig region, 113

Landau theory, 62
Laplace transform. See Feedback control,

system design, Laplace transform
Lead lanthanum zirconate titanate. See

PLZT
Lead magnesium niobate. See PMN
Lead magnesium niobate-lead titanate. See

PMN-PT
Lead titanate (PbTiO3), 109
Lead zinc niobate-lead titanate. See PZN-

PT
Lead zirconate titanate. See PZT
Lithium niobate (LiNbO3), 106

monomorph, 196-97
single crystal growth, 176
surface acoustic wave motor, 420-21

Lithium tantalate (LiTaO3), 106
single crystal growth, 176

Lorentz factor, 41
Loss, dielectric, 287-91

extensive, 285
intensive, 285,290-91

Loss, electromechanical, 285-310
domain reorientation, 309
extensive, 294-96

[Loss, electromechanical]
intensive, 291-94
measurement, 299-301
mechanisms, 286-87
resonance conditions, 302-10
theoretical description, 291-99

Loss, mechanical, intensive, 285

Magnetostriction, 9, 18, 127-29
phenomenological theory, 80-81

Magnetostrictive materials, 127-29
Matrix notation, piezoelectric (d and g)

and electrostriction (M and Q) tensors,
52-61

Mechanical quality factor (Qm), 136
measurement, 307-10

Mechanical strength
electric poling, 156-59
field-induced strain, 156-59

MEMS (microelectromechanical systems),
10-12

Mi cromachining
bulk, 10
surface, 10
PZT micropump, 202-4

Micropositioning, 3
Microscopic composition fluctuation

model, 113
Morphotropic phase boundary, 107
Motors

linear, inchworm, 207-8,379-84
pulse drive motors, 219, 375-402
ultrasonic motors, 219, 264,403-60

designing, 442-49
historical background, 403-6
horn, 453
magnetic, 453-54
mixed-mode, 409, 414-17

dual vibration coupler, 416-17
rotary, 414-15
windmill, 415-16

mode rotation, 410, 430-32
piezoelectric fans and pumps,
450-53

reliability, 454-58
speed and thrust calculations,
436-42

standing wave, 407-8, 409, 410-
14

linear, 412-14
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[Motors]
rotary, 410-12

surgical knife, 449
traveling wave, 409, 410, 417-30

linear, 417-22
LiNbO3 surface acoustic

wave motor, 420-21
rectangular plate dual-mode

vibrator, 421
7i-shaped, 422

rotary, 422-31
spinning plate, 429-31
surfing, 423-29

walking machines, 434-36

Neel temperature, antiferroelectric mate-
rial, 78

Nitinol, 126-27. See Actuators, shape
memory actuator

Normal grain growth, 173

One-dimensional two-sublattice model,
77-80

Optical lever, 268

Particle size effects. See Grain size effects
PbTiOj. See Lead titanate (PbTiO3)
Phase-change materials, 120
Photostriction, 26-27
Photovoltaic effect, 26
Piezoelectric devices

damper, 270-73
piezoelectric transformer, 272-77

Piezoelectric effect, 22, 39, 241^2
converse piezoelectric effect, 22,37,48,

50, 69,330
direct piezoelectric effect, 53,69,130,

330
efficiency (n,), 134
electromechanical coupling factor (k),

131-36,256-59,298-99
energy transmission coefficient Q^^,

131-36
history, 103-4
induced, 242
induced effect in relaxor ferroelectrics,

117

[Piezoelectric effect]
mechanically clamped state, 296
mechanically free state, 296
open-circuit state, 296
piezoelectric strain coefficient (d), 129-

30
definition, 48
matrix form, 52-61
tensor form, 50-52

piezoelectric voltage coefficient (g), 130
tensor form, 50-52

resonance, 256,259-65
short-circuit state, 296
single crystals, 72-77
stress dependence, 145-48
tensor representation, 50-52

Piezoelectric materials, 105-26
applications, 45
ceramics, 106-13

compared with electrostrictive
materials, 116—17

diphasic composites, 122-25,199-202
dopant effects, 320-23
figures of merit, 129-38
hard piezoelectric, 108,118, 319-25
hysteresis. See Hysteresis
loss, electromechanical. See Loss, elect-

romechanical
mechanical properties, 145-63
phenomenological theory, 109
polymers, 120-22
relaxor ferroelectrics, 113-19
single crystals, 106
soft piezoelectric, 108,118, 319-25
thin films, 126

fabrication techniques, 201-3
properties, 203-6

Piezoresistive effect, 266
PLZT (lead lanthanum zirconate titanate),

22,26
ceramic processing

co-precipitation method, 171
sintering, 173-75

electric field-induced strain, 88-91
electrostriction, 115

frequency dependence, 143—44
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[PLZT (lead lanthanum zirconate titan-
ate)]
fracture toughness and mechanical

strength, 156-57
grain size effects, 92-97
loss, dielectric, 286-87
piezoelectric effect, 82
piezoelectric properties, 110-12
principal strain (85) and spontaneous

polarization (Ps), 91-92
PMN (lead magnesium niobate), 22

ceramic, crack propagation, 157-59
electric field induced strain, 88-91
electrostriction, temperature

dependence, 71
electrostriction in single crystal form,

56-57
relaxor behavior, 113-15

PMN-PT (lead magnesium niobate-lead
titanate)
ceramic processing, mixed-oxide

method, 170
electrostriction, 115

pressure dependence, 145^7
temperature dependence, 138-39

multilayer actuator, 182
single crystal growth, 176

Poisson's ratio, 83, 259
Polarization reversal, 49
Poling. See Electric poling
Polyvinylidene difluoride. See PVDF
Polyvinylidene difluoride trifluoroethyl-

ene. See PVDF-TrFE
Positioners, servo displacement transduc-

ers, 219
Positioning systems, servo system, 221-41
Potassium dihydrogen phosphate (KDP),

103
Principal strain (Ss), 87
Pseudoplasticity, 15
Pulse drive motor applications

adaptive suspension systems, 399-401
dot matrix printer head, 384-91
imaging systems, 375-78
inchworm devices, 379-84

impact mechanism walking ma-
chines, 383-84

linear drive inchworm, 381-84
microangle goniometer, 379-80
microwalking vehicles, 381-84

[Pulse drive motor applications]
InkJet printer head, 390-96
piezoelectric bimorph camera shutter,

377-78
piezoelectric relays, 396-99
swing CCD image sensor, 375-77
swing pyroelectric sensor, 377

PVDF (polyvinylidene difluoride), 24,
103,120-22

PVDF-TrFE (polyvinylidene difluoride
trifluoroethylene), 24, 122

Pyrochlore, 170
Pyroelectricity, 39
PZN (lead zinc niobate), single crystal

growth, 176
PZN-PT (lead zinc niobate-lead titanate),

109-10
piezoelectric effect, single crystal, 117-

19
single crystal electrical impedance, 262

growth, 176
PZT (lead zirconate titanate), 32

bimorph, 252,254-55
ceramic

crack propagation, 157-59
electrical impedance, 262
electromechanical losses, 299-301
heat generation, 314-16
mechanical quality factor (Qm),
308-10

ceramic processing
alkoxide hydrolysis (sol-gel
method), 172

mixed-oxide method, 169
co-fired electrodes, 209
creep characteristic, 143̂ 14
doping, 320-23
electric field-induced strain, 88-91
history, 103
multilayer actuator

heat generation, 310-14, 317-18
phase diagram, 107
piezoelectric effect

ceramic, 76-77
single crystal, 72-77
stress dependence, 147-48

piezoelectric properties, 69-71,107-8
thin film, 126,201-6

Quartz, 106
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Relaxor ferroelectric. See Ferroelectric
materials, relaxor ferroelectrics

Ringing. See Drive techniques, mechani-
cal ringing

Rochelle salt, 103

Schottky barrier, 195
Sensors

position, 265-70
stress sensor, 269-70

Servo displacement transducer applica-
tions
deformable mirrors, 347-53

articulating fold mirror, 352
monolithic piezoelectric, 347-49
multimorph, 349-52
Zernike aberration polynomials,
350-52

linear displacement devices, 356-60
linear motion guide mechanism,
356-59

ultraprecise x-y positioning stage,
359-60

microscope stages, 353-56
noise elimination, 371-72
servo system devices, 360-68

air pressure servo valves, 366—67
direct drive spool servo valve, 368
oil pressure servo valves, 361-66

VCR head tracking, 368-70
vibration suppression, 371-72

Servo systems, 360-68
air pressure, 366-67
direct drive spool servo valve, 368

[Servo systems]
oil pressure, 207, 254-55
oil pressure servo valves, 361-66

Shape memory actuators. See Actuators,
shape memory actuator

Shape memory alloys, 126-27
Shape memory effect, 14-18, 120
Single crystal growth, 176
Smart materials, 7-8
Smart ski, 270-71
Smart skins, 2
Soft phonon mode, 40
Spontaneous polarization, 39-42
Strain gauges, 266
Superelasticity, 15-16

Tensor representation, piezoelectric effect
and electrostriction, 50-52

Terfenol-D, 19, 127-29
Thermal expansion, 48
Thin films, fabrication techniques, 201-3
Transfer function. See Feedback control,

system design, transfer function

Uchida-Ikeda model, 86-91
Ultrasonic motors, 2,403-60

Voice coil motor, 3, 6

Weibull coefficient, 154
Weibull plot, 154

Zero point drift, 143
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