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Abstract 

The main objective of this thesis is the development of high-precision position­

ing devices for a large range of displacements. As an actual representative of this 

class of devices, a piezoelectric rotary actuator was selected for the development. 

The basic principles of the design can, however, be easily applied to similar linear 

positioning devices. In addition to the high-resolution requirements, practicality of 

the design, reasonable-cost for manufacturing, suitability for commercialization, and 

good potential for further miniaturization are also among the other requirements. 

Positioning devices with high accuracy and unlimited range of displacements are 

required by many industrial applications. High-precision micro machining, laser guid­

ance systems, medical and physical instrumentation (for example, high-resolution 

microscopes) and microrobotics are some examples to mention. 

The development of a piezoelectric rotary actuator with such targeted characteris­

tics puts forward a number of theoretical and design problems. The most challenging 

components from a mechanical/ dynamics point of view are the flexure hinge mecha­

nisms. These mechanisms are intended for the magnification of piezoelectric displace­

ments. They are of complex shape, and they work in dynamically intensive regimes. 

The development of an approach for stress analysis and the design of components with 

thin elastic bridges were the theoretical challenges of the work. The controller design 

for synchronization of multiple piezoelectric actuators in multi-micro-step regime con­

stitutes the control part of the work. The last, but not the least challenges were the 

selection of the proper material for the piezoelectrics and flexure hinge mechanisms, 

and modelling the entire mechatronics system prior to the actual fabrication. 

This thesis presents the entire process of the development from a novel idea to the 
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design, fabrication, implementation of the experimental prototype, and laboratory 

testing. 

The actuator proposed in this thesis is of stepper type; it generates a continuous 

rotary motion by combining very small angular displacements. The main advantages 

of the proposed actuator over the existing ones can be summarized as follows: 

• Compact and reliable design, 

• Less number of multilayer piezoelectric devices t in the system, 

• High resolution and better torque-speed characteristics, 

• Simpler driving sequence that is achieved by a simple switching circuit, 

• Suitability for further miniaturization. 

The actuator consists of three functional subunits, namely clamping, clutching 

and rotational flexure units. While the clamping and clutching units accommodate 

two multilayer piezoelectric devices, the rotational flexure unit includes only one of 

them. Step-wise continuous rotary motion is generated by driving these piezoelectric 

devices in a predetermined logic and by employing very small displacements, 30 µm, 

and extremely high blocking forces, 10000 N, generated by the piezoelectric devices. 

The results of this thesis work verify the potential of piezoelectric actuation for 

high-precision positioning devices. The developed actuator has been modelled and 

fabricated based on the design approach suggested in this thesis. The unique flexure 

amplification mechanisms of the actuator as well as the entire actuator itself have 

been tested, and the results have been found to be highly promising. The agreement 

between the results of the physical experiments and those of the simulations validates 

the practical modelling approach suggested and utilized in this thesis. The proposed 

tThe term piezoelectric device will be used hereafter to refer to a single piezoelectric unit itself. 
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actuator has potential to provide even better characteristics with the final suggestions 

presented in the thesis. 

Examiners: 

Dr. Y. Stepanenko, Supervisor (Dept . of Mechanical Engineering) 

Dr. S. Dost, Co-supervisor (Dept. of Mechanical Engineering) 
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Chapter 1 

Introduction 

1.1 Problem Statement 

Piezoelectricity arises due to an interaction between the electrical and mechanical 

fields in solids. It was discovered by Pierre Curie and (Paul) Jacques Curie in the 

1880s. They observed that certain types of crystals develop an electrical potential on 

their surfaces when an external mechanical force is applied. This is what is known 

as the direct piezoelectric or, in short, piezoelectric effect. They also showed that the 

same crystals experience a mechanical deformation when they are subjected to an 

electric field. This effect is called the converse or reciprocal piezoelectric effect. 

Soon after the recognition of their discovery, many researchers were attracted to 

the theoretical formulation and practical applications of this phenomenon. The first 

practical application of piezoelectricity appeared during World War I as an under­

water high frequency sound wave emitter and receiver. This was followed by many 

other significant applications which have utilized the piezoelectric effects successfully. 

Historical developments of piezoelectricity are summarized briefly in Chapter 2. 
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Evolving technology has led to numerous applications where the direct and con­

verse piezoelectricity were used for sensing and actuation, respectively. Microposition­

ing devices having extremely good response characteristics and fine resolution have 

been the most promising applications over the last four decades. In fact, two of the 

breakthrough inventions namely Scanning Tunneling Microscope and Atomic Force 

Microscope utilize the converse piezoelectric effect in a scanning actuator making pos­

sible to see the atom. In addition, piezoelectricity has also been used in mechatronics 

and microrobotics as both act~ators and sensors. The most promising applications of 

the converse piezoelectric effect are reviewed in Chapter 3. 

Linear and rotary piezoelectric actuators have attracted great interest because of 

their advantages over conventional electromagnetic drives. Higher force/ active area. 

and torque/volume ratios, very good and controllable resolution, and the absence of 

any electromagnetic disturbances are the most significant advantages. Thus, the gen­

eration of a continuous linear or rotary motion by utilizing the converse piezoelectric 

effect has become one of the most attractive but challenging topics in the field. Many 

devices have been proposed for various applications such as mechatronics, adaptive 

optics and space devices over the last two decades. In such applications, the piezo­

electric actuation became an alternative over the conventional actuation techniques. 

Various linear and rotary actuators are discussed in Chapter 3, and their driving 

principles are presented. In general, the generation of a continuous linear or rotary 

motion by utilizing the converse piezoelectric effect is based on the following two 

main principles: 

1. Generating a surface travelling wave in an elastic medium, 

2. Combining small linear or angular displacements, created via piezoelectric ac­

tuation, to generate the step-wise continuous motion. 
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The first method constitutes the basis for what is known as piezoelectric motors 

or ultrasonic motors on which several patents have been issued in Japan and in the 

US since the 1980s. Although such actuators have found many applications, they 

introduce substantial problems because of their short life time. This is mainly because 

of the induced high alternating stresses in the piezoelectric medium. 

The second method generates step-wise linear or rotary motion by combining very 

small linear or angular displacements at a high repeating frequency. A linear version 

of this type has already been patented and commercialized [1]. 

The review of the previously proposed rotary actuators given in Chapter 3 has 

revealed that some of these actuators could not go beyond being a laboratory set-up 

because of various problems involved. Such an actuator is not only required to move 

a shaft or rotate it but also to be confined in a compact and reliable package. These 

kinds of features would basically make a proposed design successful in applications. 

High resolution and torque-speed characteristics are also among the other parameters 

that the proposed actuator should be able to provide. A relatively simpler driving 

circuit and potential for further miniaturization should also come with the proposed 

development for a possible commercialization. 

A new and unique piezoelectric rotary actuator is introduced in this thesis. The 

proposed actuator is a successful implementation of the converse piezoelectric effect. 

3-D modellingf of the proposed actuator prior to the actual manufacturing, finite 

element simulations for the developed amplification mechanisms, which are crucial to 

the success of the prototype, and, finally, some other key points for the process of 

generating step-wise continuous motion are all elaborated in this thesis. 

Based on the approach explained in this thesis, a prototype of the proposed actua-

tThe terms 3-D modelling or Solid modelling will be used hereafter to refer to the physical 
modelling of the actuator . 
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tor has been built. Conceptual design has led to a working prototype through various 

steps, namely a carefully implemented 3-D solid modelling, preparation of the part 

drawings, finite element simulations, and a carefully carried out assembly process. 

Successful transition from the computer-generated images to the real prototype has 

been achieved without even any minor modifications during the implementation. 

1.2 Thesis Outline 

This thesis is divided into three main chapters. Following an introduction chapter, 

Chapter 2 begins with a brief historical background of piezoelectricity and introduces 

some fundamental concepts related to the phenomenon. Fundamental mechanism 

of piezoelectricity along with the linear constitutive equations are also given in this 

chapter. Definitions of various piezoelectric coefficients are also included. 

Chapter 3 explains some of the concepts and definitions that are important in 

micropositioning applications. The most common and basic configurations of piezo­

electric devices are also introduced in this chapter. Multilayer piezoelectric devices 

( or piezoelectric stack assemblies) are, in particular, discussed in detail since this con­

figuration is utilized for the proposed rotary actuator. The need for amplification of 

piezoelectric actuation along with the common amplification techniques are discussed 

in this chapter as well. 

Chapter 3 also presents a brief review of the applications of the converse effect. 

Brief discussions on basic operating principles for different piezoelectric devices are 

also given. Some previously proposed rotary actuators are discussed in terms of their 

basic driving principle, main advantages and drawbacks, and torque-speed character­

istics. This review was essential for establishing the comparison criteria upon which 

the proposed rotary actuator of this work has been developed. 
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Chapter 4 is the main chapter in which the proposed actuator is discussed in detail. 

First, the basic operating principle of the proposed actuator is laid out schematically. 

Then, the actual design and its subunits are introduced. Important details involved 

in the process of generating step-wise continuous rotary motion are elaborated. Dis­

cussions given in this chapter are mainly based on the conducted research and the 

expertise developed throughout this thesis work. A summary of the characteristics of 

the multilayer piezoelectric devices, which were used to build the prototype, is also 

given in Chapter 4. 

Finite element simulations of the developed flexure amplification mechanisms are 

also presented in Chapter 4. The results are presented in an easy-to-follow graphical 

and tabulated format for each flexure mechanism. §4.4 of Chapter 4 is completely 

allocated for the experiments performed. General methodology, the results and com­

parisons with the simulation results are presented and discussed. Finally, the switch­

ing frequency-speed characteristic (for zero load) and the torque-speed characteristic 

of the prototype are also presented in this chapter. A comparison with the previously 

proposed piezoelectric rotary actuators of the same nature is also made. The chapter 

is concluded with a brief discussion on the driving circuit. 

A summary of the results is given in Chapter 5. 

Appendices A and B contain some additional equations for index abbreviations 

and piezoelectric coefficients. Detailed technical drawings of the prototype are given 

in Appendix C. All these drawings were generated from the 3-D solid model of 

the proposed actuator, and they were proven to be successful having gone through 

various manufacturing processes. All required geometric and dimensional tolerances 

are specified on these drawings clearly. This appendix has been included hoping that 

it might help other researchers. Finally, Appendix D provides some supplementary 

illustrations and pictures of the experimental set-up and the prototype itself. 
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Chapter 2 

Piezoelectricity 

Piezoelectricity was first observed by Pierre Curie (1859- 1906) and his elder brother, 

(Paul) Jacques Curie (1855- 1941), in the 1880s [2]. They showed that when certain 

types of crystals are deformed mechanically, they develop electrical potential. Con­

versely, when an electric field is applied to such crystals, they undergo a mechanical 

deformation. The former effect, in fact, is the basis for modern piezoelectric sen­

sors and called piezoelectric or direct piezoelectric effect while the latter is the basis 

for modern piezoelectric actuators and called converse or reciprocal or, sometimes, 

inverse piezoelectric effect. 

In this chapter, first, a brief review of historical developments will be introduced. 

This will be followed by a short section on the basic mechanism of piezoelectric­

ity. Finally, the chapter will be concluded by discussing some common piezoelectric 

materials and the constitutive equations of piezoelectricity. 
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2 .1 Historical Developments 

Electrification in a heated tourmaline crystal had been known in Europe since about 

the eighteenth century. In 1824, Brewster introduced the name pyroelectricityt by 

observing the effect with various kinds of crystals. Then, the first definite theory 

of pyroelectricity was introduced by Lord Kelvin stating that pyroelectricity was 

the result of permanent polarization. Since then, the effect has been known as an 

interaction between electrical and thermal fields [3]. 

The Curie brothers showed that some crystals show positive and negative charges 

on certain portions of their surfaces when they are compressed in particular directions. 

The observed charges are proportional to the pressure, and they disappear when the 

applied pressure is removed. They were able to observe this effect by placing a 

weight on some particular crystals and measuring the induced charges on a Thomson 

electrometer [2]. 

This discovery was recognized by others soon; it was a "no-chance" discovery 

in Cady's own words [3]. Pierre Curie had previously studied the relation between 

pyroelectricity and crystal symmetry. This is, in fact, what led two brothers to looking 

for a similar relation between electrification and pressure as well. They looked into 

not only the relation between the electrification and applied pressure but also the 

relation between the induced electrification and the direction of the applied stress. 

The best explanation of the results of their investigation probably lies in their own 

words, translated from their paper announcing the discovery [2], [3] : 

"Those crystals having one or more axes whose ends are unlike, that is 

to say hemihedral crystals with oblique faces, have the special physical 

tThe prefix "pyro-" comes from a Greek word which means "fire." 

,, 
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property of giving rise to two poles of opposite signs at the extremities 

of these axes when they are subjected to a change in temperature; this is 

the phenomenon known under the name of pyroelectricity. 

We have found a new method for the development of polar electricity in 

these same crystals, consisting in subjecting them to variations in pressure 

along their hemihedral axes. 

The effects produced are analogous to those produced by heat [pyroelec­

tricity]: during a compression, the ends of the axis along which we are 

acting are charged with opposite electricities; when the crystal is brought 

back to the neutral state and the compression is relieved, the phenomenon 

occurs again, but with the signs reversed; the end which was positively 

charged by compression becomes negative when the compression is re­

moved and reciprocally... In all these crystals, the effects produced by 

compression are in the same sense as those produced by cooling; those 

which result from relieving the pressure are in the same sense as those 

which come from heating." 

8 

The proposed discovery was, then, verified by Pierre and Jacques Curie with a 

series of experiments by using the following crystals: zinc blende, sodium chlorate, 

boracite, tourmaline, quartz[SiO2], calamine, topaz, tartaric acid, cane sugar, and 

Rochelle salt[(N aKC4H4 0 6 • 4H2O)]. In later papers, some other crystals having 

piezoelectric properties, the first quantitative measurements of the phenomenon in 

quartz and tourmaline, practical applications of piezoelectric crystals, and the ver­

ification of the converse effect were also described by the Curie brothers. In fact, 

explanation of converse effect, showing that quartz crystal has the same piezoelectric 

coefficients for both direct and converse effects, was based on Lipmann's discussion 
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of application of thermodynamic principles to reversible processes involving electric 

quantities. Lipmann's theory, on the other hand, was linked to some other studies 

done previously by Lord Kelvin in 1877. Finally, the name Piezoelectricityt, a term 

which was accepted immediately by others including the Curie brothers themselves, 

was proposed by Hankel [4]. Similarly, since then, piezoelectricity has been known as 

an interaction between the electrical and mechanical fields in solids. 

Electrostriction is another electromechanical interaction where strain is introduced 

with an applied electric field. In fact, the converse piezoelectric effect and electrostric­

tion tend to be treated equally assuming that the converse piezoelectric effect is a 

special case of electrostriction. However, these two phenomena are essentially dif­

ferent in that deformations caused by electrostriction are proportional to the square 

of the applied field, that is independent of the direction of the applied electric field, 

whereas deformations caused by piezoelectricity are directly proportional to the ap­

plied electric field and dependent on the direction of the field. Electrostriction was 

mentioned here for the sake of completeness. 

Based on the aforementioned studies, formulation of the piezoelectric phenomenon 

was studied by P. Duhem and F. Pockels, and, mostly, by Waldemar Voigt in 1894. 

Having remained silent for a long time, piezoelectricity found its first valuable practi­

cal application during World War I. Pierre Curie's student Paul Langevin (1872- 1972) 

used the piezoelectric property of quartz to produce ultrasonic waves [2]. The device 

was used as an emitter and also a receiver for high frequency sound waves under wa­

ter. The idea was developed further after the war, and it found extensive use in some 

other practical applications in many fields, such as chemistry, biology and industry 

during peacetime and as a submarine detector during World War IL In 1917, Bell 

Telephone Laboratories built loudspeakers, microphones and phonograph pickups us-

tThe prefix "piezo-" comes from a Greek word which means "to press." 
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mg the piezoelectric properties of Rochelle salt. Some valuable theories were also 

developed by Max Born, Bragg and Gibbs in 1920 and 1925, respectively [4]. 

Walter Guyton Cady, whose famous book "Piezoelectricit'!f'' [3] has been one of 

the most valuable sources for the people working in this field, was attracted to the 

subject by Langevin's ultrasonic wave transducer. In 1921 , he showed the use of 

quartz resonator as a filter which produces much more stable oscillations. This was a 

major application which was later used to control the frequency of military commu­

nication equipment during World War II. In later years, studies focused on finding 

new materials which are as stable and rugged as quartz and as good as Rochelle salt 

in terms of piezoelectric properties. 

These materials were ceramics with desirable piezoelectric properties. In about 

1947, the first commercial ceramic barium titanate, BaTi03 , was on the market as 

phonograph pickups. There were three basic steps lied at the root of the discov­

ery and understanding of the piezoelectric ceramics: the discovery of high dielectric 

constant, realization of the fact that the cause of high dielectric constant was fer­

roelectricity, and, finally, discovery of the poling process of ceramics (5]. In many 

publications and patent applications, it was mentioned that barium titanate showed 

both direct and converse piezoelectric effects. However, how that occurred was not 

made clear enough. The answer was the poling process. Poling process is described 

as applying a high voltage, which is high enough to reverse the electric moments 

of spontaneously polarized regions, to the ceramic. The first publication of poled 

piezoelectric barium titanate was made by S. Roberts. The first set of values for the 

piezoelectric coefficients of the same ceramic was studied and given by Hans Jaffe [5] . 

Rapid development of barium titanate followed to improve the temperature stability 

and voltage outputs. In 1952, piezoelectric lead niobate, having a different structure, 

was discovered. In 1954, very strong and stable piezoelectric effects were discovered 
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in lead zirconate titanate (PZT)t, Pb(Ti, Zr)03 • Lead zirconate titanate with vari­

ous additives became the dominant piezoelectric ceramic soon. Polymers also make 

up another class of materials having good piezoelectric properties . Piezoelectric poly­

mers show excellent charge storage capabilities, and they are available as flexible thin 

films [2]. Polymers are, however, out of this thesis' scope. 

Even today, many scientists all over the world are working independently to im­

prove the piezoelectric characteristics of the ceramics mentioned above, especially 

lead zirconate titanate. Production of such ceramics with desired characteristics such 

as good temperature stability, low hysteresis, high electromechanical coupling factor 

and high linearity is the main challenge. These characteristics will be discussed later 

in this thesis. 

2.2 Interactions of Electrical, Mechanical, and T her­

mal Fields in Solids 

In this section, the interactions between the electrical, mechanical and thermal fields 

in solids are presented. Figure 2.1 [6] shows these interactions schematically. Vertices 

of the outer triangle show the intensive variables whereas the vertices of the inner 

triangle show the extensive variables. Commonly used intensive and extensive variable 

pairs are shown in Table 2.1. 

A small change in one of these variables causes a corresponding change in the 

other. This is represented by the lines joining the circles. Each property shown on 

each line, on the other hand, is the property through which the interaction occurs. 

tThe acronym PZT has become a common term for lead zirconate titanate, and it will, also , be 
used hereafter in this thesis for brevity. 
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Thermoelastic effects 

MECHANICAL THERMAL 

Figure 2.1: Interactions of mechanical, electrical, and thermal fields. 

Dark lines represent the direct effects. These lines, connecting the thermal, elastic, 

and electrical variables, define the physical properties known as heat capacity, elas­

ticity and electrical permittivity, respectively. A small increase in temperature, for 

example, causes an increase in entropy, and this change is proportional to the heat 

capacity. Coupled effects are also shown. These are represented by the lines joining 

different corners of the diagram. A change in temperature, for instance, will intro­

duce an elastic strain which is proportional to the thermal expansion coefficient of 

the material. This is, in fact, what is known as thermal expansion. 

Direct and converse coupled effects are also represented by the lines connecting 
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System J Intensive variable J Extensive variable 

Thermal Temperature Entropy 
Mechanical Elastic stress Elastic strain 
Electrical Electric field Electric displacement 

Table 2.1: Commonly used intensive and extensive variable pairs in mechanical, elec­
trical and thermal interactions. 

related variables. Physical relations between the changes in internal and external 

conditions and corresponding physical properties are summarized in Table 2.2. 

J Change in has effect on 

Entropy S Strain S Polarization P 

Temperature T Thermal capacity--;- T Expansivity Pyroelectric effect 
Stress a Piezocaloric effect Elastic Piezoelectric effect 

compliance 
Electric field E Electrocaloric effect Converse p1ezo- Susceptibility 

electric effect 

Table 2.2: Physical relations between intensive and extensive variables and corre­
sponding physical properties. 

Physical properties have values having the ratios of small changes in the param­

eters shown. Suspectibility, for example, is given by rJ =dP / dE. In general, the 

relations are not linear. Three of these properties, namely elastic compliance, dielec­

tric permittivity ( or susceptibility) and specific heat, are called principal properties 

since they relate the parameters of similar nature (thermodynamically conjugate), 

that is, both electrical, both mechanical or both thermal. As seen in the table, sus­

ceptibility relates the electrical parameters E and P ; elasticity relates the mechani­

cal parameters u and S ; and, finally, specific heat relates the thermal parameters T 

and S. Other properties are called coupled properties since they relate the param­

eters of different nature. They are electrothermal (pyroelectric and electrocaloric) 

coefficients, thermoelastic ( expansivities and piezocaloric) coefficients and electrome-
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chanical (piezoelectric) coefficients. By examining the table given, one can see, for 

example, that piezoelectric effect is a measure of the change in polarization caused 

by an applied external stress, or vice versa. 

2.3 Fundamental Mechanism of Piezoelectricity 

Piezoelectricity is a sub-phenomenon of Ferroelectricity. This fact makes it almost 

impossible to explain the basic mechanism of piezoelectricity without giving the def­

initions of ferroelectricity itself as well as some others fundamental definitions of 

basic crystallography. These definitions are included to help readers understand the 

discussions given later in this section. 

2.3.1 Ferroelectricity and Related Definitions 

The term Ferroelectrict was first used by Valasek, in 1921, to show the analogy 

between ferromagnetic iron and Rochelle salt [7]. Analogy was made in terms of 

nonlinear hysteretic dielectric properties of Rochelle salt and magnetic behaviour of 

ferromagnetic iron. 

By the most general definition, ferroelectrics are materials possessing a sponta­

neous electric polarization (or electric dipole momeni) Ps which can be reversed, with 

no net change in magnitude, by an applied electric field E [8) , [9). This reversing 

process is called switching, and it is accompanied by hysteresis, which is a significant 

property of ferroelectrics. The dipoles are produced· because the centres of positive 

and negative charges in each structural unit of the substance do not coincide. The 

t Materials having ferroelectric properties are also called Seignette-electrics after P. de la Seignette, 
who first studied on Rochelle salt in the seventeenth century. 
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dipole moment may result from the charges of a simple array of ions in a primitive 

cell or a very complex arrangement in a multiple cell. Electrical polarization, called 

spontaneous polarization, occurs if the dipoles throughout the sample are aligned so 

that self-cancellation among these dipoles does not take place. The word spontaneous 

is used to emphasize that the polarization has a non-zero value even if an external 

electric field is not applied. Spontaneous polarization should be distinguished from 

induced polarization which takes place under an applied external electric field. 

Polarization can be altered by changing the external conditions. In fact, the terms 

dielectric, piezoelectric and pyroelectric refer to the polarization changes caused by 

small changes in externally applied electric field, stress, and temperature, respectively. 

These changes can be detected as currents by using an appropriate circuit between 

the conductive electrodes placed on the surfaces of the substance. 

Ferroelectrics are all solids and non-metallic materials. They are a distinct sub­

group of pyroelectric materials. In general, all ferroelectrics are also pyroelectrics, 

and all pyroelectrics are also piezoelectric; vice versa cases, on the other hand, are 

not necessarily true for both cases. Being able to reverse the dipole moment is where 

ferroelectrics differ from pyroelectrics. Even though all pyroelectrics have a dipole, it 

is not necessarily possible to reverse the dipole by an externally applied electric field. 

It might be because the field needed to reverse the dipoles is greater than the electri­

cal breakdown field of the substance, or dipoles might be due to an asymmetric and 

non-reversible arrangement of atoms. Thus, ferroelectricity is an empirical distinction 

separating ferroelectrics from non-ferroelectric subsets of pyroelectric substances on 

the basis of experimental observation [6]. 

Either Polarization P or electric flux density (or electric displacement D) is one 

of the variables in the theory of ferroelectricity. In fact, polarization is more suitable 

for theoretical treatment whereas electric displacement is usually preferred in prac-
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tical analysis. Polarization is defined as the dipole moment per unit volume, which 

is also equal to the surface charge per unit area. As mentioned earlier in this sec­

tion, ferroelectrics possess spontaneous dipole moment within a certain temperature 

range. Above this temperature range, ferroelectrics undergo a phase transition pro­

cess, usually called f erroelectric transition, losing their spontaneous dipole moment. 

The phases with and without dipole moments are called f erroelectric and paraelectric 

phases, respectively. Once ferroelectric transition occurs , there is no spontaneous 

dipole moment and hysteresis loop. The temperature at which this transition takes 

place is called Curie temperature. 

Nonlinearity and hysteresis are very fundamental to ferroelectricity. Thus, a cou­

ple of words about hysteresis might be very helpful at this point. As stated earlier 

in this section, in ferroelectric substances, there exist directions along which there 

is spontaneous polarization. The relation between the magnitude of the polarizat ion 

and externally applied electric field is not linear, and it is given by a hysteresis loop . 

A typical hysteresis loop is shown in Figure 2.2. 

As seen in Figure 2.2, as the hysteresis loop intersects the P-axis at a non-zero 

value, in the absence of an external electrical field; there still exists a finite value 

of polarization. This is, in fact, the spontaneous polarization described earlier. The 

direction in which spontaneous polarization occurs is called f erroelectric axis. The 

loop shown in Figure 2.2 does not have to be symmetrical with respect to any of the 

orthogonal axes . In fact , there is no such a symmetry in some ferroelectrics at all. 

As seen, the polarization is a double valued function of the applied electric field E , 

and it is determined by the past history of the system in a sense that the sign of the 

last applied electric field determines the response P. 
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Figure 2.2: Typical dielectric hysteresis loop. 

2 .3 .2 P erovskite St ructure 

A cubic perovskite structure, Figure 2.3, was one of the first simple structures repre­

senting the compounds that exhibit ferroelectric properties, and it is, probably, still 

the most important ferroelectric prototype [5), [7). 

This structure can be described as a simple unit cell having a large lower-charged 

cations A on the corners, such as Na, I<, Rb, Ca, Sr, Ba, Pb, etc; a smaller highly­

charged cation B, such as Ti, Sn , Zr, Nb, Ta, W, etc, in the center of the cube; and, 

finally, oxygens in the centers of each face. For BaTi03 , for example, A = Ba+2, 

B = Ti+4, and O = 0-2 constitute the structure. 

The representation shown in the figure might be considered as an idealized rep­

resentation since it is not a simple cubic in most cases. Also, the anions do not 

necessarily have to be oxygen in order for the structure to be called perovskite. 

Although there exist simple AB03 compounds, such as BaTi03 , PbTi03 , PbZr03 , 
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Figure 2.3: Cubic prototype structure of perovskite-type AB03 for BaTi03. 

N aNb03, K Nb03, AgNb03, W03, having interesting high temperature ferroelec­

tric and anti-ferroelectric phases, more complex compounds can also be prepared. 

BaTi03 was, on the other hand, the first perovskite-type compound exhibiting fer­

roelectric properties as mentioned in §2.1. 

Unlike single crystal piezoelectrics, ceramics to be piezoelectric must undergo a 

process called poling. Before poling, a ferroelectric ceramic is non-piezoelectric even 

though the individual crystals constructing the ceramic may be strongly piezoelectric. 

This is because the polarizations of randomly oriented individual crystals cancel each 

other. To make the ceramic piezoelectric, a strong electric field must be applied to 

the specimen above its characteristic Curie temperature. Above the Curie temper­

ature of the ceramic and under applied strong electric field , the polar axes of the 

crystallites in the ceramic are switched to those directions allowed by the symmetry 

which are nearest to that of the applied electric field (5]. In other words, under these 

severe conditions, randomly oriented dipoles become aligned in the direction of ap­

plied electric field and remain partially aligned after the field is removed provided 

that the specimen is first cooled down well below its Curie temperature. This process 
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is called poling, and following this process, the ceramic is said to be poled. t After 

poling, the ceramic behaves like a pyroelectric crystal having a net dipole moment. 

Having being poled, the ceramic will respond to an applied electric field ( converse 

effect) or mechanical stress ( direct effect). 

2.3.3 Mechanism of Piezoelectricity 

Piezoelectric transducers are used to convert mechanical energy to electrical energy 

( direct effect) or electrical energy to mechanical energy ( converse effect). Ferroelectric 

ceramics such as lead zirconate titanate, Pb(Ti, Zr )03 or P ZT as a common acronym, 

and barium titanate, BaTi03 , become piezoelectric when they are poled. 

During cooling, ferroelectrics undergo a displacive phase transformation and gain 

spontaneous polarization. BaTi03 would be a good example to explain this process 

briefly. 

Above its Curie point, which is 120 °C, barium titanate is paraelectric having a 

cubic perovskite structure as shown in Figure 2.3. Below its Curie temperature, the 

structure becomes tetragonal having shifted Ti+4 and Ba+2 relative to 0-2 framework 

which also becomes distorted. At room temperature, the shifted structure can be 

represented by Figure 2.4. 

Figure 2.4 is a projection view on the (100) plane, and the cell centre coincides 

with the intersection point of the lines connecting the 0-2 ions. As seen in the 

figure, both Ti+4 and Ba+2 ions are shifted in the same direction, upward in this 

representation, by different amounts. In the mean time, the top and bottom 0-2 

ions are, also, shifted, downward in this representation, by a certain amount. The 

t Analogy can be made between poling process and magnetizing of magnets. 



CHAPTER 2. PIEZOELECTRICITY 

Ba 

I 
I 
I 
I 
I 

~ 
0 

---------- ----------
Ti I 

I 
I 

Ba 

I 
I 
I 
I 
I 
I 

20 

Ba 

Ba 

Figure 2.4: A projection on the (100) plane of the tetragonal unit cell of barium 
titanate having shifted Ba+2

, Ti+4 and 0-2 ions. 

cubic cell itself has peculiar dimensions in shifting direction and the other orthogonal 

directions at this temperature. 

After shifting takes place, the center of gravities of the positive and negative 

charges do not coincide anymore, and the cell gains a permanent dipole moment. 

Integration of this dipole moment over the macroscopic volume of the crystal gives the 

spontaneous polarization P8 • The temperature derivative of Ps at constant electric 

field and elastic stress is the pyroelectric coefficient, which was mentioned earlier. 

An applied sufficiently strong electric field on the ceramic can reverse the direction 

of atomic displacements that is the sign of Ps. As emphasized earlier, this dipole 

reversibility is a peculiar property which distinguishes the ferroelectrics from the 

non-ferroelectric subsets of pyroelectric materials. Having a permanent spontaneous 

polarization, ceramic, now, can exhibit piezoelectricity following a poling process. 
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Based on the discussion given above, mechanism of piezoelectricity can be elabo­

rated now. Before explaining the mechanism of piezoelectricity, it might be useful to 

give a simple definition of piezoelectric coeffici ent, d. 

+ 

Figure 2.5: A sample piezoelectric ceramic block having electrodes on its surfaces. 

Figure 2.5 shows a simple block of piezoelectric ceramic having electrodes on its 

top and bottom surfaces. By convention, the X 3 axis is chosen along the polarization 

direction of the ceramic. Orthogonal axes X1 and X 2 are determined by applying right 

hand rule. For direct piezoelectric effect, the piezoelectric coefficient dij, for example, 

relates the stress-induced polarization to the applied mechanical stress. Pi, P2 and Pa 

are the components of the stress-induced polarization along the X1 , X 2 and X 3 axes, 

respectively. For converse piezoelectric effect, the piezoelectric coefficients relate the 

induced strain to the applied electric field. Here, dij is a second order tensor being 

identical for both direct and converse piezoelectric effects. For direct piezoelectric 

effect, the first subscript on the elements of dij tensor indicates the direction of the 
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induced polarization whereas the second is the direction of the applied mechanical 

stress. For converse effect, on the other hand, the first and second subscripts indicate 

the direction of the applied electric field and induced strain, respectively. More about 

piezoelectric coefficients will be given later in this chapter. 

Having introduced the piezoelectric coefficient, dij, the basic mechanism of piezo­

electricity can be given. As mentioned earlier, when electric field is applied to the 

poled piezoelectric ceramic in the direction of polarization, the aligned dipoles in the 

ceramic respond collectively and produce a macroscopic expansion along the poling 

axis and contraction along the axes which are perpendicular to the poling axis. This 

has, in fact, been described as converse piezoelectric effect earlier. In direct effect, on 

the other hand, an applied mechanical stress to the piezoelectric ceramic results in 

electrical potentials on the surfaces of the ceramic. 

Simple mechanism of direct piezoelectric effect is shown in Figure 2.6. In Figure 

2.6 and in the theory of piezoelectricity in general, Pi, A and P3 are the components 

of stress-induced polarizations along the Xi, X2 and X 3 axes, respectively. Also, 

tensor elements Ti, T2 and T3 are the applied tensile stresses along the Xi, X 2 and 

X 3 axes whereas T4 , T5 and T6 are the shear stresses applied about the Xi, X2 and 

X 3 axes, respectively. 

Again, a projection on the (100) plane of the tetragonal unit cell of BaTi03 at 

a temperature below its Curie temperature is shown in Figure 2.6. As seen in the 

figure, tetragonal BaTi03 is non-centrosymmetric with the titanium ion displaced 

from the centre of the unit cell. The atomic displacements shown cause the ceramic 

to exhibit a spontaneous polarization and piezoelectric coefficients with respect to 

this polarization direction. When a tensile stress is applied in the X 3 direction, which 

is the upward direction in the figure plane, the Ti+4 ion displaces further creating a 

positive polarization in this direction. If a tensile stress is applied along one of the 
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Figure 2.6: Illustration of direct piezoelectric effect on a projection on the (100) plane 
of the tetragonal unit cell of barium titanate. 

directions which are perpendicular to the X3 direction, direction X1 for example, the 

dipole moment of the unit cell decreases and a negative polarization is created. Hence, 

the piezoelectric coefficient for an applied stress along this direction appears to be 

always negative while it is always positive for X3 direction, which is the polarization 

direction of the ceramic. In other words, d31 is always negative while d33 is always 

positive. Finally, for an applied shear stress about the X 2 axis, the dipole moment is 

tipped, and polarization in X 1 direction is introduced [10]. Detailed formulation of 
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piezoelectricity will be covered in §2.4. 

The converse piezoelectric effect can also be elaborated in the same manner. In 

this case, when the poled ceramic is subjected to a small electric field in the same 

direction as that of polarization, which is X 3 as mentioned earlier, the dipoles of the 

specimen will respond collectively producing a small expansion in this direction and 

contractions in other orthogonal directions. This is in fact, the basis of piezoelectric 

actuators whereas the former is the main principle of piezoelectric sensors. 

2.4 Fundamental Equations of Piezoelectricity 

In this section, various forms of the fundamental equations of piezoelectricity will be 

introduced. Derivations and detailed elaboration of these equations are not given here. 

Derivations of two common forms of piezoelectric constitutive equations, however, are 

included for the sake of completeness. 

Mechanical and electrical dissipation, and nonlinear effects are not included in the 

equations introduced in this section. The equations given here are all based on the 

linear theory, and the elastic, piezoelectric and dielectric coefficients are treated as 

constants. 

In linear piezoelectricity, linear elasticity equations and charge equations of elec­

trostatics are coupled through piezoelectric coefficients. To be able to introduce a 

simple methodology for the derivation of two of the common equations of piezoelec­

tricity, it is useful to give the relevant mechanical and electrical field variables briefly. 

Definitions of different piezoelectric coefficients will, also, follow before the equations 

are introduced. 
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2.4.1 Nomenclature 

The following summarizes the notation used for the fundamental quantities in the 

theory of piezoelectricity. 

Cijkl, Cpq 

dijk, dip 

Di 

D (superscript) 

Ei 

E (superscript) 

9ijk, 9ip 

H 

I 

Sijkl, Spq 

Sij, Sq 

S (superscript) 

Tij, Tq 

T (superscript) 

t 

Elements of stiffness tensor and matrix, respectively. 

Elements of piezoelectric constant tensor and matrix, respectively. 

Elements of electric displacement vector. 

Measured at constant electric displacement. 

Elements of piezoelectric constant tensor and matrix, respectively. 

Elements of electric field vector. 

Measured at constant electric field. 

Elements of piezoelectric constant tensor and matrix, respectively. 

Electromechanical enthalpy density. 

Elements of piezoelectric constant tensor and matrix, respectively. 

Electric current. 

Elements of elastic compliance tensor and matrix, respectively. 

Elements of mechanical strain tensor and matrix, respectively. 

Measured at constant strain. 

Elements of mechanical stress tensor and matrix, respectively. 

Measured at constant stress. 

Time. 

Infinitesimal displacement. 

Elements of dielectric impermeability matrix. 

Elements of dielectric constant matrix. 



CHAPTER 2. PIEZOELECTRICITY 26 

2.4.2 Variables of Mechanical Systems 

As stated in §2.2, the condition of a material is described by intensive and extensive 

parameters. The external conditions are described by the intensive parameters such as 

electric field E, temperature, and stress T. The corresponding internal conditions are 

the extensive parameters namely polarization P, or electric displacement D, entropy 

S, and the shape and volume which is represented by strain S. 

Variables in mechanical systems are strain Sij and stress Tij, both of which are 

tensors of second-order. The linear strain tensor components are given by 

(2.1) 

The most generalized form for linear stress-strain relation is given by Hooke's Law as 

follows: 

where 

Tij = elements of stress tensor 

Sij = elements of strain tensor 

or inversely 

Cijkl = constants of material stiffness tensor 

Sijkl = constants of material elastic compliance tensor. 

(2.2) 

(2.3) 

In Equation (2.2) and Equation (2.3), Cijkl and Sijkl are both fourth-order tensors 

since Tij and Ski are both second-order tensors. In general, there are (3)4 = 81 con­

stants for such fourth-order tensors. However, since T;j and Ski are both symmetrical, 

the number of independent constants in Cijkl and Sijkl tensors can be reduced to 36 



CHAPTER 2. PIEZOELECTRICITY 27 

due to the following symmetry conditions [11]: 

Cijkl = Cjikl = Cijlk = Cjilk (2.4) 

and 

Sijkl = Sjikl = Sijlk = Sjilk (2.5) 

By utilizing such symmetry conditions and being able to reduce the number of inde­

pendent constants, these tensors can be written in simple matrix forms. This is done 

via index abbreviations which will be mentioned briefly later in this chapter. 

2.4.3 Variables of Electrical Systems 

In linear piezoelectric theory, not all the electromagnetic equations are needed. In 

other words, magnetic field effect can be assumed to be negligible compared to elec­

trical effects [7]. In electrical theory, the Cartesian components of the electric field 

and electric displacement (or flux density) are denoted by Ei and Di, respectively. 

As mentioned earlier in this chapter, the polarization Pi is usually more suitable for 

theoretical treatments where electric displacement Di is more convenient in practical 

analyses [4]. 

The constitutive relations between electric displacement and electric field are given 

by 

(2.6) 

or 

(2.7) 

where t and (3 are dielectric constant and dielectric impermeability, respectively, and 

they are both second-order tensors. 
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2.4.4 Piezoelectric Coefficients 

Piezoelectricity is represented by four different relations, namely dD / dT, dD / dS, 

dE/dS and dE/dT. Each of these relations contains 18 constants, and their names 

and definitions are given below: 

d piezoelectric strain coefficient 

e piezoelectric stress coefficient 

h piezoelectric stress constant 

g piezoelectric strain constant 

d = (aD) aT E 

e=(~~t 
h = - (aE) as n 

g = _ (aE) 
aT D 

d* = (as) 
aE T 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

In Equations (2.8), (2.9) , (2.10) and (2.11), the suffixes show the parameters to 

be held constant while measuring these coefficients. The coefficients having * super­

scripts are the coefficients for converse piezoelectric effect indicating the mechanical 

response to an externally applied electric field. Direct and converse effect piezoelectric 

coefficients are identical for each definition given above. 

2.4.5 Linear Piezoelectricity 

The conservation of energy for piezoelectric medium leads to the first law of thermo­

dynamics which can be written as 

. . . 
U = TiiSii + EiDi (2.12) 
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where U is the stored energy density. The electric enthalpy density H, on the other 

hand, is given by 

(2.13) 

Substitution of Equation (2.12) in Equation (2.13) leads to 

(2.14) 

Then, it can be written that 

(2.15) 

By differentiating and taking the time derivative of Equation (2.15), and comparing 

the resultant equation with Equation (2.14), one can write 

Di= -8H/8Ei 

(2.16) 

(2.17) 

In linear piezoelectricity, enthalpy equation is given in the following form [7]: 

1 E 1 S 
H = 2,cijk/sijskl - ekijEkSij - 2,f,ijEiEj (2.18) 

where c5ki, ekij and tl are the elastic, piezoelectric and dielectric constants, respec­

tively. 

From Equation (2.16), (2.17) and (2.18) the following equations can be derived: 

(2.19) 

(2.20) 

Equations (2.19) and (2.20) are the two forms of constitutive equations of lin­

ear piezoelectricity, known as e-form, having strain and electric field as independent 

variables. 
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As mentioned earlier in §2.4.2, index abbreviations are used to write the constitu­

tive equations of piezoelectricity in matrix form which makes the tensorial equations 

easy to handle. Rules for index abbreviation are given in Appendix A. Matrix nota­

tions of the tensorial quantities appeared in the piezoelectric constitutive equations 

can also be found in Appendix A. 

By applying index abbreviations explained in Appendix A, Equations (2.19) and 

(2.20) can be rewritten in matrix form as follows: 

(2.21) 

(2.22) 

Other forms of the constitutive equations of piezoelectricity, including the two 

forms introduced already in Equations (2.21) and (2.21), are given below. It should 

be noted that they are all written in matrix forms by applying index abbreviations. 

Also, even the indices in compressed matrix notation are omitted for further brevity 

in the equation sets given below. 

T = c0 S-hD 

S = sET + dE 

D =<lT+t?E 

S = s0 T+gD 

E = -gT + ,BTD 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

(2.27) 

(2.28) 
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T = cES - eE 

D = eS + ESE 

31 

(2 .29) 

(2 .30) 

Equations (2 .23) and (2.24) are known as h-form piezoelectric constitutive equa­

tions while the other sets are called d-form, g-form and e-form, respectively, in the 

same order as the equations are given. In these four forms of equations, S and D , T 

and E, T and D and, finally, S and E appear as independent variables. 

The use of given equations depends on the specific geometrical, mechanical and 

electrical conditions. For a piezoelectric rod vibrating at low-frequency, for example, 

either Equations (2.25) and (2.26) or Equations (2 .27) and (2.28) would be preferred. 

The reason is that under these conditions, all stress components vanish, either ex­

actly or approximately, except for the extensional stress along the rod. However , 

whether to use the first or the second set of equations is determined by the given 

specific information regarding the shape of the cross section and the placement of the 

electrodes [7) . 

The coefficients appeared in Equations (2 .23)- (2.30) are somehow related to each 

other. The relations between these coefficients are given in Appendix B for complete­

ness. 

2.4.6 Simple Application of Constitutive Equations to A 

Poled Piezoelectric Ceramic Block 

Four common forms of constitutive equations of piezoelectricity have been presented 

in §2.4.5. Also, in §2.3.3, a simple block of poled piezoelectric ceramic has been 

illustrated in Figure 2.5 to describe the direct and converse piezoelectric effect . A 
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simple application of these equations can be shown on this piezoelectric ceramic block 

for a final clarification. 

To illustrate the direct piezoelectric effect, it is assumed that the piezoelectric 

ceramic block shown in Figure 2.5 is subjected to an externally applied mechanical 

stress while there is no externally applied electric field. Equation (2.26) can be used 

to find the induced electric displacement ( or flux density) as a result of the exter­

nally applied mechanical stress. General matrix forms of the terms which appear in 

Equation (2.26) are given in Appendix A. Induced electricity as a result of direct 

piezoelectric effect can be found simply by substituting those matrices in Equation 

(2.26) . 

Before the substitution, an important clarification regarding the piezoelectric co­

efficients in poled ceramics should be made. For poled ferroelectric ceramics, con­

ical symmetry dictates that all piezoelectric coefficients except d3i = d32 , d33 , and 

dis = d24 are zero. In general, some other elements in the other matrices, appeared 

in the constitutive equations, are zero while there are equalities between the oth­

ers. These zero elements and equalities result from the crystal symmetry as studied 

and shown in the earliest years of piezoelectric phenomenon [3], [12] . For BaTi03 , 

for instance, the matrices for dielectric, piezoelectric and elastic coefficients in the 

tetragonal state below the Curie point appear to be as follows [12]: 

d= 

0 

0 

0 

0 

0 

0 

dis 0 

0 0 

0 0 

0 

0 

0 

0 

0 

0 (2.31) 
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E 
S11 

E 
S12 

E 8 i3 0 0 0 

E 8 i2 
E 

S11 
E 8 i3 0 0 0 

E E S33 0 0 0 S13 8 i3 
s= 

0 0 0 E 0 0 S44 

(2.32) 

0 0 0 0 E 
S44 0 

0 0 0 0 0 E 
8 66 

By substituting d, Equation (2.31), in Equation (2.26), 

Ti 

T2 
Di 0 0 0 0 dis 0 

( d24 = dis) 
T3 

D2 0 0 0 0 0 
T4 

D3 d3i (d32 = d3i) d33 0 0 0 
Ts 

T6 

From the above substitution, one can conclude 

Di disTs 

D2 disT4 

D3 d3i(Ti + T2) + d33T3 

Therefore, polarization along Xi in a such a poled piezoelectric ceramic can be gen­

erated by an externally applied shear stress about X 2 • For hydrostatic pressure p, 

Ti = T2 = T3 = -p and T4 = Ts = T6 = 0, the resulting electric displacement can be 

observed along the X3 axis only, and it can be written as 

(2.33) 

Going even one step further, one can calculate the electric current generated as a 

result of direct piezoelectric effect by applying the following fundamental equation at 
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constant stress and electric field conditions [6] : 

(2.34) 

where A, I, Q are the electrode area normal to the polarization direction, piezoelectric 

current and charge, respectively. 

Similar substitutions can also be made for Figure (2.6) presented in §2.3.3. For 

this case, it can be easily seen that such substitutions will result in D3 = d33T3 , 

D3 = d31T1 and D1 = d1sT5 for Figure (2.6) (b ), ( c) and ( d), respectively. 
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In this chapter, first, brief definitions of some common properties regarding piezo­

electric actuation will be introduced. Then, primitive configurations for piezoelectric 

devices will follow. Finally, the most common applications will be discussed following 

a brief discussion of the need for amplification of piezoelectric actuation. Since the 

piezoelectric actuation is the main interest of this thesis, applications of piezoelectric 

sensing will not be included. 
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3.1 Some Important Properties of Piezoelectric 

Act uation 

3 .1.1 Hysteresis 

As mentioned in §2.3.1, all piezoelectrics exhibit hysteresis to a certain degree since it 

is inherent in their ferroelectric properties. In piezoelectric actuation, the magnitude 

of hysteresis is simply defined as the ratio, expressed in percentage form, of the 

maximum difference in expansion at a particular point on the voltage-expansion curve 

to the maximum expansion value at that particular point [13]. 

A common and the most generalized classification of piezoelectric ceramics is 

given as hard and soft piezoelectric materials (7). The determining parameter in this 

classification scheme appears to be the characteristic Curie temperature of the ma­

terial. In general, hard piezoelectric ceramics exhibit better hysteresis and linearity, 

and they have Curie temperatures above 300 °C . Therefore, high temperatures are 

needed during the poling process as discussed in §2.3.2. They have relatively smaller 

piezoelectric constants producing small expansions. Typical hysteresis values for hard 

piezoelectrics can be less than 2% (13). Soft piezoelectric materials, on the other hand, 

have relatively lower Curie temperatures, below 200 °C, and relatively larger piezo­

electric constants producing larger expansions at the expense of worse hysteresis and 

linearity. Because of their lower characteristic Curie temperatures, they can be poled 

even at about room temperatures with strong applied electric fields. Magnitude of 

hysteresis for soft piezoelectric ceramics can be as high as 20% [14). In general, these 

materials also have large dissipation factors, which will be described later in this 

chapter, introducing limitations in high frequency applications. Typical hysteresis 

curves for hard and soft piezoelectrics are shown in Figure 3.1. 
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Figure 3.1: Typical hysteresis curves for soft and hard piezoelectric ceramics. 

3.1.2 Linearity 

The relation between strain and applied voltage for piezoelectrics is not actually linear 

as it was given in §2.4. Linearity is usually specified for the lower portion (increasing 

voltage) of the hysteresis curve only, and it is defined as the maximum deviation from 

the best straight line fit for this portion of the curve. Hard piezoelectrics exhibit 

better linearity at the expense of lower expansions. Linearity for hard piezoelectrics 

can be as low as 1 % whereas it can range from 2% to 10% for soft piezoelectrics [13] . 

3.1.3 Creep 

Piezoelectric actuation is known for its rapid response to an applied electric field 

in general. Piezoelectrics respond to any step change in the applied voltage in the 

fraction of milliseconds. However, following such a quick response, there is still some 
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time needed for a short time dimensional stabilization. In other words, there is still a 

slower actuation following a rapid response to reach the total expansion value of the 

actuation. This is simply shown in Figure 3.2. 

-
j~ D.x 

Creep-

LC 
1 l 

6x 

, 

--
Time (Seconds) 

Figure 3.2: Typical creep curve. 

Creep is the delay in actuation, and it happens for both increasing and decreasing 

voltages having usually larger values for decreasing voltages. The value of the creep 

is given as the ratio of the mentioned additional small expansion ( or contraction for 

decreasing voltage) value to the initial rapid response, and it is expressed with the 

associated time constant as shown in Figure 3.2. Typical values for creep may range 

from 1 % to 20% with the time constants from 1 to 100 seconds for both hard and 

soft piezoelectrics showing no peculiar distinction in neither of these classes [14]. 
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3.1.4 Elastic Compliance 

Elastic compliance has been discussed in §2.4.2. It should be added that elastic 

properties of piezoelectrics are not isotropic; they take different values in polarization 

direction and in the other orthogonal directions. 

In actuators, piezoelectric materials are generally used in certain configurations, 

which will be elaborated later in this chapter, where piezoelectrics constitute a unit 

by interacting with some other type of materials such as adhesive layers or some other 

ceramics. In such cases, elastic properties of the whole unit cannot be represented by 

a single linear model, and they are usually determined experimentally. 

3.1.5 Thermal Properties and Extension Under Load 

The response of piezoelectrics to temperature changes is also anisotropic. Their t her­

mal expansion coefficients take different values in different directions as well. Ther­

mal stability is a crucial aspect in micropositioning applications. Also, piezoelectrics 

should be operated at temperatures well below their characteristic Curie temperatures 

since they can be partially depoled and lose their piezoelectric properties at temper­

atures near their Curie temperatures. Therefore, hard piezoelectric ceramics make a 

better choice for high temperature applications. Piezoelectric constants also change 

with changing temperatures, and that should be taken into account in applications 

where the temperature changes during the operation. 

In most cases, thermal behaviour of the piezoelectric devices are mostly deter­

mined by the design and basic configuration of the piezoelectric units. In such cases, 

it is a common practice to determine the thermal properties of the overall structure 

experimentally. 
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It has been shown experimentally that piezoelectrics can be operated under con­

stant preload, and the preload does not have a substantial negative effect on their 

overall expansion characteristics. Besides, it is very common to manufacture the 

piezoelectric subunits with a built-in preload to avoid any undesired additional com­

pliance. 

3.1.6 Dissipated Power 

Piezoelectric devices are nothing but capacitors from electrical point of view. Even 

though ideal capacitors do not dissipate energy during charging and discharging, 

piezoelectric units do dissipate energy by heat conversion. Dissipated energy is pro­

portional to the dissipation factor tan8, which is also defined as the loss angle, of 

the material [9]. The dissipation factor indicates the dielectric loss which is inherent 

in piezoelectrics. Dissipated energy is also proportional to the capacitance of the 

piezoelectric device, operational frequency and the applied voltage. 

The breadth of the hysteresis curve can give an idea about the dissipation factor of 

the material; the greater the breadth the larger the dissipation factor. To be able to 

compare different materials in terms of dissipation factor, it is a common convention 

to specify the dissipation factor for low applied electric fields at 1000 Hz frequency. 

Hard piezoelectric ceramics may have dissipation factors as low as 0.005 at 1000 Hz, 

whereas it may range from 0.02 to 0.04 for soft piezoelectrics [14]. It should be noted 

that in high frequency applications, dissipated heat should be removed by using a 

heat sink to protect the piezoelectric device. 
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3 .1. 7 Ageing 

The dielectric constant of a piezoelectric ceramic exhibits ageing following the firing 

or any other sudden thermal change, application of a strong electric field or mechanical 

stress . Ageing process is a logarithmic function of time and usually shows good 

linearity. Each ageing process started by one of the aforementioned sudden effects 

may exhibit a different ageing cycle [5]. 

Piezoelectric coefficients, coupling coefficient, which will be discussed next, and 

resonant frequency values can also be affected by ageing. 

Ageing process for hard piezoelectric ceramics can be neglected over short time 

periods whereas this is not always true for soft piezoelectric ceramics. They can 

exhibit severe loss of their piezoelectric properties even over short time periods. Such 

loss of polarization, however, can always be recovered easily by repoling the ceramic 

as explained in Chapter 2. 

3.1.8 Electromechanical Coupling Coefficient 

In piezoelectric actuation, certain amount of mechanical energy is stored in the mate­

rial as a result of dimensional changes. In fact, in the linear representation, the stored 

mechanical energy is equal to the closed area bounded by stress-strain curve and or­

thogonal axes on the stress-strain diagram. This stored energy is due to an applied 

electric field. Therefore, there is a certain effective energy conversion ratio between 

the electrical and mechanical fields during the interaction, and this is expressed by 

electromechanical coupling coefficient or simply coupling factor of the piezoelectric 

transducer. 

There are a number of physical representations of the electromechanical cou­

pling coefficient in the literature. However, the following two definitions, given by 



CHAPTER 3. APPLICATIONS OF CONVERSE PIEZOELECTRIC EF. 42 

Mason [4], are included here since they are more appropriate for practical applica­

tions of the piezoelectric actuation. 

k2 = (stored mechanical energy)/(supplied electrical energy) (3.1) 

or 

k2 = (stored electrical energy) / (supplied mechanical energy) (3.2) 

3.2 Common Configurations for Piezoelectric A c­

tuation 

Based on the discussions given in Chapter 2, one can easily see that the converse 

piezoelectric effect depends on the applied electric field and the piezoelectric coeffi­

cients, mostly d33 and d31 • Magnitude of the applied electric field is given by: 

(3.3) 

where V and h are the applied voltage and thickness of the plate, respectively, as 

shown in Figure 2.5. 

Maximum expansion of the piezoelectric transducer for a certain applied voltage is 

desirable in most applications. In order to achieve this, either the piezoelectric coeffi­

cient of the material or the magnitude of the applied electric field must be increased. 

However, for a given material, there is not much to do about the piezoelectric coef­

ficients. Development of new ceramics may offer better piezoelectric coefficients. In 

this thesis, only the commercially available piezoelectric ceramics will be considered. 

More about new ceramics can be found in (15], [16], [17], (18], (19], (20], (21], (22], 

and (23]. 
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The piezoelectric coefficients of one of the most common commercial piezoelectric 

ceramics, P ZT-5, are given as follows (24]: 

d33 550x10-12 (m/V) or (C/N) 

d31 -200xl0-12 (m/V) or (C/N) 

Mechanical deformation per unit applied voltage for this ceramic is very small. Larger 

deformations require very high voltages which may introduce a number of disadvan­

tages such as increased risk of accident, higher cost, and limitations in terms of 

electrical breakdown voltage of the ceramic. The second option is to decrease the 

ceramic thickness to obtain larger magnitudes of applied electric field for small volt­

ages. However, there are manufacturing limitations in terms of obtainable ceramic 

thicknesses without introducing structural cracks. Thickness of each layer can be as 

thin as 0.1 mm (13]. 

Based on the foregoing discussion, one may ask "What can be done to obtain larger 

displacements associated with reasonably high actuation forces?" Answers to this ques­

tion will be addressed in the following subsections in which common configurations 

for piezoelectric devices are introduced. 

3.2.1 Unimorph and Bimorph Designs 

In a unimorph configuration, a thin layer of piezoelectric material is bonded to a thin 

metal strip as shown in Figure 3.3. In bimorph configurations, on the other hand, 

two thin layers of piezoelectric material are bonded together as shown in Figure 3.4. 

In bimorph structures, two thin layers of piezoelectric material are bonded back 

to back in such a way that one of them expands in one direction while the other one 

contracts in the same direction when the system is subjected to a voltage. This is 
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Piezoelectric element 
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Figure 3.3: Unimorph design. 

Piezoelectric elements 

Tip deflection 
Supported at one end 

Figure 3.4: Bimorph design. 

done by a proper arrangement of the polarization directions and wiring. Figure 3.4 

shows the most common and basic bimorph arrangement . 

Both unimorph and bimorph configurations can produce large usable tip displace­

ments at the expense of low tip force when supported at one end. Tip displacements 

can be as high as 100 µm . Although unimorph and bimorph arrangements are not 

very common due to lack of mechanical stiffness and low resonant frequencies, there 

are applications in which they are utilized successfully. Phonograph pickups are 

the earliest examples for the utilization of the direct piezoelectric effect in bimorph 

piezoelectric transducers [25]. They are also one of the first solutions to servo fluid 

microvalve applications [13]. 



CHAPTER 3. APPLICATIONS OF CONVERSE PIEZOELECTRIC EF. 45 

Mechanical stiffness can be increased by supporting the unimorph and bimorph 

structures at both ends and using the center displacement of the structure. Structures 

of circular shape, supported at their periphery, are also used. Such structures form a 

cone when deformed and can produce displacements as high as 1 mm [13]. Application 

of unimorph arrangements to telephone sets and a mobile microdevice are investigated 

in [26] and [27], respectively. 

Microfabricated flow control systems, especially for medical applications, are also 

among the other promising applications where unimorph and bimorph arrangements 

are utilized successfully [28], [29], [30], and [31]. 

More about theoretical and experimental investigations of piezoelectric bimorph 

structures for various applications can be found in [32], [33], [34], [35], [36], [37] , and 

[38] . 

3.2.2 Piezoelectric Tubes and Tube Segments 

A piezoelectric tube electroded on its inside and outside surfaces and polarized in 

radial direction is a common structure as a single piezoelectric element. This simple 

structure has found many applications in tilting and translating optical mirrors where 

its structural simplicity and rigidity, and very high resonant frequency are utilized. 

Such structures are polarized through the wall thickness as shown in Figure 3.5, and 

they elongate axially while contraction occurs in the radial direction. 

The displacement along the axis of the tube is given by the following simple 

equation [39]: 

(3.4) 

where V, l, and h are the applied voltage, the length of the piezoelectric tube, and 

wall thickness, respectively. 
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Figure 3.5: Piezoelectric tube polarized through its wall. 

Since the segments cut from a whole piezoelectric tube have identical piezoelec­

tric properties, tilting about the X and Y axes and elongation along the Z axis can 

be realized by combining such segments in one structure and activating them sepa­

rately. Such translators have potential applications in optical mirror alignments [25]. 

The scanning tunneling microscope (STM), half recipient of the 1986 Nobel Prize in 

Physics, utilizes a partially electroded single piezoelectric tube as a scanning actuator 

[40]. Detailed information on piezoelectric tube translators can be found in [39], [41], 

[42], [43], and [44]. 

3.2.3 Stack (Multilayer) Assemblies 

Stacking thin piezoelectric ceramic layers on top of each other to overcome the limita­

tions mentioned in §3.2 is one of the most common solutions. A schematic illustration 

of a stacked piezoelectric assembly is shown in Figure 3.6. 

If Equation (2.25) is applied to the stack assembly shown in Figure 3.6 for zero 

applied external stress, the total expansion of the stack can be expressed as follows: 
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Figure 3.6: Stack (multilayer) assembly. 

6.h = nd33V (3 .5) 

where 6.h, V, and n are the total expansion of the piezoelectric stack, applied voltage, 

and the number of piezoelectric layers in the stack, respectively. 

Each piezoelectric layer in the stack is electroded and poled before stacking. Ad­

jacent layers are stacked in such a way that the polarization directions are faced 

opposite to each other. Such arrangement makes it possible to have a common elec­

trode between the adjacent layers. As a result, only two electrical leads are needed to 

apply voltage to each layer of the stack simultaneously. Finally, insulators are added 

to the final assembly to isolate the end electrodes. In multilayer arrangement, the 

thinner the layer the greater the total displacement. However, the thickness of the 

layers is limited by the manufacturing capabilities. More information on multilayer 

piezoelectric actuator fabrication can be found in [45), [46), [47), [48), [49) , [50), and 

[51]. 
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One of the advantages of the stack design over other configurations discussed ear­

lier in this section is that they can provide very large blocking forces, up to 30000 N, 

and reasonably large displacements, up to 100 µm, [52]. Therefore, they have found 

numerous applications in optical mirror and and fiber optics alignment devices, trans­

lating stages having more than one degree of freedom, micromanipulators for biomed­

ical applications, and various types of linear and rotary continuous motion generation. 

Commercial pushers are usually provided in steel cases with a built-in preload spring. 

Preload is usually needed to avoid unnecessary compliance by ensuring proper mating 

between each layer of the stack. 

Multilayer piezoelectric translators are composed of piezoelectric layers, dielectric 

insulators, electrodes, and various adhesives between the layers. Such composite 

nature makes it difficult to estimate the mechanical behaviour of the assembled stack 

for different loading conditions and temperature variations; therefore, the response 

of the stack is usually determined experimentally. There exist, however, various 

modelling techniques, and they can be found in [53], [54], [55], [56], [57], and [58]. 

3.3 Amplification of Piezoelectric Actuation 

With the advent of effective fabrication techniques of multilayer piezoelectric trans­

lators, piezoelectricity has found numerous applications in micropositioning and mi­

crorobotics in recent years. 

Piezoelectric actuation offers many advantages over the conventional electromag­

netic drives [59]; however it requires proper amplification of small displacements. 

Various amplification techniques have been utilized in different applications so far. 

One or a combination of the following techniques is used [60]: 

1. Hydraulic amplification, 
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2. Mechanical amplification by utilizing flexure hinge mechanisms, 

3. Impulse transfer systems, 

4. Generation of travelling wave in an elastic medium, and 

5. Integration method. 

Hydraulic displacement amplifiers utilize two hydraulic cylinders of different diam­

eters (52]. The idea of hydraulic amplification in piezoelectric applications introduces 

some major problems such as sealing, compressibility of the fluid and seals which 

result in large drifts and low bandwidth [25] . 

One of the most common amplification techniques for piezoelectric actuation is 

the utilization of fiexures or fl exure hinges. The idea has been used successfully 

in numerous applications since flexure hinges provide zero structural backlash and 

friction. Flexure hinges are basically mechanical members which are compliant in 

bending about one axis but rigid about the other axes. They are simple in shape and 

operation, but they require a complex mathematical analysis [61]. 

Impulse transfer systems utilize peak inertia forces resulting from the rapid defor­

mation of piezoelectric devices. Switching a piezoelectric device at a certain frequency 

can generate enough peak inertia forces to drive, for instance, a slider or activate a 

printing head. Translators of this sort are sometimes called inertial sliders. There 

have been many translators offered for micropositioning applications, and they will 

be discussed briefly later in §3.4. 

Surface acoustic waves (SAW) can be generated in an elastic medium by superim­

posing two standing waves of equal amplitude but different phase by 1r / 2 with respect 

to both time and space. The waves are due to a combination of longitudinal and shear 

motions, and the particles of the surface layer of the elastic medium move along an 
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elliptical trajectory as a result of this generated surface travelling wave. Standing 

waves, on the other hand, are generated by piezoelectric actuation. Once the trav­

elling wave is generated, linear or rotary motion is created by driving a contacting 

slider. Such devices are operated at ultrasonic frequencies to achieve the maximum 

power output and noise emission, and, therefore, they are often called resonant piezo­

electric motors or ultrasonic motors. Several patents have been issued on the use of 

travelling waves in a rotary motor in Japan since 1980. A short historical development 

of piezoelectric wave motors can be found in [59]. 

The integration method is the most popular technique in which very small dis­

placements of piezoelectric actuation are used to create a step-wise linear or rotary 

motion. One of the well-known commercial products, Inchworm Motort, and some 

other research studies, which will be summarized in §3.4, have used the same idea. 

in different designs to generate a step-wise continuous linear or rotary motion having 

very fine controllable resolution. In fact, the piezoelectric rotary actuator proposed 

in this thesis employs the same idea in a unique design by converting the small dis­

placements of piezoelectric actuation into step-wise continuous rotary motion. The 

actuators of this sort will be referred as stepper piezoelectric motors hereafter. 

3.4 Review of Applications 

Relatively recent applications and those which are currently under research will be 

covered briefly in this section. The discussions will focus on only those applications 

in which converse piezoelectric effect, not direct effect, is utilized. 

The review will be given under four different subsections, and only some of the 

t1nchworm Motor is a trademark of Burleigh Instruments, Inc. 
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maJor and relevant applications will be covered in terms of their basic operating 

principles . Related bibliography will also be included. 

3.4 .1 Micropositioners 

Micropositioning is one of the most common applications where piezoelectricity offers 

a great potential. Micropositioning with nanometer resolutions can be achieved with 

piezoelectric actuators . 

A multil13¥er piezoelectric device, mentioned in §3 .2.3, is a micropositioner itself. 

Such devices are commercially available and can be used to drive any microposition­

ing set-up independently. They can even be purchased as micropositioners mounted 

on a mechanical amplification stage or even equipped with a feedback controller to 

eliminate the hysteresis effect and nonlinearities [14], [62] . 

Besides commercially available piezoelectric micropositioners, there are research 

studies at various research institutions on more sophisticated micropositioners for 

specific applications. For instance, a piezo-driven micropositioning stage with sub­

nanometer resolution was developed by Scire et al. for optical and electron micro­

scopes [63]. The stage combines a piezoelectric driving element with flexure amplifica­

tion mechanisms to achieve a compact and vacuum compatible micropositioning with 

a resolution of 0.001 µmover a range of 50 µm. Overall design problems and possible 

solutions, fabrication techniques for such devices, analytical and experimental discus­

sions on flexure hinge designs, and different material options for hinge mechanisms 

are also given in this work. Simple design rules, derived partly from finite element 

analysis, and design formulae, material and manufacturing tolerance considerations 

for monolithic high precision translation mechanisms employing flexure hinges were 

also studied by others [64]. A piezoelectrically-controlled rotary micropositioner for 
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surface finish metrology has been presented recently [65]. A translation device for 

X-Ray interferometric scanning has been proposed by Alemanni et al. in [66] where 

discussions on flexure hinge design, material selection, finite element modelling and 

experimental results are presented. 

A different and novel approach was presented by Jones et al. in a very recent 

work [67] . In this article, self-sensing actuation was presented as a control technique 

and applied to a soft piezoelectric multilayer actuator. The presented approach is 

unique in that it reduces the need for costly feedback sensors, used in closed-loop 

applications , to eliminate nonlinearity and hysteresis effects of the piezoelectric actu­

ation. The same piezoelectric material was utilized as both an actuator and a sensor 

in this approach. A more economical open-loop compensation technique with better 

potential was also presented in [68] to improve the dynamic response and position 

resolution of a piezoelectrically-driven micropositioner. 

An active micro-position control technique using piezoelectric actuators has also 

been proposed in [69]. In this article, a general theory for piezoelectric actuators 

subjected to mechanical excitations and feedback voltages has been given. Bergamin 

et al. presented a macroscopic one-axis micropositioner with picometer resolution 

[70]. The proposed micropositioner utilizes a piezoelectric actuator in a feedback 

loop. Maximum travel distance up to 0.1 mm with a 1 pm resolution has been 

achieved experimentally by employing the proposed feedback control. 

Following a 3.5"-disk drive unit tracks with a piezoelectric micropositioning device 

having a high track density and bandwidth is among the recent applications as well 

[71]. A proposed dual-stage micropositioner utilizing a piezoelectric actuator was 

a typical solution to such a challenging problem. Mechanical design and dynamic 

response of such a device as well as the control system used are given in detail in the 

presented work. 



CHAPTER 3. APPLICATIONS OF CONVERSE PIEZOELECTRIC EF. 53 

3.4.2 Inertial Sliders 

Rapid deformation of piezoelectric devices can provide large inertia forces which can 

be used to move a mass on a slide or surface. Since the deformation speed of the 

piezoelectric device can be controlled with the input signal, the generated inertia force 

resulting from the acceleration can be controlled as well. Consequently, the produced 

small movements of the mass can also be controlled. The idea is, basically, to simulate 

a caterpillar motion with small movements of the mass or slider. At the end of each 

step, clamping the moving mass or slider might be necessary for safety reasons [72]. 

Bending mode of a bimorph piezoelectric actuator has been used to implement 

the same basic idea [73]. The proposed slider can move in two different directions at 

a maximum moving speed of 1 mm/ s with about 2 nm/V sensitivity. Clamping the 

translation device is also possible in any desired position. 

A piezoelectrically-driven XY0 table, developed for submicron lithography sys­

tems, offers one more degrees of freedom [74]. Positioning accuracies of less than 

1 µmin X and Y directions, and 7.5 x 10-6 rad in 0 direction have been achieved by 

using four piezoelectric actuators in the set-up. 

A high frequency translator with light weight, rapid response and controllability 

characteristics has been proposed as a precise positioning translator [75]. Precision 

of 1 µm was achieved by driving two multilayer piezoelectric actuators at 20 KHz 

frequency. 

Another proposed translator of the same type was equipped with both force and 

position sensing capabilities and was able to provide a high resolution up to 0.6 µm 

[76]. A stepper linear motor based on the same idea is able to climb slopes of up to 

12° and has found applications in electron microscopy, alignment of optical fibers, and 

magnetic recording [77]. This linear stepper motor offering sub-micrometer resolution 
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and large travel distances was achieved by employing one single piezoelectric ceramic 

actuator in a unique design. 

Many other inertial sliders utilizing piezoelectric actuation have been proposed 

for different applications [27], [78], [79], [80]. Each of these translators has unique 

characteristics for the intended application. Another linear device of the same class 

was able to perform in vertical orientation with a translator moving against gravity 

[81]; overall translation speed of 0.25 mm/s with an extremely small step size was 

achieved with this device. 

3.4.3 'Irav-elling Wave Piezoelectric Motors 

The use of travelling waves in a rotary motor has been patented and commercialized 

already. Piezoelectric motors utilizing travelling surface waves have found many com­

mercial applications such as positioning motors in vehicles, office devices, satellites, 

medical equipment, window winders, gearless windshield wiper drives, seat adjusters, 

heating and ventilation flap operations, paper feeders, printers and auto focus cam­

eras. Schematic structure of a rotary piezoelectric wave motor is shown in Figure 3. 7. 

In a rotary piezoelectric wave motor, the stator consists of a metal ring as the 

elastic medium and a segmented piezoelectric ceramic ring that are bonded to each 

other. As shown in Figure 3. 7, adjacent segments of the piezoelectric ceramic are 

polarized in opposite directions. The spatial phase between the mentioned standing 

waves results from the 3'),,/4 and A/4 gaps between the poled sectors of the piezoelectric 

ceramic as shown. The time phase, on the other hand, is created by applying voltages 

which are out of phase by 90° to the sectors of the piezoelectric ceramic layer. If the 

applied voltages are assumed to be U0 sin(wt) and U0 cos(wt), then the generated 
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Figure 3. 7: Operating principle of piezoelectric wave motor. 

standing waves can be written as follows: 

Y1(w, 0) 

y2(w,0) 

Yo cos(n0) cos(wt) 

y0 cos(n0 - 1r/2)cos(wt - 1r/2) 

(3.6) 

(3.7) 

where y1 and Y2 are the vertical displacements of the surface of the elastic medium, 

0 is the angular position on the ring, and n is the number of waves accommodated 

in the ring. The resultant travelling wave can be written by superimposing these two 

standing waves as follows: 
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y(w, 0) 

Yo [cos(n0) cos(wt) + sin(n0) sin(wt)] 

Yo cos( wt - n0) 

which represents a surface wave travelling with a velocity of w/n. 

(3.8) 

The vibrations induced by the oppositely polarized segments of the piezoelectric 

layer are propagated into the elastic ring. Due to the horizontal component of the 

motions of the surface particles, a slider (rotor) which is in contact with the surface of 

the elastic medium (usually with a constant preload applied by a compression spring) 

is forced to move in a direction which is opposite to that of the induced travelling 

wave. The slider moves in this direction because the elliptical motion of the surface 

particles is induced in the opposite direction to that of the induced travelling wave. 

Piezoelectric wave motors have found many applications because of the advantages 

they offer [59]. Controllable low speeds makes them very suitable for direct drive 

applications. One main drawback, however, appears to be their relatively short life 

compared to conventional electromagnetic drives. The problem seems to be the high 

alternating tensile stresses induced in the piezoelectric ceramic. This is, in fact, one 

of the research topics on new piezoelectric ceramics. Also, piezoelectric wave motors 

are desirable for the applications where high speed but low torque are needed. For 

micropositioning applications, however, stepper piezoelectric rotary actuators become 

more desirable because of their high resolutions and high output torques at low speeds, 

There are several patents issued on rotary and linear piezoelectric wave motors in 

Japan and in the US [59], [82]. The linear version of piezoelectric wave motors are 

essentially the same in principal, but they are different in that the mechanical design 

itself generates a linear motion [82], [83], [84], [85]. Detailed discussions and different 

design approaches regarding piezoelectric wave motors can be found in [82], [83], [84], 

[85], [86], [87], [88], and [89]. 
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3 .4 .4 Stepper Piezoe lectric Mot ors 

Small displacements of piezoelectric actuation can be used to generate a step-wise 

linear or rotary continuous motion. Such actuators have many unique applications 

where high resolution and controllability, and high force/torque and low speed are 

needed. One of the commercialized products of this type, Inchworm Motort, has 

already proven the viability of such a simple idea offering 4 nm resolution and a 

maximum travel distance up to 200 mm [14). In this design, three simple piezo­

electric tubes are used to create the step-wise motion. Basic structure of this linear 

piezoelectric actuator is shown in Figure 3.8 schematically. 

Extender 

• @q 

• 
Clamp 1 Clamp 2 

Figure 3.8: Operating principle of Inchworm motor. 

Small steps are created by driving the piezoelectric tube actuators, shown in Figure 

3.8, in a predefined sequence. In this design, the moving part is intended to be the 

shaft itself, but it can also be the housing accommodating the piezoelectric tubes 

depending on which one is fixed. Switching frequency determines the speed of the 

output shaft, and up to 2 mm/ s shaft speed can be achieved at 500 I< Hz driving 

frequency. Smooth reduction of the shaft speed is also possible by reducing the 

frequency gradually. Since there is no mechanical amplification in this set-up, tight 

manufacturing tolerances between the moving shaft and the piezoelectric tubes should 

be realized for an efficient clamping between the tubes and the shaft. Special shaft 

t1nchworm Motor is a trademark of Burleigh Instruments, Inc. 
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materials, ceramics in most cases, and manufacturing techniques are used to satisfy 

such requirements [90] . 

Based on the same simple idea, many other linear (91], (92] and rotary piezoelec­

tric actuators with different design approaches have been developed. For the sake 

of brevity, however, only some of the significant rotary motors of the same type will 

be discussed in this subsection. This will make it possible to compare them with 

the actuator proposed in this thesis . Main advantages, drawbacks, and torque-speed 

characteristics of each particular approach are summarized briefly. Due to the diver­

sity and different nature of the data provided by the authors for each rotary actuator 

covered in this section, characteristics of each actuator are plotted in separate figures. 

The characteristics included in these figures are considered to be sufficient to make a 

reasonable comparison. Related citations are also included. 

3.4.4.1 Rotary Inchworm-type piezoelectric actuator by Ohnishi et al. 

The proposed rotary actuator [93] is of stepper type and has been developed for precise 

positioning control. It consists of a torsional multilayer piezoelectric actuator and six 

longitudinal multilayer piezoelectric devices. Three of the longitudinal multilayer 

piezoelectric actuators are used to clamp the rotor while the other three are used 

to transmit the small angular displacements created by the torsional actuator to the 

rotor. Step-wise continuous rotary motion is generated by driving these actuators 

in a predefined sequence and at a high switching frequency. Basic structure of this 

rotary actuator is shown in Figure 3.9. 

The actuator has a simple structure and a reasonably simple driving circuit, and 

it has a potential for further miniaturization. These are the main advantages of this 

actuator. There is no mechanical amplification mechanism used in this design, and 

small displacements of the multilayer piezoelectric units are utilized directly. There-
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- -+-+- -+-- Torsional actuator 

AxJal bearings 

Longitudinal ICluaton 

Figure 3.9: Schematic illustration of inchworm motor by Ohnishi et al. 

fore, manufacturing tolerances are very crucial to realize the claimed torque-speed 

characteristics. Also, as known, piezoelectric ceramics cannot take shear forces well. 

Particularly for multilayered cases, this limitation becomes even more crucial since 

the shear force is transmitted through the bondings between the adjacent piezoelectric 

layers. In this design, torque transmission is done through the multilayer piezoelec­

tric actuators, which is, in fact, a crucial limitation factor in terms of obtainable 

high torque-speed characteristic. Also, the proposed actuator is a high-voltage device 

requiring 800 V driving voltage to achieve the given characteristics. It can provide 
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maximum ~ 9.5 x 10-3 rpm output speed at 400 V applied voltage and 100 H z 

driving frequency for zero applied load. Torque-speed characteristic of this rotary 

actuator is given in Figure 3.10. 
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Figure 3.10: Torque versus output speed characteristic of rotary Inchworm-type piezo­
electric actuator by Ohnishi et al. 

3.4.4.2 Rotary inchworm piezoelectric motor by Duong et al. 

The proposed rotary motor (94] consists of two clamp mechanisms and a swmger 

device. Step-wise continuous motion is generated by driving these three units in a 

predefined sequence. The rotary motor is shown in Figure 3.11 schematically. 

In this particular design, each clamp mechanism has two and the swinger mecha­

nism has one multilayer piezoelectric actuator. Specially designed flexure amplifica-
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Figure 3.11: Schematic illustration of inchworm motor by Duong et al. 

tion mechanisms are utilized in each unit. The swinger mechanism is able to rotate 

the second clamping unit with respect to the stationary shaft. During the rotation, 

the second clamping unit is activated, and it transmits the generated torque to the 

surrounding rotor. This unit is deactivated while the first clamping mechanism is ac­

tive during the recovery of the swinger. These steps are repeated at a high switching 

frequency to generate the rotary motion. The proposed design is relatively complex 

due to the complex flexure mechanisms but relatively more reliable. A more reliable 

bearing support should be added if the actuator is to be used in industrial appli­

cations. Also, there is not a conventional output shaft on the actuator; some other 

auxiliary interface mechanisms may be needed to use the output torque. Excitation 

of the multilayer piezoelectric actuators can be achieved with a simple driving circuit. 

Maximum static frictional torque is given as 212 Ncm for this actuator. The term 
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static frictional torque means the maximum holding torque right before the slipping 

occurs. The same term may be used hereafter for other actuators as well. Rotor speed 

versus switching frequency for varying loading conditions is given in Figure 3.12. 
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Figure 3.12: Frequency versus output speed characteristic of inchworm motor by 
Duong et al. 

3.4.4.3 Piezoelectric cycloid motor by Hayashi et al. 

The actuator has been proposed to overcome the limitations of piezoelectric ultrasonic 

motors [95) . Short operating life of such motors is being claimed to be the result of 

pure friction-bas ed operating principle. Therefore, a cycloid gear mechanism is being 
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offered to overcome such limitation. The cycloid gear mechanism is employed to con­

vert the small displacements of four multilayer piezoelectric actuators into continuous 

rotary motion. Torque transmission is realized via inner and outer gear teeth, and 

there is no slip between the rotor and stator in this design. Theoretically derived 

characteristics and experimental results are presented. Basic structure and operating 

principle of this rotary motor are shown schematically in Figure 3.13. 

Outer gear 
(Rotor) 

Figure 3.13: Operating principle of piezoelectric cycloid motor by Hayashi et al. 

Rotation of the rotor is realized by applying an electric field to the piezo actuators 

#1, #2, #3 and #4 in the polarization directions and in the same order given. This 

allows the excited piezo actuator to expand along its longitudinal axis. Electric fields 

applied to two actuators located opposite to each other are also in opposite directions 

to let one of the piezo actuators expand while the other contracts along the same axis. 

This is done by applying sine wave voltages which are out of phase by 90 degrees to 
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these oppositely located piezo actuators. Cycloid motion is generated by moving the 

stator with respect to the rotor along the axes of the piezo actuators in a specified 

order. In other words, the stator oscillates without rotation. The difference between 

the number of teeth of the inner and outer gears causes the rotor to rotate. The 

rotational speed of the rotor is given as follows: 

N = 60zi - Zo f 
Zo 

(3.9) 

where N ,zi, Z0 and f are the rotational speed of the rotor in rpm, the number 

of teeth of the inner gear, the number of teeth of the outer gear and the driving 

frequency in H z, respectively. 

In this approach, the gear mechanism introduces a mechanical shape constraint 

between the rotor and stator which, in turn , creates a tangential force between the 

tooth surfaces of the inner and outer gears. In fact, torque transmission between the 

stator and rotor is achieved through this force. The gear mechanism, on the other 

hand, requires macro displacements to engage and disengage the inner and outer 

gear teeth during the operation. In other words, sufficient amplification of small 

displacements is necessary. 

Hayashi et al. used a two-stage flexure amplifier with a magnification ratio of 

64 for each multilayer piezoelectric actuator . The resultant rotary actuator is a low 

voltage, 150 V, rotary actuator accommodating four piezo devices associated with four 

mechanical amplification mechanisms. It has a relatively complex driving circuit, and 

it is not suitable for further miniaturization because of the need for high mechanical 

amplification. Even though the experimental set-up proves the concept, the question 

of whether it can be built as a compact rotary actuator for industrial applications 

was left unanswered. 

Motor output shaft rotational speed versus frequency (with no load) and torque 
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versus rotational speed characteristics for this actuator are given in Figure 3.14 and 

Figure 3.15, respectively. 
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Figure 3.14: Frequency versus output speed characteristic of piezoelectric cycloid 
motor by Hayashi et al. 

The torque speed characteristic is given for a driving frequency range of 1 - 20 

H z. A hove 20 H z, the efficiency of the motor is stated to go down. Since there is 

no slip between the stator and the rotor due to the employed gear mechanism, the 

rotational speed does not decrease as the load increases. For the maximum generated 

torque of 1.4 N cm, the cycloid motor operates steadily for all driving frequencies and, 

therefore, for all rotational speeds. 
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O utput torque versus speed 
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Figure 3.15: Torque versus output speed characteristic of piezoelectric cycloid motor 
by Hayashi et al. 

3.4.4.4 Friction-type piezoelectric m ot or utilizing a strain wave gearmg 

mechanism by Ishida et al. 

The proposed motor [96) consists of a wave generator, a fiexspline and a circular spline 

(rotor) as shown in Figure 3.16. 

The fiexspline is a very flexible hollow cylinder, and the circular spline is a solid 

cylinder inserted in the fiexspline tightly. The wave generator consists of 16 piezoelec­

tric devices distributed evenly around the circular spline. Both the piezo devices and 

the fiexspline are preloaded with preload screws. When DC voltage is applied to some 

of the piezo devices which are 180 degrees apart , they push the fiexspline onto the cir­

cular spline stronger than the other piezo devices. As a result, the fiexspline is formed 
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Figure 3.16: Schematic illustration of piezoelectric rotary motor by Ishida et al. 

into an elliptical shape contacting the circular spline only at two locations which are, 

again, 180 degrees apart. This is shown in Figure 3.16 with a little exaggeration. 

Operating principle of the strain wave gearing piezoelectric motor is shown m 

Figure 3.17. When biased multiphase AC voltage is applied to the piezo devices, the 

formed ellipsoid rotates around the circular spline. Therefore, the contact points C 

and C' also rotate as shown. Since the circumference of the fl.exspline is a little longer 

than that of the circular spline, initially coincident contact points of the fl.exspline and 

circular spline, shown as A and B, respectively, rotate with respect to each other as 

the ellipsoid rotates. In case the fl.exspline's motion is limited to elastic deformation 

only with no rotation, which is usually the case, the circular spline rotates in the 

opposite direction to that of the elliptic deformation [96) . 
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Figure 3.17: Operating principle of piezoelectric rotary motor developed by Ishida et 
al. 

In robotics , this is, in fact , the operating principle of the well known backlash-free 

harmonic drive mechanism. The proposed rotary motor is slightly different from the 

harmonic drive mechanism in that in harmonic drive mechanism, torque transmission 

is achieved through the inner and outer teeth of the circular spline and flexspline, and 

the elliptical deformation is generated inside the circular spline via an elliptical ball 

bearing which is surrounded by the flexspline [97]. 

The actuator is a low voltage, 100 V, device; it is compact and relatively more 

suitable for further miniaturization. There are, however, 16 multilayer piezoelectric 

devices which increase the cost and make the driving circuit as well as the actuator 

relatively complex. Shaft rotational speed versus frequency (with no load) and torque 

versus rotational speed characteristics of this actuator are given in Figure 3.18 and 

Figure 3.19, respectively. 
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Frequency versus output speed 
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Figure 3.18: Frequency versus output speed characteristic of piezoelectric motor by 
Ishida et al. 
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Figure 3.19: Torque versus output speed characteristic of piezoelectric motor by Ishida 
et al. 
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3.4.4.5 Miniature cybernetic piezoelectric rotary actuator by Ikuta et al. 

The piezoelectric rotary actuator proposed by Ikuta et al. has a very simple structure 

and provide very low output torque at relatively high shaft speeds [92]. The actuator 

has been proposed for medical applications and claimed to meet the requirements of 

a cybernetict actuator. Its simple structure is shown schematically in Figure 3.20. 

I 

--®-

Figure 3.20: Schematic illustration of piezoelectric rotary motor developed by Ikuta 
et al. 

Rotation of the rotor is achieved by driving the multilayer piezoelectric actuators 

at a certain frequency. Locked and free states are obtained by activating and releasing, 

respectively, both actuators simultaneously. The actuator is not reliable enough for 

industrial applications, and it is included here for the sake of completeness. 

A similar work was also performed by King et al. [98] . Their design is different in 

that they utilize flexure hinge amplifiers to amplify the small displacements of piezo 

devices. For Ikuta's rotary motor, estimated maximum static frictional torque and 

maximum load-free rotational speed are claimed to be 12 N cm and 180 rpm, respec­

tively. There is, however, no sufficient experimental data provided by the authors. 

t Cybernetics is a science in which control systems in electronic and mechanical devices are studied 
and compared to biological systems. 
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Characteristics of King's rotary motor are not included here since the actuator is not 

compatible with the proposed actuator in this thesis in terms of compactness and 

reliability. 

3.4.4.6 Piezoelectric harmonic motor by King et al. 

A piezoelectric harmonic rotary motor proposed by King et al. [99] is slightly different 

from the frictional strain wave gearing piezoelectric actuator in a sense that it is 

structurally identical to the harmonic drive mechanism. The wave generator is located 

within the circular spline, and torque transmission is achieved through the inner 

and outer gear teeth. The design itself, the flexure amplifiers used, and the stress 

analysis conducted for the gear teeth are presented by the authors in the cited article. 

Estimated output torque is claimed to be 6.4 N cm, but no prototype and, therefore, 

no experimental data is available. 
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Chapter 4 

A New Rotary Actuator 

A rotary actuator should be able to provide reasonably high torque-speed charac­

teristics so that it can be used in practical applications. It should also have a high 

resolution since most of the applications involve micropositioning tasks. It should be 

reliable enough so that it can operate for a long period of time without introducing 

any problems. A rotary actuator to be sent for a mission on a space vehicle, for 

instance, should definitely meet this criterion. It should not only be able to generate 

continuous motion by utilizing micron displacements but also be compact enough. 

Less number of piezo devices is desirable to reduce the cost. Driving circuits 

also get more complex with any increase in the number of piezoelectric devices. An 

actuator providing the required torque-speed characteristic and having a relatively 

simpler driving circuit is definitely more preferable. The number of piezo devices also 

affects the compactness of the actuator. 

High voltage piezoelectric devices are, in general, less compliant than that of 

low voltage ones. They also have relatively high electrical breakdown limits, and 

they can stand stronger electric fields without suffering electrical breakdown. This 
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makes it possible to obtain large displacements by applying high electric voltages. 

They provide better linearities and relatively lower hysteresis, which make them more 

attractive for open-loop micropositioning, as well. However, high voltage is usually 

not desirable since it introduces potential dangers in the workplace. High voltage 

devices are, also, relatively expensive. All these considerations should be taken into 

account during the development of such piezoelectric actuators. 

In this chapter, the proposed piezoelectric rotary actuator will be introduced. The 

actuator is expected to provide better torque-speed characteristics in a more reliable 

and compact design than those of the previously proposed actuators [92], [93], [94], 

[95], and [96]. 

First, difficulties and challenges in generating continuous rotary motion by uti­

lizing piezoelectric actuation will be discussed briefly. Then, the proposed rotary 

actuator will be introduced in detail. Its operating principle, actual design and the 

subunits, general design considerations, piezoelectric units and their properties will be 

discussed along with some recommendations to follow during the assembly. Flexure 

hinge amplification mechanisms implemented on the proposed actuator will be dis­

cussed in detail. Introduction of the driving circuit will follow. Finally, experiments 

conducted on a built prototype will be presented, and the results will be discussed. 

4.1 Problems Associated with Continuous-Motion 

Piezoelectric Actuators 

In piezoelectric actuation, displacements of a couple of microns are converted into 

linear or rotary continuous motion by utilizing specially designed mechanisms. Small 

displacements generated by the piezo devices should be amplified to certain usable 
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magnitudes. These amplification mechanisms should be able to respond to a me­

chanical input rapidly with minimum or no creep. They should be able to operate 

under required conditions for a long period of time without failure. They should, 

also, be able to stand high local stresses caused by high blocking forces under static 

or dynamic conditions. They should not exhibit any fatigue problems. 

No structural clearance or backlash between the components of the actuator is 

tolerable in such devices. Every micron of the piezoelectric actuation should be 

utilized. Any unexpected compliance caused by a weak component can also fail the 

idea; this should be taken care of as well. 

Not only dimensional but also geometric tolerancing is crucial in designing such 

devices. Machining techniques to manufacture the parts should be chosen carefully in 

order to accomplish the tolerancing required by the design. Assembly might require 

special attention as well; special techniques might be needed. Temperature changes 

during the operation may cause problems; therefore, excessive heat dissipation should 

be avoided or should be taken care of. 

As mentioned earlier, piezoelectric ceramics cannot take tension or shear loadings. 

This is particularly important for multilayer or stack piezoelectric devices because of 

their multilayered structures and very high blocking forces that they generate. Thus, 

they should by no means be subjected to excessive tension or shear loadings during 

the operation. Some precautions might be necessary to protect the piezo devices. 

Some other concerns in addition to those mentioned above will also be discussed, and 

solutions will be given later in this chapter. 
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4.2 Proposed Rotary Actuator 

The proposed rotary actuator is of stepper type combining small angular displace­

ments created via piezoelectric actuation. It consists of three subunits: 

1. Clamp flexure unit 

2. Rotational flexure unit (Torque generator) 

3. Clutch flexure unit 

As the names imply, these three main units accommodate the flexure amplification 

mechanisms. 

Continuous rotary motion is generated by rotating a mechanical unit, with only a 

rotational degree of freedom, back and forth . This mechanical unit can be considered 

as an oscillating unit with a certain frequency that can be controlled. The source 

of the oscillation is, on the other hand, a longitudinal multilayer piezoelectric device 

which is driven at a certain frequency. 

The step-wise rotary continuous motion is generated by using only half period of 

this oscillatory motion ( active stage) caused by the small angular displacement of the 

rotational flexure unit, which is, in turn, actuated by a multilayer piezo device. The 

other half period of the oscillation (passive stage) is used to recover the rotational 

flexure unit. 

During the active stage of the oscillation, oscillating unit is mechanically connected 

to the actuator's shaft through a clutch mechanism. The clutching unit operates at 

the same frequency and is actuated by two other longitudinal multilayer piezo devices. 

At the end of the active stage, the clutching unit is released. This is when the passive 

stage of the oscillation begins, during which the rotational flexure unit is recovered. 
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The recovery is done mechanically by a compression spring in which certain amount 

of mechanical energy is stored during the active stage. The shaft is clamped during 

the passive stage to avoid the backward rotation, and this is done by a clamping unit. 

Clamping unit itself consists of two flexure units actuated by two other piezo devices 

of the same nature. The rotary motion is basically created by repeating these steps 

at a certain frequency. 

4.2.1 Operating Principle of The Proposed Rotary Actua­

tor 

Simplified schematic illustration of the proposed actuator is given in Figure 4.1. The 

flexure mechanisms are not shown in the figure for simplicity. As seen, there are 

two longitudinal multilayer piezo devices which clamp the shaft to the inertial body 

when they are activated. When these two piezo devices are active, they exert a high 

blocking force on the shaft, and the shaft is clamped. 

The clutch unit accommodates two other piezo devices. This is the oscillating unit 

mentioned in §4.2. The piezo devices are attached to this unit, and they all oscillate 

together as a single body. There are two other flexure mechanisms between the shaft 

and the piezo devices of this unit. The high blocking force generated in the piezo 

devices is utilized to attach the clutch unit to the shaft during the active stage of the 

oscillation. Clamping and clutching are achieved via high frictional torques. 

One more longitudinal multilayer piezo device, shown on the lower right hand side 

in Figure 4.1, is used to rotate the clutch unit. This piezo device expands and rotate 

the clutch unit about its rotational axis while the clutching is active. The torque 

created by this single piezo device is transmitted to the shaft through clutching. 

During this half period of the oscillation, clamping unit is not active so that the 



CHAPTER 4. A NEW ROTARY ACTUATOR 

Compression spring 

Piezo devices for clutching 

Clutch unit 

Piezo devices for clamping 

Output shaft 

Piezo device for rotation 

rrTTTITTITTnm'TITTTTTTTTlrmT.~ 

~ 
IUU.U.U.UJLLI.LLLU.U.IC&.UU.UU.L~' 

Figure 4.1: Schematic illustration of the proposed actuator. 
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shaft can rotate freely with respect to its housing. During the rotation of the clutch 

unit , certain amount of energy is stored in the compression spring placed between 

the clutch unit and the housing. This energy is used to rotate the clutch unit back 

to its initial position. During the passive stage, the rotational flexure unit also goes 

back to its initial position, and the clamping mechanism holds the shaft to prevent 

the backward rotation. At the end of each complete cyde, the shaft is rotated by a 

small angle. Step-wise continuous rotary motion of the shaft is created by repeating 

this cycle at a certain frequency. 

The steps of one complete cycle are shown m Figure 4.2, and the associated 

activities are summarized in Table 4.1. 
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Figure 4.2: Basic operating principle of the proposed actuator. 

78 



CHAPTER 4. A NEW ROTARY ACTUATOR 79 

I STEP I ACTIVITY 

Initial Clamp unit is active; clutch unit is not active and at its initial position 

Step 1 Clamping is released and clutching is activated 

Step 2 Shaft is rotated by a small angle 

Step 3 Clutching is released, and clamping is activated 

Step 4 Clutch unit is rotated back to its initial position 

Go back to Step 1 

Table 4.1: Summary of the steps of a complete operating cycle. 

Table 4.2 shows the states of the piezoelectric devices at each step. In the table, 

state "O" and state "1" denote the states corresponding to zero and 250 V operating 

voltages, respectively. 

I Steps State of piezoelectric devices 

Clamp unit Clutch unit Rotation unit 

Initial 1 0 0 
Step 1 0 1 0 
Step 2 0 1 1 
Step 3 1 0 1 
Step 4 1 0 0 

Go back to Step 1 

Table 4.2: States of the piezoelectric devices at each step. 

It should be mentioned that the switching shown in Table 4.2 takes place at a high 

frequency. There are short overlap regions where the piezo devices of more than one 

unit are all active to avoid the slippage of the shaft under a certain load torque. This 

is not shown in Table 4.2 for simplicity but will be discussed later in this chapter. 
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4.2.2 The Actual Design 

The proposed rotary actuator was designed by utilizing 3-D solid modelling tech­

niques. I-DEAS VJt 3-D solid modelling software was used throughout the design 

process. The solid models were used to create the rotary actuator itself and the de­

tailed part drawings of each component. The same models were also used in the finite 

element simulations of the flexure mechanisms. 

Utilization of solid modelling techniques provides advantages in designing such 

complex mechanisms. The modelling makes it possible to see the components and 

their relations with each other in the assembly before manufacturing. Physical prop­

erties may also be included in the models for static or dynamic simulations. In short, 

the rotary actuator to be designed can be simulated completely without manufactur­

ing one single component. Any modifications and corrections in the design can also 

be easily incorporated. 

Figure 4.3, together with Table 4.3, shows the surface boundary representation of 

the actuator and its major units. Shaded image and surface boundary representations 

are given m Figure D.l and Figure D.2, respectively, in Appendix D for a clear 

illustration. 

ti-DEAS is a trademark of SDRC (Structural Dynamics Research Corporation) 
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9 

Figure 4.3: Surface boundary representation, with labelled major units, of the pro­
posed actuator. 

As seen in Figure 4.3, two clamp flexures and associated piezo devices, being 

180 degrees apart from each other, make up the clamp unit. Components 7 and 

8 constitute the oscillatory unit mentioned earlier. Component 5 is the flexure that 

creates the rotational motion. Other important components will be discussed in detail 

in the following subsections. 
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I Number I Description 

1 Housing 
2 Output shaft 
3 Clamp flexure 
4 Clamp flexure piezo device 
5 Rotational flexure 
6 Rotational flexure piezo device 
7 Clutch unit bearing housing 
8 Clutch flexure 
9 Piezo device holder 

Table 4.3: Major components of the assembly. 

4.2.3 Subunits of The Proposed Actuator 

As mentioned earlier in §4.2, there are three main subunits comprising the rotary 

actuator. These units are all mounted on a housing. Output shaft of the actuator 

is supported by specially chosen ball bearings. Structures of these units and their 

physical relations with the other components of the actuator will be discussed in this 

section. 

4.2.3.1 Clamp flexure unit 

The clamp flexure unit is shown in Figure 4.4, and its main components are listed in 

Table 4.4. Detailed technical drawings of each part ( except the standard ones) are 

given in Appendix C. 

As briefly introduced in §3.3 in Chapter 3, flexure hinge mechanisms are the most 

commonly used mechanical amplification techniques to amplify the small displace­

ments of piezoelectric actuation. Flexure hinges introduce compliance in bending 

about one axis while they are rigid about the other axes. Under an external load, the 

flexure hinge acts like a pivot point and allows the relatively more rigid part of the 
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Figure 4.4: Clamp flexure unit and its components. 

body to rotate about this point. The geometry of the flexure mechanism determines 

the amplification ratio. The point where the force is applied is displaced by a certain 

amount from its initial position during the actuation. This small displacement is 

amplified by the amplification ratio at the tip , and the tip force is reduced by the 

same ratio as well . 

Even though geometric and dimensional tolerancing is specified very carefully on 

the part drawings as seen in Appendix C, there are always manufacturing errors 

resulting from a variety of sources such as the precision of the machine tool itself, 

human errors , temperature variations during the machining, and even the mechanical 
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I Number I Description 

1 Output shaft 
2 Clamp flexure 
3 Clamp flexure piezo device 
4 Clamping shoes 
5 Piezo device shear plates 
6 Piezo device assembly and preloading bolts 

Table 4.4: Main components of the clamp flexure unit. 

compliance of the components which constitute such actuators. There is, however, 

not much tolerance for such errors in the design of piezoelectric actuators since the 

displacements obtained from piezoelectric actuation are in the order of microns. 

There are two identical clamping flexures, shown in Figure 4.4, accommodated 

in the proposed actuator. Mechanical inputs to these flexures are provided by the 

longitudinal multilayer piezoelectric devices. The multilayer piezoelectric devices ex­

pand in the -Y direction since the other ends are mechanically constrained as shown 

in the figure. Displacements of the piezoelectric devices are amplified at the tip by 

the amplification ratio of the flexure units. Thus, the tips are displaced by larger 

magnitudes in the ±X directions. 

Displaced tips of the flexure units push the clamping shoes against the shaft wall 

and exert a normal force on the shaft through the surrounding clamping shoes. This 

force secures the static frictional torque between the rotating shaft and the inertial 

housing. At this state, the clamping unit and the shaft are said to be active and 

clamped, respectively. The reaction force, which determines the generated frictional 

torque, between the clamping shoes and the tip of the flexures is mainly determined 

by the total expansion of the piezo device itself, the amplification ratio of the flexure, 

and the blocking force-expansion characteristic of the piezoelectric device. 
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4.2.3.2 Rotational flexure unit 

The rotational flexure unit and its components are shown in Figure 4.5 . Main com­

ponents of the rotational flexure unit are also listed in Table 4.5. Detailed technical 

drawings of each part can be found in Appendix C. 

As seen in Figure 4.5, small angular displacements about the Y axis is generated 

by the expansion of a multilayer piezoelectric device accommodated in the subunit. 

The piezo device expands in the - X direction, as shown in the figure, since, again, 

one end of the piezo device is mechanically constrained. This small expansion is 

amplified by the flexure leading to a larger displacement at the tip of the flexure arm 

in the + X direction. 

The tip of the flexure pushes the clutch unit's wall (see Figure 4.6) and rotates 

the clutch unit about its rotational axis by a small angle each time the piezo device 

is activated. During this torque transmission, clutching is active, and the generated 

torque is transmitted to the shaft . When the piezo device is deactivated, the rotational 

flexure is returned to its initial position by a compression spring placed between the 

housing and the other side of the circular push wall. The compression spring can 

be seen clearly in Figure D.7 given in Appendix D. During the passive stage, the 

clutching is not active whereas the clamp unit is active to clamp the output shaft. 
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Figure 4.5: Rotational flexure unit and its components. 

I Number I Description 

1 Output shaft 
2 Rotational flexure 
3 Rotational flexure piezo device 
4 Piezo device shear plate 
5 Piezo device holder 

Table 4.5: Main components of the rotational flexure unit . 
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4.2.3.3 Clutch flexure unit 

The clutch flexure unit and its components are shown in Figure 4.6. Detailed technical 

drawings of this unit are given in in Appendix C. 

As mentioned in §4.2, step-wise continuous motion is generated by using only one 

half period of the oscillatory motion created by the piezoelectric actuation. Com­

ponent 2 together with 4 form the oscillating unit . This complete subassembly is 

mounted on the shaft with special ball bearings and has one rotational degree of free­

dom. It can rotate with respect to the shaft about the Y axis. Clutching flexure itself 

is a monolithic flexure unit having two flexure arms (the flexure arms can be seen 

clearly in Figure 4.15). These flexure arms are actuated by two piezoelectric devices, 

only one of which is shown in Figure 4.6 . 

Flexure arms clamp the whole clutching subassembly to the shaft when the two 

piezo devices are activated. At this state, the clutch unit is said to be active. When 

the clutching is active, any torque applied to the push wall of the clutch flexure unit 

is transmitted to the shaft through the friction generated by the high blocking forces 

of the piezoelectric devices. 

Component 4 has several functions (see Appendix C for details). This component 

carries the bearings which support the whole subassembly on the shaft, and it gives 

the clutch flexure unit the rotational degree of freedom about the Y axis . The torque 

generated by the rotational flexure unit is also transmitted to the shaft . through this 

component. Monolithic circular section of this component is pushed by the rotational 

flexure in one direction during the first half of the oscillation, and it is pushed back by 

the compression spring in reverse direction during the second half. This mechanical 

relation can be seen in D. 7. 
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Figure 4.6: Clutch flexure unit and its components. 

Main components of the clutch flexure unit are listed in Table 4.6 

I Number I Description 

1 Output shaft 
2 Clutch flexure 
3 Clutch flexure piezo device 
4 Clutch flexure unit push wall 

Table 4.6: Main components of the clutch flexure unit. 
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4.2.4 Design Considerations 

As mentioned earlier, there are certain additional considerations that have to be taken 

into account in the process of generating continuous motion by utilizing piezoelectric 

actuation. Failing to do so, even for a perfect design, may lead to an unsuccessful 

development. Some of these considerations are discussed below. 

4.2.4.1 Backlash problem 

Clearance or backlash between the components of a piezoelectric actuator may create 

problems. Since the mechanical displacements obtained from the piezoelectric actu­

ation are very small, any backlash in the system can cause the displacements to die 

out before they are transmitted to the very end component in the mechanical loop. 

Even if the mechanism does not fail completely, the performance may be affected 

drastically. For a rotary actuator case, for instance, poor torque-speed characteristic 

and micropositioning accuracy might be the undesired consequences. 

Not only the dimensional but also the geometric tolerancing has been found to be 

very crucial to the success of the device. Tolerances assigned, however, should not be 

tighter than what is actually needed since tight tolerancing is one of the factors which 

affect the final cost of the device. Unnecessary tolerancing should also be avoided. 

A careful tolerance analysis has been performed during the design process of the 

proposed actuator. Locational transition and locational interference fits have been 

assigned to the mechanically adjacent components. Geometric tolerancing such as 

flatness, roundness, cylindricity, perpendicularity, and parallelism have also been as­

signed when needed. Such a careful tolerancing has, definitely, been one of the keys 

leading to a successful implementation of the conceptual design. Assigned tolerances 

can be examined on the part drawings given in Appendix C. 
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Preloading is another resorted solution to deal with the backlash problem. Me­

chanical chain between the piezo devices and the flexure mechanisms, for example, 

are all established through preloading. The flexures accommodated in the actuator 

have certain structural stiffness, and they behave like compression springs when they 

are loaded. Preload is mainly generated by pushing the piezo devices against the 

flexure walls, and this is realized by set screws or preloading bolts in each subunit. 

Preloading mechanisms for each subunit are shown in Figures 4.4- 4.6. 

It should also be mentioned that even a thin layer of industrial glue or adhesive 

of very high quality and stiffness may introduce undesired compliance. The use of 

such adhesives while building the prototype was deliberately avoided at the expense 

of more complex preloading mechanisms. 

4.2.4.2 Mechanical amplifiers 

As discussed earlier, utilization of monolithic flexure hinges is one of the most common 

techniques for displacement amplification. Flexure mechanisms used in the proposed 

rotary actuator have been already introduced in detail earlier in this chapter. 

Due to the complexity of the flexure design, the finite element analysis technique 

was utilized to simulate the developed flexures prior to manufacturing. Some earlier 

works (25], (63], (64], (91], (98] were also used as starting points in determining the 

material type, the flexure heights and thicknesses. Then, the experimental data taken 

on the built mechanisms were compared with the finite element simulation results. 

Two important criteria to be considered in selecting the flexure hinge material 

are the material's maximum ultimate tensile stress and maximum Young's modulus 

(modulus of elasticity) (25]. 

Titanium appears to be one of the most appropriate material options since it 
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meets both criteria mentioned above. In addition, it has other desirable mechanical 

properties such as high fatigue resistance and high speed of response, which is due to 

its high modulus of elasticity and relatively low density, and high hardness, which is 

essential for the flexure material when it is also used as a frictional element. Titanium 

was also the choice for a long-stroke piezo actuator developed for vibration isolation 

and suppression, and steering of precision subsystems on a spacecraft (100]. 

King et al. (98] discussed not only the effect of the material but also the geometry 

of the flexure hinge on the behaviour of such amplification mechanisms. Behaviour 

of right-angle, elliptical, circular and corner-filleted hinges are all elaborated and the 

finite element results for various geometries are documented by the same authors . 

Scire et al. (63] elaborated on various material options in an early work proposing 

a piezo-driven micropositioning stage developed for optical and electron microscopes. 

Negligible backlash, lubricant-free operation, negligible stick-slip friction, noise-free 

and smooth operation, and high resolution displacement characteristic of flexure hinge 

amplification were underlined as advantages over bearings and sliding components. 

An iron-nickel alloy and the aluminum alloy 6061-T6 were suggested and tested as 

candidate materials since they closely match the thermal expansion coefficient of the 

piezo ceramic used. It was stated that the aluminum alloy may be the choice unless 

thermal stability is a major concern. An aluminum alloy was also the choice for a 

high precision translation mechanism developed for scanning tunneling microscopes 

in (64], where the importance of mechanical tolerances and the use of finite element 

technique were also emphasized. AISI 104 0 standard carbon steel was used for the 

flexure mechanism built for a linear piezoelectric actuator (91]. 

Considering its overall advantages, titanium was selected as the flexure material 

for the prototype rotary actuator of this thesis. 
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4.2.4.3 Machining techniques 

Conventional machine tools such as milling machine and lathe were used to manu­

facture the prototype. Designing the components for lathe, whenever it is possible, 

may reduce the total manufacturing cost drastically. This fact has been taken into 

account during the design process of the actuator; this can be seen in the complete 

assembly and part drawings given in Appendix D and Appendix C, respectively. 

Wire EDM (Electro Discharge Machining), a relatively expensive machining pro­

cess, is one of the unavoidable machining techniques to manufacture the flexure hinges. 

Hinge profiles can be machined without introducing significant stresses by using wire 

EDM. 

4.2.4.4 Bearing selection 

The output shaft is the final component through which the generated high torque 

is transmitted to the load. Therefore, a proper support for the shaft is very crucial 

to the success and reliability of the actuator. The bearings should not introduce 

any backlash for the reasons discussed earlier. Furthermore, high blocking forces 

generated in the piezo devices are also transmitted to the inertial housing through 

the bearings; therefore, bearings should not introduce any additional compliance. 

The use of precision angular contact ball bearings [101] to support the shaft 1s 

suggested in this thesis. Such bearings are also used in most machine tools to ensure 

the desired precision. They are supplied with substantial preloads and high tolerance 

classes. Using these bearings in pair or applying appropriate preload can provide 

zero backlash or even interference clearance. Precision angular contact ball bearings 

with the smallest possible contact angle should be used where high radial stiffness is 

needed [101]. 
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Since the precision bearings are relatively expensive, angular contact ball bearings 

with standard tolerance class were used for the prototype. Output shaft itself and the 

clutch unit are both supported by such bearings. The axial preload is applied to the 

bearing pairs by specially designed self-locking nuts . Proper tolerancing is included 

on the part drawings of the related components (see Appendix C). 

4.2 .4 .5 Shear loads acting on multilayer piezoelect ric devices 

As mentioned earlier in §4.1, piezoelectric ceramics cannot sustain high shear loads 

even though they can stand very high compressive forces. This limitation requires 

even more attention for multilayered piezo devices. In some cases, shear loads may 

be developed by the amplification mechanism. Such loading should be minimized to 

protect the multilayer devices. 

One of the common solutions to suppress the shear loading is to accommodate 

a secondary flexure hinge being compliant in the generated shear stress direction. 

This method has been utilized in [63] and [98], and it is considered to be a relatively 

complex solution since it introduces an additional flexure hinge in the amplification 

mechanism. 

Another simpler method is to transmit the generated blocking force through a 

stiff rolling element, a steel ball in most cases, which is free to move in the direction 

of generated shear force. By limiting the contact area to a single point on the ball, 

one can reduce the shear force to a small rolling friction force which can be tolerated 

by the multilayer devices. This method has been acknowledged by others [91], and 

it has been used for the proposed rotary actuator as well. The shear plates, given in 

Appendix C, are the contacting surfaces between the rolling elements, piezo devices 

and flexure walls. Continuous contacts between the adjacent components are all 

established by preloading mechanisms as explained earlier in §4.2.4.1. Shear plates 
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and the rolling elements are also included in the finite element simulations of the 

flexure mechanisms. 

4.2.4.6 Assembly 

The tolerances required by the design may not be completely realized because of 

the limitations of the machining facilities . Some of the manufacturing errors can be 

compensated during the assembly. Also, appropriate assembly techniques should be 

employed for the assembly process particularly for the interference fits required by 

the design. 

Interference fits have been achieved by heating or cooling the components when 

it was possible to do so. For example, the angular contact ball bearings were inserted 

into their housing, shown in Figure C.6, by heating the housing. Inserting the shaft , 

shown in Figure C.3, was, on the other hand, performed by cooling the shaft. An 

ordinary cooler was used to achieve the required inserting temperature; liquid nitrogen 

might also be an option. The same technique was also used for the assembly of some 

other components such as the bearing housing unit shown in Figure C.21. 

Appropriate preloads were applied to the flexure amplification mechanisms as 

mentioned in §4.2.4.1 previously. The use of any sort of adhesives during the assembly 

was avoided not to introduce any additional compliance in the adhesive layers. 

Some parts whose function is crucial to the success of the rotary actuator may 

be pinned to each other during the assembly. Pinning can be done by drilling a 

precision hole through the adjacent parts while they are positioned and bolted already. 

Interference fit between the pins and corresponding parts ensures a backlash-free 

assembly. Monolithic rotational flexure, shown in Figure C.18, is pinned to its flange, 

shown in Figure C.14, for example, at two locations to avoid any small rotation 
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between these two components with respect to each other. Although pinning between 

some other components was planned at the design stage of the prototype, they were 

not performed since the required tolerances had already been achieved. 

It should be reminded that pinning these components does not necessarily enforce 

a permanent fastening; it is also possible to disassemble them when needed. 

4.2.5 Multilayer Piezoelectric Devices of The Proposed Ro­

tary Actuator 

Five multilayer piezoelectric devices are used in the proposed rotary actuator. The 

main reason behind this selection is the fact that such devices are capable of providing 

large displacements and high blocking forces. 

The piezo devices were manufactured by Morgan Matroc Inc. (102], and the 

related data provided by the manufacturer are given in Table 4.7. 

Material 
Dimensions 
Layer thickness 
Operating voltage 
Maximum displacement 
Maximum blocking force 
Capacitance 
Dielectric coating 

PZT-5H 
15 x 15 x 30 [mm] 
~ 0.14 mm 
250 V DC or ±125 V AC 
~ 30 µm @ 250 V DC 
~ 10,000 N @ 250 V DC 
~ 7.0 µF tested with 1 V @ l kHz 
Provided against moisture and contamination 

Table 4.7: Specifications of the multilayer piezoelectric devices used in the proposed 
rotary actuator. 

Properties of P ZT-5H piezoelectric ceramic are presented in Table 4.8. 

The piezo devices have been tested for their free displacements by using non­

contact measuring techniques. The interferometry set-up designed and built at IRIS 
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J Property I Value 

Relative dielectric constant J(f~ 3400 
Piezoelectric coefficient d33 550 x 10-12 [m/V] 
Young's modulus 1';~ 4.8 x 1010 N/m2 

Maximum allowable applied field 20 kV/cm 
Curie temperature 200 °C 
Response time (max) 100 µsec 

Table 4.8: Properties of PZT-5H piezoelectric ceramic. 

Laboratory of the University of Victoria has been used to test the piezo devices. The 

interferometry set-up is capable of measuring the piezoelectric displacements with the 

accuracy of 0.1 µm. Measured data were taken by applying electric voltage to the 

multilayer piezoelectric devices while they are preloaded in a specially designed case. 

The expansion characteristic of the piezo devices versus applied voltage for increasing 

and decreasing voltages is shown in Figure 4.7. Such data also convey information 

about the nonlinearity and hysteresis characteristic of the multilayer piezo devices . 

Hysteresis characteristic, however, has been disregarded throughout this work since 

the piezo devices are driven only between "on" and "off'' states during the operation 

of the rotary actuator. 

Empirical formulae provided by the manufacturer are also included here. Substi­

tution of the known values gives the specifications provided in Table 4. 7. 

( 4.1) 

Equation (4.1) was already discussed in §3.2.3. The number oflayers, n, was provided 

as ~ 200 by the manufacturer for the piezo devices. 

The capacitance for the square cross-section is given by: 

( 4.2) 
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Figure 4. 7: The expansion characteristic of the piezo devices versus applied voltage. 

where C, n, I<1, A, t and co are the capacitance, number of layers, relative dielectric 

constant of the piezoelectric material, cross-sectional area of the multilayer device, 

layer thickness and permittivity of free space, which is 8.864 x 10-12 F /m, respectively. 

The maximum blocking force generated by the multilayer devices can be calculated 

as follows: 

(4.3) 

where Fb, n, V, d33 , 1,;f, A and h are the generated blocking force, number of lay­

ers, applied voltage, piezoelectric coefficient, Young's modulus of the piezoelectric 

ceramic, cross-sectional area and length of the multilayer piezoelectric device, respec­

tively. Equations (4.1), (4.2) and (4.3) are all given in MI<S units. 

The generated blocking force is approximately 10, 000 N as given in Table 4. 7 and 
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calculated by Equation (4.3) . However, the blocking force is the force generated in 

zero expansion case, and it is inversely proportional to the expansion as shown in 

Figure 4.8. It should be reminded that the relation shown in Figure 4.8 is idealized 

and may not be necessarily linear for actual devices. 

30..,-----,--,-----,----.----..---------.--,-----,----.------, 

25 

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 
Blocking force (N) 

Figure 4.8: The expansion characteristic versus blocking force, @ 250 V DC operating 
voltage, of the piezo devices used for the proposed rotary actuator. 

The piezo devices are able to provide very large expansion and blocking force at the 

expense of relatively high capacitance as given in Table 4. 7. They also have relatively 

high dissipation factors. These characteristics reduce the bandwidth drastically. Also, 

high heat dissipation may result in excessive heating at high driving frequencies. This 

means that the driving frequency should be relatively low for the built prototype. 

This, consequently, affects the output speed-driving frequency characteristic of the 

prototype. The fact that using high-capacitance multilayer devices would reduce the 

output speed has been deliberately disregarded since the objective of the prototype 

design was to prove the concept with a high output torque. 
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4.3 Finite Element Simulations of The Flexure 

Hinge Mechanisms 

The rotary actuator was solid modelled prior to the actual manufacturing. Solid 

modelling also made it possible to simulate the flexure amplification mechanisms. 

Although there are many assumptions involved in the finite element approach itself 

along with the assumptions made throughout the modelling process in this work, it 

is , still, a good approach to estimate the behaviour of the flexures before they are 

actually manufactured. 

ANSYS5.2t was used throughout the finite element simulations. The linear equa­

tions of piezoelectricity used in ANSYS5.2 are [103]: 

( 4.4) 

( 4.5) 

where eT represents the transpose matrix of the piezoelectric coefficient matrix e. 

There is no need, of course, to mention that the use of linear equations of piezoelec­

tricity in the simulations is an assumption itself. 

SOLID5 and SOLID98 are the two available built-in coupled-field solid elements of 

ANSYS5.2. SOLID5 is a brick element having three-dimensional magnetic, thermal, 

electric, piezoelectric and mechanical field capability with limited coupling between 

the fields. The element has eight nodes with up to six degrees of freedom (Ux, Uy, Uz, 

Temp, Volt, Mag) at each node. SOLID98, on the other hand, is a 10-node tetrahedral 

version of the 8-node SOLID5 element. The element has the same degrees of freedoms 

at its each node as those of the brick element. It has a quadratic displacement 

t ANSYS is a trademark of SAS IP. 
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behaviour, and it is well suited to mesh irregular shapes such as the geometries 

produced from various CAD/CAM systems [104]. 

Even though using the brick element might have reduced the solution time a little 

bit since it is a relatively simpler element, it would not be practical to use this element 

type because of drastic cross-sectional changes through the flexure hinges. Minimiza­

tion of the computation time was not the main concern of this work; therefore, the 

10-node tetrahedral solid element was used for the mesh generation throughout the 

simulations. 

As mentioned earlier, due to the complex nature of the problem, a number of 

assumptions are involved in the modelling process in addition to the potential as­

sumptions of the finite element approach itself; the assumptions are mainly due to 

the multilayer piezoelectric devices. As mentioned in §3.2.3, it is difficult to estimate 

the mechanical behavior of the multilayer piezoelectric devices analytically; therefore, 

such properties are usually determined experimentally. However, there is not even 

enough experimental data available in most cases. In fact, there were no available 

experimental data for the piezo devices used in this thesis work. Since modelling 

the multilayer piezo actuators was not the main objective of this work, the following 

assumptions were made throughout the finite element simulations: 

e matrix: The total expansion of a multilayer device is proportional to the number 

of layers (see Equation (4.1)). The main contribution to the expansion value 

in the polarization direction comes from the e33 element of the e matrix given 

in Equations ( 4.4) and ( 4.5). Therefore, in modelling, the multilayer piezo 

devices were treated as single ceramic blocks having the piezoelectric properties 

of PZT-5 piezoelectric ceramic. However, the e33 element of the e matrix was 

modified so that it can provide the total displacement of the actual multilayer 

device. The modification was made by simply multiplying this matrix element 
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by the number of layers. 

Stiffness matrix: Stiffness matrix for PZT-5 material is available. However, such 

data is not available for the multilayer piezo devices. Therefore, the stiffness 

matrix of PZT-5 piezoelectric ceramic was used in the simulations. Here, again, 

the multilayer piezo devices were treated as single ceramic blocks with the me­

chanical properties of PZT-5 piezoelectric ceramic. To support this approach in 

the modelling, a 250 V operating voltage was applied to the piezo model itself 

in the direction of polarization. Both ends of the piezo device were constrained 

in the expansion direction to obtain the maximum blocking force. A 9,504 N 

blocking force was observed. This value is very close to the manufacturer data 

given in Table 4.7. 

Corner fillets: Finally, it was assumed that the flexure hinges have no filleted cor­

ners even though Wire EDM machining process creates approximately 0.007" 

corner radius at the flexure hinges because of the radius of the wire itself and 

a small amount of overburn. Corner radii make the flexure stiffer and decrease 

the amplification ratio. Corner-filleted flexures, however, have relatively longer 

life because of lower stress concentrations at the hinges. More about the effects 

of corner radius on flexure behaviour can be found in [98). The reason be­

hind this assumption is that meshing the models with no corner fillets is much 

easier and takes less computation time. Since the actual induced maximum 

stresses are less than those of the model, this can be considered as an addi­

tional safety factor in the design. Corner fillets are shown (with exaggeration) 

in Figures 4.9, 4.12, and 4.15 given later in this chapter. 

Having made the assumptions discussed above, the dielectric, piezoelectric and 

mechanical properties of PZT-5 piezoelectric ceramic can be given as follows [105]: 
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Mechanical properties of Titanium Grade-2, of which the flexures are made, are 

given in Table 4.9. 

I Property I Value 

Density [gr/ cm3
] 4.506 

Yield Strength(Tensile) (N/m2
] 280.86 X 106 

Ultimate Strength(Tensile) [N/m2
] 351.076 X 106 

Modulus of Elasticity(Tensile) [N/m2] 45640 X 106 

Table 4.9: Properties of Titanium Grade-2. 

Based on the assumptions made and the available data, two different simulations 

were carried out: 

1. Free deflection of the flexures 
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2. Induced maximum stresses at the flexure hinges for constrained deflection case 

The simulations and their results for each flexure are discussed in the following 

subsections. 

4.3.1 Finite Element Simulations of Clamp Flexure 

Figure 4.9: Surface boundary representation of the clamp flexure. 

A surface boundary representation of the clamp flexure is given in Figure 4.9. The 

input applied by the multilayer piezoelectric device and tip deflection directions are 



CHAPTER 4. A NEW ROTARY ACTUATOR 104 

shown in the figure. The flexure hinge can also be seen clearly in the figure. Detailed 

technical drawings of this flexure can be found in Figure-C.37. 

The finite element simulation was carried out for the free deflection case. The body 

of the flexure was constrained completely, in all three directions, and a 250 V DC 

voltage was applied to the multilayer device in the direction of polarization. One end 

of the multilayer piezo device was also constrained in the direction of expansion. The 

simulated free deflection of the clamp flexure is given in Figure 4.10. A colour-coded 

Deforaed and undeforaed shapes of cluping flexure 

ANSYS 5 . 2 
APR S 1996 
12 :28 :39 
DISPLACDIENT 
STEP•l 
SUB •l 
l'DIE•l 
RSYS•O 
DIil[ •. 21SE-03 

DSCA•l6 . 272 
XV -- . 2867 
YV •- . 9544 
ZV • . 08343 

•DIST• . 04078 
XF • . 008556 
Yr • . 006524 
zr -- . 035398 
A-zs-12 .s2 
Z-BUITER 

Figure 4.10: Free deflection of the clamp flexure . 

plot of the deflection in the X direction is also given in Figure D.3 in Appendix D. 

Free displacement simulation results of the clamp flexure are summarized in 

Table 4.10. 



CHAPTER 4. A NEW ROTARY ACTUATOR 

I FE Simulation result 

Tip deflection in X direction [µm] 
Piezo expansion in Z direction [µm] 
Approximate flexure amplification ratio 

I Value I 
- 195 

25 
7.8 

Table 4.10: Free displacement simulation results of the clamp flexure. 
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A similar simulation was conducted for the constrained case as well. Translation 

of the clamp flexure tip was constrained in the -X direction only. Although the tip 

is actually allowed to translate in the -X direction by the amount of the clearance 

between the shaft and the clamping shoes, such a clearance between these elements 

was not included in the model since it is not essential. Deformation of the clamp 

flexure for the constrained case is shown in Figure 4.11. Induced maximum stresses 

at the hinge are summarized in Table 4.11. 

I FE Simulation result Value 

Maximum u x at the hinge [ N / m 2] 23.23 X 106 

Maximum O'y at the hinge [N/m2
] 27.60 X 106 

Maximum u z at the hinge [ N / m 2] 34.73 X 106 

Maximum u x y at the hinge [ N / m 2] 12.48 X 106 

Maximum O'yz at the hinge [N/m2
] 15.92 X 106 

Maximum O'xz at the hinge [N/m2
] 28.81 X 106 

Table 4.11: Induced stresses for the clamp flexure. 

It should be pointed out that maximum induced stresses at the flexure hinge 

are well below the allowable stress limits of titanium. Also, the maximum driving 

frequency for this prototype is as low as 40 H z . Fatigue analysis for the flexure 

hinges was not conducted for this prototype. Such analysis , however, is important 

and should be performed if such devices are to be produced commercially. 
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Constrained deformation of clamp flexure 
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Figure 4.11: Deformation of the clamp flexure constrained in the -X direction. 

4.3.2 Finite Element Simulations of Rotational Flexure 

A surface boundary representation of the rotational flexure including the input and 

tip deflection directions is given in Figure 4.12. A detailed technical drawing of the 

rotational flexure is given in Figure C.19. 

In the free deflection finite element simulation of the rotational flexure, the body 

of the flexure was fixed, and a 250 V DC voltage was applied to the multilayer 

device. One end of the multilayer piezo device was also constrained in the direction 

of expansion. The simulated free deflection is presented in Figure 4.13 . 

A colour-coded illustration for this flexure is also included in Appendix D, Fig­

ure D.4, for a better visualization of the tip deflection in the -Z direction. Free 
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L 

Figure 4.12: Surface boundary representation of the rotational flexure. 

displacement simulation results are summarized in Table 4.12. 

The simulation was carried out for the constrained case as well. It was assumed 

that the translation of the rotational flexure tip was completely constrained in the 

-Z direction. However, the flexure tip is constrained by a compression spring and 

the payload itself in the actual case. Since it is relatively simpler to simulate and the 

induced maximum stresses at the hinge are even higher than those of the actual case, 

the simulation was performed for the rigidly constrained case. Maximum induced 

stresses at the hinge are summarized in Table 4.13. 

Since there is no constraint in the X direction at the tip, the tip deflects in this 

direction during the actuation. A vector representation of this translation is shown in 
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Deformed and undeformed shapes of rotational flexure 
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Figure 4.13: Free deflection of the rotational flexure. 
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Figure 4.14. In fact, this translation and deformation of the hinge are what reduces 

the generat~d blocking force. It is difficult to restrain the tip in the X direction in 

reality; therefore, this case was not simulated at all. 
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I FE Simulation result I Value I 
Tip deflection in Z direction [µm] 
Piezo expansion in Z direction [µm] 
Approximate flexure amplification ratio 

-304 
25 

12.2 

Table 4.12: Free displacement simulation results of the rotational flexure. 

I FE Simulation result Value 

Maximum u x at the hinge [ N / m 2] 55.07 x 106 

Maximum U y at the hinge [N/m2
] 39.23 x 106 

Maximum <7z at the hinge [N/m2
] 122.68 x 106 

Maximum u xy at the hinge [ N / m 2] 10.85 x 106 

Maximum <7yz at the hinge [N/m2
] 12.19 x 106 

Maximum u xz at the hinge [ N / m 2] 38.26 x 106 

Table 4.13: Induced stresses for the rotational flexure. 

Rotational flexure constrained in 2 direction only 
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Figure 4.14: Deflection of the rotational flexure constrained in the -Z direction. 
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4.3.3 Finite Element Simulations of Clutch Flexure 

A surface boundary representation of the clutch flexure including the input and tip 

deflection directions is given in Figure 4.15. The flexure arms can be seen clearly 

in this representation. A detailed technical drawing of this flexure unit is given in 

Figure C. 26. 

Flexure arms 

X 

Figure 4.15: Surface boundary representation of the clutch flexure . 

Only one of the two flexure arms was simulated. The body of the clutch flexure 

was fixed in all three directions in the model. With the same assumptions, material 

properties, applied voltage and boundary conditions as explained for the clamp and 
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rotational flexures, the finite element simulation was carried out for the free deflection 

of the flexure tip. The simulated free deflection of the clutch flexure is shown in Figure 

4.16. A colour-coded illustration is also· included in Appendix D, Figure D.5. Free 

displacement simulation results of the clutch flexure are summarized in Table 4.14. 

Deformed and undeformed shapes of clutch flexure 
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Figure 4.16: Free deflection of the clutch flexure. 

FE Simulation result 

Tip deflection in Z direction [µm] 
Piezo expansion in Z direction [µm] 
Approximate flexure amplification ratio 

j Value j 

-107 
-25 
4.3 

Table 4.14: Free displacement simulation results of the clutch flexure. 

A simulation for the constrained case was run for the clutch flexure arm as well. In 
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this case, translation of the clutch flexure tip was constrained in both the-Zand -X 

directions. These boundary conditions are imposed by the contacting shaft surface in 

the actual case. Although the tip is actually allowed to translate in both directions 

before the contact begins, it was, again, assumed that there was no clearance between 

the clutch flexure tip and the shaft boundary. Deformation of the clutch flexure arm 

is shown in Figure 4.17. 

Constrained deformation of clutch flexure arm 
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Figure 4.17: Constrained deformation of the clutch flexure. 

Induced maximum stresses at the hinge, on the other hand, are summarized in 

Table 4.15. 
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I FE Simulation result Value 

Maximum Ux at the hinge [N/m2
] 32.33 x 106 

Maximum Uy at the hinge [N/m2
] 21.42 x 106 

Maximum u2 at the hinge [N/m2
] 33.21 x l06 

Maximum u xy at the hinge [ N / m 2] 8.94 x 106 

Maximum Uyz at the hinge [N/m2
] 13.14 x l06 

Maximum U xz at the hinge [N/m2
] 34.12 x l06 

Table 4.15: Induced stresses for the clutch flexure. 

4.4 Experiments 

There are four different experimental phases involved, and they will be discussed in 

this section. The following experiments were performed: 

1. Free expansion tests of the multilayer piezoelectric devices 

2. Free tip deflection test of each flexure 

3. Switching frequency-speed characteristic of the proposed rotary actuator 

4. Torque-speed characteristic of the proposed rotary actuator 

Detailed elaboration of each experimental phase along with the results will be 

presented in the following subsections. 

4.4.1 Free Expansion Test of The Multilayer Piezoelectric 

Devices 

The multilayer devices were tested for their free expansion characteristics prior to 

their use. A 250 V operating voltage was applied to the piezo devices while they were 

preloaded in a specially-designed case. Experimental data were taken for increasing 
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and decreasing applied voltages by usmg non-contact measurement techniques as 

explained in §4.2.5 previously. Applied voltage-free expansion characteristic of one 

of the piezo devices is presented in the same section in Figure 4. 7. All of the piezo 

devices exhibit similar characteristics; detailed discussions on the piezo units of the 

rotary actuator is given in §4.2.5. 

4.4.2 Free Displacement Test of The Flexures 

Testing the flexures for their free deflection characteristics was the second experimen­

tal phase. Free deflection tests of the flexures were conducted while they are in their 

subassembly state as previously shown in Figure 4.4, Figure 4.5 and Figure 4.6. 

The flexures were preloaded appropriately, and the deflections at the tips were 

recorded by reading the mechanical dial indicators while increasing the applied volt­

age manually. The interferometer was not suitable for the measurement of the tip 

deflections because of the small angular motions of the flexure tips. Dial indica­

tors, however, were able to provide satisfactory data to validate the finite element 

simulations. 

Free deflection tests of the flexures were performed both increasing and decreasing 

applied voltages. Figures 4.18, 4.19, and 4.20 show the deflections for increasing 

voltages. The data taken for decreasing voltages were not accurate enough, and they 

are not presented here. The indicators were not able to respond to small voltage 

changes accurately and linearly in reverse direction. 

Test for each flexure mechanism was performed in the same fashion, and the results 

are presented in the following plots. The experimental set-up is shown in Figure D.6 

in Appendix D. 

The plots provided in Figure 4.18, Figure 4.19 and Figure 4.20 can be compared to 
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Figure 4.18: Free deflection of the clamp flexure for increasing voltages. 
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the increasing voltage portion of the voltage-expansion characteristic of the multilayer 

devices, which was given in Figure 4. 7 previously. The observed difference is more 

likely due to the insufficient accuracy of the dial indicators used for the measurements. 

It should also be mentioned that the data presented in these plots had to be taken 

several times since each time the data appeared slightly different from the previously 

taken data for the same flexure. This is, again, due to the poor respond of the dial 

indicators to the small voltage changes. The plots presented here are based on the 

average values of these measurements. The maximum tip deflections measured each 

time, however, seemed to be in agreement, and these values are used to validate the 

simulation results. 

Table 4.16 compares the experimental and simulation results of each flexure mech­

anism. Actual maximum tip deflection for each flexure is slightly different from the 
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Figure 4.19: Free deflection of the rotational flexure for increasing voltages. 
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associated simulation result. Such discrepancy is mainly due to the assumptions ex­

plained earlier in §4.3. The difference in measured and simulated piezo expansions 

is also due to the same assumptions. Even the actual piezo expansions at 250 V are 

slightly greater than the manufacturer value provided in Table 4. 7 earlier in §4.2.5. 

Table 4.16 implies that the amplification ratio of each flexure is slightly smaller 

( except the clutch flexure) than that of the associated simulation result. This is , 

again, because of the assumption made for the corner fillets. In general, the experi­

mental results appear to be in agreement with the discussions given along with the 

assumptions which are explained in §4.3. The differences between the simulated and 

experimental values are small from practical point of view justifying the assumptions 

made. Overall approach and the results are considered to be satisfactory for the 

design of flexure amplification mechanisms. 
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Figure 4.20: Free deflection of the clutch flexure for increasing voltages. 

Clamp Rotational Clutch 
FE Exp FE Exp FE Exp 

Piezo expansion @ 250 V [µm] 25 33 25 33 25 33 

Maximum free tip deflection [µm] 195 241 304 345 107 144 

Approximate flexure amplification ratio 7.8 7.3 12.2 10.5 4.3 4.4 
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Table 4.16: Comparison of the simulation and experimental results for free deflection 
of the flexure tips. 
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4.4.3 Switching Frequency-Output Shaft Speed Character­

istic of The Proposed Actuator 

The prototype was tested for its driving frequency-shaft speed characteristic at zero 

load. The test was carried out by timing the output shaft of the actuator for in­

creasing driving frequencies. 240 V operating voltage was applied to the piezoelectric 

devices during the test. Driving frequency was changed by changing the time pa­

rameters in the program. Frequency versus output shaft rotational speed (with no 

load) characteristic of the proposed actuator is given in Figure 4.21. As expected, 
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Figure 4.21: Frequency versus output speed characteristic of the proposed actuator. 

the shaft speed increases as the driving frequency is increased. The actuator reaches 

its maximum speed, ~ 2.0 rpm, at about 42 Hz driving frequency. The maximum 
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shaft speed is believed to be the result of operating at a frequency near the resonant 

frequency of the rotational flexure. Above this frequency, the shaft speed declines, 

and the shaft eventually stops at higher frequencies. There are two basic explanations 

for declining shaft speed. First, the voltage amplifiers of the driving circuit are not 

able switch the piezo devices at the same speed as those of the generated driving 

signals, and this has a minor effect on declining shaft speed at higher frequencies. 

The main reason, on the other hand, is that the rotational flexure operates out of 

phase in a frequency range above its resonant frequency, and synchronization with 

the other subunits is distorted. As a result, the shaft speed drops. This effect was 

also noted in other publications [91], [93], [94], [96]. 

The actuator is able to provide a resolution of 1500 and 1300 of a revolution 

( ~ 0.24° and ~ 0.28°) at low and moderate speeds, respectively. The resolution was 

calculated by timing the shaft and dividing the travelled rotation angle by the number 

of excitation in this interval. These values were obtained at 240 V operating voltage, 

and the resolution can be further increased by simply decreasing the applied voltage 

at the expense of lower torque values . The proposed actuator has even potential for 

higher resolutions without decreasing the obtained torque. It is possible to reduce 

the step size even further by simply changing the amplification ratio of the rotational 

flexure. 

In addition to its potential advantages such as its compactness and reliability, 

the proposed actuator exhibits better speed characteristic than those of previously 

proposed actuators of the same type [93], [94], [96] (see §3.4.4). The rotary actuator 

proposed by Hayashi et al. [95], §3.4.4.3, seems to provide higher shaft speeds at 

low driving frequencies. However, it should be mentioned that such high speed is 

achieved by utilizing very high mechanical amplification. Such amplification mecha­

nisms introduce potential drawbacks such as poor resolution, lack of compactness and 
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not being suitable for miniaturization. The rotary actuator proposed by Ishida et al. 

[96], §3.4.4.4, exhibits similar speed characteristic at high frequencies at the expense 

of more multilayer piezoelectric devices used and a more complex driving circuit. 

4.4.4 Toque-Speed Characteristic of The Proposed Actua­

tor 

The prototype was also tested for its static frictional torques and torque-speed char­

acteristic. Torque measurement was performed by mounting a pulley of a known 

diameter and loading the shaft by hanging varying weights through a metal string 

fixed at the pulley. 240 V operating voltage was, again, used for the torque measure­

ments. 

First, the static frictional torque of each subunit was measured by activating the 

piezoelectric devices of that particular unit only. The clamp and clutch units were 

able to provide ~ 36 N cm and ~ 39 N cm static frictional torques, respectively. The 

torque generator itself, on the other hand, was able to generate a very high torque 

of over 250 N cm. Although excessive loading of the torque generator was avoided 

for safety reasons, the maximum obtainable torque is believed to be even higher. 

Then, the torques for varying shaft speeds were measured. Measured torque-speed 

characteristic of the proposed actuator is given in Figure 4.22. 

The maximum torque is better than those of previously proposed actuators of 

the same type [93], [94], [95] (see §3.4.4) considering the obtainable shaft speed for 

similar payloads. The rotary actuator proposed by Ishida et al. [96], §3.4.4.4, offers 

very high shaft speeds at high driving frequencies at the expense of more multilayer 

piezoelectric devices used and a more complex driving circuit. The overall approach 

is also completely different than those reviewed in §3.4.4. 
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Figure 4.22: Torque versus output speed characteristic of the proposed actuator. 

Although the actuator proposed in this thesis is able to generate very high torque, 

such high torque is not transmitted to the shaft completely because of relatively lower 

frictional clutching and clamping torques: No special attention has been paid to 

the quality of the friction surfaces during the development process. It is, however, 

possible to increase the frictional torques of these subunits by increasing the friction 

surfaces slightly and by paying more attention to the quality of these surfaces. The 

proposed actuator is expected to provide even better torque values with such technical 

improvements. 
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Simplicity of the driving circuit is one of the advantages of the proposed actuator. 

The driving circuit is, mainly, a high voltage and high speed switching circuit for the 

multilayer piezo devices. It consists of a controller which generates the required signals 

with the appropriate timing, a main power supply which provides 250 V operating 

voltage, a five-channel amplifier, and finally, 5-V and 12-V low voltage power supplies . 

An 8-line I/O Basic Stamp I Module (BS1-ICJt [106] is used as a controller. Basic 

Stamp module is a miniature single-board computer which runs a BASIC-like pro­

gramming language. It is designed for data acquisition, interfacing, and industrial 

control where low cost and simplicity of the components are important considerations. 

The module has a BASIC interpreter, an EEPROM, a resonator, and a 5-Volt regul a­

tor in it. The program is stored in the EEPROM and maintained there with no power 

requirement. When the module is turned on, its BASIC interpreter reads and exe­

cutes the BASIC instructions stored in its EEPROM. The programming language is 

a special language called PBASIC having familiar BASIC instructions and additional 

instructions for I/O functions. The programs can be edited by using an ordinary PC, 

and they can be converted into PBASIC tokens by using a simple company-provided 

software. Finally, the instructions can be downloaded through a three-pin cable over 

the parallel port of the PC. Some important specifications of the controller are given 

in Table 4.17 [106]. 

Schematic layout of the driving circuit is given in Figure 4.23. It should be re­

minded that the PC shown in Figure 4.23 does not have to be in the loop once the 

final program is written and downloaded to the controller. 

Amplifier circuit for each piezo channel is shown in Figure 4.24. The box labelled 

tBasic Stamp I Module (BSl-IC) is a trademark of PARALLAX, Inc. 
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Controller 

I/O Lines 8 
EEPROM (programs & data) 256 bytes 
RAM (variables) 14 bytes 
Maximum Program Length 80 instructions 
Clock Speed 4MHz 
Program Execution Speed 2000 instructions/ sec. 
Maximum Serial I/O Speed 2400 baud 
Package 14-pin module 
PC Programming Interface Parallel 

Table 4.17: Specifications of the controller used for the driving circuit. 

as "5-channel amplifier" in Figure 4.23 contains one of these switching circuits for 

each multilayer piezo device. 

Typical signal configuration, which can be achieved with the presented driving 

circuit, to drive the rotary actuator is given in Figure 4.25. In Figure 4.25, time delay 

between the signals which are applied to the clamp, clutch and rotational flexure 

unit's piezoelectric devices are shown. In the figure, T represents the total signal 

interval while T represents the overlapping intervals between the consecutive signals. 

Overlapping between the clamp and clutch flexure's piezoelectric devices is given to 

make sure that clamping is not released before clutching is completed. This pre­

vents the payload from rotating the shaft in reverse direction during the transition. 

Overlap region between the rotational and clutch flexure piezoelectric devices ensures 

that clutching is active when the rotational flexure's piezoelectric device is activated. 

Overlapping between the clamp and rotational flexure units , on the other hand, pre­

vents the shaft rotation in reverse direction by the payload and the small frictional 

torque between the shaft surface and the flexure arms during the recovery of the 

rotational flexure. 
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Figure 4.23: Schematic layout of the driving circuit. 
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Chapter 5 

Conclusions and 

Recommendations for Future 

Developments 

This work confirms the potential of piezoelectric actuation for high-precision posi­

tioning devices. Micropositioning devices of this sort are required by a wide range 

of industrial and medical applications. The utilization of the converse piezoelectric 

effect in such challenging applications, however, requires special attention and exper­

tise. The most important technological aspects of utilizing the converse piezoelectric 

effect such as the design approach, material selection, manufacturing, assembly, and 

final adjustments are addressed and associated solutions are suggested in this thesis . 

Conversion of the micron displacements into continuous rotary motion with the 

desired characteristics requires preliminary physical and numerical modelling. The 

proposed mechanisms should be evaluated numerically prior to their actual fabrica­

tion. A systematic design approach based on solid modelling and numerical simula-
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tions has been developed. Successful operation of the proposed rotary actuator proves 

the importance of the modelling approach. 

A new piezoelectric rotary actuator has been developed. The developed actuator 

converts the small expansions (in the order of microns) of piezoelectric actuation 

into the step-wise continuous rotary motion. The entire approach of this thesis work 

including the proposed actuator itself is unique and offers a number of potential 

advantages. 

The developed actuator includes three different and unique flexure amplification 

mechanisms. The design of these mechanisms was the most challenging aspect of 

this work. The proposed flexure mechanisms have been built following the solid and 

numerical modellings. The assumptions made throughout the numerical modelling 

allow to develop a relatively simple modelling procedure for actuators with multi­

layer piezoelectric devices. The suggested approach also reduces the computation 

time within an acceptable range of computational errors. The results of the physical 

experiments which were conducted on the built flexures are in agreement with those 

of the simulations. This confirms the validity of the modelling assumptions. Such 

an ·agreement and failure-free operation of the developed flexure hinge amplification 

mechanisms verify the reliability of the suggested approach. 

A prototype of the proposed actuator and associated driving circuit have been 

built for experimental validation. A smooth transition from the solid model to the 

built prototype has been achieved. Disappointment-free operation of the built pro­

totype is the proof of concept for not only the operating principle proposed in this 

thesis but also the suggested methodology for the entire development process. 

The main subunits of the prototype actuator were tested for their static frictional 

torques. The maximum static torques, at a 240 V operating voltage, were measured 

as ~ 36 N cm and ~ 39 N cm for the clamp and clutch flexure units, respectively. The 
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maximum torque which can be generated by the developed rotational flexure unit ( or 

the torque generator) was measured as 250 N cm. The proposed flexure design for 

torque generation is unique offering highly compact, reliable and high torque with the 

advantage of its simple structure. The actuator exhibits potential for higher torque 

values. 

The prototype actuator has been tested for its driving frequency-shaft speed char­

acteristic for zero load as well as for its torque-speed characteristic for various loading 

conditions. The actuator shows remarkable characteristics and presents a number of 

advantages over the existing actuators of the same nature. Experimental results are 

presented and compared with those of previously proposed actuators to show the po­

tential superiority of the developed actuator. Overall results have been found to be 

highly promising. 

The prototype is able to provide a resolution of 1500 of a revolution ( ~ 0.24°) at 

low speeds and 1300 of a revolution ( ~ 0.28°) at moderate speeds. The actuator itself, 

however, has also potential for higher resolutions with no decrease in the maximum 

obtainable torque. It is possible to reduce the step size further by simply changing the 

amplification ratio of the rotational flexure, which can be done by modifying either 

the overall geometry of the flexure mechanism or the hinge itself. The first prototype 

aimed at proving the concept rather than providing the highest possible resolution of 

microseconds. However, one can foresee that such resolutions can easily be achieved 

based on the promising results of the first prototype. 

The proposed piezoelectric rotary actuator can be used in micropositioning and 

mechatronics applications where high torque-speed characteristics, compactness and 

reliability and electromagnetic disturbance-free operation are required. It would not 

be too overly stated if it is claimed that the proposed actuator has a commercial 

potential even at its first prototype stage. 
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Future work to improve the characteristics of the proposed actuator can be sum­

marized as follows: 

• The proposed actuator shows good potential for further miniaturization, and 

this should be included in the objectives of future designs. 

• Fatigue analysis for the flexure hinges should be performed to optimize their 

geometries and amplification ratios. 

• With increased friction surfaces and improved surface qualities ( special coatings, 

for instance) higher torques can be achieved; such additions should also be taken 

into consideration. 

• Optimal selection of the piezoelectric devices with the lowest possible capaci­

tance and highest possible blocking force has a profound effect on the torque­

speed characteristics of the actuator, and this should be performed as well. 

• The moving components of the actuator should be made as light as possible 

to reduce the inertia. This can be done by optimizing the geometries and 

using alternative materials such as special ceramics. Such an improvement will 

increase the frequency-speed and torque-speed characteristics of the actuator. 

• The actuator has potential for extremely high resolutions, and this feature 

should be shown in future designs as well. 

Patent application for the developed actuator is currently in progress. 
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Tensor symmetries allow us to reduce the number of independent constants and write 

them in matrix forms. In matrix rotation, the indices ij and kl are replaced by p or q, 

where i, j, k, l take the values 1, 2, 3, and p, q take values 1, 2, 3, 4, 5, 6. the replacement 

is done according to the Table A.l. 

ij or kl I p or q I 
11 1 
22 2 
33 3 

23 or 32 4 
31 or 13 5 
12 or 21 6 

Table A.l: Index abbreviations 

The identifications for abbreviations are as follows: 

E _ E 
cijkl = cpq eikl = eip Tii = Tp (A.1) 

Sii Sp when i = j,p = 1, 2, 3 (A.2) 

2Sii Sp when i-=/ j,p = 4,5,6 (A.3) 

By using index abbreviations, the tensorial quantities seen in piezoelectric consti­

tutive equations can be easily written in matrix forms as follows: 

T1 S1 Sn S12 S13 814 S15 816 

T2 S2 S21 S22 S23 824 S25 826 

T= 
T3 

S= 
S3 S31 S32 S33 S34 835 836 

(A.4) S= 
T4 s4 841 S42 S43 844 845 846 

Ts Ss 851 S52 853 854 855 856 

T6 s6 861 S62 S63 S64 S65 S66 
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Ei Di A 

E = E2 D = D2 P = P2 (A.5) 

E3 D3 P3 

dn d12 di3 d14 dis d16 en Ei2 ci3 

d = d2i d22 d23 d24 d2s d26 c= E2i c22 c23 (A.6) 

d3i d32 d33 d34 d3s d36 c3i c32 c33 
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E E 
cprsqr Dpq 

D D 
cprsqr Dpq 

{JS S 
ikf.jk O;i {JT T 

ikf.jk O;j 

D 
cpq c~ + ekp hkq 

D 
spq s~ - dkp9kq 

f.T_ 
IJ c7i + D;9 ejq (3'! 

IJ fJt - g;9 hjq 

e;p d · E iqCqp d ;p 
T 

E;q9kp 

9ip (JJdkp h ;p 
D 

9 iqCqp 

Also, 

C - S-l 
- ' that is, C = ( -1 t+q ~ s / ~ s pq qp 

where, ~sis the determinants and ~!Pis the minor determinant for qpth element of s. 

In the equations given above, O;j and Dpq are 3x3 and 6x6 unit matrices, respectively. 

Also, as a result of index abbreviations given in Appendix A, the following rela-

tions can also be written: 

E 
spq 

E 
8 ijkl, i J and k l , p,q 1,2,3 

E 
spq 2stk1 , i J and k # l, p 1, 2, 3, q 

E 
spq 4s~kl, i # J and k # l, p,q 4,5,6 

Similar relations are also valid for s~. 

For piezoelectric coefficient d, the following relations can also be written: 

k l , 

k # l, 

Similar relations are also true for g;9 . 

q 

q 

1,2,3 

4,5,6 

4,5,6 

The relations between piezoelectric constants h;9 and h ij l can be written in the 

same fashion as those of e;9 and eikl· The relations between c~ and cflk1, on the other 

hand, are the same as those of c:
9 

and ctkl which is given in Appendix A. 
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IRIS - Mote r i o Is & Me chotronics Laboratory 

PROJECT CODE IRIS - AMDL - Actuat or 
PROJECT NAME Piezoelectr i c Rotary Actuator 
PART NAME / NUMBER Mounting PlotelHorizonlol I / PZT-ACT : 1 
SCALE 1 : 1 
MATERIAL 6061 - T6 
QUANT ITY 1 
DESI GNED BY Sel cuk Gu r s on 
DRAWN BY Sel cuk Gur s on 

Figure C.l: Mounting plate (Horizontal). 
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IRIS - Ma I er i a Is & Mechatronics Laboratory 

PROJECT CODE IRIS-AMDL - Actuator 
PROJECT NAME P i ezoelect ri c Rotary Actuator 
PART NAME / NUMBER Mounting PtotelVerticol) / PZT-ACT:2 
SCALE 1: 1 
MATERIAL 6061-T6 
QUANTITY 1 
DESIGNED BY Se I c uk Gurson 
DRAWN BY Selcuk Gurson 

Figure C.2: Mounting plate (Vertical). 
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IRIS - Mote r i o I s & Mechotronics Laboratory 

PROJECT CODE IRIS-AMDL - Actuator 
PROJECT NAME Piezoelectric Rotary Actuator 
PART NAME / NUMBER Shaft/ PZT - ACT:3 
SCALE 
MATERIAL 30 L Stainless 
QUANTITY 1 
DESIGNED BY Selcuk Gursan 
DRAWN BY Setcuk Gu rson 

Figure C.3: Shaft (Isometric view). 
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Figure C.4: Shaft (Front view). 



Appendix C. Technical Drawings of Piezoelectric Rotary Actuator 150 

~ 
19 

~ .LJ 
SHAF T(RIGHT VIEW)/ SCALE : 2:1 

Figure C.5: Shaft (Right view). 
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IRIS - Mote r i a Is & Mechotronics Laboratory 

PROJECT CODE IRIS - AMDL - Actuator 
PROJECT NAME Piezoelectric Rotary Actuator 
PART NAME / NUMBER Housing/ PZT-ACT:L 
SCALE 1 : 1 
MATERIAL 6061 - T6 
QUANTITY 1 
DESIGNED BY Selcuk Gurson 
DRAWN BY Selcuk Gurson 

Figure C.6: Housing (Isometric view) . 
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Figure C. 7: Housing ( Cross-sectional view). 
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Figure C.8: Housing (View A). 
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IRI S - Ma I er i a I s & Mechatronics Labo r atory 

PROJECT CODE IRIS - AMDL - Actuator 
PROJECT NAME Piezoelectric Rotary Actuator 
PART NAME / NUMBER Shear Plates for PZT Actuators/ PZT-ACT:5 
SCALE 2: 1 
MATERIAL 30L Stainless 
QUANTITY 9 
DESIGNED BY Se I cuk Gurson 
DRAWN BY Selcuk Gurson 

Figure C.11: Shear plates for PZT actuators. 
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IRIS - Mo I er i a Is & Mechotronics Laboratory 

PROJECT CODE IRIS-AMDL - Actuator 
PROJECT NAME Piezoelectric Rotary Actuator 
PART NAME/ NUMBER PZT Assembly beams/ PZT-ACT:6 
SCALE 1 : 1 
MATER IAL 30L Sloin l ess 
QUANT ITY 2 
DESIGNED BY Selcuk Gurson 
DRAWN BY Selcuk Gurson 

Figure C.12: PZT assembly beams. 
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PART NAME / NUMBER Clomping Shoes/ PZT-ACT:7 
SCALE 2 : 1 
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DESIGNED BY Selcuk Gurson 
DRAWN BY Setcuk Gur so n 

Figure C.13: Clamping shoes. 
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IRIS - Mater i a Is & Mechatronics Laboratory 

PROJECT CODE IRIS-AMDL - Actuator 
PROJECT NAME Piezoelectric Rotary Actuator 
PART NAME / NUMBER Rototionol Flexure Flange/ PZT - ACT :8 
SCALE 1: 1 
MATER IAL 6061 - T6 
QUANTITY 1 
DESIGNED BY Selcuk Gurson 
DRAWN BY Se I c uk Gurson 

.. 

Figure C.14: Rotational flexure flange (Isometric view). 
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Figure C.15: Rotational flexure flange (Front view). 
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ROTATIONAL FLE XUR E FLANGE (TOP VIEW) 

Figure C.17: Rotational flexure flange (Top view). 
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IRIS - Ma t e r i a Is & Mechatron i cs Laborat o ry 

PROJECT CODE IRIS-AMDI. - Actu a tor 
PROJECT NAME Piezoelectric Ro t ary Actuat or 
PART NAME / NUMBER Rotational Flexure / PZT-ACT:9 
SCALE 1 : 1 
MATERIAL Grade 2 Ti tan i um 
QUANT ITY 1 
DES IGNED BY Selcuk Gursan 
DRAWN BY Selcuk Gursan 

Figure C.18: Rotational flexure (Isometric view). 
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Figure C.19: Rotational flexure (Front view). 
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Figure C.20: Rotational flexure (Top view). 
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IRIS - Mote r i a I s & Mechotronics Laboratory 

PROJECT CODE IRIS-AMDL - Actuator 
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PART NAME / NUMBER Bear i ng Housing Unit / PZT-ACT: 10 
SCALE 1: 1 
MATERIAL 6061 - T6 
QUANT ITY 1 
DES IGNED BY Selcuk Gurson 
DRAWN BY Se I c uk Gurson 

Figure C.21: Bearing housing unit (Isometric view). 
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Figure C.22: Bearing housing unit (Front view). 
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Figure C.23: Bearing housing unit (AA Cross-sectional view). 
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Figure C.24: Bearing housing unit (Right view). 
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CLUTCH FLEXURE UNIT (ISOMETRIC VIEW) 

IRIS - Ma t er i a I s & Mechatranics Laboratory 

PROJECT CODE IRIS-AMDL -Actu a tor 
PROJECT NAME Piezoelectric Ro t ary Actuator 
PART NAME / NUMBER Clutch Flexure Unit / PZT-ACT : 11 
SCALE 1 : 1 
MATER IA L Gr ode 2 Titanium 
QUANT ITY 1 
DESIGNED BY Selcuk Gurson 
DRAWN BY Se I c uk Gurson 

Figure C.25: Clutch flexure unit (Isometric view) . 
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Figure C.27: Clutch flexure unit (AA Cross-sectional view). 
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Figure C.28: Clutch flexure unit (Top view). 
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Figure C.29: Spacer#l. 
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PROJECT CODE IR IS-AMDL - Actualar 
PROJECT NAME Piezoelectric Rotary Actuator 
PART NAME / NUMBER SpacerN2 / PZT - ACT : 13 
SCALE 2: 1 
MATERIAL 30L Stainless 
QUANTITY 1 
DESIGNED BY Selcuk Gursan 
DRAWN BY Selcuk Gursan 

Figure C.30: Spacer#2. 
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Figure C.31: Assembly bolt. 
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Figure C.32: Bearing preloading nut . 
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Figure C.33: Bearing housing unit cap (Isometric view). 
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Figure C.34: Bearing housing unit cap (Front view). 
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Figure C.36: Clamp flexure (Isometric view). 
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Figure C.37: Clamp flexure (Front view). 



Appendix C. Technical Drawings of Piezoelectric Rotary Actuator 

FRONT 

/ 
/ 

/ 

IRIS 

PROJECT CODE 
PROJECT NAME 

/ 
/ 

/ 
/ 

---1 
} ' ........ )'5 ,, 

/...._ \ '\ 
I I'-<..--°""" IJ... 

\ ' 
/ 

/ 
/ 

' 

PZT HOLDER ( ISOMETRIC VIEW) 

- Mo t er i a I s & Mechotronics Laborotory 

IR IS-AMDL -Actuator 
Piezoelectric Rotary Actuator 

PART NAME/ NUMBER PZT HOLDER/ PZT - ACT: 18 
SCALE 2: 1 
MATERIAL 6061 - T6 
QUANTITY 1 
DESIGNED BY Se I c uk Gurson 
DRAWN BY Selcuk Gurson 

Figure C.38: PZT holder (Isometric view). 
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Figure D .1: Shaded image representation of the proposed actuator. 
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Figure D.2: Surface boundary representation of the proposed actuator. 



Appendix D. Supplementary Illustrations 

1 

Tran5lation in X direction 

Figure D.3: Free deflection of clamp flexure. 
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Figure D.4: Free deflection of rotational flexure. 
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Figure D.5: Free deflection of clutch flexure. 
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Figure D.6: Exp rimental set-up. 
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Figure D.7: Built prototype of the proposed piezoelectri c rotary actuator. 
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