
ABSTRACT 

WU, TAO.  Modeling and Design of a Novel Cooling Device for Microelectronics Using 

Piezoelectric Resonating Beams.  (Under the direction of Paul I. Ro) 

 

As thermal management in microelectronics becomes more and more important in 

insuring the reliable operation, a novel and effective cooling device by smart materials such 

as piezoelectric bimorph needs to be developed.  Investigation of modeling and design of 

piezoelectric resonating structures was conducted.  A dynamic performance prediction 

method was proposed to calculate tip deflections at resonances and investigate the effect of 

finite stiffness bonding layer in piezoelectric bimorph.  Considering the product of resonance 

frequency and dynamic tip deflection as a performance merit, the effects of length and 

location of the actuators on passive piezoelectric structures as well as the boundary 

conditions were analyzed for generating acoustic streaming which may be used for cooling 

microelectronic components.   

The cooling effects generated by vibrating non-slot and slotted piezoelectric bimorphs 

were experimentally investigated.  A prototype, which is comprised of a piezoelectric 

bimorph actuator, an aluminum block with commercial cartridge heater served as heat source, 

four micrometer heads to adjust the gap size between bimorph and heat source, was 

constructed.  Validated finite element analyses were employed to simulate the vibration 

characteristics including the natural frequencies and mode shapes of the proposed prototype.  

Setting the operation frequency at the fundamental resonance frequency, the cooling effects 

were measured by the temperature drops of the heat source above the vibrating bimorph.  



Electric field applied on the bimorph and the gap between heat source and actuator were 

adjusted to find out the best cooling result.  Heat transfer coefficients between the heat source 

and vibrating bimorphs were calculated by ANSYS steady state thermal analysis and the 

lumped energy balance method.  Air flow patterns around the bimorph actuator were 

visualized using particle tracking velocimetry (PTV) as well.   

The experiments showed that there exists an optimal gap between the heat source and 

the vibrating bimorph which brings the maximum temperature drop and the cooling effect 

increases with the electric field strength.  The enhancement of heat transfer between the heat 

source and the non-slot bimorph can be up to 210% with the acoustic streaming generated by 

the bimorph vibration.  The presence of slots in the bimorphs may enhance the mixing of 

streams outside and inside the channel resulting in an amplified heat transfer performance.  

However, the number, location and size of slots may influence the vibration characteristics 

and the formation of swirling streaming in the channel between the heat source and the 

bimorph.  Finally, the heat transfer coefficient of the prototyped cooling device in terms of 

mean Nusselt number was correlated as a function of streaming Reynolds number.  This 

study may provide useful information on modeling the vibration characteristics of 

piezoelectric actuators and designing the miniature cooling device utilizing bimorph 

vibrations. 
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CHAPTER 1 
 

INTRODUCTION AND OVERVIEW 

 

1.1 MOTIVATION OF RESEARCH 

 

With the development of electronic digital computer, removal of heat has played a 

significant role in insuring the reliable operation of each successive generation of computers 

while maintaining acceptable low circuit temperatures.  Historical trends that have made this 

problem progressively more difficult involve the development of ever larger scales of circuit 

integration on a single chip (from small-scale integration (SSI) to very large-scale integration 

(VLSI), and further to ultra-large-scale integration (ULSI)) and the arrangement of multiple 

chips in closer proximity on a module.  The current Pentium 4 chips, for example, have more 

than 42 million tiny electronic switches jammed into a space no larger than a postage stamp.  

By using common circuit packaging techniques, figure 1.1 was constructed based on 

operating limits and thermal performance experience (Hannemann et al., 1991).  In this 

“thermal performance map”, two main parameters that drive the choice of base cooling 

technology are the maximum device power (or dissipation intensity) and the ensemble-

average heat flux.  High values of either of these two parameters result in a difficult cooling 

situation.  Current trends are causing the operating points for computers to move upward and 

to the right on the performance map.   
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As computers get faster, they get hotter.  The temperature of a Pentium chip can soar 

to nearly 200 degrees Fahrenheit when it is operating.  The heat can reduce the lifetime, 

power, and speed of the chip.  So getting rid of that excess heat, which can damage delicate 

components and cause data to be lost, is becoming increasingly problematic for 

microelectronics.  Currently the combination of heat sink and fan is the best choice for 

cooling computer processors.  However, as the size of the electronic and mechanical 

components get smaller and performance requirement more stringent, cooling using the 

conventional fans may limit the miniaturization of these components without the comparable 

reduction in fan size.  The cramped interiors of laptop computers and cell phones contain 

Figure 1.1   Module-level thermal performance map 
(Hannemann et al., 1991) 
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empty spaces that are too small to house conventional fans.  Moreover, as the complexity of 

microelectronic systems continues to increase, directing airflow to each component of the 

system becomes more constrained.  This motivates the development of smaller and more 

efficient cooling devices for microelectronics. 

Acoustic streaming is the formation of secondary vortex flow as a result of the 

interaction between sound waves and viscosity.  Heat transfer due to the forced convection 

induced by acoustic streaming has been widely studied (Richardson, 1967; Davidson, 1973; 

Gopinath and Mills, 1993, 1994; Vainshtein et al., 1995; Mozurkewich, 1995; Ro and Loh, 

2001; Loh et al., 2002).  Loh and Ro (2001) have experimentally verified the feasibility of a 

cooling concept using a relatively large-scale ultrasonic resonator, which shows a promising 

alternative to cooling microelectronics.  However, the ever shrinking size of laptop 

computers requires a significant reduction in size of the cooling device.  A successful 

application of such a technique for on-chip cooling presents much analytical and 

experimental challenges to electrical and thermal engineering.  

Recently, piezoelectric actuators have attracted significant attention in many research 

fields including thermal management of microelectronics.  Compared to the conventional fan 

technology, the cooling device by piezoelectric materials contains no gears and bearings, 

hence no friction is produced.  It has no magnet, hence, no electrical noise.  Other attractive 

characteristics of piezo-actuators include being inexpensive, space efficient and easily shaped 

and bonded to surfaces.  Finally, piezo-actuators produce almost no heat dissipation which 

makes them ideal for sealed enclosure. 
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In summary, this study focuses on the investigation of vibration characteristics of 

piezoelectric actuators and their application to the microelectronic cooling, which is 

motivated by the requirement of novel, effective and smaller cooling devices for 

microelectronics. 

 

1.2 THERMAL MANAGEMENT OF MICROELECTRONIC 
SYSTEMS 

 

In microelectronic systems, the increased demand on system performance and 

reliability intensifies the need for good thermal management.  It also provides a significant 

set of analytical and experimental challenges to electrical and thermal engineering (Bergles, 

1986; Nakayama and Bergles, 1990).  Further evidence of the importance of thermal 

management to electronic systems is shown in Figure 1.2, based on a survey by the U.S. Air 

Force and indicating that more than 50% of all electronic failures are caused by shortcomings 

in temperature control (Yeh and Chu, 2002).  

 

 

Temperature 
55% 

Humidity 
19% 

Vibration 
20% 

Dust 
6% 

Figure 1.2   Major causes of electronic failures  
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Thermal control of electronic equipments may employ several different heat transfer 

modes and may consist of up to three tasks (Yeh and Chu, 2002): 

(1) Removing heat from the sources; 

(2) Transporting heat to system internal heat sinks; 

(3) Rejecting heat from the internal heat sinks to the ultimate heat sink, the 

environment. Sometimes tasks 2 and 3 are lumped into a single task. 

 

1.2.1 Air Cooling of Electronic Equipment 

 

Simplicity and easy maintenance make direct air cooling a most attractive approach in 

cooling of electronics.  Direct air cooling can be in an active form, represented by forced 

convection; or a passive form, as free and natural convection.  Passive cooling has always 

been the preferred choice.  However, it is generally limited to systems with very low heat 

dissipation because of the poor heat transfer coefficients being characteristic of free 

convection.  

A large number of choices exist for the enhancement of forced convection cooling of 

electronic equipment, which are given as follows. 

 

Improvement of convective heat transfer coefficient.  Selecting a fluid with superior 

thermo-physical properties or increasing flow velocities can improve the convective heat 

transfer coefficient.  A so-called Mouromtseff number may be used to evaluate the thermal 

performance of a coolant in a given configuration.  This number represents the appropriate 
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forced-convection correlation to reflect the dependence of the Nusselt number on the thermo-

physical properties of the fluid. 

 

Increase of surface area available for heat transfer.  This has traditionally been 

accomplished by the use of enhanced surfaces, such as fins. 

 

Flow modulation.  This strategy aims to increase mixing in the flow using devices 

such as vortex generators, turbulators and swirl flow devices. 

 

Currently for computer processors, the best available technique for cooling is a 

combination of heat sink with fan (see figure 1.3).  Flow through heat sinks refers to the flow 

entering the heat sink from one end and traveling more or less in a straight line to exit at the 

other end.  Heat sink has three main components: the fins, heat spreader and interface 

material.  The linearly extruded aluminum heat sink is one of the simplest and most cost-

effective heat sink designs (Kiley and Soule, 1990).  Such heat sinks are commonly used for 

many applications, but are limited to relatively low-power dissipation due to the limitation of 

total surface area per volume.  This difficulty can be somewhat overcome by using epoxy-

bonded fin heat sinks.  The epoxy interface does, however, add a thermal resistance to the 

system (Soule, 1993).  Pin-fin heat sinks are also commonly used and have the added 

advantage of not requiring specific positioning relative to flow direction.  However, for 

parallel heat sinks it is important to design the heat sink accounting for all air flow paths, 
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since the air can bypass the heat sink if other low-resistance paths exist (Kadle and Sparrow, 

1986). 

 

 
 
 
 

1.2.2 Liquid Cooling of Electronic Equipment 

 

Although air cooling continues to be the most widely used method for cooling 

electronics, it has long been recognized that significantly higher heat fluxes can be 

accommodated through the use of liquid cooling.  Application of liquid cooling for 

microelectronics can be categorized as either indirect or direct.   

Indirect liquid cooling refers to the cooling method for which the heat dissipating 

electronic components are physically separated from the liquid.  As applied to multichip 

modules, indirect liquid cooling involves attachment of cold plate to the module.  Heat 

removed from a chip or chip package is transferred through an intermediate structure before 

reaching the cold plate, through which the liquid coolant is pumped.  A well-known example 

of indirect liquid cooling is the thermal conduction module (TCM) used on the IBM 

Figure 1.3   CPU cooling system 
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3080X/3090 series of computers (Chu et al., 1982).  It should be noted that in TCM, to cool 

the chips on the module, it is conceptually desired to bring the water-cooled cold-plate 

surface as “thermally” close to the chips as possible.  However, allowances should be made 

for variations in chip heights and locations resulting from the manufacturing and assembly 

processes, non-uniform thermal expansion or contraction across whatever thermal path is 

provided.  These considerations led to the development of TCM utilizing a spring-loaded 

mechanical piston touching each chip.  An increase in cooling capacity was achieved by 

refinement and optimization of the piston geometry, bringing the cooling water closer to the 

chips, reducing the module-to-chip plate thermal interface resistance, and improving heat 

transfer to water flowing through the cold plate.  

In direct immersion liquid cooling, because this cooling method maintains physical 

contact between the coolant and the electronic components, the coolant must have a very 

large dielectric strength and good chemical compatibility with the components.  Typically 

such coolants are characterized by low boiling points.  Water is the most effective coolant 

and the boiling mode offers the highest heat transfer coefficient.  Experimental cooling 

systems were built and used to investigate and demonstrate the feasibility of direct 

immersion liquid cooling with flow-boiling of fluorocarbon liquids (Chu et al., 1971).  

However, because of some difficulties in implementation, until now there are no commercial 

computers using phase change with dielectric liquid.  The only exception is Cray (Simons, 

1995), but they use forced convection in dielectric liquid. 
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1.2.3 Hybrid Air-water Cooling of Electronic Equipment 

 

With the dramatic increase in power density, use of serial air flow alone would result 

in a substantial temperature rise in the cooling air from inlet to outlet.  So a means of 

controlling the temperature of the cooling air as it passed through a column of boards was 

required.  The challenge was met through the development of a hybrid cooling scheme (Chu 

and Simons, 1990).  With this scheme, heat continues to be removed from the modules of 

cards by the flowing air.  The hot air, however, passes through the air-liquid heat exchanger 

before arriving at the next board.  Analysis of chip junction temperatures in an electronics 

frame demonstrated reductions in the maximum junction temperature, mean junction 

temperature, and the range of junction temperatures with the hybrid scheme (Antonetti et al., 

1973). 

 

1.3 ENHANCEMENT OF HEAT TRANSFER WITH VIBRATION 
AND ACOUSTIC STREAMING 

 

Besides the aforementioned traditional methods, enhancement of heat transfer via 

vibration of beams or plates immersing in the fluid is a new approach and has the potential 

for application in the cooling of microelectronics (Ro and Loh, 2001; Oh et al., 2002; 

Mozurkewich, 2002; Loh et al., 2002).  For example, Oh et al. (2002) investigated the effects 

of ultrasonic vibrations on phase-change heat transfer and they found significant 

enhancement of heat transfer with ultrasonic vibrations, which can be attributed to cavitation, 



Chapter 1: Introduction and Overview 
 

10 

acoustic streaming, and thermally oscillating flow initiated by the ultrasonic vibrations.  

Vainshtein et al. (1995) demonstrated that a propagated sonic wave in the longitudinal 

direction in a fluid enclosed between two horizontal parallel plates results in a marked 

enhancement of heat transfer between the plates due to the formation of acoustic streaming.  

Ro and Loh (2001) and Loh et al. (2002) experimentally investigated the heat convection 

enhancement induced by ultrasonic flexural vibrations.  The temperature drop obtained by a 

ultrasonic vibration of 500mm×11mm×3.1mm aluminum beam was approximately 80% of a 

convectional fan oriented with respect to the heated object such that the maximum heat 

transfer occurs (Ro and Loh, 2001), which certainly shows a potential of ultrasonic flexural 

standing wave as a feasible cooling mechanism.  In summary, acoustic streaming induced by 

the sound wave near the oscillating objects is the main mechanism for enhancement of 

convection heat transfer of fluid with vibrations.   

Acoustic streaming generated by a sound wave has been extensively investigated both 

experimentally and theoretically (see Andres and Ingard, 1953; Jackson, 1960; Gould, 1966; 

Lee and Wang, 1990; Gopinath and Mills, 1993; Vainshtein et al., 1995; Akay and Xu, 1998; 

Mitome, 1998; Riley, 1998; Campbell et al., 2000; Nguyen and White, 2000; Bailliet et al., 

2001; Haydock and Yeomans, 2001, 2003; Loh et al., 2002; Mozurkewich, 2002; Hamilton 

et al., 2003; Wan and Kuznetsov, 2003; among others) and has been reviewed by Lighthill 

(1978), Nyborg (1998) and Riley (2001).  Acoustic streaming refers to the second-order 

steady velocity that is induced by and superimposed on the dominating first-order acoustic 

velocity (Bailliet et al., 2001).  In other words, when the flow of wave energy accompanied 

with the propagation of sound is interrupted by an object, the sound generates a force to push 
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it in the direction of propagation.  In contrast to the oscillating motion of a fluid element, 

non-zero time-average force appears which is a nonlinear phenomenon derived from the 

second-order terms (Mitome, 1998).  This force acts on the fluid medium so that non-

oscillatory steady fluid motion, i.e., acoustic streaming is induced.  Two kinds of 

mechanisms are important for the generation of acoustic streaming (Mitome, 1998): one is 

fluid-dynamics non-linearity, which accounts for effects of inertial force compared to viscous 

force in fluid motion, and the other is the acoustic nonlinearity, which determines the driving 

force of streaming. 

There are two basic types of acoustic streaming (Zarembo, 1971).  The first is 

Rayleigh or Schlichting streaming, which is caused by relative oscillatory motion between 

the fluid and boundary.  Rayleigh type streaming is generated outside the boundary layer in a 

standing wave field, whose scale is comparable to the wavelength.  As to Schlichting type 

streaming, vortices move in the viscous boundary layers, whose scale is much smaller than 

the wavelength.  Both Rayleigh and Sclichting streaming result from the rapid changes in 

wave amplitude in the boundary layer.  The second, Eckart streaming or quartz wind, results 

from the attenuation of the wave in the bulk fluid, i.e., generates in a non-uniform free sound 

field, whose scale is much larger than the acoustic wavelength.  

The governing equations of acoustic streaming can be obtained by starting from the 

compressible Navier-Stokes equations and retaining terms to the second order (Nybory, 

1965).  Specifically, according to the N-S equation, the body force on the fluid can be 

described as follows 
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where P is fluid pressure, ρ is density, µ and Bµ are shear and bulk viscosity of the fluid, 

respectively, and V
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 is particle velocity.  Assuming that P, ρ, and V
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The quantities 0P  and 0ρ  are the static or quiescent values of the pressure and density, 

respectively.  The corresponding value of V
r

 is zero. The first-order terms, 1P  1ρ and 1V
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 can 

be given by the following equations (Bradley, 1996): 
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When interacted with the nonlinear acoustic waves, this harmonically varying first-order 

motion creates a second-order term that consists of a second-harmonic-frequency-doubled 

term and a zero-frequency term.  This zero-frequency term represents a steady fluid flow.  

The time-averaged, second-order acoustic streaming equations are (Bradley, 1996):  
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where  denotes the average of the variable, I
r

 is the acoustic intensity given by 

11VPI
rr

= , and 2V
r

 represents the acoustic streaming velocity. 

For a few simple systems, the streaming velocity can be determined analytically.  For 

example, Rayleigh (1883) first predicted the streaming pattern for a standing wave between 

two parallel plates.  Later, Nyborg (1965) obtained the streaming velocity for the traveling 

wave propagating between two plates and around an infinitely long cylinder.  Both of these 

studies were limited to cases of wide channel and outside the boundary layer.  Most recently, 

analytical expressions were obtained by Bailliet et al. (2001) for the second-order acoustic 

streaming velocity, pressure gradient and time-averaged mass flux in a fluid with a 

temperature gradient, both in the parallel plate and the cylindrical tube geometries with 

wildly to closely separating solid boundaries.  Hamilton et al. (2003) derived a completely 

analytical solution for acoustic streaming generated with a standing wave confined by a two-

dimensional channel of arbitrary width.  Both the outer, Rayleigh streaming vortices and the 

inner boundary layer vortices (Schlichting streaming) were described by the solution.  For 

complex systems, analytical solution is too difficult to obtain; hence, computational fluid 

dynamics (CFD) simulations are required to characterize theoretically the flow fields 

produced by acoustic streaming.   Examples include simulations conducted by Haydock and 

Yeomans (2001, 2003), Loh et al. (2002), Nightingale and Trahey (2000), Nguyen and White 

(2000).  Specifically, Haydock and Yeomans (2001, 2003) employed the Lattice Boltzmann 
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method to simulate the acoustic streaming produced by the interaction of an acoustic wave 

with a boundary (i.e., Rayleigh streaming) and the attenuation-driven acoustic streaming 

(Eckart streaming) generated by a traveling wave.  Loh et al. (2002) modeled acoustic 

streaming patterns induced by ultrasonic flexural vibrations using a finite volume code 

CFX4.3.  Nightingale and Trahey (2000) used a commercial finite element program FIDAP 

to predict breast cyst fluid behaviors during acoustic streaming detection implementation.  

Nguyen and White (2000) performed the simulation of the acoustic streaming in 

micromachined flexural wave (FPW) devices.  Thermal transport effects of the acoustic 

streaming were also considered by the authors. 

In addition to the analytical and numerical approaches to predict the acoustic 

streaming field, laser Doppler anemometry (LDA) and particle image velocimetry (PIV) are 

also employed to visualize the streaming patterns in various applications and geometries 

(Nguyen and White, 2000; Akay and Xu, 1998; Arroy and Greated, 1991).  The 

fundamentals of LDA and PIV and their applications in acoustic streaming measurements 

were recently reviewed by Campbell et al. (2000).  

As mentioned, the acoustic streaming leads to non-zero time averaged mass flow; 

hence, it is a mechanism for convective heat transfer that can dissipate the heat generated by 

nearby heat source or high-temperature bodies.  In addition to the aforementioned studies of 

Loh et al. (2002) and Vainshtein et al. (1995) for heat transport by acoustic streaming, many 

other researchers also made a lot of contributions on this field (see Trinh and Robey, 1989; 

Gould, 1966; Gopinath and Mills, 1994; Mozurkewish, 2002; among others).  For example, 

Trinh and Robey (1989) patented an apparatus to generate an intense acoustic standing wave 
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around or adjacent to an electronic component so that the producing acoustic streaming flow 

carries heat away from the component.  Gould (1966) performed experiments in which heat 

flow from a metal into a bathing liquid was measured in the absence and in the presence of 

acoustic streaming. A resonant vibrating air bubble resting on a solid plane produced the 

streaming. It is found that the heat flow rate was increased approximately linearly with the 

first-order sonic amplitude when the liquid is water. The relationship between the heat flow 

and sonic amplitude is nonlinear when more viscous liquids were used.  Gopinath and Mills 

(1994) examined convective heat transfer from a sphere due to acoustic streaming for large 

streaming Reynolds numbers.  Correlations for the average Nusselt numbers and the rate of 

heat transport along the axis of a resonance Kundt tube between the hot and cold nodes were 

also obtained by the authors.  More recently, Mozurkewish (2002) did several experiments 

within a cylindrical resonance tube mediated by acoustic streaming.  The heat transport 

between two locations on the lateral walls of the tube, or from an object inside the tube to the 

walls, or between two objects inside the tube was investigated and the acoustic streaming 

was verifies to enhance the spread of heat from hot sites.  Mozurkewish (2002) also reviewed 

other acoustic mechanisms which can transport heat, besides acoustic streaming.  These 

mechanisms include large amplitude oscillating flows, reciprocating flows and 

thermodynamic process akin to either the Brayton or Stirling cycle. 

Acoustic streaming can be a mechanism to cooling small devices, but a successful 

application of such a technique for on-chip cooling presents many challenges.  The 

piezoelectric actuators can work in small space to generate vibrations, which is one of the 
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potential methods to induce acoustic streaming for microelectronic cooling.  The 

piezoelectric actuators and their modeling will be introduced in the next two sections.  

 

1.4 PIEZOELECTRIC ACTUATORS 

 

Piezoelectricity is a coupling between a material’s mechanical and electrical 

behaviors.  When a piezoelectric material is squeezed, an electric charge collects on its 

surface (direct effect).  Conversely, when a piezoelectric material is subjected to an electric 

field, it exhibits a mechanical deformation (converse effect).  A basic illustration of converse 

piezoelectricity is shown in figure 1.4.  Applying an electric voltage to the electrodes of 

piezoelectric material will induce a mechanical deformation according to the magnitude and 

sign of applied voltage.  

 

 

 

+ 
- E P~ L L+δL 

Figure 1.4   Dimension of piezoelectric material changes 

depending upon the electric field and polarization directions 
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1.4.1 History of Piezoelectricity (Trainer, 2003) 

 

The history of piezoelectricity is fascinating and is a virtual treasure chest of 

experiments, conceptual models and theories devised by many of the prominent scientists of 

the 19th and 20th century (Trainer, 2003).  Charles Augustin de Coulomb was the first to 

theorize on the production of electric charge by the mechanical manipulation of solid matter. 

From 1781 to 1806, he submitted important treatises to the French Acadamie des Sciences on 

electricity and magnetism (Gilmour, 1971).  In 1817 and 1830, René-Just Haüy and Antoine-

César Becquerel independently observed that certain crystals showed electrical effects when 

compressed (Graff, 1981). 

The actual discovery of piezoelectric phenomenon is attributed to Pierre and Jacques 

Curie in 1880 (Curie and Curie, 1880).  In the process of studying the relationships between 

pyroelectric phenomenon and crystal symmetry, the Curie brothers were able to predict the 

classes of crystals and the conditions under which electric charge would be observed when 

the crystals were pressed. 

In 1881 Hermann Hankel suggested using the term “piezoelectricity” to describe the 

observed phenomenon.  In the same year Gabriel Lipmann suggested that an inverse effect 

may exist, such that application of charge to opposite crystal surfaces induces deformation.  

In the following year of 1882 the Curie brothers confirmed experimentally that such a reverse 

effect does occur.  Applying the piezoelectric effect, the Curie brothers devised several 

instruments including the quartz electrometer that was later used in experiments on 
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radioactivity.  In 1890, Franz Ernst Neumann laid down the basic principles that govern the 

behaviors of crystals (Nye, 1985). 

In 1893 Kelvin proposed analogy models and laid down some of the basic framework 

that led to the modern theory of piezoelectricity (Trainer, 2003).  In 1894, Voigt developed 

the tensor equations describing the linear behavior of piezoelectric crystals, which is the final 

but important step of the 19th century. 

During the early years of 20th century piezoelectricity would continue to be 

developed theoretically and in 1910 Voigt published his ‘Lehrbuch der Kristallphysik’.  The 

formulation on piezoelectricity published in this book remained the standard reference until 

the mid-20th century.  

During the 1920s, Max Born produced theoretical crystal lattice calculations for the 

piezoelectric coefficient.  From 1936, he continued his work on the dynamic theory of crystal 

lattices (Born, 1954).  Other 20th century pioneers include Walter Cady who in 1921 

invented the quartz crystal-controlled oscillator and the narrow-band quartz crystal filter used 

in communication systems (Mason, 1975) and Warren Mason who produced further crystal 

cuts for accurate frequency standards in 1940 (Mason, 1948) and developed equivalent 

circuit models for piezoelectric resonator. 

After the end of World War II, barium titanate (BaTiO3) ceramic was first produced 

and by the early 1950s was well established as a piezoelectric transducer material 

(Berlincourt, 1981).  In 1954 lead zirconate titanate or PZT ceramics were developed and 

replaced barium titanate in all fields of piezoelectric applications. PZT ceramics are the most 

widely used of all ceramic materials because of their excellent properties.  Due to their 
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permanent electrical and mechanical asymmetry, the unit cells of PZT exhibit spontaneous 

polarization and deformation.  Because of the random distribution of the cell orientation in 

the ceramic materials, a ferroelectric poling process is required to obtain the piezoelectric 

properties (figure 1.5).  However, if heated above the curie temperature, the PZT crystallite 

unit cells take on isotropic structure. When cooled, the material does not regain its 

macroscopic piezoelectric properties.  

Much of the work carried out from 1960s to the present day has been in developing 

applications for the PZT materials. However, research continues into the development of new 

materials with exciting potential as piezoelectric materials. 

 

1.4.2 Piezoelectric Materials 

 

The piezoelectric effects can be seen as transfers between electrical and mechanical 

energy.  Such transfers can only occur if the material is composed of charged particles and 

can be polarized.  For a material to exhibit an anisotropic property such as piezoelectricity, 

its crystal structure must have no centre of symmetry.  Most of the piezoelectric materials are 

crystalline solids.  They can be single crystals, either formed naturally or by synthetic 

processes, or polycrystalline materials like ferroelectric ceramics.  Certain polymers can also 

be made piezoelectric by stretching under an electrical field. 
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Figure 1.5   Piezoelectric element cell (1) before poling (2) after poling* 

 

                                                 
* http://www.physikinstrumente.com/tutorial 
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Piezoelectric Ceramics − PZT.  Piezoelectric ceramics are formed by conventional 

ceramic processing techniques, such as dry pressing, casting or extrusion.  The ceramic 

material is then sintered, machined into the desired dimensions and pasted on electrodes.  

Polarization of the ceramic element is the final step in processing which involves heating the 

ceramic above the Curie temperature and subsequently cooling the material in the presence 

of a strong DC electric field.  This poling process aligns the molecular dipoles of the ceramic 

in the direction of the applied field and thus induces its piezoelectric properties.  

Piezoelectric ceramics are hard, chemically inert and completely insensitive to humidity or 

other atmospheric influences. Their mechanical properties resemble those of the better 

known ceramic insulators and they are manufactured by much the same processes.  

Furthermore they are extremely stiff.  They are capable of exerting or sustaining great 

stresses.  One of the principal advantages of PZT is that their properties can be optimized to 

suit specific applications by appropriate adjustment of the zirconate-titanate ratio.  They can 

be tailored to suit specific applications. 

 

Piezoelectric Polymers − PVDF.  Piezoelectricity can be obtained by orientating the 

molecular dipoles of polar polymers such as Polyvinylidene Fluoride (PVDF) in the same 

direction.  The PVDF can be made piezoelectric because fluorine is much more 

electronegative than carbon.  The fluorine atoms will attract electrons from the carbon atoms 

to which they are attached.  A sequence of processes, including elongation, annealing, 

evaporation of electrodes and poling, has to be performed to make the material piezoelectric.  

PVDF differs in many ways from the conventional crystalline and polycrystalline materials.  
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In particular, PVDF is characterized by such properties as flexibility, ruggedness, softness, 

lightweight, relatively low acoustic impedance and low mechanical quality factor.  The 

material is also available in thin films and in large sheets and is inexpensive to produce. 

By machining the material in one or two perpendicular directions prior to the 

polarization process, different piezoelectric behaviors can be obtained (Fig.1.6). A uni-axial 

stretching will induce nearly unidirectional piezoelectric properties. A bi-axial stretching will 

induce piezoelectric properties that are isotropic in the plane. 
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(a) Uni-axial PVDF film 

(b) Bi-axial PVDF film 

Figure 1.6   Unidirectional and bidirectional PVDF 
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Table 1.1   Comparison of PZT with PVDF 

Material Properties PZT PVDF 

  uni-axial bi-axial 

Piezoelectric constant    

        d33 (10-12 Cb/N or m/V) 300 -25 -25 

        d31 (10-12 Cb/N or m/V) -150 15 3 

        d32 (10-12 Cb/N or m/V) -150 3 3 

Relative permittivity 0/εε  1800 12 12 

         ( 12
0 10854.8 −×=ε  F/m)    

Young’s modulus (GPa)    

                               Y1 50 3 3 

                               Y2 50 1 1 

                               Y3 50 10 10 

Maximum stress in traction (MPa)    

                               direction 1 80 200 200 

                               direction 2 80 40 200 

Max. operating temp. (°C) 140 90 90 

Max. electric field (V/m) 1×106 500×106 500×106 

Density (kg/m3) 7600 1800 1800 

 

 

A comparison of some of the physical properties of PVDF with those of PZT is given 

in Table 1.1.  It is clear from the table that the piezoelectric strain constant d31, which relates 

the induced in-plane strain due to the electric field in the thickness direction, of PVDF is 

considerably smaller than the constant of PZT.  Also the maximum operating temperature of 

PVDF is much lower than that of PZT which makes it less useful working in high 
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temperature environment.  The advantage of PVDF over PZT is that the maximum electric 

field strength that can be applied to the polymer without danger of depolarization is much 

greater. 

 

1.4.3 Piezoelectric Actuator 

 

Actuator is a device which transforms energy into controllable motion.  The primary 

performance characteristics of any linear actuator are displacement, force, frequency, size, 

weight and electrical input power.  Piezoelectric materials are known for their excellent 

operating bandwidth and can generate large forces in a compact size, but traditionally they 

have very small displacements.  They can not be used directly as actuators in their raw form.  

So amplification is required. 

Piezoelectric actuators are usually specified in terms of their free deflection and 

blocked force. Free deflection (Xf) refers to displacement obtained at the maximum 

recommended voltage level when the actuator is completely free to move.  Blocked force (Fb) 

refers to the force exerted at the maximum recommended voltage level when the actuator is 

totally blocked and not allowed to move.  Deflection is at a maximum when the force is zero, 

and force is at a maximum when the deflection is zero.  All other values of simultaneous 

displacement and force are determined by a line drawn between these two points on a force 

versus deflection line, as shown in figure 1.7. 

For the piezoelectric actuators, the focus of research has been on an attempt to 

amplify the deflection of the material.  Piezoelectric actuation architectures can be generally 
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placed into one of three categories based on the amplification scheme (Niezrechi et al., 2001): 

externally leveraged, internally leveraged and frequency leveraged.  Externally leveraged 

actuators including Moonies rely on an external mechanical component for their actuating 

ability.  Internally leveraged actuators generate amplified strokes through the internal 

structure without the use of an external mechanical component.  These include stack, bender, 

RAINBOW, THUNDER etc.  Frequency leveraged actuators rely on an alternating control 

signal to generate motion.  Several internally leveraged actuators are discussed here. 

 

 
 
 

Figure 1.7   Force-Deflection Characteristics of piezoelectric actuator† 
 

Stacks.  A large number of piezo layers can be stacked to linearly increase their 

overall deflection while maintaining a low voltage requirement, as shown in figure 1.8.  The 

displacement and force of a stack actuator are directly proportional to the actuator length and 

cross-sectional area, respectively.  Stacks have been widely used independently or an input to 

                                                 
† http://www.piezo.com 
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extremely amplified schemes.  The piezoceramic stacks show potential in the vibration 

control (Redmond and Barney, 1997), suspension control (Fukami et al., 1994) and vibration 

damping in machine tools (Martinez et al., 1996). 

 

 
 

Figure 1.8   Diagram of piezoelectric stack‡ 
 

Unimorph.  A unimorph is a composite beam, plate or disk with one active layer and 

one inactive layer, or substrate.  RAINBOW and THUNDER actuators are typically referred 

to as unimorph actuators.  RAINBOW or Reduced And Internally Biased Oxide Wafers are 

piezoelectric wafers with an additional heat treatment step to increase their mechanical 

displacements. In the RAINBOW process, developed by Gene Heartling at Clemson 

University, typical PZT wafers are lapped, placed on a graphite block, and heated in a 

                                                 
‡ http://www.physikinstrumente.com/tutorial 
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furnace at 975 C for 1 hour (Furman et al., 1994).  The heating process causes one side of the 

wafer to become chemically reduced. This reduced layer, approximately 1/3 of the wafer 

thickness, causes the wafer to have internal strains that shape the once flat wafer into a dome. 

The internal strains cause the material to have higher displacements and higher mechanical 

strength than a typical PZT wafer. RAINBOWs with 3 mm of displacements and 10 kg point 

loads have been reported (Haertling, 1990). A RAINBOW stack actuator is shown in figure 

1.9. 

 
 

Figure 1.9   A RAINBOW stack actuator 
 

Another actuator that uses a prestressed configuration is the THUNDER actuator.  

THUNDER was developed at the NASA Langley Research Center in 1994.  The actuator 

consists of a layer of a ceramic wafer attached to a metal backing using a polymide adhesive 

film (see figure 1.10).  The manufacture process is performed using a high temperature and 

high pressure environment resulting in an actuator that can withstand high levels of 

mechanical and electrical loading (Bryant, 1996; Mossi et al., 1998; Mossi et al., 1999).  

Comparing RAINBOW actuator with THUNDER, it is shown that RAINBOW generates 

10% to 25% more displacement than comparable THUNDER actuators (Wise, 1998; Kugel 
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et al., 1997).  The significant advantage of THUNDER actuators is their extremely rugged 

construction which allows them to be more readily used in commercial applications. 

 
(a) 

 

 
 

(b) 
 

Figure 1.10§   (a) Layers in a THUNDER actuator 

                                                          (b) THUNDER actuator on a jag 

                                                 
§ http://kasml.konkuk.ac.kr/data/Fully%20coupled.ppt 
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Bimorph.  Piezoelectric bimorph is a bending element that generates horizontal 

displacement at the drive of electric field using the converse piezoelectric effect.  Bimorph 

actuator usually consists of two thin ceramic plates bonded together and driven with opposite 

electric field. One plate expands while the other contracts.  The net result is a lateral 

deflection of the plates.  There are two different electrical connections which are usually used 

in bimorph fabrication: one is series connection in which two piezoelectric plates have 

opposite polarization directions and the actuator is driven by applying electrical field 

between the top and bottom electrodes (see figure 1.11(a)); the other is parallel connection in 

which two piezoelectric plates are of the same polarization directions and the actuator is 

driven by applying electrical field between surface electrodes and the bonding layer (see 

figure 1.11(b)).  In the latter case, two ceramic plates are electrically connected in parallel 

and driven voltage is applied across half the actuator thickness, thus enabling half driving 

voltage to achieve the same electrical field as in the series case.  Usually a metallic sheet or 

middle shim is sandwiched between the two piezoelectric plates to increase the reliability and 

mechanical strength. Unlike the PZT stack, bimorphs are operated in the 31d  mode.  

Bimorphs were first developed in the early 1930s by Sawyer at the Brush 

Development Company.  However, the performance of these actuators was understood only 

at a rudimentary level until much later, when research into smart structures became more 

detailed (Steel et al., 1978; Tzou, 1989).  Bimorphs have been used in robotic applications 

for which large displacements are desired (Chonan et al., 1996), spoilers on missile fins 

(August and Joshi, 1996) and actuation for a quick-focusing lens (Kaneko et al., 1998). 
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Figure 1.11   Structure of cantilever bimorph 
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1.4.4 Linear Piezoelectric Constitutive Relations 

 

An important characteristic of piezoelectric materials compared to other smart 

materials is its linear behavior within a certain range. The constitutive relations are based on 

the assumption that the total strain in the actuator is the sum of the mechanical strain induced 

by the stress and the controllable actuation strain caused by the electric voltages.  The strain 

(S) - stress (T) - electric field (E) - electric displacement (D) relationships of the piezoelectric 

materials can be approximated to have linear behavior as given by 

                                                           iipq
E
pqp EdTsS +=                                                       (1.8) 

                                                           k
T
ikqiqi ETdD ε+=                                                       (1.9) 

where E
pqs  and T

ikε  represent short-circuited elastic compliance and free electric permittivity 

of the materials, respectively.  Note that IEEE compressed matrix notations (IEEE 1978) are 

used to denote the tensor variable.  This consists of replacing subscripts ij and kl by p and q 

according to Table 1.2. 

Table 1.2   Compressed Matrix Notation 

ij or kl p or q 

11 1 

22 2 

33 3 

23 or 32 4 

31 or 13 5 

12 or 21 6 
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The symbol dip represents the electro-mechanical coupling and is called the piezoelectric 

strain constant.  Here, the first subscript i refers to the direction of applied electric field and 

the second subscript p refers to the direction of resulting strain.  The piezoelectric strain 

constants of PZT and PVDF are (IEEE 1978): 

 

 

(1.10) 

where d31=d32, d24=d15.  From Equation (1.10), it is clear that PZT and PVDF have three 

normal strains (S1, S2 and S3) when an electric field is applied in the thickness direction 

(referring to first subscript 3 in equation (1.3)).  When an electric field is applied in the in-

plane direction (referring to first subscript 1), the materials can also have shear strain (S5).  

In linear piezoelectricity, the constitutive relationships are often expressed with 

matrix notations as 

                                                    {S} = (sE){T} + (d)T{E}                                                  (1.11) 

                                                    {D} = (d){T} + (εT){E}                                                   (1.12) 

where {S}, {T}, {E} and {D} represent strain, stress, electric field and electric displacement 

vector, respectively. 

{S} = {S1 S2 S3 S4 S5 S6}T,  {T} = {T1 T2 T3 T4 T5 T6}T 

                                       {E} = {E1 E2 E3}T,  {D} = {D1 D2 D3}T                                       (1.13) 

Here, the matrices (SE), (d) and (εT) represent the short-circuited (i.e., {E}={0}) elastic 

compliance, piezoelectric strain constants and free (i.e., {T}={0}) dielectric permittivity, 

respectively.  

(d) =   

 0      0      0     0     d15    0 

 0      0      0     d24   0      0 

d31    d32   d33   0      0      0 
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The alternate forms using alternative choices of independent variables for the above 

representation are 

{T} = (cE){S} - (e)T {E} 

                                                       {D} = (e){S} + (εS){E}                                                 (1.14) 

 

{S} = (sD){T} + (g)T {D} 

                                                       {E} = -(g){T} + (βT){D}                                              (1.15) 

 

{T} = (cD){S} - (h)T {D} 

                                                       {E} = -(h){S} + (βS){D}                                               (1.16) 

Where the matrices (cE) and (εS) represent the short-circuited stiffness and clamped (i.e., {S} 

= {0}) dielectric permittivity, respectively.  The matrices (sD), (cD), (βT) and (βS) represent 

the open-circuited (i.e., ({D} = {0}) elastic compliance and stiffness, free and clamped 

dielectric impermittivity, respectively.  The matrix (e) is the piezoelectric stress constants.  

The element dij of (d) represents the coupling between the electric field in the direction i (if a 

poling occurred, its direction is taken as direction 3) and the strain in the j direction. Sj = dijEi. 

 

1.5 MODELING OF BEAM WITH PIEZOELECTRIC ACTUATORS 

 

Due to their two characteristics, i.e., direct and converse piezoelectric effects, 

piezoelectric materials have been widely used as sensors and actuators in smart structures.  
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Extensive research has been undertaken to understand and model the sensing and actuating 

mechanisms (Shen, 1994; Jiang et al., 2000; DeVoe and Pisano, 1997; Silva and Kikuchi, 

1990; Ferrari et al., 2001; Ballato and Smits, 1991; Uchino, 1999; Donthireddy and 

Chandrashekhara, 1996; Brissaud et al., 2003).  To date, a number of models predicting the 

interaction between induced strain piezoelectric actuators and the structure to which they 

bonded have been developed.  The analytical models include the relative simple models like 

pin-force model (Bailey and Hubbard, 1985; Crawley and Anderson, 1990; Chaudhry and 

Rogers, 1994), the more advanced model based on assumed strain field (Crawley and 

Lazarus, 1989; Wang and Rogers, 1991; Dimitriadis et al., 1991; Lee, 1990; Crawley and de 

Luis, 1987) and the more accurate and relatively complex models which account for 

transverse shear effects (Pai et al., 1992; Lin and Rogers, 1992).  Also there have been much 

numerical analyses for composite structures with piezoelectric actuators (Hwang and Park, 

1993; Tzou and Tseng, 1990; Ha et al., 1992; Robbins and Reddy, 1991; Saravanos and 

Heyliger, 1995; Han and Lee, 1998; Saravanos et al., 1997; Kim et al., 1996; Han et al., 1999; 

Benjeddou, 2000).   

 

1.5.1 Block-Force Beam Model 

 

A piezoelectric actuator can be defined using two parameters: free strain or 

displacement and block force.  Let us consider a piezoelectric actuator of length lp, width bp 

and thickness tp, the maximum free strain Λ for an electric voltage V is 
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                                                       )(31max ptVd=Λ=ε                                                     (1.17) 

where d31 is piezoelectric constant (m/V). The maximum block force is 

                                                            VbEdF ppbl 31=                                                        (1.18) 

where Ep is the Young’s modulus of elasticity of piezo actuator.  An extensional free strain Λ 

is produced in longitudinal direction caused by an electric field applied in the polarized 

direction.  If a compressive force F is applied to the piezo in longitudinal direction, the net 

strain will be 

                                                             blFF−Λ=ε                                                          (1.19) 

 

 

 

In the block-force beam model, each piezoactuator is represented in terms of its block 

force and free strain.  The piezo induces a local strain to substrate and in turn experiences an 

equilibrating force.  The beam with two identical piezoactuators bonded on top and bottom 

surfaces is considered here (figure 1.12). 

When an equal and opposite potential is applied on top and bottom actuators, the 

induced bending moment becomes 

F 

F 

Figure 1.12   Beam with piezoelectric actuator 
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( )
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+
=

pm

m
bl EIEI

EI
MM                                               (1.20) 

where pblbl tFM =  is block moment, subscript m is for the metal beam and p for the 

piezoactuators.  The bending stiffness of beam and actuators are defined as 

                                                   ( ) 3

12
1

mmmmmm tbEIEEI ==                                               (1.21) 

                                                     ( ) ( )( ) pmppp EttbEI 222=                                               (1.22) 

If ( ) ( )mp EIEI >> , actuation moment becomes zero. On the other hand, if ( ) ( )pm EIEI >> , 

actuation strain becomes zero.  This model can be used in some design studies. 

 

1.5.2 Pin-Force Model 

 

The pin-force model was derived from mechanics considerations.  Although the 

model does not correctly predict the actuator and substrate response for thin structure, it is 

important in understanding the physics of induced strain actuation (Chaudhry and Rogers, 

1994).  In the pin-force model, the actuators and the substrate are modeled as separate 

structures, linked together by pins at the edges of the actuators.  A shear force is applied to 

the beam along the actuator-substrate interface when actuation strain is commanded in the 

actuators.  The shear stress is concentrated in a small zone at the end of the actuator with the 

assumption of perfect bonding between the actuator and substrate.  Another important 

assumption is that the strain in the substrate varies linearly through the thickness and uniform 
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in the piezoelectric actuators, as shown in figure 1.13 (a).  For an isotropic beam with two 

identical piezoelectric actuators that are bonded on top and bottom, the curvature induced in 

the beam is (Chaudhry and Rogers, 1994): 

                                                              
)6(

12
Ψ+

Λ=
mt

κ                                                        (1.23) 

where Λ  is the piezoelectric strain )(31 ptVd=Λ , 31d  piezoelectric constant, V the applied 

voltage on the actuator, pt  and mt  the thickness of actuator and structure layers, respectively. 

Ψ  is the relative stiffness parameter ppmm tEtE=Ψ . 

Pin-force model is helpful in understanding the effect of bonding layer.  When a finite 

stiffness bonding layer is considered in the model, the effectiveness of induced strain 

actuators is reduced.  The surface strain on beam substrate and actuator strain are derived as 

                                                     







Γ
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=

Λ )cosh(
cosh(1 xm
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where 2=α  for pure extension and 6=α  for bending.  1
2
−=

pl
xx  is the nondimensional 

coordinate along the length of the actuators.  Shear lag parameter Γ  is a measure of the 

effective stiffness of the bonding layer 
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where bt  is the thickness and bG  is the shear stiffness of the bonding layer.  Then the 

curvature induced becomes: 

                                               







Γ
Γ

Γ
−

Ψ+
Λ=

)cosh(
)sinh(11

)6(
12

mt
κ                                             (1.27) 

 

 
(a) 

 

 
(b) 

 

 

 

 

 

Figure 1.13   Assumed piezoelectric-substructure strain distribution 
(a) Pin-force model 
(b) Bernoulli-Euler model 
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1.5.3 Enhanced Pin-Force Model 

 

Although pin-force model is relatively simple and helps to understand the physics of 

induced strain actuation, it can not correctly predict the surface strain for structure with small 

thickness ratio of beam to actuator because pin-force model does not take the flexural 

stiffness of the actuator into consideration.  Chaudhry and Rogers proposed the enhanced 

pin-force model as (Chaudhry and Rogers, 1994): 

                                                     







 +Ψ+

Λ=

22
1)6(

12

T
tm

κ                                                  (1.28) 

where )2( pm ttT =  is the thickness ratio.  The normalized curvatures predicted by pin-force 

model and enhance pin-force model with perfect bonding are plotted as function of the beam-

actuator thickness ratio in figure 1.14.  It is apparent that the enhanced pin-force model gives 

better prediction compared to pin-force model in low thickness ratio. 

In addition, for a beam with an actuator on one side only, the induced curvature from 

pin-force model and enhanced pin-force model are: 

                                                             
)3(

6
Ψ+

Λ=
mt

κ                                                         (1.29) 
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T
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Figure 1.14   Normalized curvature vs. beam-actuator thickness ratio 

 

1.5.4 Bernoulli-Euler Model 

 

The Bernoulli-Euler model is a consistent strain model (see figure 1.13(b)) and 

assumes the beam, bonding and actuators as a continuous structure and follows the 

Bernoulli’s assumption.  The bending curvature of the actuator is 

                                                   ( ) 22 8126
)(12

ppmm

pm

tttt
tt

++Ψ+
Λ+

=κ                                             (1.31) 
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The parameters are the same as defined above, )(31 ptVd=Λ  and ppmm tEtE=Ψ .  The 

normalized curvature predicted by the above equation is also plotted in figure 1.14, along 

with pin-force model and enhanced pin-force model.  As specified in equation (1.31), the 

induced curvature or deflection is a function of the thickness and material properties of the 

beam and actuator.  It also depends on the free piezoelectric strain Λ  which is proportional 

to piezoelectric strain constant 31d  and applied voltage.  Thus to maximize the bending 

curvature, a thinner material with a high piezoelectric strain constant is desirable.  In practice, 

piezoelectric materials have maximum allowable electric field strength.  If the maximum 

allowable field strength is exceeded, the material will lose its piezoelectric properties.  

Figure 1.14 shows the variation of the normalized curvature with the thickness ratio.  

Considering the limiting condition where the beam thickness approaches zero, the system 

curvature should also approach zero. This boundary behavior is not supported by the pin-

force model, therefore the pin-force model over predicts the curvature for low values of 

thickness ratio. However, as thickness ratio increases, the three solutions converge. For beam 

with only one piezoelectric actuator, the induced curvature is 

                                                  ( ) 22 463
)(6

ppmm

pm

tttt
tt

++Ψ+
Λ+

=κ                                               (1.32) 
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1.5.5 Finite Element Model 

 

With the development of modern computers, the finite element method has been one 

of the most important analysis tools in engineering.  Since the early 70s, many finite element 

models have been proposed for the analysis of piezoelectric structures (Kagawa and 

Yamabushi, 1976; Chin et al., 1994; Mackerle, 1997; Gilewsky and Radwanska, 1991). The 

fundamental idea of the finite element method is to discretize the continuous structures into 

separate elements of geometrically simple shape. These elements are connected by a number 

of nodes and the unknowns are the displacements of these nodes which are described by  

polynomial interpolation functions.  The forces applied to the structure are replaced by an 

equivalent system of forces applied to the nodes. 

The piezoelectric constitutive equations can be written under the form 

                                                          {T} = (cE){S} - (e)T {E}                                            (1.33) 

                                                          {D} = (e){S} + (εS){E}                                              (1.34) 

where {T} represents the stress vector, {S} the strain vector, {E} the electric field, {D} the 

electric displacement, (cE) the elastic coefficients at constant {E}, (εS), the dielectric 

coefficients at constant {S}, and (e) is the piezoelectric coupling coefficients.  

The dynamic equations of a piezoelectric continuum can be derived from the 

Hamilton principle, in which the Lagrangian and the virtual work are properly adapted to 

include the electrical contributions as well as the mechanical ones. The potential energy 

density of a piezoelectric material includes contributions from the strain energy and from the 

electrostatic energy (Tiersten, 1967). 
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                                                    { } { } { } { }[ ]DETSH TT −=
2
1                                               (1.35) 

The virtual work density is 

                                                        { } { } δφσδδ −= FuW T                                                   (1.36) 

where { }F  is the external force and σ  is the electric charge.  The variational principle 

governing the piezoelectric materials follows from the substitution of H and δW into the 

Hamilton principle (Allik and Hughes, 1970).  The piezoelectric finite element system of 

equations can be expressed as: 

                                    { } }{}]{[}]{[][}]{[ FKuKuCuM uuuuu =+++ ϕϕ&&&                               (1.37) 

                                                    }{}]{[}]{[ QKuK u =+ ϕφφϕ                                               (1.38) 

where, ][ uuM and ][ uuK are the mass and displacement stiffness matrices, ][ uKϕ is the 

piezoelectric coupling matrix, ][ ϕϕK is dielectric stiffness matrix, {F} and {Q} are 

respectively the mechanical force vector and the external applied electrical charge vector 

acting on piezoelectric element. 

 

1.6 RESEARCH OBJECTIVES 

 

The primary objective of this research is to provide general guidelines for the design 

of piezoelectric actuators for microelectronic cooling.  To achieve this general goal, an 

extensive research investigation has been conducted with the following objectives: 
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1. Analytical prediction of dynamic performance for piezoelectric bimorph 

structures, especially the dynamic peak amplitude at resonances; 

2. Investigation of the effects of bonding layers by static and dynamic methods; 

3. Optimization of geometric design including thickness, shape, location of 

piezoelectric actuators; 

4. Theoretical and experimental study of flow and heat transfer performance 

generated by cooling devices with different piezoelectric actuators. 

This dissertation is divided according to the above goals.  In chapter 2, analytical 

prediction of dynamic performance for piezoelectric bimorph structure is presented.  Effects 

of bonding layers are analyzed by both static and dynamic methods.  Chapter 3 focuses on 

the design of piezoelectric resonating structures for generating acoustic streaming which may 

be used for cooling microelectronic components.  The vibration characteristics of different 

piezoelectric structures are simulated by the finite element method and validated with 

analytical approaches.  In chapter 4, cooling effects generated by the vibration of non-slot 

piezoelectric bimorph are experimentally investigated.  Cooling effects are measured in terms 

of the temperature drop of the heat source above the vibrating bimorph.  To further enhance 

convective heat transfer generated by the piezoelectric bimorph, different actuator structures 

are designed and experimentally investigated in chapter 5.  The visualization of air flow 

patterns in the channel between heat source and bimorph actuator is also depicted.  Finally, 

chapter 6 presents conclusions from this research and gives direction for future research. 
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CHAPTER 2 

 

DYNAMIC PEAK AMPLITUDE ANALYSIS AND 

BONDING LAYER EFFECTS OF PIEZOELECTRIC 

BIMORPH CANTILEVERS 

 

2.1 ABSTRACT 

 

In this chapter, analytical prediction of dynamic performance for piezoelectric 

bimorph structures was investigated.  Damping ratio was assumed and employed to 

determine dynamic peak amplitudes at resonances by finding the frequency with 21  of 

peak amplitude.  Finite element simulations were used to validate the proposed improvement 

strategy.  Results show that the peak amplitude determination method is good enough to 

predict the dynamic performance in many applications.  Effects of bonding layers were also 

analyzed by both static and dynamic methods.  Bonding influence can be minimized by 

selecting appropriate bonding materials and dimensions of structures.  
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2.2 INTRODUCTION 

 

There is growing interests in the use of piezoelectric materials in smart structures.  

Piezoelectric bimorph is one of the most important structures.  The principle setup of 

bimorph is made by bonding two piezoelectric batches to each side of a passive elastic plate.  

When an electric field is applied across the thickness in such a way that one piezoelectric 

element contracts while the other expands, the entire bimorph structure produces curvature.  

Much work has been carried out to predict the static behavior of piezoelectric 

bimorphs (see Chaudhey and Rogers 1994; Crawley and Anderson 1990; Wang and Cross 

1998; Kim and Jones 1995; among others).  Among the models predicting the interaction 

between the induced strain actuators and the structure to which they are bonded, pin-force is 

one of the earliest models which was derived from mechanics considerations (Chaudhey and 

Rogers 1994).  Under “mechanics considerations”, the actuator is treated as a separate body 

which manifests itself to the substrate only in the form of applied forces and moments.  

Elementary beam theory is used to compute the resulting deformations in the homogeneous 

beam.  This model is invaluable in understanding the physics of induced strain actuator. 

There are relatively fewer studies on dynamic performance prediction.  Specifically, 

Crawley and de luis (1987) presented a comprehensive static model for a piezoelectric 

actuator and a substructural coupled beam.  These static results were then used to predict the 

dynamic behavior of the coupled system.  The dynamic response thus obtained is 

approximate and needs to be qualified by direct dynamic modeling of the coupled system.  

Pan et al’s dynamic model (1992) was developed for a simply supported elastic beam with a 
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piezoelectric actuator glued to each of its upper and lower surfaces.  Their model allows the 

calculation of the beam surface strain at any location of the beam as a function of the voltage 

applied to the actuator.  Smits et al. (1994) have extensively analyzed the dynamic properties 

of bimorphs.  They proposed a matrix describing the dynamic dependence of tip rotation, tip 

deflection, volume displacement and electrode charge as functions of the sinusoidal driving 

parameters: a moment at the tip, a force at the tip, a uniform body pressure and the electrode 

voltage.  Smits’ model shows to be efficient in locating the resonance and antiresonance 

frequencies of symmetrical bimorphs.  However, the dynamic tip deflection at resonances 

can not be determined by Smits’ expressions when electric field is applied on the bimorph 

structure.  Hence, there is a need for studies of determining the peak amplitude at resonances 

which is very important in many practical applications of bimorphs, e.g., used as a cooling 

resonator in microelectronic systems (Wu et al., 2003; Loh et al., 2002). 

In addition, the issue of bonding layer was also discussed in some previous work.  

Static elastic models for surface-bonded and embedded segmented actuators with extension 

and bending in the substructure were presented in Crawley and de luis’s paper (1987).  The 

existence of an elastic bonding layer of a finite thickness between the piezoelectric and the 

substructure led to a classic shear lag solution.  When the shear lag in the bonding layer goes 

to zero, this solution was reduced to a perfectly bonded piezoelectric model.  One shear lag 

parameter was proposed to indicate the effectiveness of the shear transfer.  Morris and 

Forster (2000) utilized the finite element method to optimize the deflection of a circular 

bimorph consisting of a single piezoelectric actuator, bonding material and elastic plate with 

finite dimensions.  The effect of bonding layer-to-plate thickness ratio was investigated and 
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optimized.  A finite element formulation that incorporates the effect of non-idealities 

(bonding layer) was proposed by De Faria et al. (1996).  The formulation used an Euler-

Bernoulli model for the beam and assumed the bond layer to be in a state of pure shear.  

Their work shows that, within certain limits, the finite stiffness bond may be compensated for 

by using higher gain in the control system.  However, the finite bonding stiffness has to be 

considered for control system design. 

In this chapter, a new method was proposed to calculate the tip deflection at 

resonances based on the damping ratio of the structures.  Finite element simulation was 

employed to validate the proposed method.  The effect of finite stiffness bonding was 

analyzed by static and dynamic methods as well.  Some suggestions were mentioned to 

minimize the bonding influence. 

 

2.3 THEORETICAL ANALYSES 

2.3.1  Perfectly Bonded Bimorph 

 

Generally, bimorph actuator consists of two thin ceramic plates bonded together and 

driven with opposite electrical fields.  The dynamic tip deflection of the cantilever bimorph 

without middle shim is (Smits and Ballato 1994): 

                                                  
)coshcos1(4

sinhsin3
22
31

LLt
LLVd

p ΩΩ+Ω
ΩΩ

=δ                                        (2.1) 
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where δ is the dynamic tip deflection of the cantilever, 31d  is the piezoelectric constant, L 

the length of bimorph cantilever, and pt  is the thickness of PZT layer. V is the voltage 

applied on piezoelectric layers.  

In Eq.(2.1), Ω  is the normalized frequency defined as: 

                                                                    
a
ω=Ω                                                            (2.2) 

                                                 where       
eff

eff

A
EI

a
ρ

=                                                          (2.3) 

a  is the ratio of the bending stiffness and the mass per unit length.  It plays a role in the 

vibrating system as a natural frequency. 

 

 

 

Figure 2.1   Structure of cantilever bimorph 
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Usually, to increase the reliability and mechanical strength, a middle shim is 

sandwiched between the two piezoelectric plates.  Thus, bimorph can be regarded as a three-

layer element with the bonding layers negligible (figure 2.1).  For the bimorph cantilever 

beam of constant width w, consisting of several materials with different Young’s moduli, Eq. 

(2.1) can be modified by representing the bimorph using an equivalent beam of the same total 

thickness, and of the homogeneous Young’s modulus by modulating the widths of the 

components.  A stiffness difference in the original beam results in the width difference in the 

new, equivalent cantilever beam. 

The equivalent moment of inertia of the beam is: 

                                                                  mpeff III += 2                                                     (2.4) 
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where bw  is the width of bimorph, mE , mt  and pE , pt  represent Young’s modulus and 

thickness of metal and piezoelectric layers, respectively.  The centroid position of the beam 

can be determined using the equation: 
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y is the vertical coordinate of center in each layer for the multi-layer beam, A  is the cross 

section of the layer.  Due to the symmetric geometry of the bimorph, the centroid is located 

at the center of the total thickness.  

The mass of an infinitesimally thin slice of the beam with length dx is given by 

dxtw iiρ , where it  is the thickness for different layers.  So ∑= i iieff dxtwdxA ρρ , effI  and 

effAρ  can be substituted into (2.3) to obtain variable a . 

 

2.3.2  Determination of Amplitude at Resonance 

 

It is known that the resonance occurs for the bimorph cantilever when the equation 

0coshcos1 =ΩΩ+ LL  is satisfied (Rayleigh 1976).  However, it is found from Eq. (2.1) that 

LL ΩΩ+ coshcos1  is in the denominator and LL ΩΩ sinhsin  in the numerator.  Figure 2.2 

shows the plots for the values of LL ΩΩ+ coshcos1  and LL ΩΩ sinhsin  when the length of 

cantilever ( L ) is 60mm.  Clearly, the values of LL ΩΩ+ coshcos1  and LL ΩΩ sinhsin  do 

not reach zero at the same Ω  value.  This indicates that, when the frequency approaches the 

resonance, the tip deflection goes to infinity, which can not represent the real system.  So 

some corrections should be taken for the tip deflection at the resonance. 

Quality factor, or Q factor, can be a measurement of the sharpness or frequency 

selectivity of a resonant vibratory system having a single degree of freedom.  In the 

mechanical system, Q factor is approximately equal to ff r ∆/ , where rf  is the resonance 
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frequency and f∆ is the bandwidth between the half-power points.  In figure 2.3, 

12 fff −=∆ .  

The relation between the quality factor and damping ratio is: 

                                                                    
ζ2
1=Q                                                             (2.8) 

where ζ is the damping ratio of the mechanical system.  By using the damping ratio of the 

system, the amplitude at the resonance can be obtained by the following flow chart. 
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Figure 2.2   (a) Values of LL ΩΩ+ coshcos1  in frequency range of [0, 2500] 

                 (b) Values of LL ΩΩ+ coshcos1  in frequency range of [0, 500] 

             (c) Values of LL ΩΩ sinhsin  in frequency range of [0, 2500] 

           (d) Values of LL ΩΩ sinhsin  in frequency range of [0, 500] 
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Figure 2.3   Quality factor Q = )/( 12 fff r −  

 

In the flow chart, A(f1) is the amplitude at frequency f1.  δr is the tip amplitude at the 

resonance and fr the resonance frequency.  By using this method together with Smits’ 

dynamic expression, the finite tip deflection can be fully determined. 

 

2.3.3 Effect of Bonding Stiffness 

 

Inclusion of a finite stiffness bonding layer between the actuators and the structure 

will reduce the effectiveness of induced strain actuators mounted on the surface of a 

structure.  When the perfect bonding between the actuator and substructure is assumed, the 

curvature induced in the beam is (Chaudhey and Rogers 1994): 

                                                                
)6(

12
ψ

κ
+
Λ=

mt
                                                       (2.9) 

f1 fr f2 

Amplitude, δ 

δr 

Frequency, f 

δr/2 
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where Λ  is the piezoelectric strain 
pt
Vd31=Λ , 31d  piezoelectric constant, V the applied 

voltage on the actuator, pt  and mt  the thickness of actuator and structure layers respectively. 

ψ  is the relative stiffness parameter 
pp

mm

tE
tE

=ψ . 

When a finite stiffness bonding layer with shear modulus bG  and thickness bt is 

included in the model between the structure and actuator, there is imperfect actuation due to 

shear lag in the bonding layer and the curvature induced becomes (Crawley and Anderson 

1990): 

                                                







Γ
Γ

Γ
−

+
Λ=

)cosh(
)sinh(11

)6(
12

ψ
κ

mt
                                           (2.10) 

where the shear lag parameter Γ is defined as (Crawley and Luis 1987): 
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The geometric constant α is set to 6 for the bending.  It is apparent that with the increase in 

bG  and decrease in bt , the shear lag parameter Γ  will be increased.  For moderate value of 

Γ , )sinh()cosh( Γ≅Γ , then the ratio between the curvatures for perfect bonding and stiff 

bonding is: 

                                                              
Γ

−= 11ratio                                                          (2.12) 

For large Γ ’s, the effects of bond are minimized. 
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Employing a quite similar method mentioned in sections 2.3.1 and 2.3.2, effect of 

bonding layers can also be analyzed in terms of the dynamic amplitude and resonance 

frequencies.  With the bonding layers, bimorph is a five-layer element and the centroid is still 

located at the center of the total thickness from the bottom due to the symmetry.  The 

moment of inertia of the bonding layers around the centroid is: 

                                     
2

3

212
1







 −++= ytttw

E
Etw

E
EI b

pbb
p

b
bb

p

b
b                                    (2.13) 

The equivalent moment of inertia of cantilever beam with bonding layers is: 

                                                    mbpeff IIII ++= 22                                                       (2.14) 

where bE , bt  represent Young’s modulus and thickness of bonding layers.  Again, the tip 

deflection of the bimorph cantilever is obtained by using modified Eq. (2.1) as well as the 

resonance-amplitude determination method. 

 

2.4 FINITE ELEMENT ANALYSIS 

 

Dynamic, three-dimensional finite element models of a bimorph cantilever were 

developed based on the geometry with actuator and middle shim layers shown in figure 2.1 

for perfectly bonded case and five-layer structure including two bonding layers for finite 

stiffness bonded case.  The finite element analysis program ANSYS5.6 was used to 

implement the models.  The piezoelectric actuator patches were constructed using 3-D 

Coupled-Field Solid Elements SOLID5.  The middle brass shim and the bonding layers were 
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modeled by SOLID45.  The underlying equations solved were the coupled linear 

piezoelectric equations, given as follows: 

                                  { } }{}]{[}]{[][}]{[ FKuKuCuM uuuuu =+++ ϕϕ&&&                               (2.15) 

                                                  }{}]{[}]{[ QKuK u =+ ϕϕϕϕ                                               (2.16) 

where, u and ϕ  are displacements and electrical potentials, respectively, within the element 

domain, ][ uuM and ][ uuK are the mass and displacement stiffness matrices, ][ uKϕ is the 

piezoelectric coupling matrix, ][ ϕϕK is dielectric stiffness matrix, {F} and {Q} are 

respectively the mechanical force vector and the external applied electrical charge vector 

acting on the piezoelectric element. 

The full-method harmonic analysis in ANSYS was employed to predict the dynamic 

behavior of the structure.  The full-method harmonic analysis uses the full stiffness and mass 

matrices to calculate the harmonic response.  Constant damping ratio ζ of 2% is assumed and 

frequency is varied from 0 to 2000Hz. 400 substeps within the frequency range is recorded, 

i.e., the dynamic amplitude is stored at every 5Hz.  The element edge length on surface 

boundaries of 0.4mm, 0.3mm, 0.2mm and 0.1mm were tested.  Little variation in the 

parameters of interest, i.e., resonance frequencies and dynamic displacements, was observed 

between the last two smallest grid solutions, so the final meshing edge length was 0.2mm to 

guarantee reasonable accuracy and cost of computational time.  The fixed-free boundary 

condition was applied by constraining the nodal displacements in x , y and z directions at one 

end of the beam.  To simulate the electrode surfaces of the bimorph actuator, the same level 

of nodal electrical potential was prescribed at the nodes on the surface. 
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2.5 RESULTS AND DISCUSSIONS 

2.5.1 Perfectly Bonded Bimorph 

 

In this work, two-layer brass reinforced piezoelectric elements from PIEZO Systems 

Inc. were used.  The thickness of the brass shim is 0.127mm and the thickness for each of 

two ceramic sheets is 0.191mm (bonding layer negligible), which brings the total thickness 

of the piezoelectric element to 0.508mm.  The properties of the PZT ceramics and brass are 

listed in Table 2.1.  

 

Table 2.1    Material Properties 

Materials d31 Young’s Modulus 

(N/m2) 

Density 

(kg/m3) 

Poisson’s 

ratio 

PZT ceramic 190×10-12 6.6×1010 7800 0.31 

Brass N/A 11×1010 8800 0.35 

 

The profile of bimorph, which consists of two piezoelectric layers and one brass 

layer, can be calculated using the Young’s moduli of these materials.  The cross section of 

the beam is shown in figure 2.4, where in figure 2.4(a) the actual cross-section of the beam is 

given and in figure 2.4(b) the cross-section with the width modulated according to the 

different elastic stiffness.  Because of the symmetric geometry of the bimorph, the centroid is 

located at the center of the total thickness.  The moment of inertia of the beam around the 
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centroid can be calculated using Eqs. (2.5) and (2.6), hence the bending stiffness effEI  is 

410328.7 −× Nm2.  Using the density values for the PZT and brass layers, it is found that 

mkgAeff /101.4 3−×=ρ , which results in: 

                                           2/12/32/14229.0 −−== kgmN
A
EI

a
eff

eff

ρ
                                     (2.17) 

This results in 
4229.0
ωω ==Ω

a
 which is substituted into Eq. (2.1) for the dynamic tip 

deflection of the cantilever bimorph. 

 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 

 
(b) 

 
Figure 2.4   (a) Actual cross-section of the beam 

                                                        (b) The cross-section with the width modulated 
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PZT Layers Metal layer
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The deflection of bimorph as a function of frequency is plotted in figure 2.5 together 

with the ANSYS simulation results for mL 06.0=  and mw 002.0= .  Good agreement can be 

found in the locations of resonance frequencies (Table 2.2) and the amplitude except at 

resonance points. 
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Figure 2.5   Spectrum analysis for mL 06.0= , mw 002.0=  beam 
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Table 2.2   Resonance Frequencies ( mL 06.0= , mw 002.0= ) 

 First Resonance 

Frequency (Hz) 

Second Resonance 

Frequency (Hz) 

Third Resonance 

Frequency (Hz) 

Analytical 65.7 412 1153.4 

Simulation 65 405 1150 

 

However, large discrepancies between the simulation and analytical calculation can 

be found at resonances in figure 2.5.  By using the proposed resonance-amplitude 

determination method, the corrected amplitude at resonances and simulated results are given 

in Table 2.3.  The damping ratio is assumed to be 2% based on mechanical properties of the 

system.  The good agreements between the analytical and simulated tip deflections indicate 

that our correction method is good enough to calculate the tip deflection at resonances. 

 

Table 2.3   Tip Deflection at Resonances ( mL 06.0= , mw 002.0= ) 

Tip Deflection (mm)  

First Resonance  Second Resonance  Third Resonance  

Analytical 7.2 0.62 0.13 

Simulation 7.1 0.635 0.14 
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From figure 2.5, another phenomenon that can be observed is the difference between 

the simulation and analytical calculation at the very low frequency range, which implies that 

the dynamic analytical expression can not be used to evaluate the quasi-static response of the 

system.  As given by Wang and Cross (1998), the analytical expressions for the fundamental 

resonance frequency and static tip deflection of cantilever bimorph are: 

                               
2/1
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32
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34
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where rf  is the fundamental resonance frequency, sδ  is the static tip displacement, 31d  the 

piezoelectric constant, L  the length of beam. 
p

m

E
EA = , 

p

m

t
tB
2

= , 
p

mC
ρ
ρ

= , where 

mE , mρ , mt  and pE , pρ , pt  represent Young’s modulus, density, thickness of metal and 

piezoelectric layers, respectively.  Total thickness of bimorph is pm ttt 2+= . 3E  is the 

electric field strength applied on piezoelectric layers.  Using the Eq. (2.19) and material 

properties given in Table 2.1, for the cantilever 60mm long, the static (quasi-static) deflection 

is 0.364mm while the simulation gives 0.356mm, and Smits’ analytical expression calculates 

0.225mm.  The fundamental resonance frequency from Eq. (2.18) is 65.4 Hz which is very 

close to both the simulation and Smits’ analytical results. 

With the same materials’ properties, the deflection of bimorph vs. frequency is plotted 

for mL 03.0= mw 001.0=  in figure 2.6.  ANSYS simulation results are included for 
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comparison.  The resonance frequencies and tip deflections for this case are given in Tables 

2.4 and 2.5.  The amplitudes are calculated with damping ratio of 2%.  
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Figure 2.6   Spectrum analysis for mL 03.0= , mw 002.0=  beam 

 

Table 2.4   Resonance Frequencies ( mL 03.0= , mw 001.0= ) 

 First Resonance 

Frequency (Hz) 

Second Resonance 

Frequency (Hz) 

Analytical 263 1647.9 

Simulation 264 1650 
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Table 2.5   Tip Deflection at Resonances ( mL 03.0= , mw 001.0= ) 

Tip Deflection (mm)  

First Resonance  Second Resonance  

Analytical 1.8 0.164 

Simulation 1.7 0.172 

 

 

 

 

Figure 2.7   The first mode shape for the cantilever of mL 03.0= mw 001.0=  
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Similar to the case of mL 06.0= , mw 002.0= , the locations of resonance frequencies 

from Smits’ equation and corresponding tip amplitudes by using our method for 0.03m long 

cantilever show the good agreement for the simulation and analytical results.  The first mode 

shape for the cantilever of mL 03.0=  and mw 001.0=  can be obtained by ANSYS 

simulation which is given in figure 2.7.  The fundamental resonance frequency and quasi-

static tip deflection from Eqs. (2.18) and (2.19) in this case are 263.25Hz and 93.2µm, while 

the simulation gives 92.8µm as static deflection. 

 

2.5.2 Effects of Bonding Layer 

 

Examining the expression for shear lag parameter Eq. (2.11), it is found that several 

factors including length of bimorph as well as thickness and stiffness of a bonding layer can 

be considered to minimize the effect of bonding stiffness.  These effects are shown in figure 

2.8 (a)~(d).  The electric field applied on the actuator 3E  is related to the piezoelectric strain 

by 331Ed=Λ .  With an increase of electric field, the bending curvatures for both a perfectly 

bonded structure and finite-stiffness bonded structure increase, but to different values.  The 

difference between the tip deflection for bimorph with perfect bonding and 15µm thick 

bonding increases with the electric field, i.e., the static tip displacement deviates much more 

from the perfect case for larger voltage. 

Due to the fact that the shear lag parameter is proportional to the structure length, the 

ratio in Eq. (2.12) tends to be unity for longer bimorphs.  In figure 2.8(b), with the increased 

length from 5mm to 15mm, the bending curvature expressed in Eq. (2.10) also increases 
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from 0.33 to 0.443 which is closer to 0.503 in the perfectly bonded structure.  So selecting a 

longer structure can reduce the effect of bonding layer while keeping other conditions 

unchanged. 

Obviously, a thicker bonding layer results in worse performance, which is also shown 

in Eq. (2.11).  With the increase of bonding thickness, the shear lag parameter decreases, thus 

increasing the curvature ratio in Eq. (2.12).  Figure 2.8(c) indicates that the static tip 

deflection is smaller for the structure with a thicker bonding layer. 

Another factor which may minimize the effect of bonding layer in quasi-static 

condition is the shear modulus of the bonding material.  As shown in figure 2.8(d), the tip 

deflection increases until it saturates when the shear modulus increases from 610 Pa to 

910 Pa.  So, the harder the material, the better it is for the bonding layer. 

The effect of finite stiffness bonding layer can also be examined in the viewpoint of 

dynamic tip deflection and resonance frequency.  Eqs. (2.5), (2.6) to (2.13) were employed to 

calculate the moment of inertia of cantilever around the centroid.  The dimension of the five-

layer bimorph structure (including two bonding layers) is mL 06.0= mw 002.0= .  The 

thicknesses of the piezoelectric patch and brass are 0.191mm and 0.127mm, respectively.  

The properties of PZT and brass are the same as shown in Table 2.1.  The Young’s modulus 

and density for the bonding layer are 5.17×109 N/m2 and 1150 kg/m3.  Figure 2.9 shows the 

analytical dynamic amplitude changing with frequency in the range of 0 to 2000Hz together 

with ANSYS simulation results when the thickness of bonding layer is 15µm.  Due to the 

large discrepancy at the resonances, 2% of damping ratio is assumed and employed in the 

analytical calculation.  The results are shown in Table 2.6. 



Chapter 2: Dynamic Peak Amplitude Analysis and Bonding Layer  
                  Effects of Piezoelectric Bimorph Cantilevers 

67 

0 0.5 1 1.5 2 2.5

x 10
5

0

5

10

15

20

25

Electric field (v/m)

Ti
p 

di
sp

la
ce

m
en

t (
um

)

Perfect bonding
Bonding layer (15um)

 
(a) 

 
 

5 6 7 8 9 10 11 12 13 14 15
0.32

0.34

0.36

0.38

0.4

0.42

0.44

0.46

Length of structure (mm)

B
en

di
ng

 C
ur

va
tu

re

 
(b) 

 
 
 



Chapter 2: Dynamic Peak Amplitude Analysis and Bonding Layer  
                  Effects of Piezoelectric Bimorph Cantilevers 

68 

0 5 10 15 20
12

12.5

13

13.5

14

14.5

15

15.5

Thickness of bonding layer(um)

Ti
p 

di
sp

la
ce

m
en

t (
um

)

 
(c) 

 
 

0 2 4 6 8 10

x 10
8

6

7

8

9

10

11

12

13

14

15

16

Shear Modulus (Pa)

Ti
p 

di
sp

la
ce

m
en

t (
um

)

 
(d) 

 

        Figure 2.8   (a) Quasi-static tip deflection vs. electric field 

                            (b) Effect of length on bending curvature for bimorph with bonding layers 

                            (c) Effect of thickness of bonding layer on static tip deflection 

                            (d) Effect of shear modulus of bonding materials on static tip deflection 
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Figure 2.9   Spectrum analysis for mL 06.0= , mw 002.0=  beam with 

                                       15µm thick bonding layers 

 

Table 2.6   Comparison for Bonding Thickness of 15µm 

 First resonance Second resonance Third resonance 

 Frequency 

(Hz) 

Amplitude 

(mm) 

Frequency 

(Hz) 

Amplitude 

(mm) 

Frequency 

(Hz) 

Amplitude 

(mm) 

Analytical 70.7 5.68 438.8 0.653 1224 0.131 

Simulation 70 5.61 430 0.675 1210 0.144 
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Comparing the results in Tables 2.2, 2.3 to 2.6, the resonance frequencies increase 

while the amplitude at the fundamental resonance decreases when the effects of bonding 

layer are considered. 

The effects of thickness of bonding layer on fundamental resonance frequencies and 

their corresponding dynamic tip deflections are plotted in figure 2.10.  While keeping the 

other layers (piezoelectric and metal layers) constant, the fundamental resonance frequency 

increases linearly while the dynamic tip deflection decreases with the increase of the bonding 

layer thickness.  This is because that the thinner the structure, the easier it is to resonate, 

hence the lower resonance frequency and the larger vibration amplitude. 
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Figure 2.10   (a) Effect of bonding layer thickness on fundamental resonance frequency 

                           (b) Effect of bonding layer thickness on dynamic amplitude at the first  

                                 resonance 

 

2.6 CONCLUSIONS 

 

In this chapter, the Smits’ dynamic performance prediction has been improved by 

using the damping ratio of the system.  Dynamic tip deflections were accurately predicted 

and can be employed in many applications.  The effect of finite stiffness bonding layer was 

analyzed by using both static and dynamic methods.  To minimize the bonding effect, longer 

structure, thinner bonding layer and harder bonding materials are preferred.  Finite element 

simulations show that the proposed method to determine dynamic tip deflection is accurate 
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enough to predict the performance of perfectly bonded bimorphs as well as finite bonding 

structures. 



73 

CHAPTER 3 

 

DESIGN OF PIEZOELECTRIC RESONATING 

STRUCTURES  

 

3.1 ABSTRACT 

 

In this chapter, the design of piezoelectric resonating structures is investigated for 

generating acoustic streaming which may be used for cooling microelectronic components.  

The vibration characteristics of different piezoelectric structures were simulated by the finite 

element method and validated with analytical approaches.  Considering the product of 

resonance frequency and dynamic tip deflection as a performance merit, the effects of length 

and location of the actuators as well as the boundary conditions were analyzed for four 

different piezoelectric resonator designs.  Results show that there exist the optimal length and 

location of actuators on the passive structures.  
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3.2 INTRODUCTION 

 

The feasibility of using acoustic streaming created by ultrasonic flexural wave (UFW) 

as a cooling mechanism for large-scale system has been experimentally verified (Ro and Loh 

2001).  This makes it possible to use the UFW generated on a small piezoelectric resonator as 

a miniature fan for microelectronic systems. 

Due to the direct and inverse piezoelectric effects, the use of piezoelectric materials 

as an actuator has been studied extensively in many fields.  Piezoelectric actuators were used 

for actuating and controlling the vibrations of structural members in the smart structures as 

shown by the very early experiments of Luis and Crawly (1987).  There are two major 

approaches to structural actuation.  One uses piezoelectric actuators that cover the entire 

structure, and the other approach is to use discrete piezoelectric actuators that occupy a 

relatively small area of structures.  There are some design issues related to these two 

approaches, which are discussed in this chapter. 

In designing resonating structures for cooling effects, a performance merit needs to be 

applied to evaluate the vibration performance of the piezoelectric actuators.  In this study, the 

product of resonance frequency and corresponding vibration amplitude was used as the 

performance merit (Loh et al. 2002).  To date, there have been many reports on the analytical 

equations regarding the fundamental resonance frequency and static tip deflection for simple 

piezoelectric systems (see Bailey and Hubbard 1985; Crawley and Lazarus 1989; Crawley 

and Anderson 1990; Lee 1990; Smits et al. 1991; Pai et al. 1992; among others).  However, 

few papers mentioned the analytical expressions for the whole set of resonance frequencies 
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and dynamic vibration amplitudes.  Also, it is generally impossible to derive the theoretical 

expressions for complex resonating structures.  The finite element analysis (FEA) is an 

alternative tool to perform both static and dynamic analyses for any complex systems.  In this 

chapter, the vibration characteristics of different piezoelectric designs are simulated using a 

commercial FEA software package ANSYS5.6.  These characteristics are then evaluated and 

compared for various designs by using the performance merit. 

 

3.3 THEORY: PIEZOELECTRIC FINITE ELEMENT 
FORMULATION 

 

Piezoelectricity is a coupled field effect.  In piezoelectric material, stress and strain 

are coupled to electric field and polarization.  Coupled-field elements are needed to perform 

piezoelectric analyses which contain all the necessary nodal degrees of freedom and include 

electrical-structural coupling in the element matrices (Lin and Abatan 1994).  The 

piezoelectric finite element formulation is briefly described as follows. 

The constitutive behavior of a piezoelectric material within the linear scope has the 

form: 

                                                        mmijklijklij EeD −= εσ                                                    (3.1) 

                                                          jijjkijki Eeq µε +=                                                      (3.2) 

where, ijσ  is stress tensor, iq  is electric flux density vector. ijε  and iE  are strain tensor and 

electric field vector, respectively. ijklD  is the elastic stiffness tensor (evaluated at constant 
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electric field), ijµ  is the dielectric tensor (evaluated at constant mechanical field), and ijke  

piezoelectric stress coefficient tensor. 

For a piezoelectric finite element, the displacements and electrical potentials within 

the element domain can be approximated by establishing element shape functions and nodal 

solution variables: 

                                                                  nn
u uNu =                                                             (3.3) 

                                                                 nnN ϕϕ ϕ=                                                             (3.4) 

where nu  and nϕ  are nodal displacement and nodal electrical potential, respectively. n
uN  

and nNϕ  are displacement shape functions and electrical potential shape functions, 

respectively. 

The strains and electrical fields can be obtained as: 

                                                                 nn
u uB=ε                                                              (3.5) 

                                                                 nnBE ϕϕ−=                                                           (3.6) 

where n
uB  and nBϕ  are the spatial derivatives of the element shape functions, n

uN  and nNϕ , 

respectively. 

With the application of variational principles on the mechanical equilibrium equation 

and the electrical flux conservation equation, in conjunction with Eqs. (3.1) ~ (3.6), the 

piezoelectric finite element system of equations can be expressed as: 

                                    { } }{}]{[}]{[][}]{[ FKuKuCuM uuuuu =+++ ϕϕ&&&                               (3.7) 

                                                     }{}]{[}]{[ QKuK u =+ ϕφφϕ                                               (3.8) 
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where, ][ uuM and ][ uuK are the mass and displacement stiffness matrices, ][ uKϕ is the 

piezoelectric coupling matrix, ][ ϕϕK is dielectric stiffness matrix, {F} and {Q} are 

respectively the mechanical force vector and the external applied electrical charge vector 

acting on piezoelectric element. 

 

3.4 NUMERICAL SIMULATION METHOD 

 

Three analysis methods, which are static analysis, modal analysis and harmonic 

analysis, were performed in the numerical simulation by the finite element software package 

ANSYS (Moaveni 1999).  Static analysis calculates the effects of steady loading conditions 

on the piezoelectric structures.  Modal analysis is employed to obtain the solution of the 

motion equation of a deformable system.  In the simulation, a reduced method was used to 

perform the modal analysis.  The reduced method uses the HBI algorithm (Householder-

Bisection-Inverse iteration) to calculate the eigenvalues and eigenvectors.  It is relatively fast 

because it works with a small subset of degrees of freedom called a master DOF.  Using the 

master DOF leads to an exact stiffness matrix but an approximate mass matrix.  The accuracy 

of the results depends on how well the mass matrix is approximated, which in turn depends 

on the number and location of the master DOF.  In our simulation, the master DOF was 

chosen to be in the direction the beam vibrates.  To predict the dynamic behavior of the 

structure, full-method harmonic analysis was employed.  The full-method harmonic analysis 

uses the full system matrices to calculate the harmonic response, where the matrices may be 
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symmetric or asymmetric (Moaveni 1999).  To take advantage of the ultrasonic noise-free 

features, a desired operation frequency range was set over 20 kHz in the simulation. 

Bimorph is one of the most useful piezoelectric structures.  It usually consists of two 

thin ceramic layers bonded together, which produces curvature when one ceramic layer 

expands while the other layer contracts.  A center shim is usually laminated between the two 

piezoelectric layers to increase mechanical strength and stiffness, but reduces motion (figure 

3.1).  To simulate the bimorph, the piezoelectric actuator patches were constructed using 3-D 

Coupled-Field Solid Elements SOLID5 and the middle brass shim was modeled by 

SOLID45.  The element edge length on surface boundaries of 0.4mm, 0.3mm, 0.2mm and 

0.1mm were tested.  Little variation in the parameters of interest, i.e., resonance frequencies 

and dynamic displacements, was observed between the last two smallest grid solutions, so 

the final meshing edge length was 0.2mm to guarantee reasonable accuracy and speed.  The 

fixed-free boundary condition was applied by constraining the nodal displacements in 

x , y and z directions at one end of the beam.  To simulate the electrode surfaces of the 

bimorph actuator, the same level of nodal electrical potential was prescribed at the nodes on 

the surfaces (Lin and Abatan 1994). 

 

3.5 COMPARISON OF NUMERICAL SIMULATION WITH 
ANALYTICAL MODEL 

 

Bimorph-type bending actuators have been widely used in many applications to 

convert electrical input to mechanical motion, or vice versa.  To compare simulation results 
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with analytical ones, modal analysis and static analysis were performed on the bimorph 

whose piezoelectric layer covers the whole structure (figure 3.1) in the simulation. 

 

 

 

Figure 3.1   Structure of cantilever bimorph 

 

3.5.1 Analytical Model of Cantilever Bimorph 

 

Since the metal layer and piezoelectric layer have different elastic moduli, the 

transformed cross section method of composite beam can be used to determine the position 

of centroidal axis and equivalent flexural rigidity of a bimorph actuator (Roark and Young, 

1975; Gere and Timoshenko 1975).  The analytical expressions for the fundamental 

resonance frequency and static tip deflection of cantilever bimorph, are given in (Wang and 

Cross 1998) as follows, 
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where rf  is the fundamental resonance frequency, δ  is the static tip displacement, 31d  the 

piezoelectric constant, L  the length of beam. 
p

m

E
EA = , 

p

m

t
tB
2

= , 
p

mC
ρ
ρ

= , where 

mE , mρ , mt  and pE , pρ , pt  represent Young’s modulus, density, thickness of metal and 

piezoelectric layers, respectively. Total thickness of bimorph pm ttt 2+= . 3E  is the electric 

field strength applied to piezoelectric layers. 

 

3.5.2 Comparison with Numerical Simulation 

 

A bimorph of a 8mm by 2mm metal shim bonded with two same-size ceramic layers 

was used to compare numerical simulation results with the analytical ones that are obtained 

using equations (3.9) and (3.10). The properties of PZT ceramic and two alternative metal 

materials are listed in Table 3.1.  

 

Table 3.1   Material Properties 

Materials d31 Young’s Modulus 

(N/m2) 

Density 

(kg/m3) 

Poisson’s 

ratio 

PZT ceramic 190×10-12 6.6×1010 7800 0.31 

Brass / 11×1010 8800 0.35 

Aluminum / 6.5×1010 2992 0.35 
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The static response of the bimorph was determined by applying an electrical field of 

200 volts per mm on both PZT patches.  Keeping the total thickness constant at mmt 4.0= , 

the effect of an elastic layer on tip deflection can be obtained by plotting tip deflection δ  vs. 

thickness ratio B for two elastic materials, as shown in figure 3.2.  As the metal layer 

thickness increases and PZT layer decreases (B increases), tip deflection will decrease and 

more quickly so for stiffer metal layer.  The result obtained by analytical approach is 

included for comparison.  Good agreement is shown for the results obtained from the 

analysis and simulation using finite element method. 

Modal analysis is used to obtain the mode shapes.  Fundamental resonance frequency 

rf  vs. thickness ratio B for brass and aluminum is shown in figure 3.3.  It can be seen that 

the use of aluminum metal layer leads to much higher resonance frequency than brass 

because of its lower density.  Comparing the simulation results with analytical ones, the 

difference is within 10%.  The good agreement between the finite element simulation and the 

analytical solution gives confidence that the present computer simulation method is 

sufficiently accurate to analyze more complicated piezoelectric structures. 
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Figure 3.2   Comparison of simulation with analytical results as for tip deflection 

                        of cantilever bimorph under static piezoelectric actuation 
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Figure 3.3   Comparison of simulation with analytical results as for fundamental  

                               resonance frequency of cantilever bimorph 
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3.6 PIEZOELECTRIC RESONATING STRUCTURE DESIGN 

 

When the bimorph is excited at the ultrasonic frequency, the vibration induces 

circular bulk airflow called acoustic streaming near the vibrating surface which can enhance 

the convective heat transfer rate (Loh et al. 2002; Gopinath and Mills 1994).  The acoustic 

streaming velocity is proportional to the product of the frequency and displacement 

amplitude of the vibration wave.  From the modal analyses, it is found that, for the 

cantilevers, the maximum displacement occurs at the tip.  So the product of natural 

frequencyω  or f and dynamic tip deflection A is chosen to be a performance merit to 

evaluate the cooling effect by the piezoelectric structure vibration.  Actually, it is the 

characteristic surface velocity: 

                                                                  Av ω=                                                               (3.11) 

In our simulation, two-layer brass reinforced piezoelectric elements from Piezo 

Systems Inc. were used.  The thickness of the brass shim is 0.127mm and the thickness for 

each of two ceramic sheets is 0.191mm (bonding layer negligible), which brings the total 

thickness of the piezoelectric element to 0.508mm.  The properties of the PZT ceramics and 

brass are the same as those listed in Table 3.1.  

In modal analysis, the reduced analysis method was used and master degree of 

freedom was defined to be in the direction that beam vibrates.  The same level of nodal 

electrical potential was prescribed at the nodes on the surfaces.  10 modes were extracted and 

expanded, among which the first mode of vibration in the ultrasonic range was selected.  In 
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harmonic analysis, the electric field of 200 volts per mm was applied on both ceramics in 

such a way that one ceramic layer contracts while the other one expands.  A constant 

damping ratio of 2% was assumed over all frequencies of the harmonic analysis range. 

Four different piezoelectric models (see Table 3.2) were simulated as follows: (i) 

Model 1, where the length of PZT is the same as that of metal shim (figure 3.4); (ii) Model 2, 

which considers fixed lengths but different locations of the actuators (figure 3.4); (iii) Model 

3, in contrast to Model 2, has the actuators with fixed location while different lengths (figure 

3.4); and (iv) Model 4, which implies indented actuators (figure 3.5). 

 

Table 3.2   Bimorph Models 

Bimorph Models L LP CP 

Model 1 6mm, 8mm, 10mm LP = L CP = L/2 

Model 2 8mm 1mm ≤ LP ≤ 7mm 4.5mm 

Model 3 8mm 4mm 2mm ≤ CP ≤ 6mm 

Model 4 L1=12mm,  

L2=10mm 

N/A N/A 

 

3.6.1 Effect of Bimorph Length in Model 1 

 

Generally speaking, the effect of the beam width on vibration characteristics can be 

negligible when it is much smaller than the length.  For use in microelectronic systems, the 

dimensions of the piezoelectric actuator should be very small, say, less than 10mm.  So, in 

this study, the width of the actuator is fixed at 2mm, while three different lengths of the 

single actuator are chosen for comparison, 10mm, 8mm and 6mm.  
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Figure 3.4   Schematic of piezoelectric actuator model 

 

 

Figure 3.5   Indented shape actuator model 
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By performing modal analyses, the first three vibration resonance frequencies for 

three actuators are given in Table 3.3.  Clearly, with an increase of the bimorph length, the 

resonance frequencies decrease.  The relationship between the fundamental resonance 

frequency and the beam length can be obtained from Eq. (2.9).  Given the thickness ratio of 

the metal shim and ceramic sheets as well as the material properties, the fundamental 

resonance frequency is inversely proportional to the square of actuator length.  This is also 

applicable to other vibration resonance frequencies.  For example, for the 10mm and 8mm 

bimorphs, the square length ratio of 0.64 is approximately equal to the ratios of resonance 

frequencies shown in Table 3.4.  This is because that the longer the beam, the easier for it to 

vibrate in its intrinsic frequencies and hence the lower its resonance frequencies. 

 

Table 3.3   Resonance Frequencies for Model 1 

Length of  

Actuator 

1st Resonance 

Frequency (Hz) 

2nd Resonance 

Frequency (Hz) 

3rd Resonance 

Frequency (Hz) 

10mm 2503 15532 43029 

8mm 3921.2 24196 66600 

6mm 6994.2 42639 115810 

 

Table 3.4   Ratios of Resonance Frequencies for Model 1 

 1st Resonance 

Frequency (Hz) 
2nd Resonance 

Frequency (Hz) 

3rd Resonance 

Frequency (Hz) 

L = 10mm 2503 15532 43029 

L = 8mm 3921.2 24196 66600 

Ratio 0.64 0.642 0.645 
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To operate in the ultrasonic range, the third mode shape for L = 10mm and second for 

L = 8mm and 6mm actuators were selected.  The corresponding mode shapes are given in 

figure 3.6.  It can be seen clearly from the figure that the maximum amplitudes occur both at 

the beam tips. 

The vibration amplitude is determined by harmonic analyses.  Figure 3.7 shows the 

harmonic analysis results on the vibration amplitudes of beam tip vs. ultrasonic frequencies 

for three different length actuators.  The first ultrasonic resonance frequency and tip 

amplitude as well as the performance merit are listed for comparison in Table 3.5.  

 

Table 3.5   Comparison of Performance Merits for Model 1 

Length of 

actuator 

First Ultrasonic Resonance 

Frequency (Hz) 

Tip Amplitude 

(µm) 

Performance 

Merit 

10mm 41032 4.544 1.1715 

8mm 23015 11.714 1.6939 

6mm 40704 6.524 1.6685 

 

As given in Table 3.5, L = 8mm actuator has the largest performance merit among 

these three structures, which indicates that the 8mm piezoelectric actuator is the best among 

three choices.  Compared to L = 8mm case whose first ultrasonic resonance frequency is the 

second mode shape, the 10mm actuator shows a much smaller amplitude in its third mode.  

Even though the 10mm bimorph’s third resonance frequency is larger than 8mm bimorph’s 

second resonance frequency, the 8mm bimorph has the larger performance merit.  Also due 

to the fact that the vibration amplitude is larger for the longer beam in the same mode shape, 

the 8mm long bimorph exhibits a higher performance merit than the 6mm one. 
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Figure 3.6   (a) The third mode shape for 10mm by 2mm bimorph 

                                          (b) The second mode shape for 6mm by 2mm bimorph 

                                          (c) The second mode shape for 8mm by 2mm bimorph 
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Figure 3.7   Harmonic analysis results for three bimorphs in Model 1 

 

3.6.2 Effect of PZT Length in Model 2 

 

In Model 2, the length of PZT is different from that of the beam.  This means that the 

piezoelectric actuator covers only a part of the metal beam.  Keeping the beam length (L) and 

center location of PZT on beam (CP) fixed at L = 8mm, CP = 4.5mm, the effects of PZT 

lengths on the actuator’s performance were investigated.  The performance merit is plotted as 

a function of the length of the actuator LP in figure 3.8.  For the fixed value of CP, the range 

of LP is restricted.  As the actuator length begins to increase from 1mm, i.e., the length ratio 

of actuator to beam is 0.125, both the third mode of the resonating structure (the first 
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ultrasonic resonance frequency) and the corresponding tip amplitudes increase, which result 

in the constant increase of performance merit in this range.  However, when the actuator 

length is larger than 4.7mm (the length ratio of 0.588), both the amplitude and frequency 

decrease and hence the performance merit decreases with the length ratio.  Therefore, the 

optimal solution is found when 588.0/ =LLP .  
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Figure 3.8   The performance merit vs. length ratio of  

                                                     actuator to beam (LP/L) in Model 2 
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Figure 3.9   Vector plot of amplitudes at frequency 63900Hz at optimal ratio 

                                  588.0/ =LLP  in Model 2 for (a) entire vibration structure; and 

                                  (b) the part of beam covered by the actuator 
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The vector plot of the amplitudes at frequency 63900Hz (3rd resonance frequency for 

588.0/ =LLP ) is given in figure 3.9(a). The maximum amplitude occurs at the free end of 

the beam. A blow-up of the amplitude of the part on the beam covered by the actuator can be 

obtained in figure 3.9(b). It is observed that when 588.0/ =LLP , the two edges of the 

actuators on the beam correspond to points of approximately opposite curvatures, which 

agrees with the conclusions of Barboni et al. (2000).  So to obtain the optimal performance 

merit, the actuator should be placed between two points of opposite curvatures when the 

location of actuator is fixed. 

 

3.6.3 Effect of PZT Location in Model 3 

 

In Model 3, keeping the beam length and actuator length fixed at L = 8mm and LP = 

4mm, the performance merit as a function of the center location of PZT on the beam is shown 

in figure 3.10.  Similar to Model 2, the range of CP is restricted for the fixed value of LP.  As 

seen in figure 3.10, there are two peak values of performance merit when CP is in the range 

of [2mm, 6mm].  The optimal solution can be found when 6.0/ =LCP . The vector plot of 

the amplitude at frequency 65900Hz (3rd resonance frequency for 6.0/ =LCP ) is given in 

figure 3.11(a).  From the blow-up of the amplitude of the part on the beam covered by the 

actuator (figure 3.11(b)), it is shown that when 6.0/ =LCP , the two edges of the actuators 

on the beam corresponding to points of approximately equal curvatures, which again agrees 

with the finding of Barboni et al. (2000).  Therefore, when the length of actuator is fixed, the 
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actuator should be placed between the two points of equal curvatures in order that the 

optimal performance merit can be obtained. 
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Figure 3.10   The performance merit vs. ratio of actuator center location 

                                        to the beam length (CP/L) in Model 3 
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Figure 3.11   Vector plot of amplitudes at frequency 65900Hz at optimal ratio 

                                   6.0/ =LCP  in Model 3 for (a) entire vibrating structure; and  

                                   (b) the part of beam covered by the actuator 
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3.6.4 Effect of boundary conditions in Model 4 

 

In model 4, a 24mm by 12mm bimorph has been designed into the indented shape 

(see figure 3.5).  The dimensions of different parts are: mml 121 = , mml 102 = , mmw 21 = , 

mmw 5.32 =  and mmw 24= .  The thickness of the bimorph is 0.508mm.  This piezoelectric 

actuator can be regarded as a composite structure from several 10mm by 2mm bimorphs.  

Two different boundary conditions were applied and compared in the simulation: 
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Figure 3.12   Harmonic analysis results for two different types of 

                                             boundary conditions in Model 4 
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(1) Type I boundary condition was to fix the structure at surface 0=x .  

(2) Type II boundary condition was to fix the structure at three surfaces: 

0=x , 0=y and wy = . 

Via harmonic analyses, the amplitudes versus the ultrasonic frequencies for these two 

types of boundary condition are obtained and given in figure 3.12.  The peak value of 

amplitude under Type II boundary condition is larger than that under Type I boundary 

condition, indicating that different boundary conditions also affect the performances of the 

vibrating structures as expected. 

 

3.7 CONCLUSIONS 

 

In this study, four different piezoelectric resonating models were investigated using 

FEA software ANSYS.  First, the results of the piezoelectric finite element simulation were 

validated with analytical approaches.  Good agreement instills confidence that the present 

computer simulation method is sufficiently accurate to analyze more complex piezoelectric 

structures.  One performance merit was employed to evaluate the vibration characteristics of 

different actuator models.  By simulation, the effects of actuator length, location of actuator 

as well as boundary conditions were analyzed for these piezoelectric models.  It is shown 

that, for the piezoelectric model with actuator covering the entire structure, the 8mm long 

actuator structure performs better than the 10mm and 6mm ones.  For the models using 

discrete piezoelectric actuators that occupy a relatively small area of structures, the analysis 
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shows that to obtain the optimal performance merit, the actuator should be placed between 

two points of opposite curvatures when the location of actuator is fixed.  In the case of fixed 

actuator length, the actuator should be set between two points of equal curvatures.  Boundary 

conditions of the indented shape structure also have measurable influence on the performance 

of the vibrating structures.  
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CHAPTER 4 
 

EXPERIMENTAL STUDY ON COOLING EFFECTS 

GENERATED BY A NON-SLOT PIEZOELECTRIC 

RESONATOR  

 

4.1 ABSTRACT 

 

In this chapter, cooling effects generated by the vibration of non-slot piezoelectric 

bimorph were experimentally investigated.  The vibration characteristics of the piezoelectric 

structure were simulated by the finite element method.  Cooling effects were measured in 

terms of the temperature drop of the heat source above the vibrating bimorph.  The electric 

field applied on the bimorph and the gap between heat source and actuator were adjusted to 

find out the best cooling result.  Convection heat transfer coefficients generated by the 

bimorph vibration were determined by ANSYS steady state thermal analysis and 

approximate energy balance calculation.  Experimental results show that the vibrating 

piezoelectric bimorph can enhance the convective heat transfer.  The average heat transfer 

coefficients in terms of Nusselt number were correlated as a function of streaming Reynolds 

number as well. 
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4.2 INTRODUCTION 

 

Thermal management technology has been a vital prerequisite for the rapid growth of 

electronic equipment industry.  Decreasing the temperature of a component increases its 

performance as well as reliability.  The primary function of cooling systems for electronic 

equipment is to provide acceptable thermal environment for which the equipment can operate. 

The feasibility of an air stream created by acoustic streaming on a relatively large 

beam actuator as a cooling mechanism for electronic components has been experimentally 

demonstrated (Ro and Loh, 2001).  The experimental setup includes a 50cm long beam 

excited by two piezoelectric actuators connected through mechanical horns at the ends of the 

beam.  The maximum temperature drop of 40°C can be observed when the excitation 

frequency of the beam was tuned to resonance.  However, a successful application of such a 

technique for on-chip cooling is still challenging. 

Among the various available materials for structure actuators, piezoelectric materials 

have attracted significant attention in recent years.  They can undergo mechanical strain 

when subjected to an applied electric field and generate an electric field in response to 

mechanical stresses and strains.  Piezoelectric ceramic actuators have several inherent 

advantages over conventional actuators.  They are inexpensive, space efficient, lightweight 

and they can be easily shaped and bonded to (or embedded in) a variety of surfaces.   
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Bimorph is one of the most useful piezoelectric structures.  Bimorph usually consists 

of two thin piezoelectric layers bonded together, which produces curvature when one ceramic 

layer expands while the other layer contracts.  A center shim is usually laminated between 

the two piezoelectric layers to increase mechanical strength and stiffness, but it also tends to 

reduce motion.  In our work, the brass enforced bending bimorph from Piezo Systems, Inc. 

was employed for cooling experiments. 

In this study, the vibration characteristics of the piezoelectric bimorph structure were 

simulated by the finite element method.  The cooling effects generated by the vibration of 

non-slot piezoelectric bimorph were measured in terms of the temperature drop of the heat 

source above the vibrating bimorph.  Heat transfer coefficients generated by the bimorph 

vibration were determined as well. 

 

4.3 EXPERIMENTAL APPROACHES 

 

4.3.1 Experimental Setup 

 

Figure 4.1 shows the schematic experimental apparatus, which consists of: a 

piezoelectric bimorph actuator from PIEZO Systems; a Function Synthesizer to generate 

sinusoidal signals with certain frequency and amplitude; a power amplifier (Trek model 

50/750) with amplification factor of 100; a heat source; and a thermocouple with a digital 

thermometer for measuring and recording the temperature of the heat source.  The distance 

between the bimorph structure and the heat source is adjusted by four micrometer heads from 
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Starrett Company (see figure 4.2).  The catalogue number of the micrometer head is 263MP 

with range of 0-25mm and graduation of 0.01mm.  In addition, the heat source along with the 

bimorph is put in an enclosure to minimize the ambient effects.  The prototype picture of the 

experimental apparatus is given in figure 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1   Experimental apparatus used to examine cooling effects of bimorph 
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Figure 4.2   Micrometer head from Starrett Company 

 

 

Figure 4.3   Prototype of experimental apparatus 

 

Heat Source.  In the cooling experiments, one commercial cartridge heater from 

Omega (1.25″ long, 0.25″ in diameter, 120v, 75w) together with aluminum block is served as 

a heat source.  Two orientations for heater and aluminum blocked were considered and tested, 

i.e., vertically and horizontally (figure 4.4).  For arrangement (a), the dimensions of the 

aluminum block is 1.2″ (L) by 1.2″ (W) by 1.75″ (T).  The bottom surface area is 1.44 inch2 
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which is the same size as chip* and the total side surface areas are 8.4 inch2.  For arrangement 

(b), the dimensions of the aluminum block is 1.4″ (L) by 1.0″ (W) by 0.4″ (T).  The bottom 

surface area is 1.4 inch2 and the total side surface areas are 1.92 inch2.  It is expected to cool 

down the bottom surface, thus the other five surfaces of the aluminum should be well 

insulated.  One kind of yellow glass cloth was wrapped around the heat source as thermal 

insulator.  However, the heat loss through the side surfaces can not be absolutely avoided.  

To reduce this heat loss, arrangement method (b) is preferred due to smaller side surface 

areas. 

 

Figure 4.4   Orientations of heat source 

                                                 
* http://www.sciencedaily.com/releases/2002/05/020530073010.htm 
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Bimorph Structure.  Bimorph usually consists of two thin ceramic layers bonded 

together.  A center shim (usually metals such as brass, aluminum etc.) is usually laminated 

between the two piezoelectric layers to increase mechanical strength and stiffness.  Bimorph 

with one brass middle shim T215-A4-503X (PIEZO Systems) was chosen to be the actuator 

in the cooling experiments.  The bimorph measures 63.5mm (2.5″) long, 31.8mm (1.25″) 

wide and 0.191mm thick for piezoelectric layer, 0.127mm for brass layer (figure 4.5). 

 

 

 

Figure 4.5   Bimorph bending element from PIEZO Systems 

 

Spectrum Analysis.  To validate the finite element simulation results, the vibration 

amplitudes of the bimorph were measured.  The assembled experimental structure was sine-

swept using a Stanford Research Systems model SR780 network signal analyzer.  The 
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sinusoidal wave signal generated by channel one (A) of signal analyzer was amplified using a 

power amplifier before being supplied to the bimorph.  A dual channel angstrom resolver 

was employed as sensor connecting with channel two (A) of signal analyzer.  By observing 

the transfer function of signals from channel two to channel one, the resonance frequency 

and vibration amplitude can be determined and compared with simulation results.  The 

detailed schematic drawing is shown in figure 4.6. 

 

 

 

Figure 4.6   Schematic drawing of validation experimental set-up 
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4.3.2 Experimental Procedures 

 

The procedures for measurement of cooling effects generated by bimorph vibrations 

can be described as follows. 

(i) Adjust the gap between the heat source and bimorph to a given value; 

(ii) Set the power supply to a given value; 

(iii) Heat the heat source to reach a steady temperature; 

(iv) Adjust the voltage and frequency of Function Synthesizer to generate the 

appropriate sinusoidal wave; 

(v) Turn on the amplifier and start to record the transient variation of the 

temperature of the heat source at the same time. 

The mechanism of cooling effects generated by the bimorph is that the acoustic 

streaming induced by the vibration may enhance the convective heat transfer around the heat 

source.  The acoustic streaming velocity is proportional to the displacement amplitude of the 

vibration wave (Ro and Loh 2001).  Hence, it is required that the bimorph is excited at 

resonances.  The resonance frequency can be determined theoretically by the validated finite 

element analysis. 

In addition, the higher the electric field to the bimorph, the higher the vibration 

amplitude is.  However, for the piezoelectric materials, certain limitation of electric field 

strength is applied.  The electric field necessary to cause sufficient depolarization will create 

extremely undesirable operating conditions with very high dielectric losses and resulting in 



Chapter 4: Experimental Study on Cooling Effects Generated by Non-slot Piezoelectric Resonator 

107 

low efficiency.  The initial depolarization field of the two layer brass reinforced bimorph 

which is used in the cooling experiments is 500v/mm†. 

 

4.3.3 Modeling of Bimorph Vibration 

 

Clearly, the knowledge of vibration characteristics of piezoelectric bimorph is 

important for conducting the aforementioned cooling experiments and analyzing the relevant 

results.  So far, there have been many reports on the analytical equations regarding the 

fundamental resonance frequency and static tip deflection for simple piezoelectric systems, 

such as beams and plates.  However, it is generally impossible to derive the theoretical 

expressions for complex piezoelectric structures.  The finite element analysis (FEA) is an 

alternative and cost-effective tool to perform both static and dynamic analyses for any 

complex systems.  In our work, the vibration characteristics of piezoelectric bimorph were 

simulated using a validated commercial FEA software package ANSYS5.6 with user-

supplied programs (see Chapter 3). 

Two analysis methods which are modal analysis and harmonic analysis were 

performed in the numerical simulation.  Modal analysis is employed to obtain the solution of 

the motion equation of a deformable system.  In the simulation, a reduced method was used 

to perform the modal analysis.  The reduced method uses the HBI (Householder-Bisection-

Inverse iteration) algorithm to calculate the eigenvalues and eigenvectors.  It is relatively fast 

because it works with a small subset of degrees of freedom called a master DOF.  Using the 

                                                 
† www.piezo.com 
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master DOF leads to an exact stiffness matrix but an approximate mass matrix.  The accuracy 

of the results depends on how well the mass matrix is approximated, which in turn depends 

on the number and location of the master DOF.  In our simulation, the master DOF was 

chosen to be in the direction the beam vibrates.  To predict the dynamic behavior of the 

structure, full-method harmonic analysis was employed.  The full-method harmonic analysis 

uses the full system matrices to calculate the harmonic response, where the matrices may be 

symmetric or asymmetric. 

To simulate the bimorph, the piezoelectric actuator patches were constructed using 3-

D Coupled-Field Solid Elements SOLID5 and the middle brass shim was modeled by 

SOLID45.  The element edge length on surface boundaries of 0.4mm, 0.3mm, 0.2mm and 

0.1mm were tested.  Little variation in the parameters of interest, i.e., resonance frequencies 

and dynamic displacements, was observed between the last two smallest grid solutions, so 

the final meshing edge length was 0.2mm to guarantee reasonable accuracy and speed.  The 

fixed-fixed boundary condition was applied by constraining the nodal displacements in 

x , y and z directions at both ends of the beam.  To simulate the electrode surfaces of the 

bimorph actuator, the same level of nodal electrical potential was prescribed at the nodes on 

the surfaces (Lin and Abatan 1994). 

 

4.3.4 Visualization of Flow Patterns 

 

Experimental Apparatus and Design.  In collaboration with John H. Chastain and Dr. 

William L. Roberts, visualization of the air flow pattern between the heat source and bimorph 
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actuator was performed in Dr. Roberts’ lab using laser diagnostic methods.  The piezoelectric 

bimorph was the center piece and the integral part of the experiment.  The bimorph was 

mounted on a stand and clamped down on all four corners.  The heat source was then 

mounted above the bimorph.  The air gap between the heat source and bimorph in the 

experiments was controlled by four micrometer heads. 

The piezoelectric bimorph was operated by a function generator, HP 8904A 

Multifunction synthesizer DC 600 KHz.  The signal used to operate the piezoelectric 

bimorph from the signal generator was 500 millivolts at fundamental resonance frequency. 

The function generator signal was amplified by a Trek HV Power Supply 50/750 Amplifier.  

The camera used in the experiment was a digital camera, Megaplus Camera model ES 1.0, 

and the lens used was a Pentax 50-mm macro lens with a magnification of 1:1. 

The laser used for continual illumination of the seed particles was an Argon laser, 

Spectra Physics Stabilite 2017, operating with a wavelength of 514 nanometers.  The seed 

particles were Micro Grit supplied by Microabrasives Corporation, which were introduced 

into the flow by pressurized air.  The software used to acquire images was XCAP V2.2 by 

EPIX.  The experimental apparatus for air flow visualization is shown in figure 4.7. 

 

Experimental Methods and Implementation.  Particle track velocimetry (PTV) 

method was employed to capture the flow patterns in this study.  The PTV method relies on 

the accurate control of exposure time.  Extended exposure times will allow the camera to 

capture the movement of the particles in one frame.  The particles appear as streaks on the 
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flow trajectories.  The image acquired in this method reveals the quality of the flow.  Further 

analysis provides the quantification of the flow characteristics.   

To begin each experiment the camera and laser were prepared.  The laser required a 

15 minute warm-up time and the camera software had to be initialized.  The camera had to be 

focused on the laser sheet for every case.  With the laser and the camera focused and ready, 

the software was set to acquire images.  The setup of the camera involved setting the 

exposure time and adjusting the aperture setting on the lens. 

The exposure time needed to be long enough to allow the seed particles to trace out a 

streak to describe the trajectories in the induced air flow field.  The particle streaks could not 

be too short as this would not sufficiently describe the air flow trajectories.  Particle streaks 

that were too long did not clearly describe the air flow trajectories.  The chosen exposure 

time also represents some multiple of the cycle time.  This allows the image to represent a 

certain number of cycles in the vibration of the piezoelectric bimorph.  The image acquisition 

software used for this experiment allowed accurate and repeatable selection of exposure time. 

The continuous Argon laser used to illuminate the particles was successful in this application. 
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Figure 4.7   Experimental setup for air flow visualization 
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4.3.5 Calculation of Heat Transfer Coefficient 

 

In order to evaluate the heat transfer capability generated by the vibration of PZT 

bimorph, the calculation of heat transfer coefficient is necessary.  There are two approaches 

to calculate the heat transfer coefficient.  One is via the steady heat transfer analysis in the 

aluminum block (see figure 4.8), and the other is by the approximate analysis of steady heat 

balance between the heat source and the ambient air. 

 

Figure 4.8   Coordinates for aluminum block 

 

The steady heat conduction equation for the aluminum block can be expressed as 

(Arpaci et al. 1999): 
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where k is the thermal conductivity of aluminum, u ′′′  is the rate of internal energy generation 

per unit volume of the heater.  The boundary conditions are: 
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Where h  is the convection heat transfer coefficient between the heat source and bimorph.  

∞T  is the air temperature and wT  is the temperature of the bottom surface of heat source. 

Although the glass cloth is wrapped around the heat source as thermal insulator, the 

heat loss through the side surfaces can not be avoided.  The boundary conditions on the side 

surfaces of aluminum block can be written as: 

                                                         )( ∞−=
∂
∂− TTh

n
Tk ss                                                     (4.3) 

where n  is the normal direction of the side surfaces, sh  is the heat loss coefficient which can 

be determined experimentally.  sT  is the side surface temperature. 

Obviously, once we know the heat transfer coefficient h  at the bottom, the 

temperature distribution can be obtained by Eq. (4.1).  Conversely, we can also calculate h  

by the measured temperature wT . The procedure is: 

(1) Assuming a value of h , calculate temperature distribution and wT  

(2) Compare the calculated wT  with the measured one, if the accuracy is acceptable, 

final h  is achieved. Otherwise adjust the h  value and repeat (1). 

The difference between the heat transfer coefficients with or without bimorph vibration is 

termed as enhanced convection heat transfer coefficient of vibrating bimorph. 

The solution to Eq. (4.1) with the boundary conditions was carried out employing 

commercial FEA software ANSYS5.7.  In our system, the thermal conductivities of 

aluminum and copper (inside cartridge heater) are 178 and 380 w/m⋅K, respectively.  In 

ANSYS steady-state thermal analysis, thermal analysis element SOLID70 was used to model 

the heat source.  The element has eight nodes with a single degree of freedom at each node.  
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Heat transfer coefficient can also be calculated by approximating the steady heat 

balance between the heat source and the ambient air.  Because the heat conductivity of 

aluminum and copper is large, it can be assumed the temperature difference inside the 

aluminum block is negligible, thus the temperature inside the aluminum block is equal to the 

temperature of the bottom surface of heat source wT .  The energy balance between the heat 

source and the ambient air gives  

                                        qTTAhTThA wsideswbottom ′′′=−+− ∞∞ )()(                                        (4.4) 

Hence,  
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wsides                                                   (4.5) 

where bottomA  and sideA  are the areas of the bottom and the sides of the heat source, 

respectively, and q ′′′  is the power applied to the heat source. 

Once the average heat transfer coefficient is obtained, the mean Nusselt number can 

be determined as 

                                                                khNu /)( δ=                                                          (4.6) 

where δ  is the gap size between the bottom of the heat source and the bimorph surface 

without vibration.  The values of Nusselt number indicate the capacity of heat transfer. 
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4.4 RESULTS AND DISSCUSION 

 

4.4.1 Vibration Characteristics of Non-Slot Bimorph 

 

The detailed vibration characteristics of non-slot PZT-5A bimorph have been 

simulated for different applied electric fields.  The piezoelectric properties for PZT-5A (PSI-

5A-4E, Piezo Systems, Cambridge, MA) were obtained from Morris and Forster (2000).  The 

complete, three-dimensional piezoelectric properties for PZT-5A are presented in table 4.1 

for an element poled along the z-axis.  The non-piezoelectric layer is brass with Young’s 

modulus of 11e10Pa and Poisson’s ratio of 0.35. 

 

Table 4.1   Piezoelectric properties for PZT-5A 

  Properties 
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As mentioned before, to achieve the maximum vibration amplitude, it is required that 

the structure is excited at its resonance.  To locate the resonance frequencies and 

corresponding mode shapes for the non-slot bimorph (bimorph without any slots), MODAL 

analysis in ANSYS was carried out.  Modal analysis is the most fundamental of all dynamic 

analyses and is generally the starting point for other more detailed dynamic analyses.  The 

modal solution shows the fundamental resonance frequency at 280Hz.  The first and second 

bending mode shapes for the non-slot bimorph are given in figure 4.9.  Colors on the mode 

shapes represent the vibration amplitude on different points; red is the maximum and blue is 

the minimum.  For the mode shape of fundamental resonance frequency, the maximum 

amplitude occurs at the edges in the middle symmetrically. 

 

 

 

 

Harmonic analysis is used to predict the dynamic behavior of the structure.  Three 

points were chosen to investigate the vibration properties, which are shown by stars in figure 

Figure 4.9   Mode shapes from first and second resonance 

frequency for the non-slot bimorph ( HzfHzf 12022,2801 == ) 
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4.10.  HT is the total thickness of the bimorph tbtpHT +∗= 2 .  All three points are on the 

top surface of the bimorph.  Under the electric field of 200v/mm, the dynamic amplitude vs. 

frequency in (100Hz, 400Hz) is given in figure 4.11.  In figure 4.11, there is a peak value of 

amplitude which corresponds to the fundamental resonance frequency of the bimorph.  

Because of the structural symmetry, the dynamic behaviors of the left middle point and right 

middle point are identical, with the maximum deflection of 186µm at 280Hz.  When the 

bimorph is excited, the vibration induces circular bulk airflow called acoustic streaming near 

the vibrating surface which can enhance the convective heat transfer rate.  The acoustic 

streaming velocity is proportional to the product of the frequency and displacement 

amplitude of the vibration wave.  The product of natural frequency and dynamic vibration 

amplitude can be chosen to be the performance merit to evaluate the cooling effect by the 

piezoelectric structure vibration (Tao et al. 2003). Actually, it is the characteristic surface 

velocity. So for the non-slot bimorph, the performance merit is 221.5280)6186( −=×− ee . 

As mentioned in chapter 3, finite element results agree well with the theoretical 

results for piezoelectric cantilevers.  The comparison of simulation with experiment for non-

slot bimorph is given in figure 4.12 which again validates the simulation results by ANSYS. 
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Figure 4.11   Dynamic behavior of the non-slot bimorph 
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Figure 4.12   Validation of ANSYS results with experiment 

 

4.4.2 Visualization of Flow Patterns 

 

The results for the visualization experiment were images of the air flow field induced 

by the vibrating piezoelectric bimorph.  The flow patterns between the heat source and the 

vibrating non-slot bimorph were analyzed for three different gap sizes.  No power was 

applied to the heat source.  For each gap size five images were acquired, which reveals the 

nature of the flow pattern. 

Preliminary interpretation reveals that the flow field around the bimorph is laminar.  

The flow around the bimorph with no slot did not show any circular flow patterns.  The flow 
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did show a clear pattern where the particle streaks originated in the center and flowed upward 

away from the bimorph and toward the outside of the bimorph. 

Figure 4.13 describes the flow surrounding the non-slot piezoelectric bimorph.  The 

seeding used in this case was the micro-grit.  The gap dimension was three millimeters.  The 

exposure time was 321 milliseconds.  It is interesting to note the vertical trajectories in the 

center of the bimorph.  The trajectories towards the sides of the bimorph tend to flow upward 

and away from the center. 

Figure 4.14 shows the same descriptive flow shown in figure 4.13.  This image was 

taken with an exposure time of 321 milliseconds.  The micro-grit was used as seeding.  The 

gap dimension in this case was two millimeters.  In this case the flow is primarily horizontal.  

The flow in the direct center of the bimorph flows vertically.  Flow across the upper plate 

would have a greater impact on the convective heat transfer. 

However, when the gap size was further reduced to one millimeter, the analysis of the 

flow in the gap was difficult to perform due to the small gap (see figure 4.15). 

In summary, the above visualization clearly shows that the vortical streaming 

(acoustic streaming) can be induced by the bimorph vibration, which may enhance the heat 

transfer between the heat source and its surrounding air.  This phenomenon is consistent with 

the numerical simulation results of Wan and Kuznetsov (2003). 
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Figure 4.13   Flow pattern for non-slot bimorph (Gap=3mm) 

 

 

Figure 4.14   Flow pattern for non-slot bimorph (Gap=2mm) 
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Figure 4.15   Flow pattern for non-slot bimorph (Gap=1mm) 

 

4.4.3 Cooling Experiment Results 

 

Piezoelectric bimorph structure was tested for cooling effects.  To obtain the 

maximum vibration amplitude or surface speed, the structure was excited at the fundamental 

resonance frequency according to ANSYS numerical simulation results.  In the experiments, 

under different electric field strength, the transient temperature variations of heat source were 

recorded after turning on the actuator (see figure 4.16). 

It can also be seen from figure 4.16 that the temperature drops fast in five minutes 

after activating bimorph and after half an hour, the temperature of the heat source is nearly 

stable.  Hence, two sets of recorded temperature data, i.e., temperatures at 5 minutes after 

turning on the actuator and 30 minutes later, are mainly used for the following analyses. 
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Figure 4.16   Cooling processes at different electric fields for non-slot bimorph 

 

There are several important factors which affect the cooling effects of bimorph, 

including the electric signal that is applied on the piezoelectric elements, the dimensions of 

setup and the power supply to the heat source.  In the experiment, the activation frequency of 

bimorph is set at the first resonance frequency and the power supply is fixed at certain value, 

say 3.12w.  So electric field and gap between heat source and bimorph are two variables to 

influence the cooling. 

With fixed gap at 600µm, the temperature drops under different electric fields varied 

from 250v/mm to 450v/mm at the excitation frequency of 280 Hz (fundamental resonance 

frequency) are given in figure 4.17. 

 



Chapter 4: Experimental Study on Cooling Effects Generated by Non-slot Piezoelectric Resonator 

124 

0

5

10

15

20

25

200 250 300 350 400 450 500

Electric field (v/mm)

Te
m

pe
ra

tu
re

 d
ro

p 
(°

C
)

5 min. later
30 min. later

 

Figure 4.17   Temperature Drop vs. Electric Field for non-slot bimorph 

 

It can be seen from figure 4.17 that with the increase of electric field strength, the 

temperature drop increases first nearly linearly then tends to be saturated as the electric field 

closes to initial depolarization field.  Another phenomenon is that the difference between 

temperature drops due to half an hour’s operation and 5 minutes’ operation is not trivial, 

which means that a large thermal mass exists in the heat source.  The maximum temperature 

drops under the experimental conditions are 21°C and 12.2°C when the electric field is 

450v/mm after half an hour and 5 minutes of operation, respectively. 

The cooling effects versus electric field for non-slot bimorph at the gap sizes of 

700µm and 800µm are given in figure 4.18, including the gap of 600µm case for comparison.  

With the increase of electric field strength, the vibration amplitude increases, hence 

generating better cooling results.  Also, with the gap size changes from 600µm to 800µm, the 

temperature drops under the same electric field increase. 
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Non-slot Bimorph (Half an hour later)

0

5

10

15

20

25

30

200 300 400 500

Electric Field (v/mm)

Te
m

pe
ra

tu
re

 D
ro

p 
(°

C
)

Gap = 600 microns

Gap = 700 microns

Gap = 800 microns

 

Figure 4.18   Temperature drop vs. electric field for different gaps 
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Figure 4.19   Temperature drop vs. Gap for non-slot bimorph 

 

To find out the optimal gap which brings the maximum temperature drop, the 

bimorph was actuated by 450v/mm at gap varied from 600µm to 1mm.  The result is given in 

figure 4.19.  At the gap of 800µm, the temperature drop is 18.1°C after 5 minutes of 

operation and 25.9°C after half an hour of operation, which is the best case. 

 

4.4.4 Heat Transfer without Vibration 

 

Without turning on the actuator, the heat transfer between the bimorph and heat 

source may be dominated by natural convection and heat conduction.  The heat transfer 
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capacity via natural convection in a channel is related to the Grashof number, which is 

defined as the ratio of thermal buoyancy force to viscous force, i.e., 

                                                           2

3

ν
δβ ⋅∆⋅⋅= TgGr                                                     (4.7) 

where: β  is coefficient of expansion, g  is gravitational acceleration, T∆ is temperature 

difference, δ is characteristic length (gap), and ν is kinematic viscosity. 

Let us consider, for example, a typical heat transfer without vibration in experiments. 

The bulk temperature (the average temperature of the air) is 20°C, the temperature of the 

bottom surface of heat source is 80°C; and the mean temperature mT  is 502)8020( =+ °C.  

Substituting 81.9=g , mT1=β , 61095.17 −×=ν m2/s, and gap 500=δ µm into Equation 

(4.7), the Grashof number is 0.71.  Clearly, the Grashof number is so small that the heat 

transfer in the gap mainly depends on the air conduction in the present experiments.  For pure 

heat conduction, Nusselt number is unity (Nusselt number is proportional to the ratio of total 

heat transfer to conductive heat transfer). The heat transfer coefficient ( h ) can be expressed 

as: 

                                                                      
δ
kh =                                                               (4.8) 

where k  is thermal conductivity of air. 

The variations of initial steady temperature of the heat source (i.e., the steady 

temperature of heat source without vibrations) versus the gap between the heat source and 

bimorph have also confirmed that the heat transfer in the gap is mainly dominated by 

conduction, and the heat transfer coefficient is inversely proportional to the gap.  As given in 
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Table 4.2, with the increase of the gap, the initial steady temperature of the heat source 

increases with the same power supply.  This can be attributed to the decreasing heat transfer 

coefficient α  with an increasing gap δ .  The lower heat transfer capability results in a 

higher initial stable temperature of heat source. 

Table 4.2   Initial Steady Temperature for Non-Slot Bimorph 

GAP (µm) INITIAL STEADY TEMP. 

600 87.2 

700 89 

800 92 

900 93.4 

1000 95.3 

 

4.4.5 Heat Transfer Coefficient 

 

ANSYS steady-state thermal analysis method (see Section 4.3.4) was employed to 

simulate the temperature distribution and determine the heat transfer coefficient.  From figure 

4.18, it is found that for the non-slot bimorph, when the gap is 800µm, actuation signal 

frequency is set at 280Hz, and the temperature of the heat source can be dropped from 92°C 

to 66.1°C with 25.9°C as the cooling effect.  ANSYS simulation results in figure 4.20 show 

that when the heat transfer coefficients on the bottom surface are 32w/m2K and 66.5w/m2K, 

the temperatures of the heat source are 91.8°C (figure 4.20(a)) and 65.9°C (figure 4.20(b)), 

respectively, which are quite similar to the experimental results.  The heat loss coefficient 

( sh ) for the side surfaces is 6.7w/m2K obtained experimentally.  This result tells us that when 



Chapter 4: Experimental Study on Cooling Effects Generated by Non-slot Piezoelectric Resonator 

129 

the temperature drop is about 25.9°C, the heat transfer coefficient can be enhanced by 34.5 

W/m2K.  As expected, temperature in the vicinity of the cylindrical heater is the highest (Fig. 

4.20) and the heat dissipates from the heater as shown in Fig. 4.21. 

 

 

 

Figure 4.20   Temperature distributions in the heat source 

(a) 

(b) 
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Figure 4.21   Heat flux in heat source 

 

It can also be observed from figure 4.20 that the temperature difference inside the 

aluminum block (heat source) is below 0.3°C due to the large thermal conductivity of the 

metal, which also confirms that the lumped energy balance analysis is also appropriate to 

calculate the heat transfer coefficients (see Section 4.3.4).  For the aforementioned case, the 

calculated heat transfer coefficient with bimorph vibration based on Eq. (4.5) is about 67.4 

W/m2K, which is very close to the result from ANASYS simulation.  In addition, the 

estimated heat transfer coefficient for the above case without vibration is about 31.4 

according to Eq. (4.8), which is also very similar to the value obtained by ANASYS 

simulation.  Hence, in the following analyses, Eq. (4.5) is employed to calculate the heat 

transfer coefficient between the heat source and the vibrating bimorph.  The heat conduction 

is assumed to be the dominant heat transfer mechanism in the channel without vibration.  



Chapter 4: Experimental Study on Cooling Effects Generated by Non-slot Piezoelectric Resonator 

131 

As we know, the initial steady temperature of the heat source is proportional to the 

power intensity imposed on the heater.  Moreover, the temperature drop induced by the 

acoustic streaming increases with an increasing initial steady temperature.  So how does the 

steady initial temperature influence the heat transfer capacity of the acoustic streaming 

generated by appropriate bimorph vibrations?  Figure 4.22 shows the variation of heat 

transfer coefficients vs. the power intensity given to the heater.  Clearly, the initial 

temperature of heat source or the heat generation rate of heat source almost has no effects on 

the heat transfer capacity of the acoustic streaming. 
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Figure 4.22   Effect of power supply to the heat source on heat transfer capability 

 

As discussed, the cooling effects of the acoustic streaming are related to the vibration 

amplitude of the bimorph.  Figure 4.23 shows the variations of heat transfer coefficient h vs. 

the vibration amplitude for different channel heights (i.e., the gap).  As expected, the h 
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increases with the increase of vibration amplitude because the acoustic streaming velocity is 

proportional to the sound wave intensity, i.e., the vibration amplitude.  Of interest is the 

effect of the changing gap on the heat transfer coefficient.  For the vibrations with relatively 

small amplitudes, the heat transfer coefficients decrease with the increase of the gap because 

the velocities of acoustic streaming near the heat source with a large gap may be lower than 

those with a small gap when the vibration amplitude is fixed.  However, when the gap is 

close to the vibration amplitude, the heat transfer capacity of acoustic streaming may also 

decrease due to the flow blockage of the fresh, cool air outside the channel.  Figure 4.24 

depicts the variation of h as a function of the ratio of the gap to the vibration amplitude (δ/A).  

The maximum heat transport occurs when δ/A≈ 1.7.  When δ/A>5, the cooling effects of the 

acoustic streaming will be very minimal. 
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Figure 4.23   Heat transfer coefficient vs. vibration amplitude for non-slot bimorph 
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Figure 4.24   Variation of heat transfer coefficient vs. the ratio of gap to  

                                        vibration amplitude for the non-slot bimorph 

 

Figure 4.25 shows the mean Nusselt number (Nu) as a function of the streaming 

Reynolds number (Re).  The streaming Reynolds number (Re) is defined as 

                                                               νδ /Re ∞=U                                                           (4.9) 

where U∞ is the velocity amplitude in the sound wave given as (Gopinsth and Mills, 1993): 

                                                                  AU ω=∞                                                             (4.10) 

The correlation between Nu-number and Re-number can be expressed as 

                                              7Re2Re694.0 61.0 <<=Nu                                          (4.11) 
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with R-square of 0.98.  The enhancement of heat transfer between the heat source and the 

non-slot bimorph can be up to 210% with the acoustic streaming generated by the bimorph 

vibration in the present experimental studies. 
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Figure 4.25   Variation of Nusselt numbers as a function of Reynolds  

                                          numbers for non-slot bimorph 

 

4.5 CONCLUSIONS 

 

Experiments were conducted to investigate the cooling effects of non-slot 

piezoelectric bimorph.  To obtain the maximum vibration amplitude, the actuation signal 

frequency was set at the bimorph’s fundamental resonance frequency, which can be 

determined by the validated finite element analysis.  The combination of two variables, i.e., 

electric field applied on the bimorph and the gap between heat source and actuator, was 
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adjusted to find out the best cooling effect.  Air flow patterns in the channel between heat 

source and bimorph actuator were visualized using particle tracking velocimetry (PTV).  

Distinct vortical flow can be observed in the channel between the heat source and vibrating 

bimorph.  Heat transfer coefficient generated by the bimorph vibration was determined by 

ANSYS steady state thermal analysis and approximate energy balance calculation.  It is 

shown that there exists an optimal gap which brings the maximum temperature drop and the 

cooling effect increases with the electric field strength.  The enhancement of heat transfer 

between the heat source and the non-slot bimorph can be up to 210% with the acoustic 

streaming generated by the bimorph vibration in the present experimental studies. 
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CHAPTER 5 
 

EXPERIMENTAL STUDY ON COOLING EFFFECTS 

GENERATED BY SLOTTED PIEZOELECTRIC 

BIMORPHS  

 

5.1 ABSTRACT 

 

To further enhance convective heat transfer generated by the piezoelectric bimorph, 

different actuator structures were designed and experimentally investigated.  Slots were 

introduced to enhance the heat transfer capability of vibrating bimorphs.  Cooling effects 

were measured by the temperature drops of the heat source above the actuator.  Based on the 

experimental data, empirical formulae were generated to quantitatively determine the 

influences of different factors to the cooling effect.  Air flow patterns in the channel between 

heat source and bimorph actuator were visualized using particle tracking velocimetry (PTV).  

It is found that the cooling performance depends on the size and locations of the slots. 
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5.2 INTRODUCTION 

 

In the previous chapter, it is found that the vibrating piezoelectric bimorph can 

enhance the heat transfer.  To further improve the heat transfer capability, different actuator 

structures were designed and experimentally investigated.  Specifically, slots with different 

sizes and numbers were introduced to the bimorph.  Based on the experimental data, 

empirical formulae were generated to quantitatively determine the influences of different 

factors, i.e., electric signal and geometric dimensions, to the cooling effect.  The air flow 

patterns surrounding the piezoelectric bimorphs in operation under different gap size between 

heat source and bimorph actuator were also visualized using laser diagnostic methods.  

Compared to the non-slot bimorph, it is found that the size and locations of slots are 

important in cooling enhancement. 

 

5.3 METHODS 

5.3.1 Experimental Setup 

 

The setup for the cooling experiment for the slotted bimorph is the same as the non-

slot case shown in figure 4.2 except for different actuator structures (figure 5.1).  The 

experimental apparatus includes multi-function synthesizer, power amplifier, heat source, 

thermometer, thermocouple, four micrometer heads and an enclosure.  The gap between the 

aluminum block (or heat source) and bimorph is adjustable. 

 



Chapter 5: Experimental Study on Cooling Effects Generated by Slotted Piezoelectric Bimorphs 

138 

 

Figure 5.1   Slotted bimorph with fixture 

 

5.3.2 Bimorph Structures 

 

For comparison, the same type of bimorph from Piezo Systems, i.e., bimorph with 

one brass middle shim, was chosen to be the actuator in the cooling experiments.  The 

bimorph measures 63.5mm long, 31.8mm wide, 0.191mm thick for piezoelectric layer, and 

0.127mm thick for brass layer. 

Different actuator designs were considered to enhance the cooling effects.  Slots were 

introduced to alter the flow pattern generated by the vibration in the small gap between the 

bimorph and heat source and heat convection coefficient.  Piezoelectric bimorph with 

different number of slots, say, one, two and four slots, were designed by Autocad and laser-

cut with good tolerance.  To guarantee an equitable comparison between all piezoelectric 

materials used in the experiments, the total width of slots is fixed at 4mm.  Figure 5.2 shows 

the designs for bimorph with one, two and four slots associated with the geometric 

parameters. 
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Figure 5.2   Bimorph Structures with One, Two and Four Slots 

 

In the figure, tb and tp are thickness for the brass layer and piezoelectric batch, 

respectively.  L is the length of the bimorph, W the width, Ls the length of the slot, and Ws 

the width of the slot.  L_edge and W_edge are the edge sizes in two directions.  

 

5.3.3 Procedures 

 

The vibration characteristics of slotted bimorphs were first simulated by the finite 

element method.  Fundamental resonance frequencies were determined by Modal analyses.  

The aluminum block with cartridge heater was heated to reach a steady temperature with 
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certain rating of power supply.  By using function synthesizer and power amplifier, the 

sinusoidal signals with fundamental resonance frequency and different electric field strength 

were generated as inputs to the slotted bimorph actuators.  The transient temperature changes 

were then recorded.   

 

5.4 VIBRATION CHARACTERISTICS OF SLOTTED BIMOPHRS 

 

Both modal analysis and harmonic analysis were performed for the numerical 

simulation of vibrating one-slot, two-slot and four-slot bimorphs.  Modal analysis was 

employed to obtain the solution of the motion equation of a deformable system.  In the 

simulation, a reduced method was used to perform the modal analysis with the master DOF 

to be in the direction the beam vibrates.  Full-method harmonic analysis was employed to 

predict the dynamic behavior of the structures.  

To simulate the bimorphs, the piezoelectric actuator patches were constructed using 

3-D Coupled-Field Solid Elements SOLID5 and the middle brass shim was modeled by 

SOLID45.  The element edge length on surface boundaries was chosen to be 0.2mm.  The 

fixed-fixed boundary condition was applied by constraining the nodal displacements in x , y  

and z directions at both ends of the beam.  To simulate the electrode surfaces of the bimorph 

actuator, the same level of nodal electrical potential was prescribed at the nodes on the 

surfaces.  The piezoelectric properties for PZT-5A (PSI-5A-4E, Piezo Systems, Cambridge, 

MA) are listed in Table 4.1.  The non-piezoelectric layer is brass with Young’s modulus of 

11e10Pa and Poisson’s ratio of 0.35. 
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5.4.1 Bimorph with One Slot 

 

The bimorph actuators are excited at their resonances to achieve the maximum 

vibration amplitude, hence strengthening their cooling effect.  To locate the resonance 

frequencies and corresponding mode shapes, Modal analysis in ANSYS was carried out.  The 

first four bending mode shapes for the bimorph with one slot are given in figure 5.3.  

Observing the mode shape from the fundamental resonance frequency, the maximum 

amplitude exists in the middle of bimorph with red color on the plot. 

In the harmonic analysis, the frequency varies from 100Hz to 400Hz.  Two points at 

(W/4, L/2, HT) and (W/4, L/4, HT) on top surface of the bimorph (see figure 5.4) were 

selected to check the vibration characteristics, which is shown in figure 5.5.  The peak 

amplitude is about 195µm at 276Hz, resulting in 238.5 −e  as performance merit (product of 

natural frequency and dynamic vibration amplitude) versus 221.5 −e  for non-slot bimorph. 
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Figure 5.3   First four mode shapes for bimorph with one slot 

( HzfHzfHzfHzf 3872,2326,1182,276 4321 ==== ) 
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Figure 5.4   Locations of selected points for harmonic    

       analysis of bimorph with one slot 
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Figure 5.5   Dynamic behavior of bimorph with one slot 
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5.4.2 Bimorph with Two Slots 

 

Two 2mm wide slots were cut on the bimorph resulting in three connected bimorph 

beams.  The first and second bending mode shapes for bimorph with two slots are shown in 

figure 5.6.  The vibration amplitudes in the middle of left and right beams are higher than 

those of the middle beam.  For the three points with the exact same locations as those in non-

slot bimorph (W/2, L/2, HT), (W/4, L/2, HT), (3W/4, L/2, HT) (see figure 4.7), the harmonic 

analysis results are given in figure 5.7 for the frequency between 100Hz and 400Hz. 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 5.6   First and second mode shape for the 

bimorph with two slots 

( )1170,270 21 HzfHzf ==  
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Figure 5.7 shows that the maximum amplitudes of middle points on left and right 

beam at 270Hz are 220µm.  Compared to the non-slot bimorph, the fundamental resonance 

frequency of 270Hz is a little lower than 280Hz due to the slots.  The mass of the bimorph 

structure decreases and hence the bimorph is relatively easier to resonate at its intrinsic 

frequency.  Using the performance merit defined as before, the performance merit for the 

bimorph with two slots is 294.5270)6220( −=×− ee . 

 

5.4.3 Bimorph with Four Slots 

 

Four 1mm wide slots make the bimorph much more complicated.  Five connected 

beams vibrate separately because of certain independency and constrain each other by 

Figure 5.7   Dynamic behavior of the bimorph with two slots 
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connection at the ends.  The bending mode shapes in figure 5.8 show that the maximum 

amplitude occurs at the middle of the most left and right beams at the fundamental resonance 

frequency.  Because of different vibration status including vertical bending, lateral bending 

and torsion, the first bending mode corresponds to the first mode shape, the second bending 

mode corresponds to the sixth mode shape and the third bending mode corresponds to the 

eleventh mode shape of the structure.  This indicates that the first ten natural frequencies are 

very close together.  Only a slight change in the magnitude of excitation would cause the 

system to vibrate at the next natural frequency and therefore cause a dramatic change in the 

mode of vibration.  

 
 
 

 
 

Figure 5.8   First four mode shapes for bimorph with four slots 

( HzfHzfHzfHzf 3716,2256,1162,270 4321 ==== ) 
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Three points as shown in figure 5.9 were chosen to investigate the vibration 

properties.  The harmonic analysis results are given in figure 5.10.  For the middle points of 

left most and right most beams, the amplitude is 204µm at 267Hz and the performance merit 

is 5.4e-2. 
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5.4.4 Average Amplitude and Total Amplitude 

 

As indicated before, the dimension of the bimorph is 63.5mm by 31.8mm by 0.51mm.  

In the cooling experiment, one aluminum block (35.6mm by 25.4mm by 10mm) with a 

commercial cartridge heater was used as heat source to test the cooling efficiency of bimorph 

actuation.  The heat source was located above the bimorph so that there is an adjustable gap 

between the heat source and bimorph.  The schematic experimental setup is shown in figure 

4.2.  The top view of heat source and bimorph is given in figure 5.11.  The covered area of 

the bimorph by the heat source is in the center, denoted by ℜ. 

 

Figure 5.10   Dynamic behavior of the bimorph with four slots 
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(a) 
 
 
 
 
 
 
 
 
 

                                   (b)                                                            (c) 
 
 
 
 
 
 
 

 

To compare different piezoelectric structures, not only the maximum amplitude, but 

also the average amplitude and total amplitude should be considered.  Average amplitude can 

be defined as: 

                                                             
S

A
A total

average =                                                           (5.1) 

Where: totalA  is the total amplitude of nodes on ℜ; 

              S  is the bimorph area of ℜ 

Heat source Bimorph 

ℜ Slotsℜ

Figure 5.11   (a) Top view of the heat source and bimorph 

                      (b) Covered area of non-slot bimorph 

                      (c) Covered area of bimorph with two slots 
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From ANSYS harmonic analysis, amplitudes of nodes on the top surface of bimorph 

can be obtained.  To calculate the total amplitude, the covered part of the bimorph ℜ is 

meshed into numerous elements.  The amplitude of the middle point in each element can be 

calculated as follows. 

(1) Find four nearest neighbor from the ANSYS nodes; 

(2) Calculate the middle point amplitude based on inverse distance weighting 

interpolation.  The weighting function can be chosen as: 

                                                                pd
w 1=                                                             (5.2) 

with 0>p . The most common choice is 2=p . So 
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A                                                    (5.3) 

Where: niA ’s are the amplitude of the nearest four neighbors, id  is the distance from the 

middle point to the neighbor i .  Then the total amplitude is: 

                                                        ∑= elementmiddletotal SAA                                                   (5.4) 

Here elementS  is the area of each element.  

As shown before, by introducing two slots in the bimorph, the maximum amplitude 

has increased, resulting in a larger performance merit compared to non-slot bimorph.  But the 

effective area of the bimorph which participates in the cooling work has also been reduced, 

which motivates us to compare not only the maximum amplitude but also the average 

amplitude on ℜ.  According to the definition mentioned before, the average amplitudes for 
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the non-slot bimorph and bimorph with two slots are given in Figure 5.12.  The maximum 

average amplitude for the non-slot bimorph is 135µm at 280Hz, while it is 152µm at 270Hz 

for the bimorph with two slots.  This means that by introducing the slots, the average 

amplitude may slightly be improved. 

 
 

 

 

Figure 5.12   Average vibration amplitude  

                                                        (a) Non-slot bimorph (b) Bimorph with two slots 

 

(a)

(b)
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5.5 COOLING EFFEECTS GENERATED BY SLOTTED BIMORPH 
VIBARTIONS 

 
5.5.1 Temperature Drop 

 

Different bimorph structures were tested for cooling effects.  To obtain the maximum 

vibration amplitude or surface speed, all structures were excited at their own fundamental 

resonance frequencies based on ANSYS numerical simulation results.  Two sets of 

temperature data, i.e., temperatures at 5 minutes after turning on the actuator and 30 minutes 

later, were recorded for comparison.   
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Figure 5.13   Temperature Drop vs. Electric Fields for bimorph with one slot 

Figure 5.13 depicts the temperature drops induced by the vibration of one-slot under 

different electric fields at the excitation frequency of 276 Hz (fundamental resonance 

frequency) and the gap of 600µm.  By comparing with results in figure 4.15, it shows that 

under the same experimental conditions, by cutting one slot, the temperature drops are 
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increased with the maximum reaching 22.5°C under the electric field of 450v/mm.  This may 

be because the introduction of slots can enhance the convective heat transfer in the channel.  

As shown in figure 5.14, the presence of slots may result in effective mixing of fresh cooling 

air outside the bimorph with the air inside the channel.  Torri et al. (1998) have investigated 

both theoretically and experimentally the thermal-fluid flow over both sides of a slot-

perforated flat surface, which is placed in a 2-D channel.  They found that an alternate 

crossing of flow from one side of the plate to the other occurs through the slot, and the 

resulting change in the fluid flow disturbs the thermal boundary layer formed along the plate.  

This induces the mixing of the upper and lower streams of the plate downstream from the slot, 

which may result in an amplification of heat transfer performance.  The enhancement of heat 

transfer by the existence of slots is affected by a combination of streaming Reynolds number 

and the ratio of slot width to the plate thickness. 

 

Figure 5.14   Heat exchange in the bimorph with slots 
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To check the effect of slot size and number on cooling, the same heat source was 

utilized and the bimorph with two slots was excited at its fundamental resonance frequency.  

The gap was kept at 600µm.  Two sets of data were recorded for 5 minutes and 30 minutes of 

actuation.  From figure 5.15, it is shown that the maximum temperature drop for bimorph 

with two slots is 17.1°C after 5 minutes of operation at electric field of 450v/mm and 26.4°C 

after half an hour.  Again, the cooling effect is better with the increase in the electric field. 
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Figure 5.15   Temperature Drop vs. Electric Fields for bimorph with two slots 

 

To observe much more clearly the comparison results, clustered column plots are 

given in figure 5.16 for non-slot bimorph and bimorph with two slots.   Two things can be 

obtained.  One is that by introducing slots to the bimorph structure, the cooling capability is 

improved, which indicates that the convective heat transfer between the heat source and 

bimorph can be enhanced with the presence of slots (Torri et al., 1998; Torii and Yang 2002).  



Chapter 5: Experimental Study on Cooling Effects Generated by Slotted Piezoelectric Bimorphs 

156 

The other is that the difference of temperature drop between the two structures is increased 

by increasing the electric field or vibration amplitudes. 

Comparison Results (5 minuters later)
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Comparison Results (30 minutes later)
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Figure 5.16   Comparison of temperature drop 

                  (a) 5 minutes later; (b) Half an hour later 
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The cooling effects are different for bimorphs with different number of slots, which is 

clear in figure 5.13 and 5.15.  The bimorph with two slots is better than one slot case.  As 

mentioned before, the total width of slots is kept at 4mm for equitable comparison.  However, 

from figure 5.3 and 5.6, it can be seen that the vibration properties of two structures are 

different.  The performance merit of two-slot bimorph is 5.94e-2 vs. 5.38e-2 for one-slot 

structure. 

Another structure in the experiment is bimorph with four narrow slots (see figure 5.2).  

The similar experiment process as other structures was performed, i.e., the bimorph was 

excited at its fundamental resonance frequency then the electric field was varied with certain 

gap between the bimorph and heat source.  When the gap was set at 600µm, the steady 

temperature drops are 8.8°C and 11.1°C at electric field of 300v/mm and 350v/mm 

respectively.  Comparing with the temperature drops caused by non-slot bimorph at the same 

working conditions (electric field and gap), the bimorph with four slots gives worse cooling 

effect, which shows that slots are not always helpful in achieving better cooling.  This less 

efficient cooling result maybe due to the slots which are too narrow to enhance the 

convective heat transfer around the bimorph, but it does change the vibration characteristics 

of bimorph.  Also according to numerical simulation results, for the bimorph with four slots, 

a slight change in the magnitude of excitation would cause the system to vibrate at the next 

natural frequency and therefore cause a dramatic change in the mode of vibration, so the 

cooling effect is very sensitive to the excitation frequency.  Another possible reason may be 

the generation of swirling flow (acoustic streaming) in the channel being influenced by the 

numbers of slots (Details will be discussed in Section 5.5.3). 
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5.5.2 Correlation for Temperature Drops 

 

By comparing the cooling results for different bimorph structures, it is found that the 

bimorph with two slots located as shown in figure 5.2 does the best cooling work.  It is 

expected to establish some empirical formulae for temperature drop of two-slot bimorph, 

hence establishing an empirical relation of cooling with other factors. 

In the cooling experiments, there are several important factors which affect the 

cooling effects of bimorph.  These include the electric signal which is applied on the 

piezoelectric elements, the dimensions of setup and the power supply to the heat source. 

Specifically, to derive the empirical formulae relating cooling capability or temperature drop 

with these factors, the activation frequency of bimorph is set at the first resonance frequency 

to obtain the maximum vibration amplitude, and the power supply is fixed at certain value.  

The independent variables are electric field and the gap between heat source and vibrating 

bimorph.  Under these conditions, the cooling processes in 10 minutes at different gaps when 

the electric field is 300v/mm, 350v/mm and 400v/mm can be found in figures 5.17 to 5.19. 

As mentioned before, two sets of experimental data were recorded for the bimorph 

with two slots.  The electric field varied from 200v/mm to 450v/mm and the gap was from 

500µm to 1mm in the step of 50µm.  The temperature drops vs. the gap at 6 cases of different 

electric field are plotted in figures 5.20 and 5.21. 
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Figure 5.17   Cooling process for two-slot bimorph with electric field of 300v/mm 

Figure 5.18   Cooling process for two-slot bimorph with electric field of 350v/mm
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Temperature Drop for Bimorph with Two Slots
(5 minutes later)
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Figure 5.20   Cooling effect for bimorph with two slots in 5 minutes of operation 
 

 

Figure 5.19   Cooling process for two-slot bimorph with electric field of 400v/mm
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Figure 5.21   Cooling effect for bimorph with two slots in half an hour of operation 
 

To fit the experimental data with models, several things should be considered: 

• The dependent variable: Temperature drop ∆T 

• The independent variables: The electric field E3; the gap between heat source and 

bimorph g 

• With the increase of electric field, the vibration amplitude increases nearly linearly 

• With certain electric field, there is an optimal gap which brings the maximum cooling 

effect 

• There is no cooling effect without electric signal 

• It is assumed that the gap is always greater than vibration amplitude 
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With the above considerations, the following equation can be used to correlate ∆T 

with E3 and g: 

                                                )**(* 2
3 cgbgaET ++−=∆                                               (5.5) 

The negative sign before the second order of gap is to guarantee the maximum value of ∆T 

observed experimentally.  In the model, three parameters, i.e., a, b and c need to be 

determined.  Based on the experimental data, data matching program DataFit was employed 

to find the parameters.  For the first set of data, i.e., temperature drops in 5 minutes of 

operation, 4.261=a , 37.0=b , and 529.9 −−= ec .  In the model, the unit of 3E  is v/m, and 

that of g  is meter.  The model is plotted in figure 5.22.  Also, the matching of the formula to 

the experimental data can be found in figure 5.23.   
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Figure 5.22   Model of cooling results

                       in transient process 

Figure 5.23   Data fit for bimorph with two 

                       slots in transient process 
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Similarly, for the second set of data, the empirical formula is 

                               )576.9*44.0*6.319(* 2
3 −−+−=∆ eggET                                       (5.6) 

The model and matching fit are shown in figure 5.24 and 5.25. 

After fitting the experimental data with the model, the goodness of fitness needs to be 

evaluated.  R-square is one of the statistical values which measures how successful the fit is 

in explaining the variation of the data.  In other words, R-square is the square of the 

correlation between the response values and the predicted response values.  It is defined as: 

                                                         SSTSSER /12 −=                                                        (5.7) 

Where: 

SSE: Sum of Square prediction Errors  ∑ =
−= n

i ii yySSE
1

2)ˆ(  
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Figure 5.24   Model of cooling results

                       in steady process 

Figure 5.25   Data fit for bimorph with two 

                       slots in steady process 
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R-square can take on any value between 0 and 1, with a value closer to 1 indicating a better 

fit. 

To check the goodness of the fitting in the transient cooling data set, an R-square 

value of 0.89 is obtained which means that the fit explains 89% of the total variation in the 

data about the average. R-square is 0.91 for the experimental data in the steady process. 

 

5.5.3 Visualization of Flow Pattern 

 

The visualization experiments as described in Section 4.3.4 were also conducted for 

flows between the heat source and slotted bimorphs in vibration.  Figure 5.26 describes the 

flow surrounding the one-slot piezoelectric bimorph.  The picture was taken with an exposure 

time of 300 milliseconds.  The seeding is hollow glass sphere.  The gap dimension is three 

millimeters.  In this case the direction of the trajectories is primarily vertical.  This may be 

due to the location of the slot in the bimorph.  This may show how flow is moving through 

the slot as opposed to the flow around the non-slot which is descriptive of the flow on the 

surface of the bimorph.  When the gap size is reduced to two millimeters, the flow shows 

some interesting characteristics in that the trajectories are in a parabolic shape (see figure 

5.27).  The striking difference from the no-slot flow is that there does not appear to be a node 

in the center of the plate.  It is important to keep in mind that there is a slot in the proximity 

of the laser sheet.  One possible effect of this slot is that the trajectories are more vertical. 
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Figure 5.26   Flow pattern for bimorph with one slot (Gap=3mm) 

 

 

Figure 5.27   Flow pattern for bimorph with one slot (Gap=2mm) 

 

The image in figure 5.28 is for the bimorph with two slots. The exposure time is 555 

milliseconds and the gap size is 2 millimeters.  The seeding is micro-grit.  The flow pattern 

shows that the direction of the trajectories is primarily vertical, especially in the center.  The 
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trajectories towards the sides of the bimorph tend to flow horizontally and away from the 

center. 

 

 

Figure 5.28   Flow pattern for bimorph with two slots (Gap=2mm) 

 

The visualization of flow pattern for the bimorph with four slots is given in figure 

5.29.  The exposure time is 296 milliseconds, and the seeding is micro-grit.  The gap size is 2 

millimeters.  The trajectories of the induced flow are vertical.  The flow therefore impinges 

on the heat source and does not have any flow horizontally in this plane.  As discussed in the 

one-slot case the laser sheet is in the proximity of a slot.  In repeated cases the flow appears 

vertical near a slot.  It is important to keep in mind that these images only depict the flow in 

one plane.   

In summary, the flow visualization in the channel with slotted bimorph vibrations 

indicates that: 

(i) The presence of slots may disturb the boundary layers above the bimorph thus 

influencing the generation of acoustic streaming; 
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(ii) For the one-slot and two-slot bimorphs, the widths of slots are large enough to 

enhance the mixing of hot and cool air through slots, hence increasing heat 

transfer capability; 

(iii) However, the slots in four-slot bimorph are too narrow to mix the streams.  As a 

result, a bad heat transfer performance (cooling effects) appears in the 

configuration of four-slot bimorph. 

 

 

Figure 5.29   Flow pattern for bimorph with four slots (Gap=2mm) 

 

5.5.4 Heat Transfer Coefficients 

 

Heat transfer coefficients in the channel formed by the heat source and slotted 

bimorphs were also calculated with Eq. (4.5).  Considering that the two-slot bimorph can 

induce the largest temperature drops of the heat source, the following analyses only focus on 
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the heat transfer performance generated by the two-slot bimorph.  Figure 5.30 shows the 

variation of h as a function of the ratio of the gap to the vibration amplitude (δ/A).  Clearly, 

the h decreases with an increasing δ/A due to the lower streaming velocity near the heat 

source with a larger δ and a fixed amplitude.  This is different from the case with the non-slot 

bimorph, where the maximum h reaches at δ/A≈1.7.  The reason is that the presence of slots 

enhances the mixing of the outside and inside streams of the bimorph while the mixing is 

somewhat blocked for the non-slot bimorph with a relatively small gap.  Noted that δ/A must 

be greater than one. 
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Figure 5.30   Heat transfer coefficient varies with the ratio of gap to vibration  

                                   Amplitude for two-slot bimorph 
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Figure 5.31 shows the mean Nusselt number (Nu) as a function of the streaming 

Reynolds number (Re).  The correlation between Nu-number and Re-number can be 

expressed as 

                                                7Re2Re764.0 59.0 <<=Nu                                           (5.8) 

where R-square value is 0.98.  The heat transfer can be enhanced about 5-10% for the present 

two-slot bimorph configuration when compared to the non-slot one, as given in figure 5.32.  

This is attributed to: (i) a slight increase of the velocity amplitude in the sound wave (ωA); 

and (ii) enhanced mixing of the outside and inside streams of the bimorph due to the slots. 
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Figure 5.31   Variation of Nusselt numbers with Reynolds numbers  

                                            for two-slot bimorph 
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Figure 5.32   Comparison of two-slot bimorph to non-slot case 

 

5.6 COOLING EFFECTS GENERATED BY TWO BIMORPHS 

 

The cooling capability of piezoelectric bimorph actuators was experimentally 

validated.  As mentioned before, the presence of slots may enhance the mixing of streams 

outside and inside the channel resulting in an amplified heat transfer performance.  Via the 

vibration of slotted bimorph, the heat dissipated out of the channel is possibly accumulated 

around the slots.  To remove heat around the channel further to the environment, another 

layer of bimorph was utilized as shown in figure 5.33.  The distance between the two 

bimorphs was about 800µm. 

 

 



Chapter 5: Experimental Study on Cooling Effects Generated by Slotted Piezoelectric Bimorphs 

171 

 

 

Figure 5.33   Cooling experiment setup for two bimorphs 

 

The piezoelectric bimorphs were operated by a two-channel signal generator.  Two 

sinusoidal signals with fundamental resonance frequencies of non-slot bimorph and two-slot 

bimorph were used.  The signals were amplified by Trek power supply 50/750 amplifiers.  

The gap between the heat source and upper bimorph was fixed at 600µm.  Experimental data 

were recorded after 30 minutes of operation which are plotted in figure 5.34.  The cooling 

results of one layer of two-slot bimorph are included for comparison.  It can be seen from 

figure 5.34 that adding another layer of bimorph does not improve the cooling effect as 

expected.  The reason can be two-folded. One is that the piezoelectric bimorph does not 

generate a lot of heat when operating at sonic range.  The other is that the ambient space 

outside the one-layer bimorph is large enough for heat removal, hence no much heat 

accumulation. 
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Figure 5.34   Cooling effect of two-layer bimorph structure 

 

5.7 CONCLUSIONS 

 

Both theoretical and experimental studies were performed to investigate the vibration 

properties and cooling effects generated by different bimorph structures.  Different numbers 

of slots were introduced to check their effects on cooling.  It is found from the studies that: 

(i) To enhance the cooling performance, the number, size and locations of slots are 

important.  Specifically, in this work, bimorph with two slots gives the best 

cooling results.  This is attributed to the slightly larger maximum amplitude or 

performance merit and average amplitude as well as the enhanced mixing of the 

outside and inside streams of the bimorph downstream from the slot. 
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(ii) The number, location and size of slots may influence the vibration characteristics 

and the formation of swirling streaming in the channel between the heat source and 

the bimorph.  The visualization of flow patterns in the channel between the heat 

source and bimorph indicates that the trajectories of air flow are primarily vertical 

for the slotted bimorphs compared to horizontal flow pattern for non-slot bimorph. 

As a result, the configuration with the present four-slot bimorph has a poor heat 

transfer performance compared to that with non-slot, one-slot and two-slot 

bimorphs.  

(iii) Empirical formulae for the temperature drop are generated based on experimental 

data.  The independent variables are electric field and the gap between heat source 

and vibration bimorph.  R-square values for the empirical formulae show that the 

fitness of experimental data to the empirical formulae is good.   

(iv) For the configuration of two-slot bimorph, the heat transfer coefficient decreases 

with an increasing ratio of the gap to the vibration amplitude (δ/A).   

(v) The correlation between Nu-number and Re-number in the configuration of two-

slot bimorph can be expressed as: 59.0Re764.0=Nu  for 7Re2 << . 

(vi) The cooling effect is not improved by adding another layer of bimorph.  There is 

not much heat accumulation around the slots. 
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CHAPTER 6 
 

CONCLUSIONS 

 

Modeling and design of a novel cooling device for microelectronics by using 

piezoelectric resonating beams are investigated in this dissertation.  Thermal management 

technology has played a vital role for the rapid growth of electronic equipment industry.  

Decreasing the temperature of a component increases its performance as well as reliability.  

The primary function of cooling systems for microelectronic equipment is to provide 

acceptable thermal environment for which the equipment can operate.  Currently, the 

combination of heat sink and fan is the best choice for cooling computer processors.  

However, as the size of the electronic and mechanical components get smaller and 

performance requirement more stringent, cooling using the conventional fans may limit the 

miniaturization of these components without the comparable reduction in fan size.  Moreover, 

as the complexity of microelectronic systems continues to increase, directing airflow to each 

component of the system becomes more constrained.  This makes it necessary to develop a 

novel cooling device for microelectronics. 
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6.1 ANALYSIS AND DESIGN OF PIEZOELECTRIC ACTUATORS 
 

Piezoelectricity is a coupling between a material’s mechanical and electrical 

behaviors.  Piezoelectric bimorph is a bending element that generates horizontal 

displacement at the drive of electric field using the converse piezoelectric effect.  There are 

relatively fewer studies on dynamic behavior prediction of bimorph, of which Smits’ model 

shows to be efficient in locating the resonance and antiresonance frequencies of symmetrical 

bimorphs.  However, the dynamic tip deflection at resonances, which is important in many 

engineering applications, can not be determined by Smits’ expressions.  Hence, a 

modification method was proposed based on damping ratio.  By finding the frequencies with 

21  of peak amplitude, the dynamic peak amplitudes were accurately predicted.  Finite 

element simulations were used to validate the proposed improvement strategy.  Inclusion of a 

finite stiffness bonding layer between the actuators and the structure will reduce the 

effectiveness of induced strain actuators mounted on the surface of a structure.  The effect of 

bonding layer was analyzed by using both static and dynamic methods.  To minimize the 

bonding effect, longer structure, thinner bonding layer and harder bonding materials are 

preferred. 

The design of piezoelectric resonating structures was investigated for generating 

acoustic streaming which may be used for cooling microelectronic components.  The 

vibration characteristics of different piezoelectric structures, including model for equal PZT 

and shim length; model for fixed location but different length of PZT; model for fixed length 

but different location of PZT and serrated shape model with different boundary conditions, 
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were simulated by the finite element method and validated with analytical approaches.  

Considering the product of resonance frequency and dynamic tip deflection as a performance 

merit, the effects of length and location of the actuators as well as the boundary conditions 

were analyzed for these four different piezoelectric resonator designs.  It is shown that to 

obtain the optimal performance merit, the actuator should be placed between two points of 

opposite curvatures when the location of actuator is fixed.  In the case of fixed actuator 

length, the actuator should be set between two points of equal curvatures.  Boundary 

conditions of the indented shape structure also have measurable influence on the performance 

of the vibrating structures.  

 

6.2 FLOW AND HEAT TRANSFER PERFORMANCE GENERATED 
BY BIMORPH VIBRATIONS 

 

The cooling effects generated by the vibrations of non-slot and slotted piezoelectric 

bimorphs were experimentally investigated.  A prototype, which is comprised of 

piezoelectric bimorph actuator, an aluminum block with commercial cartridge heater served 

as heat source, four micrometer heads to adjust the gap size between bimorph and heat source, 

was constructed.  Validated finite element analyses were employed to simulate the vibration 

characteristics including the natural frequencies and mode shapes of the proposed prototype.  

Setting the operation frequency at the fundamental resonance frequency, the cooling effects 

were measured by the temperature drops of the heat source above the vibrating bimorph.  

Electric field applied on the bimorph and the gap between heat source and actuator were 

adjusted to determine the best cooling result.  Heat transfer coefficients between the heat 
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source and vibrating bimorphs were calculated by ANSYS steady state thermal analysis and 

the lumped energy balance method.  Air flow patterns between heat source and bimorph 

actuator were visualized using particle tracking velocimetry (PTV) as well.  It is found from 

this study that: 

(1) A temperature drop of about 26°C from 92°C can be achieved with sine-wave 

vibrations of non-slot bimorphs at electric field of 450v/mm and operation frequency 

of 280Hz.  The enhancement of heat transfer between the heat source and the non-slot 

bimorph can be up to 210% with the acoustic streaming generated by the bimorph 

vibration in the present experimental studies. 

(2) The presence of slots in the bimorphs may enhance the mixing of streams outside and 

inside the channel resulting in an amplified heat transfer performance.  However, the 

number, location and size of slots may influence the vibration characteristics and the 

formation of swirling streaming in the channel between the heat source and the 

bimorph.  Specifically, in this work, bimorph with two slots gives the best cooling 

results while that with four slots almost have no cooling effects. 

(3) The flow visualization in the channel with non-slot bimorphs clearly shows the 

vortical air motion (acoustic streaming) generated by the vibration.  However, the 

trajectories of air flow are primarily vertical for the slotted bimorphs, especially for 

the four-slot bimorph, compared to horizontal flow pattern for the non-slot bimorph.  

The visualization results indicate that the presence of slots may disturb the boundary 

layers above the bimorph thus influencing the generation of acoustic streaming, and 

the widths of slots are also significant in enhancing the mixing of hot and cool air 
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through slots.  The slots in four-slot bimorph are apparently too narrow to mix the 

streams in the present study.  

(4) Based on the experimental data, empirical formulae were generated to quantitatively 

determine the influences of different factors to the cooling effect.  The independent 

variables are electric field and the gap between heat source and vibration bimorph.  

R-square values for the empirical formulae show that the fitness of experimental data 

to the empirical formulae is good.   

(5) There exists an optimal gap between the heat source and the vibrating non-slot 

bimorph which brings the maximum temperature drop and the cooling effect 

increases with the electric field strength.  That is, for the configuration of non-slot 

bimorph the maximum heat transport occurs when the ratio of the gap to the vibration 

amplitude δ/A≈ 1.7.  However, for the configuration of two-slot bimorph, the heat 

transfer coefficient decreases with an increasing δ/A.  Generally, when δ/A>5, the 

cooling effects of the acoustic streaming are minimal. 

(6)  Heat transfer coefficient (h) in the channel with bimorph vibrations in terms of mean 

Nusselt number (Nu) can be correlated with the streaming Reynolds number (Re) 

given as follows. 

For the non-slot bimorph: 7Re2Re694.0 61.0 <<=Nu  

For the two-slot bimorph: 59.0Re764.0=Nu  for 7Re2 << . 
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6.3 FUTURE WORK 

 

The cooling capability of piezoelectric bimorph actuators operating at sonic 

frequency was experimentally validated in this study.  Different piezoelectric structure 

designs should be considered for working at the ultrasonic range with acceptable vibration 

amplitudes.  Benefits of using piezoelectric structure driven by ultrasonic signal include 

silent operation and relatively large figure of merit. 

In doing the cooling work, the power for bimorph actuation is not trivial.  In our work, 

the bimorph with one brass middle shim in series connection from PIEZO systems was 

chosen.  The thickness of piezoelectric batch is 0.191mm.  At electric field strength of 

450v/mm, the required voltage is 171.9v.  To generate such signal, signal generator needs to 

work with power amplifier.  This power requirement can not be met in many microelectronic 

applications.  While keeping the electric field strength, the thinner the piezoelectric layer, the 

less power needed.  Thick film or thin film piezoelectric bimorph and MEMS technology can 

be solutions to this problem. 

Slots influence the cooling effect by number and location.  Two-slot bimorph shows 

to be the best in this study.  Further work can be done on the optimizing design of slots for 

different applications. 
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APPENDICES − Selected ANSYS programs 

 
A: MODAL ANALYSIS FOR NON-SLOT BIMORPH 
 
/COM, /BATCH, LIST 
/COM, PZT BIMORPH MODAL ANALYSIS 
 
/SHOW 
/PREP7 
SMRT, OFF 
 
/TITLE, DESIGN OF PZT BEAM 
 
ET,1,SOLID5,0    ! 3-D COUPLED-FIELD SOLID  
ET,2,SOLID45   ! 3-D SOLID  
 
/COM, DEFINE PZT2 PROPERTIES 
 
MP,DENS,1,7800  ! DENSITY 
 
MP,PERX,1,8.107E-9  ! PERMITTIVITY (X AND Y DIRECTION) 
MP,PERY,1,8.107E-9 
MP,PERZ,1,7.347E-9  ! PERMITTIVITY (Z DIRECTION) 
 
TB,PIEZ,1   ! DEFINE PIEZ. TABLE 
TBDATA,16,12.3  ! E51 PIEZOELECTRIC CONSTANT 
TBDATA,14,12.3  ! E42 PIEZOELECTRIC CONSTANT 
TBDATA,3,-5.4   ! E13 PIEZOELECTRIC CONSTANT 
TBDATA,6,-5.4   ! E23 PIEZOELECTRIC CONSTANT 
TBDATA,9,15.8   ! E33 PIEZOELECTRIC CONSTANT 
 
TB,ANEL,1   ! DEFINE STRUCTURAL TABLE 
TBDATA,1,1.8629E11,1.4115E11,1.4717E11     ! INPUT [C] MATRIX 
TBDATA,7,1.8629E11,1.4717E11 
TBDATA,12,1.8549E11 
TBDATA,16,0.2257E11 
TBDATA,19,0.2105E11 
TBDATA,21,0.2105E11 
 
/COM, DEFINE BRASS PROPERTIES 
MP,DENS,2,8800   ! DENSITY 
MP,EX,2,11E10    ! YOUNG'S MODULUS 
MP,NUXY,2,0.35   ! POISSON'S RATIO 
 
/COM, SOLID MODELING 
L=63.5E-3   ! SET LENGTH 
W=31.8E-3   ! SET WIDTH 
H1=0.191E-3   ! SET HEIGHT OF PZT LAYER 
H2=0.127E-3           ! SET HEIGHT OF ALUMINUM LAYER 
HT=H1+H2+H1   ! TOTAL THICKNESS 
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HDIV=1 
LDIV=40 
WDIV=20 
SIZE=0.2E-3 
 
K,1 
K,2,W 
K,3,W,L 
K,4,,L   
KGEN,2,1,4,1,,,H1  ! SECOND LAYER KEYPOINT BY COPYING PATTERNS FROM KEY 
1-4 
KGEN,2,5,8,1,,,H2  ! THIRD LAYER KEYPOINT BY COPYING PATTERNS FROM KEY 5-
8 
KGEN,2,9,12,1,,,H1  ! FOURTH LAYER KEYPOINT BY COPYING PATTERNS FROM KEY 
9-12 
 
V,1,2,3,4,5,6,7,8 
VATT,1    ! ASSIGN MAT'L PROPERTY 1 TO VOLUME 1 
TYPE,1 
 
V,5,6,7,8,9,10,11,12 
VSEL,S,VOLU,,2  ! SELECT VOLUME 2 
VATT,2    ! ASSIGN MAT'L PROPERTY 2 TO VOLUME 2 
TYPE,2 
 
V,9,10,11,12,13,14,15,16 
VSEL,S,VOLU,,3 
VATT,1 
TYPE,1 
 
VSEL,ALL 
 
ESIZE,SIZE 
 
VGLUE,ALL 
 
MSHK,1   ! MAPPED VOLUME MESH  
MSHA,0,3D   ! USING HEX   
VMESH,ALL 
/COM,NUMMRG,NODE  ! MERGE COINCIDENT AND EQUIVALENTLY DEFINED NODES 
 
X=NODE(W/2,L/2,HT) 
 
NSEL,ALL 
FINISH 
 
/COM, ********************************************* 
/COM,   MODEL ANALYSIS USING REDUCED METHOD 
/COM, ********************************************* 
 
/SOLU 
ANTYP, MODAL 
MODOPT,REDUC,100  !EXTRACT 10 MODES 
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MXPAND,100   !EXPAND ALL MODES 
 
/COM, DEFINE THE MASTER DEGREE OF FREEDOM (MDOF) 
NSEL,S,LOC,Z,HT  !SELECT NODES AT THE TOP OF ALUMINUM       
NSEL,U,LOC,Y,0  !UNSELECT NODES AT Y=0          
NSEL,U,LOC,Y,L 
M,ALL,UZ   !SELECT STRUCTURAL DOF(UZ) AS MASTERS 
 
/COM, RESONANCE FREQUENCY B.C.'S 
NSEL,S,LOC,Y,0  ! SELECT NODES AT Y=0 
D,ALL,ALL 
NSEL,S,LOC,Y,L 
D,ALL,ALL 
 
/COM,FORCE 
NSEL,S,LOC,Z,0 
D,ALL,VOLT,0 
NSEL,S,LOC,Z,HT 
D,ALL,VOLT,0 
NSEL,ALL 
SOLVE 
FINISH 
 
/POST1 
/VIEW,1,1,1,1 
/VUP,,Z 
/TYPE,,4 
*DO,I,1,100 
SET,LS,I 
PLDISP,1 
*ENDDO 
FINISH 
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B: HARMONIC ANALYSIS FOR FOUR-SLOTTED BIMORPH 
 
/COM, /BATCH, LIST 
/COM, PZT BIMORPH WITH FOUR SLOTS 
/COM, HARMONIC ANALYSIS 
 
/SHOW 
/PREP7 
SMRT, OFF 
/TITLE, DESIGN OF PZT BEAM 
 
ET,1,SOLID5,0    ! 3-D COUPLED-FIELD SOLID  
ET,2,SOLID45   ! 3-D SOLID  
 
/COM, DEFINE PZT2 PROPERTIES 
 
MP,DENS,1,7800  ! DENSITY 
 
MP,PERX,1,8.107E-9  ! PERMITTIVITY (X AND Y DIRECTION) 
MP,PERY,1,8.107E-9 
MP,PERZ,1,7.347E-9  ! PERMITTIVITY (Z DIRECTION) 
 
TB,PIEZ,1   ! DEFINE PIEZ. TABLE 
TBDATA,16,12.3  ! E51 PIEZOELECTRIC CONSTANT 
TBDATA,14,12.3  ! E42 PIEZOELECTRIC CONSTANT 
TBDATA,3,-5.4   ! E13 PIEZOELECTRIC CONSTANT 
TBDATA,6,-5.4   ! E23 PIEZOELECTRIC CONSTANT 
TBDATA,9,15.8   ! E33 PIEZOELECTRIC CONSTANT 
 
TB,ANEL,1   ! DEFINE STRUCTURAL TABLE 
TBDATA,1,1.8629E11,1.4115E11,1.4717E11     ! INPUT [C] MATRIX 
TBDATA,7,1.8629E11,1.4717E11 
TBDATA,12,1.8549E11 
TBDATA,16,0.2257E11 
TBDATA,19,0.2105E11 
TBDATA,21,0.2105E11 
 
/COM, DEFINE BRASS PROPERTIES 
MP,DENS,2,8800   ! DENSITY 
MP,EX,2,11E10    ! YOUNG'S MODULUS 
MP,NUXY,2,0.35   ! POISSON'S RATIO 
 
/COM, SOLID MODELING 
/COM, THERE IS A RECTANGULAR HOLE IN THE PZT 
LB=63.5E-3                       ! SET LENGTH OF STRUCTURE 
LP=LB 
MARGIN = 5E-3 
MARW = 5.56E-3 
GAP = 5.56E-3    ! GAP BETWEEN HOLES 
LHOLE = LB-2*MARGIN  ! SET LENGTH OF HOLE 
W = 31.8E-3    ! SET WIDTH 
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WHOLE = 1E-3 
 
HP = 191E-6    ! SET HEIGHT OF PZT LAYER 
HB = 127E-6             ! SET HEIGHT OF ALUMINUM LAYER 
HT = HP+HB+HP   ! TOTAL THICKNESS 
HDIV=1 
LDIV=10 
WDIV=5 
SIZE = 1E-3 
 
K,1 
K,2,MARW,0 
K,3,MARW+WHOLE,0 
K,4,MARW+WHOLE+GAP,0 
K,5,MARW+2*WHOLE+GAP,0 
K,6,MARW+2*WHOLE+2*GAP,0 
K,7,MARW+3*WHOLE+2*GAP,0 
K,8,MARW+3*WHOLE+3*GAP,0 
K,9,W-MARW,0 
K,10,W,0 
 
K,11,W,MARGIN 
K,12,W-MARW,MARGIN 
K,13,MARW+3*WHOLE+3*GAP,MARGIN 
K,14,MARW+3*WHOLE+2*GAP,MARGIN 
K,15,MARW+2*WHOLE+2*GAP,MARGIN 
K,16,MARW+2*WHOLE+GAP,MARGIN 
K,17,MARW+WHOLE+GAP,MARGIN 
K,18,MARW+WHOLE,MARGIN 
K,19,MARW,MARGIN 
K,20,0,MARGIN 
 
K,21,0,LB-MARGIN 
K,22,MARW,LB-MARGIN 
K,23,MARW+WHOLE,LB-MARGIN 
K,24,MARW+WHOLE+GAP,LB-MARGIN 
K,25,MARW+2*WHOLE+GAP,LB-MARGIN 
K,26,MARW+2*WHOLE+2*GAP,LB-MARGIN 
K,27,MARW+3*WHOLE+2*GAP,LB-MARGIN 
K,28,MARW+3*WHOLE+3*GAP,LB-MARGIN 
K,29,W-MARW,LB-MARGIN 
K,30,W,LB-MARGIN 
 
K,31,W,LB 
K,32,W-MARW,LB 
K,33,MARW+3*WHOLE+3*GAP,LB 
K,34,MARW+3*WHOLE+2*GAP,LB 
K,35,MARW+2*WHOLE+2*GAP,LB 
K,36,MARW+2*WHOLE+GAP,LB 
K,37,MARW+WHOLE+GAP,LB 
K,38,MARW+WHOLE,LB 
K,39,MARW,LB 
K,40,0,LB 
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/COM,KEYPOINTS 41 TO 80 
KGEN,2,1,40,1,,,HP  
 
/COM,KEYPOINTS 81 TO 120 
KGEN,2,41,80,1,,,HB 
 
/COM,KEYPOINTS 121 TO 160 
KGEN,2,81,120,1,,,HP 
 
/COM, THE BOTTOM PZT 
V,1,2,19,20,41,42,59,60 
VATT,1    ! ASSIGN MAT'L PROPERTY 1 TO VOLUME 1 
TYPE,1 
 
V,2,3,18,19,42,43,58,59 
VSEL,S,VOLU,,2 
VATT,1 
TYPE,1 
 
V,3,4,17,18,43,44,57,58 
VSEL,S,VOLU,,3 
VATT,1 
TYPE,1 
 
V,4,5,16,17,44,45,56,57 
VSEL,S,VOLU,,4 
VATT,1 
TYPE,1 
 
V,5,6,15,16,45,46,55,56 
VSEL,S,VOLU,,5 
VATT,1 
TYPE,1 
 
V,6,7,14,15,46,47,54,55 
VSEL,S,VOLU,,6 
VATT,1 
TYPE,1 
 
V,7,8,13,14,47,48,53,54 
VSEL,S,VOLU,,7 
VATT,1 
TYPE,1 
 
V,8,9,12,13,48,49,52,53 
VSEL,S,VOLU,,8 
VATT,1 
TYPE,1 
 
V,9,10,11,12,49,50,51,52 
VSEL,S,VOLU,,9 
VATT,1 
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TYPE,1 
 
V,11,12,29,30,51,52,69,70 
VSEL,S,VOLU,,10 
VATT,1 
TYPE,1 
 
V,13,14,27,28,53,54,67,68 
VSEL,S,VOLU,,11 
VATT,1 
TYPE,1 
 
V,15,16,25,26,55,56,65,66 
VSEL,S,VOLU,,12 
VATT,1 
TYPE,1 
 
V,17,18,23,24,57,58,63,64 
VSEL,S,VOLU,,13 
VATT,1 
TYPE,1 
 
V,19,20,21,22,59,60,61,62 
VSEL,S,VOLU,,14 
VATT,1 
TYPE,1 
 
V,21,22,39,40,61,62,79,80 
VSEL,S,VOLU,,15 
VATT,1 
TYPE,1 
 
V,22,23,38,39,62,63,78,79 
VSEL,S,VOLU,,16 
VATT,1 
TYPE,1 
 
V,23,24,37,38,63,64,77,78 
VSEL,S,VOLU,,17 
VATT,1 
TYPE,1 
 
V,24,25,36,37,64,65,76,77 
VSEL,S,VOLU,,18 
VATT,1 
TYPE,1 
 
V,25,26,35,36,65,66,75,76 
VSEL,S,VOLU,,19 
VATT,1 
TYPE,1 
 
V,26,27,34,35,66,67,74,75 



203 

VSEL,S,VOLU,,20 
VATT,1 
TYPE,1 
 
V,27,28,33,34,67,68,73,74 
VSEL,S,VOLU,,21 
VATT,1 
TYPE,1 
 
V,28,29,32,33,68,69,72,73 
VSEL,S,VOLU,,22 
VATT,1 
TYPE,1 
 
V,29,30,31,32,69,70,71,72 
VSEL,S,VOLU,,23 
VATT,1 
TYPE,1 
 
/COM, THE MIDDLE BRASS LAYER 
 
NN=40 
 
V,1+NN,2+NN,19+NN,20+NN,41+NN,42+NN,59+NN,60+NN 
VSEL,S,VOLU,,24 
VATT,2 
TYPE,2 
 
V,2+NN,3+NN,18+NN,19+NN,42+NN,43+NN,58+NN,59+NN 
VSEL,S,VOLU,,25 
VATT,2 
TYPE,2 
 
V,3+NN,4+NN,17+NN,18+NN,43+NN,44+NN,57+NN,58+NN 
VSEL,S,VOLU,,26 
VATT,2 
TYPE,2 
 
V,4+NN,5+NN,16+NN,17+NN,44+NN,45+NN,56+NN,57+NN 
VSEL,S,VOLU,,27 
VATT,2 
TYPE,2 
 
V,5+NN,6+NN,15+NN,16+NN,45+NN,46+NN,55+NN,56+NN 
VSEL,S,VOLU,,28 
VATT,2 
TYPE,2 
 
V,6+NN,7+NN,14+NN,15+NN,46+NN,47+NN,54+NN,55+NN 
VSEL,S,VOLU,,29 
VATT,2 
TYPE,2 
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V,7+NN,8+NN,13+NN,14+NN,47+NN,48+NN,53+NN,54+NN 
VSEL,S,VOLU,,30 
VATT,2 
TYPE,2 
 
V,8+NN,9+NN,12+NN,13+NN,48+NN,49+NN,52+NN,53+NN 
VSEL,S,VOLU,,31 
VATT,2 
TYPE,2 
 
V,9+NN,10+NN,11+NN,12+NN,49+NN,50+NN,51+NN,52+NN 
VSEL,S,VOLU,,32 
VATT,2 
TYPE,2 
 
V,11+NN,12+NN,29+NN,30+NN,51+NN,52+NN,69+NN,70+NN 
VSEL,S,VOLU,,33 
VATT,2 
TYPE,2 
 
V,13+NN,14+NN,27+NN,28+NN,53+NN,54+NN,67+NN,68+NN 
VSEL,S,VOLU,,34 
VATT,2 
TYPE,2 
 
V,15+NN,16+NN,25+NN,26+NN,55+NN,56+NN,65+NN,66+NN 
VSEL,S,VOLU,,35 
VATT,2 
TYPE,2 
 
V,17+NN,18+NN,23+NN,24+NN,57+NN,58+NN,63+NN,64+NN 
VSEL,S,VOLU,,36 
VATT,2 
TYPE,2 
 
V,19+NN,20+NN,21+NN,22+NN,59+NN,60+NN,61+NN,62+NN 
VSEL,S,VOLU,,37 
VATT,2 
TYPE,2 
 
V,21+NN,22+NN,39+NN,40+NN,61+NN,62+NN,79+NN,80+NN 
VSEL,S,VOLU,,38 
VATT,2 
TYPE,2 
 
V,22+NN,23+NN,38+NN,39+NN,62+NN,63+NN,78+NN,79+NN 
VSEL,S,VOLU,,39 
VATT,2 
TYPE,2 
 
V,23+NN,24+NN,37+NN,38+NN,63+NN,64+NN,77+NN,78+NN 
VSEL,S,VOLU,,40 
VATT,2 
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TYPE,2 
 
V,24+NN,25+NN,36+NN,37+NN,64+NN,65+NN,76+NN,77+NN 
VSEL,S,VOLU,,41 
VATT,2 
TYPE,2 
 
V,25+NN,26+NN,35+NN,36+NN,65+NN,66+NN,75+NN,76+NN 
VSEL,S,VOLU,,42 
VATT,2 
TYPE,2 
 
V,26+NN,27+NN,34+NN,35+NN,66+NN,67+NN,74+NN,75+NN 
VSEL,S,VOLU,,43 
VATT,2 
TYPE,2 
 
V,27+NN,28+NN,33+NN,34+NN,67+NN,68+NN,73+NN,74+NN 
VSEL,S,VOLU,,44 
VATT,2 
TYPE,2 
 
V,28+NN,29+NN,32+NN,33+NN,68+NN,69+NN,72+NN,73+NN 
VSEL,S,VOLU,,45 
VATT,2 
TYPE,2 
 
V,29+NN,30+NN,31+NN,32+NN,69+NN,70+NN,71+NN,72+NN 
VSEL,S,VOLU,,46 
VATT,2 
TYPE,2 
 
/COM, THE TOP PZT 
V,1+2*NN,2+2*NN,19+2*NN,20+2*NN,41+2*NN,42+2*NN,59+2*NN,60+2*NN 
VSEL,S,VOLU,,47 
VATT,1 
TYPE,1 
 
V,2+2*NN,3+2*NN,18+2*NN,19+2*NN,42+2*NN,43+2*NN,58+2*NN,59+2*NN 
VSEL,S,VOLU,,48 
VATT,1 
TYPE,1 
 
V,3+2*NN,4+2*NN,17+2*NN,18+2*NN,43+2*NN,44+2*NN,57+2*NN,58+2*NN 
VSEL,S,VOLU,,49 
VATT,1 
TYPE,1 
 
V,4+2*NN,5+2*NN,16+2*NN,17+2*NN,44+2*NN,45+2*NN,56+2*NN,57+2*NN 
VSEL,S,VOLU,,50 
VATT,1 
TYPE,1 
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V,5+2*NN,6+2*NN,15+2*NN,16+2*NN,45+2*NN,46+2*NN,55+2*NN,56+2*NN 
VSEL,S,VOLU,,51 
VATT,1 
TYPE,1 
 
V,6+2*NN,7+2*NN,14+2*NN,15+2*NN,46+2*NN,47+2*NN,54+2*NN,55+2*NN 
VSEL,S,VOLU,,52 
VATT,1 
TYPE,1 
 
V,7+2*NN,8+2*NN,13+2*NN,14+2*NN,47+2*NN,48+2*NN,53+2*NN,54+2*NN 
VSEL,S,VOLU,,53 
VATT,1 
TYPE,1 
 
V,8+2*NN,9+2*NN,12+2*NN,13+2*NN,48+2*NN,49+2*NN,52+2*NN,53+2*NN 
VSEL,S,VOLU,,54 
VATT,1 
TYPE,1 
 
V,9+2*NN,10+2*NN,11+2*NN,12+2*NN,49+2*NN,50+2*NN,51+2*NN,52+2*NN 
VSEL,S,VOLU,,55 
VATT,1 
TYPE,1 
 
V,11+2*NN,12+2*NN,29+2*NN,30+2*NN,51+2*NN,52+2*NN,69+2*NN,70+2*NN 
VSEL,S,VOLU,,56 
VATT,1 
TYPE,1 
 
V,13+2*NN,14+2*NN,27+2*NN,28+2*NN,53+2*NN,54+2*NN,67+2*NN,68+2*NN 
VSEL,S,VOLU,,57 
VATT,1 
TYPE,1 
 
V,15+2*NN,16+2*NN,25+2*NN,26+2*NN,55+2*NN,56+2*NN,65+2*NN,66+2*NN 
VSEL,S,VOLU,,58 
VATT,1 
TYPE,1 
 
V,17+2*NN,18+2*NN,23+2*NN,24+2*NN,57+2*NN,58+2*NN,63+2*NN,64+2*NN 
VSEL,S,VOLU,,59 
VATT,1 
TYPE,1 
 
V,19+2*NN,20+2*NN,21+2*NN,22+2*NN,59+2*NN,60+2*NN,61+2*NN,62+2*NN 
VSEL,S,VOLU,,60 
VATT,1 
TYPE,1 
 
V,21+2*NN,22+2*NN,39+2*NN,40+2*NN,61+2*NN,62+2*NN,79+2*NN,80+2*NN 
VSEL,S,VOLU,,61 
VATT,1 
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TYPE,1 
 
V,22+2*NN,23+2*NN,38+2*NN,39+2*NN,62+2*NN,63+2*NN,78+2*NN,79+2*NN 
VSEL,S,VOLU,,62 
VATT,1 
TYPE,1 
 
V,23+2*NN,24+2*NN,37+2*NN,38+2*NN,63+2*NN,64+2*NN,77+2*NN,78+2*NN 
VSEL,S,VOLU,,63 
VATT,1 
TYPE,1 
 
V,24+2*NN,25+2*NN,36+2*NN,37+2*NN,64+2*NN,65+2*NN,76+2*NN,77+2*NN 
VSEL,S,VOLU,,64 
VATT,1 
TYPE,1 
 
V,25+2*NN,26+2*NN,35+2*NN,36+2*NN,65+2*NN,66+2*NN,75+2*NN,76+2*NN 
VSEL,S,VOLU,,65 
VATT,1 
TYPE,1 
 
V,26+2*NN,27+2*NN,34+2*NN,35+2*NN,66+2*NN,67+2*NN,74+2*NN,75+2*NN 
VSEL,S,VOLU,,66 
VATT,1 
TYPE,1 
 
V,27+2*NN,28+2*NN,33+2*NN,34+2*NN,67+2*NN,68+2*NN,73+2*NN,74+2*NN 
VSEL,S,VOLU,,67 
VATT,1 
TYPE,1 
 
V,28+2*NN,29+2*NN,32+2*NN,33+2*NN,68+2*NN,69+2*NN,72+2*NN,73+2*NN 
VSEL,S,VOLU,,68 
VATT,1 
TYPE,1 
 
V,29+2*NN,30+2*NN,31+2*NN,32+2*NN,69+2*NN,70+2*NN,71+2*NN,72+2*NN 
VSEL,S,VOLU,,69 
VATT,1 
TYPE,1 
 
 
VSEL,ALL 
 
ESIZE,SIZE 
 
VGLUE,ALL 
 
MSHK,1                       ! MAPPED VOLUME MESH  
MSHA,0,3D                    ! USING HEX   
VMESH,ALL 
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/COM,NUMMRG,NODE   ! MERGE COINCIDENT AND EQUIVALENTLY DEFINED 
NODES 
 
X1=NODE(W/2,LB/2,HT) 
X2=NODE(W/4,LB/2,HT) 
X3=NODE(3*W/4,LB/2,HT) 
 
NSEL,ALL 
FINISH 
 
 
/COM, ********************************************** 
/COM,   HARMONIC ANALYSIS USING FULL METHOD 
/COM, ********************************************** 
/SOLU 
/COM,OUTPUT CONTROL 
OUTPR,NSOL,ALL 
DMPRAT,0.02   !CONSTANT DAMPING RATIO (2%) 
ANTYPE,HARMIC  !PERFORM HARMONIC ANALYSIS 
OUTRES,ALL,ALL  !STORE EVERY SUBSTEP 
HARFQ,200,500   !FREQUENCY RANGE 
NSUBST,150   !NO. OF SUBSTEPS WITHIN THE RANGE  
KBC,1    !STEPPED LOADING   
 
/COM,BOUNDARY CONDITIONS !CANTILEVER 
NSEL,S,LOC,Y,0  !SELECT NODES AT Y=0  
D,ALL,ALL 
NSEL,S,LOC,Y,LB 
D,ALL,ALL 
 
/COM,FORCING FUNCTIONS 
/COM,THE ABOVE BC ARE ALREADY SET IN THE MODAL ANALYSIS 
NSEL,S,LOC,Z,0 
D,ALL,VOLT,0   !ZERO AT BOTTOM OF PZT 
NSEL,S,LOC,Z,HT 
D,ALL,VOLT,0   !10 VOLT AT TOP OF PZT 
NSEL,S,LOC,Z,HP 
D,ALL,VOLT,2E5*HP 
NSEL,S,LOC,Z,HP+HB 
D,ALL,VOLT,2E5*HP 
NSEL,ALL 
EQSLV,FRONT   !DEFAULT SOLVER 
/COM,EQSLV:SPECIFIES THE TYPE OF EQUATION SOLVER 
SOLVE 
FINISH 
 
 




