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ABSTRACT

A micro air vehicle (MAV) is a semiautonomous ainbe vehicle which measures less
than 15 cm in any dimension. It can be used tosscstuations too dangerous for direct
human intervention, e.g., explosive devices planted buildings and video
reconnaissance and surveillance, etc. As demoedtray flying birds and insects,
flapping flight is advantageous for its superior mo@uvrability and much more
aerodynamically efficient at small size than thevantional steady-state aerodynamics.
Piezoelectric actuators are easy to control, hagk power density and can produce
high output force but usually the displacement msalk With appropriate stroke
amplification mechanisms piezoelectric actuators ba used to drive the flapping

wings of MAV.

This research aims to develop a piezoelectric fates with 2 degrees of freedom of
motion for flapping wing MAV applications. In thiproject, piezoelectric fans

consisting of a piezoelectric layer and an elastetal layer were prepared by epoxy
bonding. A flexible wing formed by carbon fibre méarced plastic wing spars and
polymer skin was attached to two separate piezto@dans to make them coupled.
Two sinusoidal voltages signals of different phasse then used to drive the coupled
piezoelectric fans. High speed camera photograpay wsed to characterize the two
degrees of freedom motion of the wing. Theoreterplations were derived to analyse
the performance of the piezoelectric fans in batasitstatic and dynamic operations,
and the calculated results agreed well with thiefialement analysis (FEA) modelling

results. It has been observed that the phase delsyeen the driving voltages applied

to the coupled piezoelectric fans plays an impartale in the control of the flapping



and twisting motions of the wing. Selected factsush as the gap between the two
piezoelectric fans which can affect the performaraiethe wing have been investigated

and the experimental results were compared witli-E modelling results.
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CHAPTER 1

INTRODUCTION

The interest in the flapping micro air vehicle (MAV) has grown significantly in recent
years (Shyy et a., 1999; Raney et. al., 2003; Ellington, 1999). A micro air vehicle is
defined as a semiautonomous airborne vehicle, which measures less than 15 cm in any
dimension, weighs no more than 50 grams, and flies up to arange of 10 km (McMichael
and Francis, 1997). A MAV can be used to access situations too dangerous for direct
human intervention, e.g., explosive devices planted in buildings, damage assessment,
video reconnaissance and surveillance, search for disaster survivors, etc (Shyy et al.,
1999). As demonstrated by flying birds and insects, flapping flight is advantageous for
its superior manoeuvrability and is much more aerodynamically efficient at small size
than conventiona steady-state aerodynamics (Ellington, 1999; Ellington et al., 1996).
Dickinson et a. (1999) identified the three key unsteady aerodynamic mechanisms used
by insects: delayed stall, wake capture and rotationa circulation. Different mechanisms
such as pneumatic and motor-driven actuators have been applied to mimic the complex
motion pattern of an insect flying, but these mechanisms often suffer from heavy weight

and system complexity (Dickinson et al., 1999).

Piezoelectric materials especially lead zircornate titanate (PZT) are widely used in smart
structures as sensors (e.g. accelerometers, microphones, etc) and actuators (e.g.
micropumps, micromotors, etc) due to their high bandwidth, high force output, compact
size, and high power density (Niezrecki et al., 2001). However, the piezoelectric effect
is intrinsically very small, only a small deflection can be expected directly from the
bending of a piezoeectric unimorph/bimorph; therefore, some kind of motion
amplification mechanism is required to achieve a large deflection. Fearing et al. (2000)
developed piezoelectrically actuated four-bar mechanisms for a micromechanical flying
insect thorax (Fearing et a., 2000; Sitti, 2001; Yan et a., 2001). Cox et a. (2002)
reported three piezoelectrically activated four bar and five bar linkage systems for the
electromechanical emulation of mesoscale flapping flight. Park et al. (2004) developed

afour bar linkage system driven by alightweight piezo-composite actuator to mimic the



flapping wing system of birds.

A simpler motion amplification mechanism is a piezoelectric fan (piezofan) which
couples a piezoelectric unimorph to an attached flexible blade and is able to produce
large deflections especially at resonance. Piezofans were first investigated in the late
seventies (Toda et a., 1981). In the last few years, the surge of the portable electronic
devices has brought interest in the use of piezofans as compact, low power, noiseless air
cooling technology for applications such asin laptop computers, mobile phones, DVD
players etc. (Yoo et a., 2000; Wu et a., 2003). Piezoelectric unimorph/bimorph
structures have aso been extensively studied for static and dynamic operations (Smits et
al., 1991; Smitset a., 1997; Smitset a., 1991; Wang and Cross, 1998; Gibbs and Fuller,
1992; Crawley and de Luis, 1987; Brennan et a., 1997). Dynamic and topological
optimization of piezofan structures without load for cooling applications have been
reported recently (Yao and Uchino, 2001; Burman et a., 2002; Basak et a., 2005). As
far as the author is aware, there are no reports on using piezofan structures as actuators

for loaded applications.

To mimic the complex motion pattern of an insect flying, three degrees of freedom
(DOF) movements are needed to be realised. One piezoelectric fan can provide one
DOF to large amplitude; multi-piezoelectric actuators are needed to produce two or
more DOF motion. For example, two piezoelectric unimorphs in parallel connected to a
wing should be able to provide flapping and rotating motion by controlling their phase
and amplitude difference. To obtain complex wing motions it should be possible to
drive multiple piezoactuators with signals of different amplitudes and phases. This may
also permit adjustment and control of the phase between flapping and rotational motion
a key for flapping flight control. The development of this basic concept, as part of an
EPSRC supported project (EP/C511190/1: Development and Aeroelastic Optimisation
of a Piezoelectric Powered Flapping Wing Micro Air Vehicle), is the main topic of this
research project. We will develop simple piezoelectric actuators like piezofan or a
system of piezofans to provide two degrees of freedom motion for the wing of a
flapping MAV.



1.1. Overview of thethesis

1.1.1. Research aim and objects

The aim of this research is to develop a piezoelectric fans system with 2 degrees of

freedom motion for flapping wing MAV application.

The objectives of this research can be divided into two parts:

1. The design and fabrication of PZT unimorph actuators for the application of
piezoelectric fans.

2. The control of a coupled piezoelectric fans system with a phase difference for the

flapping wing MAV application.

1.1.2. Sructureof thethesis

Thisthesisisdivided into several chapters described as following:

Chapter 1: a brief introduction on the concept of flapping MAV and its potential
applications; the aims and objectives of the current project.

In chapter 2, a literature review is given. This includes the basic concepts of
piezoelectricity and a brief general review on piezoelectric actuators. Also reviewed is
the development of MAV; from the initial concept to different types of MAV devices
developed, including the fixed wing and flapping wing MAV's. Piezoelectric fans and
their applications are also discussed in this chapter. Basics on the fabrication of the
laminar devices such as the bonded piezofan and the bonding mechanisms are aso
reviewed.

Chapter 3 discusses the methodology used in this project. This includes. the adhesive
selection for fabricating the piezofan and measurement of the bonding strength; the
analytic and finite element modelling (FEM or FEA) study of cantilever actuators; the

FEA modelling and fabrication of piezofans; the evaluation of the piezofan and the



control of the coupled piezofan system. Relevant electrica driving system and
measuring instrumentation are also discussed in this chapter. Generally speaking,
analytical calculation is used as a benchmark for the validation of the FEM. Analytical
calculation and FEM are used to optimise the design parameters for the unimorph and
piezofan actuators and then these devices are prepared and characterised by experiments.
Piezoelectric unimorph cantilevers where the piezoelectric and the elastic layers have
the same length are investigated at first. For this simple structure analytical solutions are
readily available for the calculation of the tip displacement, blocking force and the
resonate frequencies. Then the piezofan structure where the piezoelectric and the elastic
layers have different lengths is investigated. For this structure there are no readily
available equations to calculate the tip displacement and blocking force, and the
resonant frequencies could only be obtained by complex matrix calculation. FEM
programme are developed for both the cantilever and piezofan structures and their
results were compared with their respective analytical solutions and experimental
measurement results. For the coupled piezofans structure, not even the matrix analytical

approach is possible, so only the FEM and measurement are discussed.

In Chapter 4, a theoretical analysis is presented. These include: the analysis for the
guasi-static operation of unimorph actuators based on the piezoelectric constitutive
equations and force balance conditions at equilibrium; the derivation for the equation of
motion for the unimorph piezoelectric cantilever actuators based on the Lagrangian
variation method; and finally the analysis to the dynamic operation of piezofans used in
this project.

Chapter 5 presents and discusses all the analytic, FEM and experimental results of the
project. At first, the lap shear strengths of the epoxy bondings, prepared under different
conditions, are reported this lead to the optimised conditions for the preparation of the
piezoelectric actuators. Then the optimisation of the thickness, width and length for the
cantilever and piezofan structures for MAV applications are discussed. At quasi-static
operation, the main characterisation parameters are the tip displacement and the
blocking force. The first resonant frequency and the tip displacement are the main

parameters to characterise the dynamic operation. The first resonant frequency, the



flapping and twisting motion amplitudes of the wing attached to the coupled piezofans
are the main indicators to characterise the coupled piezofan systems. Conclusions and
suggested future works are described in Chapter 6 and Chapter 7 respectively. The
references and appendix relevant to this research are included in Chapter 8 and 9

respectively.



CHAPTER 2

LITERATURE REVIEW

2.1. Piezoelectricity

In 1880, Pierre and Jacque Curie discovered thmesmystalline materials, when they
are compressed, produce a voltage proportionahgoapplied pressure and when an
electric field is applied across the material, ¢hex a corresponding change of shape,
this characteristic is called piezoelectricity @ie 1990). Piezoelectricity stems from

the Greek word piezein, meaning to press or toestpie

A material is said to possess piezoelectric progeif an electrical charge is produced
when a mechanical stress is applied. This is conhynoeferred as the “Direct
piezoelectric effect”. Conversely, an applied eiectfield will produce a mechanical
strain in the material. This is commonly referredtlae “Converse piezoelectric effect”.
The piezoelectric (shorted as piezo thereaftegcefbccurs in all materials for which
the crystal structure is “non-centrosymmetric”. &rpiezo effect exhibited by natural
materials such as quartz, tourmaline, Rochelle s&it is very small, polycrystalline
ferroelectric ceramic materials such as bariunméite. and lead zirconate titanate (PZT)
with improved properties have been developed. Tleseelectric ceramics become
piezoelectric when poled. Most commercially avd#alceramics (such as barium
titanate and PZT) are based on the perovskitetatei¢Figure 2.1) (Rosen et al., 1992).
The structure of PZT is often described by using ithkeal cubic perovskite structure
ABOs, in which BQ octahedral units are centred on the cube corrigist€) and
linked by sharing of the oxygen ions while the #ess located at the centre of the cube.
In PZT the A-sites are occupied by’Pbations while the B-sites are occupied in equal
measure by Zf and Tf* cations. To date, PZT is the most widely used qetectric

materials for actuator applications.

PZT crystals exhibit tetragonal or rhombohedractne at the temperatures below its



Curie temperature. Due to their permanent eled¢tand mechanical asymmetry, these
types of unit cells exhibit spontaneous polarizatemd deformation. The asymmetric
arrangement of the positive and negative ions imBp@ermanent electric dipole

behaviour to the crystals.

Groups of unit cells with the same polarization aedformation orientation are called
domains. Because of the random distribution ofdbmain orientations in the ceramic
material, a ferroelectric poling process is reqiiit@ obtain any macroscopic anisotropy
and the associated piezoelectric properties. THagdield can be applied so the
ceramic exhibits piezoelectric responses in varidugctions or combination of
directions. When the field is removed, the eledlifoles stay in alignment (Figure 2.2)
(Rosen et al.,, 1992). The material now has a rempaltarization (which can be
degraded by exceeding the mechanical, thermal keadrieal limits of the material).
Subsequently, when a voltage is applied to thedoplezoelectric material, the ions in
the unit cells are shifted and, additionally, tlendins change their degree of alignment.
The result is a corresponding change of the dinsessiexpansion, contraction). Above
the Curie temperature, PZT unit cells take on cut@ntrosymmetric (isotropic)
structure. When cooled, domains form, but with mnaed orientations, and the
material does not regain its piezoelectric propsrtirhe piezoelectric effect for a given
item depends on the type of piezoelectric matearal the mechanical and electrical
axes of operation. These axes are set during polihg orientation of the dc poling

field determines the orientation of the mechanical electrical axes.

The direct piezoelectric effects are usually usedhe sensor applications and the
converse piezoelectric effects are generally usdtié actuators applications. The latter

is the focus of this study.
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Figure 2.1 PZT unit cell: (1) Perovskite-type leatonate titanate (PZT) unit cell
in the symmetric cubic state above the Curie teatpez. (2)
Tetragonal distorted unit cell below the Curie temgpure
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2.2. Piezoelectric actuators

Piezoelectric actuators exploit the converse piertec effect to transform electrical

energy into mechanical work and have been widebeasched in the past decades
(Herakovic, 1996). Piezoelectric actuators are rimst widely used smart material
actuators because of their wide operating frequeraryge. Detailed review of

piezoelectric actuators can be found in Smits et(E91), Giurgiutiu, (2000) and

Niezrecki et al. (2001).

Niezrecki et al. (2001) divided piezoelectric attus into three main categories based
on the mechanisms amplifying the deflection, oneniernally leveraged actuators
which amplify deflection by an internal structurecluding stacks, bender, unimorph
and building-block types of actuators; another gatg is externally leveraged actuators
which need an external mechanical structure feir tctuating ability, including lever

arm, hydraulic amplification and flex tensionalp&g of actuators, and the last
category is frequency leveraged actuators whichiirega control signal to generate

motion. All the categories could be summarizethdsgure 2.3



Piezodlectric actuators
I |

Externally Leveraged actuators Frequency L everaged

— |
Sack Bimorph  Unimorph  Building-Block Lever Arm  Hydraulic Flex tensional
Amplification

Internally Leveraged actuators

Figure 2.3 The category of the piezoelectric acsat

2.2.1. Internally Leveraged Actuators

2.2.1.1. Sack actuators

Stacks actuators consist of thin piezoceramic patghiled together to increase their
total deflection linearly whilst keeping a low vadfe expanse, the deflection and out put
force of a stack actuator are proportional diretdlyhe length and cross-sectional area

of the actuator respectively.

The applications of the stacks actuators have bersiio include the following:

eControl of vibrations (Redmond and Barney, 1997).

eThe trailing edge of a helicopter rotor blade (Glanand Chopra, 1999; Lee and
Chopra, 1999; Straub et al., 1999).

eSuspension control (Fukami et al., 1994)

eVibration damping in machine tools (Martinez et 4D96).

eControl of missile fins (August and Joshi, 1996)

eMicropositioning (Yang et al., 1996),

eDrum brake actuation (Gogola and Goldfarb, 1999).
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2.2.1.2. Bimorph bender actuators

The bimorph actuators use the internal piezoetestrain to induce actuator motion. A
bimorph actuator consists of two or more layeriezoelectric material, which are
poled on opposite sides of the neutral axis. Thgosimg strain from the piezoelectric
layers creates an internal bending moment thatesatie entire actuator to flex. Most
bimorph actuators have piezoelectric material editenthe full length of the beam, and

the inactive substrates may be used to increassrieural stability

Bimorph benders were first developed bender actuatthe early 1930s by Sawyer
(1931) at the Brush Development Company. Howeuee, performance of these
actuators was not understood in great detail uh#l research on smart structures
became more popular (Steel et al., 1978; Tzou, 198&pered bender is another
example of bender actuators which decreased tlokntbss of the material, with the
thickest part at the root, to provide more effitieisage of the material for bending
(Prechtl and Hall, 1997).

The applications of the bender actuators included:

eRobotic applications when large displacements egeired (Chonan et al., 1996).

eSpoilers on missile fins (August and Joshi, 1996).

e Actuation for a quick-focusing lens (Kaneko et 4098).

eVibration control of a helicopter rotor blade (Fartand Ormiston, 1998; Koratkar and
Chopra, 1999).

eVibration control on the vertical tail of an figlgt airframe (Hopkins et al., 1998;

McGowan et al., 1998)

2.2.1.3. Unimorph actuators

An unimorph actuator is a special case of the bead®ator structure. An unimorph is
a plate, beam, or disk compositing with one actasgeer and one inactive substrate.
RAINBOW, CERAMBOW, Crescent, and THUNDER actuat@ase some typical

unimorph actuators.
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RAINBOW (Reduced And Internally Biased Oxide Wafagtuator was invented by
Haertling (Haertling, 1994a, 1994b), and have biewestigated by other researchers
(Elissalde and Cross, 1995; Chandran et al., 19#8fker, 1997). A RAINBOW
actuator consists of a piezoelectric wafer reducedone side by chemical acid. A
piezoelectric layer is placed on the other sideompression to form a dome. A 100 mm
diameter RAINBOW actuator could produce a displasetrup to 3 mm. (Haertling,
1994a). RAINBOW actuators were manufactured preshiphy Aura Ceramics Inc., but

are no longer commercially available now.

CERAMBOW (CERAMic Biased Oxide Wafer, Barron et,al996) and Crescent
actuators (Chandran et al., 1997) are stressed¢bianimorph actuators, which are
fabricated by bonding a metal and an electrodedncier plate together at an elevated
temperature. As the actuator cooling down to thenrdemperature, a pre-stress is
induced in the active material due to the diffeeeit thermal expansion coefficients
between the metal and the ceramics. This causag tlneimorph actuators to adopt
curved shapes (Kugel et al., 1997; Chandran e129.7).

THUNDER (THin layer UNimorph ferroelectric DrivER&ctuator is another pre-
stressed actuator, which are manufactured by Fateenhtional Corporation now and
was developed originally by the NASA Langley ResbaCenter in 1994. This sort of
actuator consists of a piezoceramic layer bondetth & metal using a polymide
adhesive material (LaRC-SI). Because of the higiperature and high pressure used in
the manufacturing process, it can stand high etattrand mechanical loading
(Capozzoli et al., 1999; Shakeri et al., 1999). Shymificant advantage of THUNDER
actuators is they have extremely robust structuhech allows them to be used more in
the commercial applications, such as synthetic(fetsith et al., 1999).

2.2.1.4. Building-Block actuators

A building-block actuator consists of lots of smadituation building blocks, to form a

larger actuation system with an improved perforneanc
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The C-block actuator is one example of the buildiark actuators; comparing with
the traditional straight bender actuator, the Gzblactuator could generate 8% more
work (Moskalik and Brei, 1997).

The applications of the C-block actuators include:

e Arotor blade smart flap test (Clement et al.,8)99

e Noise cancellation (Fuller et al., 1994; Fulleakt 1996)

e Sound generation (Bailo et al., 1998a, 1998b).

Recurve actuator (Ervin and Brei, 1998) is anothemple of a building-block actuator,
which causes the first half of the length, hasspldicement opposite to the second half.
This makes the Recurve actuator an ideal actuatiohto be built up into arrayed
actuators to increase overall displacement. The liieen investigated for use in the
active rotor blades (Ervin, 1999) and synthetis [dacot and Calkins, 2000).

2.2.2. Externally Leveraged Actuators

Externally leveraged actuators use an externattsirel which could be a mechanical,
hydraulic or kinematical mechanism to increasedthigput deflection at the expense of

the force output.

2.2.2.1. Lever arm actuators

A lever arm actuator is a simple device to incrahsedisplacement of a stack actuator.
A typical method to fabricate this sort of actuaoto use a flexure-hinged mechanism
and a stack actuator. Due to the lever arm strectihis type of device increases the
output displacement; however, the output forceeisreiased. The applications of these
types of actuators include the control the traikage flap of helicopter rotor blades and
the micropositioning (Samak and Chopra, 1996, Cteaadd Chopra, 1999). Lever arm
actuators are manufactured currently by DynamiccBires, Materials LLC, Marco
Systemanalyse and Entwicklung GmbH.

13



2.2.2.2.Hydraulic amplification actuators

Researchers had investigated piezoelectric pumpeetie an actuator to overcome the
displacement limitations of traditional piezoelérstack actuators (Mauck and Lynch,
1999; Nasser et al., 2000). A typical hydraulic &hgation actuator consists of a stack
actuator, an input and output piston, and some awidr fluid. This actuator could

improve the displacement of piezoelectric actuators

2.2.2.3.Flextensional actuators

Flextensional actuators use a stack actuator amxt@nnal amplification mechanism to
convert the displacement generated by the stackatctto an output displacement in

the transverse direction.

Flextensional devices were first developed in 186d were applied mainly in acoustic
applications (Royster, 1970). One type of this tiesional actuator is called the
Moonie (Sugawara et al., 1992). A Moonie actuatmrsists of two caps with cavities
and a stack actuator sandwiched between them.daisplent of the stack causes flexes
the end caps, producing an increased deflectioa.dl$placement output of the actuator
increases with the cavity diameter and depth.

Cymbal actuator is another example of flextensiawblator which is similar to the
Moonie actuator. (Dogan et al., 1996). The Cymigtli@or consists of a stack actuator
with an external structure which could create kib#h flexural and rotational motions.
The advantages of Cymbal actuator are easier taf@emre than the Moonie and the
displacement can be increased by a factor of twereds the force output can be

increased by a factor of five comparing with thedviie actuator (Dogan et al., 1997).

Another actuator similar to a Cymbal actuator idleca Bimorph-Based Double-
Amplifier actuator which uses a bimorph bendereasta stack actuator as the active
component. This structure combines both bendingflemtensional features to produce
the displacement. The displacement of Bimorph-Ba3edble-Amplifier actuator is
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close to 10 times as the one of a bimorph bendemealXu, et al., 1996). The
applications of the flextensional actuators includ&ropositioning (Le Letty et al.,
1997, Pokines and Garcia, 1998), and active/passbration control (Bruneau et al.,
1999). Flextensional actuators are currently bewagufactured by Dynamic Structures

and Materials LLC, EDO Corporation, and Cedrat (MayFrance).

2.2.3. Frequency Leveraged Actuators

Frequency leveraged actuators are those actuatorg the frequency performance of
the piezoelectric material to produce output sttaimapidly move the actuator in one

direction in series of small steps.

The first frequency leveraged actuator is knowrinebiworm, developed by Burleigh
Instruments in the 1970s (Richard, 1975). The Iraimv consists of three stack
actuators connected together that operate in sequermove the actuator down a rod.
Initially, the leading stack actuator unclamps frtm rod, then the Inchworm extends,
and the leading stack actuator re-clamps to theNedt, the trailing actuator unclamps,
the Inchworm contracts, and the actuator re-clamgpshe rod. After a full cycle

sequence, the actuator is in a position down ttle ro

Frequency-leveraged actuators have been appliddtsnof applications, including
alignment of fiber optic components (Houde-Walt&#985), shape control of wings
(Austin and Van Nostrand, 1995), and positioning wife electrical discharge
machining (Mohri et al., 1997). Some of the comparthat manufacture frequency-
leveraged piezoceramic linear actuators includeeiyir Instruments, Polytec PI Inc.,
Cedrat, and EDO Corporation.
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2.3. Piezoelectric Fans

Piezoelectric fans are piezoelectric bimorph ananoph cantilever actuators using
piezoelectric excitation to drive a thin blade irégonance to create a fluid flow (Figure
2.4). Piezoelectric fans were first discussed e gbventies (Toda, 1981). The surge of
portable electronics devices in the past decadssgbaerated renewed interest in the
use of piezoelectric fans as a very compact, lowgopnoiseless air cooling technology
for applications as varied as mobile phones, laptomputers, DVD player and

automobile multimedia boxes etc. (Yoo et al., 2000, et al., 2003)

Elastic
plate
/

Piezo
PZT

L| <+—base

Figure 2.4 Schematic configurations of a piezoeletan

A number of researches on piezofans have beenteepor the literature; almost of

them are focused on the thermal performance focttwéing application. Toda (Toda,

1979, 1981) and found by placing a piezoelectric da the side of a power transistor
panel of a television receiver it could decreasetémperature by 17 °C on the panel
surface. Schmidt studied the local and averagefigacoefficients on a vertical surface
cooled by two piezoelectric fans resonating outpbfse and found changing the
distance between the fans and the surface, onstende between these two fans would
significantly change the transfer coefficients (®ait, 1994). Ihara and Watanabe
(1994) investigated the flows around the tips obaaillating piezoelectric fan, and the

discrete vortex method was used to numerically ktaithe flow field. Yoo et al. (2000)
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used PZT to develop a few types of piezoelectms fane of these fans could generate
a 3.55 cm tip deflection and 3.1 m/s air velocityeasured 0.1 cm away from the fan
tip. Loh et al. (2002) investigated the coolingeets of the acoustic streaming from an
ultrasonically vibrating beam. Acikalin et al. (Z)0eveloped a closed-form analytical
solution to predict the two-dimensional streamilogvffrom an infinite vibrating beam.
The structure optimization of piezoelectric fanssvgéudied by Buermann et al. (2002)
and Basak et al. (2005) who investigated fans witlo symmetrically bonded
piezoelectric patches and a piezoelectric patcly onlone side respectively, and the
optimization of the electromechanical coupling ¢ac{EMCF) of the fans was
investigated.

Using piezofans in small-scale electronics for saphpplications were investigated by
Acikalin et al. (2004) and Wait et al. (2004).Tlneitmal performance of piezoelectric
fans was investigated by experiments on the coadinghobile phones and laptops.
Acikalin et al. (2007) investigated the thermal mgement of low-power electronics

components experimentally and numerically for tiezgelectric fans for the cooling

applications. Different parameters including thdration amplitude, the distance
between the fan and the heat source, the fan lerggbnant frequencies, and the fan
offset from the centre of the heat source are demnsd in the investigation on the

effects of the heat transfer from a small heatcmur

Although piezoelectric fans as a cooling applicatase a novel technology, the basic
design rules for applying these fans into practitedrmal solutions are not yet
established. Complicated thermal phenomenon cayphith the three-dimensional,

unsteady temperature and flow fields involved inhsa small-scale device would be a
significant challenge to the integration of piezefanto portable commercial electronic
devices.

2.4. Adhesive Bonding

For piezoelectric actuators or piezoelectric fahg, bond between the metal and the
piezoelectric material affects their performancewdver, there are few papers referring
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to the detailed bonding materials and methods. p{rapLi et al. (1999) described a
conductive epoxy (GC Electrics, Rockford, IL) tauglthe PZT ceramic to brass to
produce an unimorph under a pressure of ~0.03 MParfe day curing, the thickness
of the epoxy layer was ~jifh. Wang et al. (1999) mentioned they used epoxy ites
bond two PZT ceramic plates (508 in thickness for one plate) to produce a bimorph,
and bond one PZT ceramic plate and one stainless(88@m in thickness) to produce
an unimorph. However, they did not specify the gpoged, their curing temperature
was 80 degree Celsius and the curing time was 24Thre thickness of the bonding
layer was about 2(m or less, measured by a micrometer and an opticabscopy.
Steel et al. (1978) suggested using a commerciaésade produced by ‘Araldite’ to
bond PZT ceramic (1%0n in thickness) and BeCu metal (150 in thickness) layer,
the adhesive layer was < 0.1 mm, and their curamgperature was about 50 degree

Celsius.

The literatures above show that the adhesive bgndian effective way for joining the
piezoelectric ceramics and metal substrate. Ihésefore necessary to understand the

mechanism of adhesive bonding.

2.4.1. Mechanisms of adhesive bonding

A few theories have been developed to explain tteegss of bonding in adhesive
structures. Individually, each of these theoriegnadequate to describe the complete
process of bonding in most situations. Howeverheamtributes an understanding of
the overall process of bonding and therefore isoirtgmt. Figure 2.5 illustrates the four

predominant mechanisms of adhesion.

18



Entrapped Air

Mechanical Locking Theory Adsorption Theory

Electrostatic Theory Weak Bondary Layer Theory

Figure 2.5 Dominant mechanisms of bonding (Mes$@93)

e Mechanical Locking Theory

According to the mechanical locking theory, an ailre must fill the valleys of each
adherend (body to be bonded) and displace trapped aork well. Adhesion is the

mechanical interlocking of the adhesive and theeesiid together, and the overall
strength of the bond is dependent upon the qualitythis interlocking interface.

Chemical or physical abrading is highly recommenidedptimum bonding.

e Adsorption Theory

The adsorption theory suggests that bonding igptbheess of intermolecular attraction

(van der Waals bonding or permanent dipole, forrgda) between the adhesive and the
adherend at the interface. An important factorhi@ strength of the bond according to
this theory is the wetting of the adherend by tdbesive. Wetting is the process in

which a liquid spreads onto a solid surface arabrgrolled by the surface energy of the
liquid-solid interface versus the liquid-vapour atiee solid-vapour interfaces. In a

practical sense, to wet a solid surface, the adbesiould have a lower surface tension

than the adherend.

e Electrostatic Theory

Electrostatic forces may also be a factor in thedity of an adhesive to an adherend.
These forces arise from the creation of an eleddtdouble layer of separated charges at
the interface and are believed to be a factor e risistance to separation of the
adhesive and the adherend. Adhesives and adhetiesidsontain polar molecules or
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permanent dipoles are most likely to form electbstoonding according to this theory.

e \Weak Boundary Layer Theory

This theory has been developed to explain the gsarioehaviour of the failure of
bonded materials. Upon failure, many adhesive bomdsk not at the adhesion
interface, but slightly within the adherend or #dhesive, adjacent to the interface. This
suggests that a boundary layer of weak materifrieed around the interface between
the two media. Impurities in the bond and adversentcal reactions are common

causes of weak boundary layers.

2.4.2. Mechanismsof failurein bonded joints

The two predominant mechanisms of failure in adlegibonded joints are adhesive
failure and cohesive failure. Adhesive failure e tinterfacial failure between the
adhesive and one of the adherends. It indicatesea@kwoundary layer often from
improper surface preparation or adhesive choicéeSive failure is the internal failure
of either the adhesive or, rarely, one of the aei@s. Ideally, the bond will fail within
one of the adherends or the adhesive. This indidat the maximum strength of the
bonded materials is less than the strength of theesve strength between them.
Usually, the failure of joints is neither complgtelohesive nor completely adhesive.
Measurement of the success of a particular joifased on the relative percentage of

cohesive failure to adhesive failure.

2.5. Micro-air-vehicle (MAV)

DARPA (Defence Advanced Research Projects Ageribg)research and development
organization for the Ministry of Defense (MoD) ofrferica, reported the concept of an
insect like miniature vehicle for the military apgaltion in 1997 (McMichael, and
Francis, 1997), defined a MAV to be sized less thawrentimetres in length or width or
height, weight less of 50 grams and must be capablstaying aloft for 20 to 60
minutes for a distance of 10 kilometres. The MAMVsuld be applied to assess

environments which are too dangerous for direct dwrmtervention, for instances,
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searching for disaster survivors, detecting explsievices planted in buildings or
hostage locations; Video reconnaissance and slaweds for urban combat
applications and counter terrorist operations ethis would require a highly

manoeuvrable capability of avoiding obstacle tceasdhe targets.

MAVs fly at a very low Reynolds number (100,000b&low for MAV against over 100
million for fast-flying commercial aircraft) as cqrared to the conventional aircrafts
due to their small size and low speed, there amenaber of aerodynamic challenges for

designing a MAV to achieve enough lift and low drag

Recent studies in the understanding of aerodynaafi¢spping wing flight or insect

/birds flight have led to new approaches to achidéneeflapping wing flight; a critical

challenge in construction of bird/insect-mimickifigpping device is to select a driving
force or actuator which could generate enough wimgvement. In the following

sections, three types of MAV, including the fixethg; rotary wing, and flapping wing
MAVs are described.

2.5.1. Fixed Wing MAVs

Most of the MAV have fixed wings. One reported bly,®. Y. (2004) could cruise at the
speed of 65 km/hour at Reynolds number of aboutODB0 However, as the size of a
MAV decrease, the Reynolds number of the flow sumthng the MAV also reduces.

The challenge to the fixed wing aircraft is thatl@av Reynolds number, the aircraft
lacks of manoeuvrability and needs a large turnmiadius to navigate and avoid

obstacles in a tight space (Michelson, et al., 200he fixed-wing designs rely on

conventional scaled-down aerodynamics and flighttrabd approaches, and do not
possess the flight agility that would enable missito be conducted within the confines
of a building.

One of the most famous fixed wing MAVs is Black \&wd MAV reported by

Grasmeyer and Keennon (2001), which has a wing epd%.2 cm and can achieve a
flight speed of 48.2 km/hour, a maximum range 8fkm and the maximum altitude of
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769 feet, and the endurance of 30 minutes. BladkoWican be used for missions such
as target tracking and video monitoring over iteragional range. The Lockheed Martin
MicroSTAR is another MAV (Ifju et al., 2002) can beed in the same applications, this
vehicle has a wing span of about 15.2 cm and wdggssthan one third of a pound. It
has a range of 5 km and can reach altitudes ob3D0 feet at speeds of 55.5 km/hr
with an endurance of 20 minutes. The UF 6” MAV(Igt al., 2002) is another MAV

with a 15.2 cm length, and weighing 52 grams, it ceach the speeds of 20 to 48

km/hour.

These three models are based on a disc shapeustras shown in Figure 2.6, and
many other MAVs have been developed with subtle ifitation using this similar
shape structural concept. Honeywell Internatiomal reported a commercially MAV
system which can be used for military surveillanddse system consists of two MAVs
with the capability of vertical take-off and landirone ground station and other support
equipments. The total weight of the complete sysientess than 18 kg and the
endurance of each MAV of the system is 40 minutés=00 feet.

Lockheed Martin
Microstar

Figure 2.6 The 'Black Widow', 'MicroSTAR' and th#-'6" MAV' respectively
(from left)
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2.5.2. Rotary Wing MAVs

The main purpose to develop MAVs is for the militaurveillance applications; hence
an agile MAV would be more beneficial. If the MAWuald hover or fly slowly, then it

could explore and relay clear images back to th@robcentre. This function can be
achieved with the rotary wing MAV. The "Micro FlygnRobot FR-I" (Figure 2.7) is a
rotary wing MAV developed by Seiko Epson (2003) jehhweighs 8.9 gram, contains a
2.5 gram heavy control module with 2 CPUs, a 1a@rgBluetooth module and a CCTV

video camera module.

Figure 2.7 The Micro Flying Robot “FR-I”

The Pixel and Proxyflyer Micron are other typesrofary wing MAVs (Figure 2.8)
which can hover and fly in any direction. The Piwaighs 6.9 grams and uses a small
motor and a gear train with a 45mAh LiPo battetyisla fully functional helicopter
controlled by an infrared signal with four channdlee Proxyflyer has the same weight
of 6.9 grams as the Pixel, but developed underffareint concept with two control
channels instead of four channels applied by tkelPi

The MAVs described above are scaled down versibhsl@opters. The smallest scaled
down version of the helicopter is the “small flyihglicopter” (Figure 2.8), developed
by Microtechnology in Mainz, Germany with the s&e24 x 8 x 0.4 mm and weight of

0.4 grams. It is powered by a motor with 5 mm langid a diameter of 2.4 mm. This
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small flying helicopter could take off at 40,000vetutions per minute, but without
remote control capability.

small flying helicopter

Figure 2.8 The Pixel, Proxyflyer and Small flyinglicopter compared to a hamster,

pencil and peanut respectively

2.5.3. Flapping Wing MAV's

In nature, flight has been achieved by birds asécts by the flapping motion of their
wings which makes them more manoeuvrable and vers&tapping is much more
aerodynamically efficient than the conventionabdigestate aerodynamics at small size
(Ellington, 1999).

Taking an example of a fruit fly; it can beat itehgs 200 times a second, flapping and
rotating them in a complicated action that relies three separate mechanisms to
provide lift. Drosophila has a wing stroke of 168gdees combined with wing rotations
of more than 90 degrees. Over 100,000 fold flyimgects size range from the smallest
ones weighing 20-3Qg to the largest ones approximately 2-3 g have saafied, the
scaling rule is close to isometric, wing area ispartional to > on average, where m
is body mass, wing beat frequency increases as dizeeases, scaling as'fh a
relatively small wing area can be compensated bygher frequency. The small size
and the relatively small Reynolds Numbers of MA¥srespond to very small birds or

insects.
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It has been reported that the mass of the systesn ahdarge influence on the
performance of the flapping wing MAV. Singh et &005) reported that when the
mass of the flapping wing MAV increases, the maximiuequency of the mechanism
need to increase as well due to high inertial poveguirements. Also, wing tests
showed a decrease in thrust at high frequencies.oftier of the weight to endurance
for the existing MAVs and the desired order carséen in Figure 2.9. The desired MAV
should weigh about 100 grams and should be capélfiigng for 60 minutes.

It is worthwhile to point out that an insect baseaimimetic flight may be a solution for
hover capable MAVs. However, merely copying biot@ajimorphology, kinematics, or
behaviours could not lead to an optimum systenmrepsrted by Michelson and Naqgvi
(2003). Because, even if such an optimum systenddo® achieved; it may not be
practical due to external constraints such as abitity of suitable material or non-

existent manufacturing techniques.

Micro Commercial Allied Aerospace ISTAR
Rc Heli [350g 15min] [1600/15 min & in dia]

5 MicroSTAR [110g/25min]
2 |

Mentor (£50310 min]

+ Objective
[100g/60min]

T T T T T T
10 20 30 40 S50 60
Microbat [10gH5 min] Endurance (min) Black Widewgrazmi

Figure 2.9 Weight to endurance order of existing desired MAVs (Michelson and
Naqvi, 2003)

Most of the recent flapping wing MAV projects haeelopted a battery powered
electrical motor as an actuator. The rotary motibthe electrical motor is converted to
a linear or flapping motion by a mechanism. The tmemsnmon mechanism that can

convert rotary motion to linear or flapping motia; a slider crank type four-bar
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mechanism. A recent work on flapping wing MAV adeghta stepper motor as an
actuator along with a robotic-flapper mechanismathieve the required flapping
motion (Madangopal et al., 2004), where the robfdipper mechanism they used is

basically a crank type four-bar mechanism.

The Microbat is another flapping wing MAV which digal a super capacitor powered
electric motor. Pornsin-sirriak et al. (2003) dedghis model which is 10.6 grams, and
can fly for 18 seconds. They used a 1 volt NiCddwgtin combination with a DC-to-
DC converter to produce the required 4 to 6 vokrapng voltage and used a low-
weight, low-friction transmission mechanism (Fig@.40) to convert rotary motion to
flapping wing motion. Another similar model devedabby Madangopal et al. (2005)
has a weight of 15 grams; they also used a mot@arombination of a 5-bar and a 4-
bar mechanism to acquire the required flapping amdting motions. Both of the
models mentioned above were developed to replimiadis or insect flights and used a

battery powered electrical motor as the actuator.

Figure2.10 Transmission mechanism of Microbat & thBcrobat respectively
(Pornsin-sirriak et al. (2003))
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2.6. Piezoelectric fansfor the application of the flapping Wing Micro
air vehicle (MAV)

A serious limitation to the development of flappivang MAV is the lack of a compact,
high energy density propulsion system. Current rapdal designs present significant
challenges at small scales where conventionalgoamd bearings are heavy and can
give inefficient actuation. Control of these medbah vehicles with mechanical
systems also presents major challenges. Piezdelettaterials, particularly lead
zirconate titanate (PZT), offer the potential folagping wing propulsion system with
integrated electronics and simplified control sgste

There has been limited work on flapping wing MAVssms using piezoelectric
fans/actuators. Cox et al. (2002) reported devetog of a system to emulate the
flapping flight in mesoscale, which consisted okqguiezoelectric unimorph actuator
and three flextual-based mechanisms to transfoatitlear output of the actuator into
single-degree-of freedom flapping motion (Figurd1}. University of California,

Berkeley has done considerable work on a pieztselallty actuated flapping wing

MAV and used a pair of piezoelectric unimorph atits and four bar mechanisms
(Fearing, et al. 2000; Sitti, M., 2001; Sitti et, &001; Yan et al., 2001; Yan et al., 2003)

The current study is to investigate the feasibibfy an efficient and compact PZT
flapping-wing system with an MAV sized propulsiorechanism. To mimic the three
DOF’s complex motion pattern of an insect flappingylti-piezoelectric actuators are
required. For example, two piezoelectric unimorpimsf in parallel connected to a
wingspan should be able to provide flapping andting motions by controlling their
phase and amplitude difference. Figure 2.12 shawiezoelectric unimorph fans in
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Figure 2.11 University of Delaware Flapping Winghide & The Mechanism
Adopted

anti-phase which will enable the wing to rotatee Wing will be flapping when the two

fans are in-phase. To obtain complex wing motidrshould be possible to drive multi
piezoelectric actuators with signals of differentpditudes and phases. This design will
also enable the adjustment and control of the phasgeen the flapping and twisting
motionswhich is a key for flapping flight control.

Figure2.12 Schematic of the coupled piezoelecams ffor MAV applications
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CHAPTER 3

METHODOLOGY AND EXPERIMENTAL

The methodology used in this research is shownflasvahart in Figure 3.1.

Material selection =P\ Analytical and FEA (Finite Element |« Basic Criteria
Analysis) modelling of PZT unimorph

cantilever actuators

v

Analytical and FEA modelling of
piezoelectric fans

. : - Bonding of PZT ceramic
Fabrication of the piezoelectric fans r— patches and metal shim

Evaluation of the piezoelectric fans
v Control of the phase
Control of the coupled delayed driving signals
Piezoelectric fans

v

Characterisation of the 2DOF motion
of the wing actuated by the
coupled piezoelectric fans

Figure 3.1 The flowchart of the methodology

At first, the analytical and finite element anaty¢FEA) modelling of the cantilever
piezoelectric unimorph actuators was investigatedhe meantime, basic criteria were
drawn by referring to the requirements of MAV, ah& basic principles for material

selection were obtained in order to achieve theimam displacement and work output.

Once a reliable FEA model of the cantilever piegoglc actuators was achieved, it was
used to model the behaviours of piezoefans in wthehpiezoelectric and the elastic

layers do not have the same lengths, and thenesigrdof the piezofan can be achieved.
Afterwards, how to bond the piezoelectric layer atm® substrate firmly was
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investigated. Once the optimized bonding conditiavisich can produce the maximum
bonding strength, have been obtained, piezofans i@oricated. The appropriate
facilities such as the driving system, measuremegaipments and phase delay control
system were investigated and been set up beforeatvay the performance of the
piezofans. After the performance of the piezofaias wharacterized, the two degree of
freedom (DOF) motion of the coupled piezofans wa®stigated and its application on

the control of the flapping and twisting motionadflapping wing MAV evaluated.

3.1. Basic criteria and material selection

As stated before, a MAV is a semiautonomous ai®arehicle, which measures less
than 15 cm in any dimension, weighs no more thagra&éhs, and flies up to a range of
10 km. According to the survey of different fligbpecies the wing beating frequencies
when they are flying are often less than 100 HzcKison et al., 1999), so some
criteria can be set accordingly. These are:

«The Length of the wing (wing span + Piezo faibcm

«The range of working frequency f:<0f <100 (Hz)

«The total weight of the system <50g

The basic performance criteria are the maximundigplacement and blocking force.
As can be shown in Chapter 4 Theoretical Analybigth of these are linearly
proportional to the transverse piezoelectric cogffit ¢i. Another criterion is the
maximum electrical mechanical energy transformatwnich is proportional to thesk
(Wang et al., 1999). Accordingly, a few piezoelectnaterials including a few PZT
ceramics (PSI-5H4E and 5A4E of the Piezo Systemy, PZN-PT, PMN-PT single
crystals (PZT-PT, TRS Ceramic Inc.) have been sdeAlthough the PZT-PT, PMN-
PT single crystals have the highes; dnd k; value, 95@10* (C/N) and 0.5
respectively (Niezrecki et al., 2001), comparedh® PSI-5H4E,’s 320L0%%(C/N) and
0.44 respectively (http://piezo.com/prodsheet2shfhl) and the PSI-5A4E’s 1900
12(CIN) and 0.35 respectively (http://piezo.com/pituetlsq5A.html); the PSI-SH4E
was chosen for its relative high;dalue, high breakdown strength, readily available

and especially for its affordable cost.
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Generally, bimorph and unimoprh cantilever actusatare flexural bending actuators,
which could produce large deflection with a lighigtg and compact size. Other types
of piezoelectric actuators, such as the multilaytesk and piezoelectric motors, can
usually produce large force but very small disptaeet. For these reasons bimorph and
unimorph cantilever actuators are considered t@ maere merits for the flapping wing

micro aerial vehicle application.

The bimorph (serial connection type) cantilever labetter performance under the
same applied electrical field (Sitti et al., 20Ghpn unimorph actuators, however,
during half of a cycle the electric field is anasgllel to its polarisation, and therefore it
is subject to depolarization. Another issue is rigfative poor mechanical strength
because of its full ceramic structure if withouyalastic layer. Usually an elastic layer,
for example a metal layer is sandwiched betweentiW@ piezoelectric layers to

improve its mechanical strength. Also bimorph attitsaare more difficult to make. For

these reasons, the unimorph type actuator is chiogéis study.

3.2. Analytic study and FEA modelling of unimorph cantilever
actuators

Analytical treatment of the unimorph cantileveruatbr was carried out by using the
constitutive equations for piezoelectric materidlased on Smits’s and Wang’'s works.
Smits’s method is more fundamental and helps inetstdnding the physics of the
problem concerned. Wang’s work is of more practicsg¢. The analytical equations at
quasi-static operation for unimorph cantilever atiu in this study are mainly based on
Wang’s work (Wang et al., 1999).

In this study, Finite element analysis (FEA) isoaladopted to investigate the
performance of the actuator. FEA is a numericacedore for analysing engineering
problems, which are too complicated to be solvedclassical analytical methods
(Krishnamoorthy, 1995). The finite element modedsdrl on Hamilton’s principle for
piezoelectric beam and plate structures has begeortesl (Saravanos, 1997; Yao and
Uchino, 2001; Burman et al., 2002). A more detaiedew of using the finite element

method in the analysis and simulation of smart gmézctric materials and structures
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can be found in literature (Mackerle, 2003).

ANSYS software is a commercial FEA modelling salatipackage, which is good at
dealing with different mechanical problems, inchglithe static, dynamic structural
analysis, both would be linear and nonlinear apghrpaeat transform, fluid, acoustic,
electro-magnetic and electro-mechanical problemsFEA modelling of the unimorph
cantilever type actuators by ANSYS 8.1 software hasn developed in this study.
When developing the FEA modelling, the bonding lestw the piezoelectric material
and the metal shim is assumed to be perfect, anthtbkness of the bonding layer is
negligible. The piezoelectric properties of the gablPZT-5H including Young’s
Modulus and piezoelectric coefficients are anigutroHowever, for simplifying the
complexity and comparing with Wang’s work (Wangakt 1999) in which the quasi-
static displacement, blocking force and resonaquencies of the unimorph actuators
are discussed in the assumption of an isotropicnysuModulus of PZT-5H ceramic,
the Young's Modulus of PZT-5H ceramic is assumedtropic here, but the
compliances g, Ci2, Ci3, C33, Casq, @and coefficientsss, €20, €33, €31, €33, €5 are considered
anisotropic in the FEA modelling of the unimorphustor adopted in this research.
Three-dimensional SOLID5 element is used in althidse modelling because it has
large deflection and stress when used in the straictand piezoelectric analyses.
Usually the meshing is made by dividing the leraytld width in a fixed 1mm distance,
and keep the thickness of the two material layei@nie section respectively to make all
the elements in a uniform Tetragonal shape. Thexefthe total elements of this
modelling are 800 and the total nodes are 1353leThbl summarises the materials

parameters used in the FEA modelling and analglicutation.
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Table Ill.1 Material properties for analytic anB A calculations (http://piezo.com)

Titanium Alloy | Titanium Alloy Stainless Steel
Material PZT-5H (Ti/94.5/Al 3/V Il (Fe/Cr18/Ni Mo Usage
2.5) (Ti/90/Al 6/V 4) 9/Ti)
, FEA
Young’s Modulus (GPa) 62 103.5 110 200 324.8 Analytic
. FEA
Density (Kg/ nf) 7800 4450 4420 7900 10220 Analytic
Young's Modulus ratio A _ 1.67 1.77 3.23 524  Analytic
(Eelasti(lEPiezc)
Density ratio C 1.31E .
— 5.71E-01 5.67E-01 1.01E+00 Analytic
(Belasti(!BPiezL) +00 yt
Poisson’s ratio — 0.27 0.27 0.28 0.293 FEA
d31(m/V) 320x10° — — — — Analytic
€ll 3130 — — — — FEA
€22 3130 — — — — FEA
€33 3400 — — — — FEA
e3l -12 — — — — FEA
e33 22.22 — — — — FEA
elb 19.39 — — — — FEA
cll(N/nf) 126e+9 129.33e+9 137.45e+9 255.68e+9 226?_3 FEA
c12(N/d) 79.56+9 47.83+9 50.83e+9 99.43e+9 £/ | FEA
c13(N/nf) 84.1e+9 — — — — FEA
¢33(N/nf) 117e+9 — — — — FEA
c44(N/nf) 23.0e+9 40.75e+9 43.3 e +9 78.13e+9 12+5§6e FEA

3.3. Analytical and FEA modelling of piezoelectric fans

Once the FEA modelling of the unimorph cantilevetuators has been developed, the
FEA modelling for piezoelectric fans was developgdthanging the length of the PZT-
5H piezoceramic, whilst keeping the elastic laymrbétrate) at a constant length. The
relationships between the PZT patch locations,hpticelastic layer length ratio, patch
to beam thickness ratio and the maximum tip defledn a piezoelectric fan have been

investigated.

The dynamic response of a piezoelectric fan condijon where the substrate layer has
different length with the piezoelectric materiayeéa was derived, after obtaining the
solution for the dynamic response of a piezoelectmimorph cantilever actuator at first.
Finally, a configuration resembles the actual stmec which includes three different

sections: a section for clamping, a piezoelectdtiva section and a passive blade
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section used in the experiments were discussece Metails are presented in chapter 4.

3.4. Fabrication of the piezoelectric fan

The ways to bond the metal and the piezoelectriena affects the performance of the
actuators prominently, so the investigating on tpéimized bonding conditions is
necessary before the fabrication of the fans. Ftbm understanding of bonding
mechanisms, experiments for obtaining optimizeddoumn condition were designed and

executed.

Piezoelectric fans made by bonding a PZT-5H ceramith a Molybdenum or stainless
steel elastic layer at different thicknesses wérentfabricated by applying these

optimized bonding conditions.

3.4.1. Adhesive Selection

Most adhesives in use are a combination of comgeneach designed for different
functions in the bonded joint. An adhesive can awmntiny number of the following
components: (1) the adhesive base or binder; (@rdener (for thermosetting types); (3)
accelerators, inhibitors, or retardants; (4) dilser(5) solvents; (6) fillers; and (7)

carriers or reinforcements.

The adhesive base is generally the primary compoatrany adhesive and is the
constituent from which the name of the adhesiveeisved. A hardener is a substance
added to the adhesive that causes a chemical aeaatihich cures the adhesive.
Accelerators, inhibitors, and retardants contrelddhesive's rate of curing. Diluents are
liquid components that are added to the adhesivedace the concentration of the
adhesive base. They usually reduce the viscosithefadhesive. Solvents are closely
related in that they thin the adhesive to makeadterspreadable. The difference is that
solvents disperse the adhesive base. Fillers ahedied in the adhesive if the adhesive
properties are insufficient alone. Often, fillene aised for reducing cost, improving

structural strength, encouraging conductivity, attter similar applications. Carriers or
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reinforcements are used to support the adhesiveglapplication or storage.

Adhesives can be classified into a number of diffiércategories, but the most
convenient system is categorization by chemical pmsition. Table 1.2 shows a
summary of major structural adhesives categorizable 111.3 tabulates the appropriate
adhesives to use for particular adherends.

Table 111.2 Categorization of Structural Adhesi&tessler, 1993)

Chemically Reactive
1

I T [ T 1 f_ |

Chemical Cure Moisture Cure Heat-Activated No-Oxygen Cure  Mix-in No-mix
E Silicones Cure Anaerobics Epoxies  Modified acrylics
PORY Polybenzimidazole Polyurethanes
P o e, Polyimide Moified acrylcs
Polysulfide Polysulfides Enany ;II eyl
Polyurethane  Cyanoacrylates ,J:;mi Pf.:r:nzﬁ::
ﬁ:III;:::r Epoxy Phenalic
bl »
Resorcinol-formaldehyde Pd{;:;;::"““
Evaporation or Diffusion Hot Melt
| : | [ : |
Owganic-Solvent Base Water Base General Purpose High Performance
Natural rubber Phenolics Matural rubber Ethylene-vinly acetate copolymers  Polvamides
Reclaimed rubber Urethanes Reclaimed rubber Polyolefins Polyesters
Synthetic rubbers Vinyl resins Synthetic rubber Thermoplastic elastomers
trile, necprene, butyl, (polyvinyl acetate, Vinyl resins
styrene-butadienc) vinyl phenolic, Acrylics
Phenouy resin - poly vinyl alkyd ethers,  Natwral products
Polysulfone polystyrene) {animal glue, starch, elc.)
Acrylics
Polyamides

Pressure-Sensitive Electrical and
Delayed Tack  Film and Type Film and Tape  Thermally F&nduﬂive
1 1 []

Styrene-butadicne copalymers _ Mylon-epoxics MNorural rubber Epoxies
Polyviny] acetates Elustomer-epoxes Styrene-butadiene rubber Polyurethanes
Polystyrene Nitrile-cpoxies Reclaimed rubber Silicones
Polyamides Winyl phenolics Butyl rubber Polyimides
Epoxy phenolics Polyacrylmes
Polyimides Polyvinylalkyethers
Polybenzimidazoles
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Table 1.3 Metal-adhesive compatibility chart (Méer, 1993)

Meral )
Bras, Stainless
Aclhesive Al Ag  Aw fe  Bronzge Od Cw Mg M Ph o Sn Sieel  Sieel T u W Za

Acrylics . . . .
2nd peneration acrylics
Anacrohics L - L L
Is . . 3 . -
S SRR N o P e Ve W
Epoxy-phenolics . . . . . . . 1
Muodified epoxies .
Muodified phenolics L
MNeoprene-phenolics - * . .
Mitrile-epoxics . . . -
Nitrile-phenolics " . . . . M - "
Nitrle-rubbers .
Mylon-spaxy L] [ ™ ™ .
Polyacrylates -
Palyamides -
Palybenzimidazoles . * - N
Palymides L - = - -
Polyurethanes - L L " -
Polyvinyl acetates .
Palyvinyl alkyl ether L] L] . - .
Silicones - ] " " .
Styrene-buladiens -
Vinyl-plasticals -
Vinyl-phenalics

When fabricating the piezofans, the main task isbémd the PZT ceramics with
different metal shims (stainless steel, Molybdenatn). The piezo material is a
commercial PZT ceramic PZT-5H with Nickel electreden both sides, therefore the
bonding of PZT with elastic layers becomes effettithe bonding between Nickel and
the elastic layers.

According to the above metal-adhesive compatibitityart, epoxy is suitable for the
bonding between Nickel and Titanium, Nickel andir8éss steel, but it is not clear
whether it is suitable for Molybdenum. The EPO-TBB1-2 epoxy made by Epoxy
Technology is chosen as the epoxy because of iml@aty. The main property
parameters for the EPO-TEK 301-2, obtained from mm&nufacturer’s web (http:
IlIwww.Epotek.com), is shown in Table 11l.4. The Mbtlenum is chosen as the elastic
layer for the bonding strength test, because acuprid the analytic calculation, the
combination of PZT-5H and Molybdenum can achieve thighest quasi-static
displacement; the procedures for bonding the Madyloein and Nickel shims are shown

in Figure 3.2.
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Table 111.4 The main property parameters for th€©OEFEK 30 1(http://www.epotek.com)

e

Physical Properties:

“Coler: Part A: Clear/Colorless Part B: Clear/Colorless Weight Loss:
“Consistency: Pourable Liguid @ 200°C: 0.01%
‘Viscosity (@ 100 RPM/23°C): 225 — 425 cPs @ 250°C: 0.46%
Thixotropic Index: N/A @ 300°C: 2.19%
‘Glass Transition Temp.(Tg): =80°C {Dynamic Cure Operating Temp:
20—200°C /180 25 Min; Ramp -10—200°C @ 20°C/Min) Continuous: - 55°C to 200°C
Coefficient of Thermal Expansion (CTE): Intermittent: - 55°C to 300°C
Below Tg: 37 x 107 infin/°C Storage Modulus: 293,719 psi
Above Tg: 118 x 10°% infin/°C lons: CI-  61ppm
Shore D Hardness: 80 Ma® 104 ppm
Lap Shear Strength @ 23°C: > 2,000 psi MNH;" Not detectable
Die Shear Strength @ 23°C: z 15 Kg /5,100 psi K*  Not detectable
Degradation Temp. (TGA): 360°C ‘Particle Size: N/A
Optical Properties @ 23°C:
Index of Refraction: 1.5318 @ 589 nm Spectral Transmission: > 94% @ 320 nm

> 99% @ 400-1200 nm
> 98% @ 1200-1600 nm
Electrical & Thermal Properties:
Thermal Conductivity: N/A Volume Resistivity: =2 x 10 Ohm-cm
Dielectric Constant (1 KHz): 3.80 Dissipation Factor (1 KHz): 0.012

Fairy liquid, Isoproponal and
Aceton to Clean the Ni and Md
metal shim surface

Pretreatment |\

Sand paper to abrade the surface
of the Ni and Mo metal shim

¥

Acid solvent to remove the oxide
layer of the Ni and Mo metal shim

Instrument: Spinner

Bonding the Ni and Spin-coating Epoxy (adhensioh  [Spinning rate:
the Mo == promoter) on the Mo metal shifii ~ 12000~3500(rpm)
Time: 20~40(sec)

Epoxy type: Epotek 301-2
Attach the Ni on the Mo surface Epotek 301-2 A: B =3:1

within the over-lap length Using part A: 1.2(g)
part B : .4(q)
1d
Put the sample into an oven and p ace nstrument: Oven of
a dead weight on the sample Oven temperature:
65°C~100°C F
Time: 5~15(Hr
Bonding strength tegt  [Take out the sample from the oven i 1ce
==Pand carry out the shear strength [&st - [[nstrument: tensile testT e

Figure 3.2 The bonding procedures of Ni to Mo
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It was found that the oxide layer on the surfacehef Nickel shim could be removed
after etching in the nitrate acid for one minutewever, for Molybdenum shim, it takes
about 10 minute to achieve the same. A wetting vesich is to spread some water onto
the surface of  the etched surface to see if #emcan covered all of the surface, is
used to verify whether the oxide layer is removeda. The wetting test time interval
is one minute. The spin coater was used to spreadyeonto the surface of the
Molybdenum metal shims, and then the Nickel and yddénum metal shims are
bonded together, put the sample into an oven e¢-@gtermined temperature, and apply

a dead weight onto the sample during the curing.

Although the above procedures were designed fobdimeling with Molybdenum metal
shims and the piezoelectric ceramics with Nick&lckbde, the optimized bonding
conditions are believed to be applicable for ddfégrmetal shims such as the stainless
steel and Titanium. According to the above comjldtilchart, the epoxy are suitable
for all these different metals, so no further bowgdexperiments for these metals were

carried out.

3.4.2.The strength of the Bond

The strength of a bond is expressed by the falhad per unit area of the joint. For the
simple lap joint as shown in Figure 3.3 which igdisn this bonding study, the most
widely adopted methods to characterize the streonfitthe joint is by tensile shear

strength tests.

| : / 7

“«—> tT

Figure 3.3 Simple lap joint and tensile shear gjtietest: b-adherend breadth;

t-adherend thickness; I-lap lengthbond line thickness
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In this type of loading the forces act in the plah¢he adhesive layer. Shear strength is
expressed by the ratio of failure load to bond area

r,=FIA (NImd)=F /b (N/m?) (3-1)

The Zwick/Z010 tensile tester manufactured by Zwie&. (Figure 3.4 (a) and Figure
3.4 (b)) was used to carry out the bonding sheangth test. The Zwick/ 2010 is a
table top type tensile tester controlled by a Plker& were two jigs with this machine,
the lower one was fixed on the main frame and theeu one can move upward or
downward with various crosshead speed, we canhgsggs to clamp the samples and
adjust appropriate crosshead speed by computeotegd the test, the crosshead speed

we used in the test was 0.5 mm/min.

The maximum load is 10 kN, and the maximum workiegght is 1,041 mm, maximum
working width is 42 mm, and with no limitation irepth. The maximum crosshead
speed is 1,000 mm/min; all the specifications ef Zwick/Z010 are listed on the Table
.5.
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Figure 3.4 (b) Zwick/Z010 tensile tester
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Table 1.5 The specification of Zwick/Z010 tenstkester

Series £0.5 £005 £010 2020
s Type table top  table top | table top | table top
» Max, load, kN D.b b 10 20
e Working area, max.
* Height, mm 506 561/1,061) 1,044 1,044
*Width, mm no limit 420 420 420
* Depth, mm Q9.5 no limit no limit no limit
* Max. crosshead speaed, mm/min 1,500 500 1,000 500
* Crosshead travel resclution, pm 0.226 0.05 0.09 0.045
s Max. power consumption, KVA 0.4 0.6 0.6 0.6

It is well known that the mechanical propertiedohded joints are the highest at loads

in tension or compression. It has been establishaidthe stresses induced by internal

forces are not uniformly distributed within the am@f bonding. Usually, the strength of

adhesive is considerably lower than that of theemmlt (metals in this case) to be

bonded; as a result, there is a concentratiorressts at the end of the joint as shown in

Figure 3.5.

Figure 3.5 Non-uniform stress distribution along bond area of a simple lap joint under

load (exaggerated)s-tensile stress distribution in the adherends;shear

stress distribution in the adhesive layer; M-begdmoment due to the

eccentricity of the force F.
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Volkersen (Messler, 1993) proposed a theory wittage assumptions, such as identical
adherends with equal thicknegsequal modulus of elasticiti and the validity of
Hooke’s law; it is possible to determine the reaship between adhesive layer
displacement and adherend elongation. Proceediogh fa second order linear
differential equation he obtained the equation:

r(X)=r, E{cosf(l—x \/ﬂj + cosh\/i(l— ﬁj} (3-2)

sinhv 2A |

It is seen that the non-uniform stress distributtan be expressed by the dimensionless
factolA:

Eto
WhereG is the shear modules of the adhesives the lap length¢ is the bond line

(3-3)

thickness, and is the adherend thickness, which can refer to &gBiU3. The stress

concentration factor can be written as follows:

n :ﬁ = f(A):Ecothl (3_4)

T, k k
1 1 G
= =ZA=|]—
where 3 =3% T Ewe
The strength of the joint may be calculated from:

T
F=r A='mx|p ;
pA= (3-5)

where bis the adherend breadth.

The factor A is, in principle, valid for all materials, sincé ¢ontains the most
important constants characterizing them. If giveaterials are to be bonded with a
given adhesive, the G/E ratio is a fixed one. Siitcss known that the bond line

thickness should be the smallest possild may be assumed a constant and what is left

2
over is only thel% ratio, and a so-called “joint factof; is defined:

=y (3-6)
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Hence, under comparable conditions and for a gairesive, simple lap joint strengths
are constants at constant valued,and it has been found that, for a given adhesive-
adherend combination, bond failure stresses arergky proportional to the square

root off;

g [Teain (3-7)
where a is a constant.
These considerations were used to determine thé appsopriate overlap length | after
the initial tests. If is too long, the materials (Ni or Mo) may fail bef the bond failure.
If 1 is too small, the non-uniform stress distributi@ansaown in Figure 3.5 may be too
big and the force at failure was too small, botdléo large measurement error. The best
overlap length was found to be 6 mm.

3.5. The set up for the characterisation of the piezofan

Once the piezoelectric fans have been fabricatedrding to these optimized bonding
conditions, the characterization of the piezoeiedans was carried out. These include
the setting up for measuring the tip displacement the blocking force at the quasi-
static conditions; and a high speed camera systendyinamic characterisation. The
experiment results were then compared with the FBdelling ones.

3.5.1.The set up for the quasi-static characterization

The scheme of the set up for characterizing thesiegtatic displacement and blocking
force of the piezoelectric fans is shown in Fig@ré. It consists of a driving system
which includes a signal generator, a high voltageldier, and an oscilloscope; a quasi-
static displacement measuring part including ancapffibre sensor and its power
supply unit; a blocking force measuring part inohgda load cell strain gauge and a
strain gauge amplifier. The tip displacement arel ltfocking force were measured at
the quasi-static state, because the optical fiens@ and the load cell strain gauges are
suitable for the application in low frequency orBperating frequency less than 1Hz is

recommended.
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It < Driving system
Signal generator

|Optica| Fibre Sensor |—| Power Supply Unit

High voltage Amplifier |

Oscilloscope |Load cell strain gauge |

e} | N ]

|Piezoe|ectric actuator Strain Gauge Amplifier |

Figure 3.6 The scheme of set up for the displacémsmmd blocking force
characterization at quasi-static conditions

3.5.1.1The Quasi-static displacement and blocking force nasurement

An Optical sensor (PHILTEC Ltd, model D20, Figur&)3with a measuring range up to
1.27 mm has been adopted to measure the quasi-digfilacement of piezoelectric
fans. It is used when a target having a vibratooyiom parallel to the axis of the sensor.
A calibration is needed before the actual measunentiege calibration data is shown in

Figure 3.8.

Analog
| Amplifier

Fiberoptic
Cable & Sensor
Tip

Figure 3.7 The Optical sensor (PHILTEC Ltd, mod&Dp
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Figure 3.8 The calibration of the optical sensddl(HFEC Ltd, model D20)

A load cell gauge sensor (Omega, model LCL-113@ufe 3.9) with the measuring
capacity up to 113 gram (about 1N) is adopted femasnring the blocking force of
piezoelectric fans. A calibration is also needetbitgethe measuring: The calibration

data is shown in Figure 3.10.

Figure 3.9 Load cell gauge sensor Omega, model 1LG3G
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Figure 3.10 The calibration of the load cell gasgasor

3.5.1.2The Driving system

A piezoelectric fan needs an external voltage twedit. The function generator
(INSTEK 8216A, 0.3Hz~3MHz) can provide a voltageaaparticular frequency and
waveform (e.g. sine, square, triangle etc); thid e amplified by a high voltage
amplifier to produce an output which can drive azpelectric fan to the required
amplitude. An oscilloscope (HP, 54603B, 60MHz) sed to check the real voltage,
operating frequency and the waveforms. An in-hdugh voltage amplifier was used in

this study.

The circuit diagram of the high voltage amplifisrshown in Figure 3.11. This system
with a single high voltage (HV) operational amg@ifilop amp) can provide the output
voltage from -180V to +180V. The HV op amp was aied from the supplier Apex

Microtechnology, model PA90, along with an evaloatkit, EK11, which included the

necessary PCB and components. The data sheetsefd?A90 and EK11 is available
from the Apex Microtechnology (http://eportal.apegrmtech.com/mainsite/index.asp).
This is an inverting op amp design. Basic elect®sitate that for an inverting op amp,
the gain is given by —Rf/Ra, where Rf is the fee#tb@sistor and Ra is the resistor on
the invert input of the op-amp. The gain for thewit diagram in the figure is -33. This
allows a -5Vdc signal to be amplified to +165V. wWver, to avoid the depolarization
in the piezoelectric material, only positive outputltage from this high voltage

amplifier was considered.
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The output voltage from the PA90 HV op amps depamddhe maximum voltage the dc
power supply units (PSU) can offer ( for an PA90, Hive maximum voltage from

power supply is £200V which is obtained from theéadsheet in Apex Microtechnology
website). To drive the PA90 circuit as shown inufey 3.11, a supply voltage of -
180Vvdc and +180Vdc was required, this was provioeéour PSU connected in series,

as shown in Figure 3.12.

+180Vdc

| |
I
C;10n N

l/k
IN5388
Ra 10K
+5vd
Input ?
-165V
4x1N414 Output

IN5388

-180Vvdc

Figure 3.11 Circuit diagram for the PA90 Apex Michnology high voltage
operational amplifier. Output range is -180V to Y8
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4+60vdc || _ 60vdc ||  60Vdc _ 460vde ||  60vdc ||  60vdc

PSU PSU PSU A PSU PSU PSU
» +180Volts « Y > -180Volts
v
Common
Ground

Figure 3.12 Power Supply Unit series arrangement

The current applying to the piezoelectric fans gaaic design requirement of the high
voltage amplifier in order to provide enough cutren the device.

Current calculation can be obtained from:

| = =20V -
a at (3-8)

Wherel is the currentC is the capacitance aMiis the voltage.

Assume V =V, sinat (3-9)
dv

So 4 T WV, cosat (3-10)
Therefore the maximum current is

| = 27fVOC (3_11)
The capacitance can be obtained from the equagidr2),

A
C=¢¢ q (3-12)

wheres,is the dielectric constant of vacuum whict8854x107Fm™, & is the

relative dielectric constant of the dielectric matke A is the area and is the thickness.

If the working frequency for a piezoelectric fanial consists of one layer of PZT-5H
with a thickness of 127 pum, and of the dimensidisih x 10mm is below 100 Hz, the
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amplitude of the working voltage is 180V, ¢:2is 3800 for the PZT-5H, then the
capacitance is 79.5nF, and the maximum currentdvbal8.9 mA. This is far less than
167 mA-the upper limit of the PA 90. A photographtlee high voltage amplifier is

shown in Figure 3.13.

Figure 3.13 The high voltage amplifier

3.6. The coupled piezofans and dynamic motion charactesation

To mimic the three DOF’s (Degree of Freedom) comptetion pattern of an insect
flapping, multi-piezoelectric actuators are reqdird=or example, two unimorph
piezoelectric fans in parallel connected to a wags should be able to provide two

DOF motions including flapping and twist motion égntrolling their phase difference.

The schematic set up for the two DOF motion charations of a coupled

piezoelectric fan is shown in Figure 3.14. The samae (usually sinusoidal) signal
from a function generator was supplied to two highage amplifiers. One is applied to
an amplifier and then one piezoelectric fan disgchother one is connected to an in-
house made phase delay circuit (which can achigwel80 degree phase delay) at first,
before being connected to the other amplifier dmehtthe other piezoelectric fan. A
wing consisted of a pair of wing spars and a wik@ svas attached to the two

piezoelectric fans to make them coupled. The wipgr svas made of carbon fibre
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reinforced plastic (CFRP) and the wing skin was enafla flexible polymer material.
The piezofans were clamped perpendicularly in parand both the flapping and
twisting motions of the coupled piezofans were hie horizontal direction. A single
2MP Photron APX high-speed camera fitted with a 80rfi2.8) Nikon lens fixed
perpendicular to the plane of the coupled piezdetefans was used to record both the
flapping and twisting motions of the wing at diféet operating frequencies when the

coupled piezoelectric fans are under the sameexppbltage 170,

A frame rate of 2000 frames/s was used for an af@aterest of 61.25mm x 61.25mm,
that corresponded to a mean resolution of 67 unppet. The camera was controlled
by a PC system. For the motion characterizatioa,cimera was used at first to take
photographs of a ruler for calibration, which isdted in the same plane with the edge
of wing and perpendicular to the camera. Then thetqgraphs of the vibrating wing
were taken continuously for about one second téecbjust over 2000 photographs,
which covered a few full cycles of the vibratiomdtvibration frequency was usually
between 10 to 100 Hz). The dynamic displacemerd dedre obtained by comparing
photographs over a full cycle and directly measurihe photographs showing the
largest displacement. The real set up is shovigare 3.15.

Analysis of the data was completed manually usimgroercially available photograph
software (for example, Photoshop®). Firstly, theotplgraph of the ruler for the

calibration was analysed; a specific length equalsain pixels, then the resolution of
each pixel was obtained (67 um/per pixel); Theh,irahges in a full cycle were

assessed to find two photographs, which show tlrere oscillation positions of the

edge of the wing in a full cycle. Then the coordésaof the point 1 and point 2 in these
two photographs were obtained. Therefore, the rdiffee of the coordinates of the
pixels at point 1 and point 2 can be obtained.a&t,lthe displacement of point 1 and
point 2 could be obtained by multiplying these a@iénces of the coordinates of the
pixels and the length of each pixel. The mean valuéhe dynamic displacement at
point 1 and point 2, which equals to the displacena¢ the mid point between point 1
and point 2, was treated as the flapping displac¢imiethe wing.
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I High speed camera

Point 2 Point 1

Wing

Spar Spar

Stainless

Steel Piezo-fan Il

Piezo-fan |

A A s

HV Amplifier | HV Amplifier Il

Phase delay circuit
|

|
Function Generator

Figure 3.14 The scheme of phase control for th@leaupiezoelectric fans

For measuring the twisting motion of the wing, ialbges in a full cycle were assessed
to find two photographs, which show the two extramisting positions of the edge of

the wing in a full cycle. Then do a superpositidrirese two photographs to get a new
photograph. Therefore, there are two point 1s {smearked as point 1, another marked
as point 1’) and point 2s (one is called point Eother called point 2’) in this new

picture. If point 1 and 1, point 2 and 2’ are robtespectively, then connecting the point
1 to point 2, and point 1’ to point 2’ would forrwa lines, the degree of the twisting

magnitude of the wing is defined as the angle betwbese
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Figure 3.15 Picture of the set up for measuringiyreamic performance of the coupled

piezofans.

two lines. And the distance between the two mid{soof the two lines is taken as the
flapping displacement magnitude of the wing vilmati Figure 3.16 shows
schematically how the flapping and twisting magaéuwere obtained for cases (a)
mainly flapping and (b) mainly twisting motions.

Let P1, P2 represent the coordinates of the point 1 and @iindP1’, P2’ represent

the coordinates of the point 1' and point 2’, retpely, then from simple geometry

consideration we can have:
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. . s
Point 1 Point 1’ ;
R Point 1’ Point 1

Twisting angle Twisting angle

Mid point __J}.eenuns Flapping —» I\ <«__Mid point

displacement

00 0000O0ONONOIONPOIOIOSIOSIOSIOIOIO

.V o Point 2’
Point 2 Point 2 Point 2
(a) Mainly flapping (b) Mainly twisting

Figure 3.16 Schematic drawing on how the flappingl &isting magnitudes were
obtained from two superpositioned high speed camararres. The line
connecting points 1 (1’) and 2 (2') representsttpeedge of the wing

Flapping =%| (P2-P2+(P1-P1) |] (3-13)
Twisting = 2 ASIN{0.5[| (P2-P2)-( P1-P1) |1/ | (P2-PY) |} (3-14)
Where | (P2-P) |is the length of the top edge of the wing. The tiwgsangle can also
be obtained directly from the directions of the times P1P2andP1’P2’, as shown in
Figure 3.16.

The dynamic displacement of the piezoelectric filwesnselves was obtained similarly.

The top edge of the piezofan replaces the top efitiee wing.

If there is no phase difference between the twdage! inputs to the piezofan | and
piezofan I, i.e. the phase delay is O degree,thnd the two piezofans will vibrate in

parallel, which enables the wingspan and the winfigip only. However, when there is

a phase delay of 180 degrees, the two piezofansudref phase, which will produce a
twisting motion in the wingspan. Adjusting and aolling the phases between 0 to 180
degrees between the two piezofans could providefldpping and twistingfor the

wingspan which is a key for flapping flight control
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A phase delay circuit based on an all pass fillectacal circuit was designed to
provide the phase delay between 0 to 180 degregsré=3.17).

Figure 3.17 The phase delay circuit

The phase delay can be described by equation (3wligrew is the frequencies in
rad/s, or2*pif, whenf is in Hertz; the equation is a function of thensigfrequency,

resistorR;, and CapacitoC;.

2w

RC,

7 nc
RC,

phase(rad) = tan™ (3-15)

A potentiometer (variable resistor) which can beedfrom 0 to 1M for theR; value,
the G value equals 0.1 uF and the resistor R beingXWeére adopted. These can vary
R,C; values from 0 to 0.1, which can achieve the phataydrom 0 to 180 degrees at
frequencies less than 100 Hz. A photograph of theese delay controller is shown in
Figure 3.18.
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Figure 3.18 The phase delay circuit (Where R€¥1,0R01=0-1MQ, C1=0.1uF)

Assuming the frequency of the signal is less thah Hz, varying théx;C; value from 0
to 0.14, the theoretical phase delays at diffeftfuencies from 0 to 100 Hz are shown
in Figure 3.19. The actual phase delay of the i voltages can be read directly

from the wave forms on the oscilloscope, as shawfigure 3.20.

RC vs. phase shift angle (delay)
0

0.01 0.02  0.03 0.04 0.05 0.06 0.07 0.8 0.09 0.1 0.11 0.12 0.13 0.14 0.15 — f10Hz

%)n \ — £20Hz
g — -50 £30Hz

©

= L £40Hz

ﬁ > £SOH
(D) '%)'1 OO - T z
£ — — f60Hz
Jé. —f70Hz
-150 ; — 80Hz

\ — — £90Hz
=200 £100Hz

RC

Figure 3.19 The phase delay degrees at differentddies
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CHAPTER 4

THEORETICAL ANALYSIS

This chapter gives a theoretical analysis of trezgiian structures. Starting from the
basic state equations for piezoelectric materidis, detailed derivation of equations
relating the properties of piezoelectric actuatsigsh as their bending amplitude and
resonant frequency with their materials and gean@stparameters are presented in this
chapter. Firstly we deal with the quasi-static aegien, then move to the more complex
dynamic operation. For dynamic operation we steotf simple structure, namely
unimorph cantilever, then to more complex piezafanctures which have non-uniform
cross section along its length. Forced vibratiod #Hre free vibration are discussed. It
should be noted the all the main equations canobed in literature. Mathematical
derivations are presented in details here to asduihderstanding of the mechanisms
involved, and also to serve as a reference on yhtematic treatment of the related
problems.

4.1 Analysisfor unimorph actuatorsat quasi-static operation

The governing equations for unimorph devices haeenbinvestigated by many

researchers; the following derivation resemblestSsnivork (Smits et al., 1991).

Piezoelectric element

KON s

Electrode

Elastic element

Figure 4.1 Schematic configuration of a piezoelectnimorph
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A unimorph configuration is shown in Figure 4.1céinsists of a piezoelectric element
between electrodes joined over its entire lengtlanoelastic element; this is often a
metal or a dielectric such as glass or Si wafer.

The state equations for piezoelectric material GkBISI/IEEE [1987]):

S = SEkITkI +diE, (4-1)
Dn = dnkITkI + gr-:—mEm (4-2)

Where the strain tensor is denoted hys$ress tensor is denoted by, The electric field

by En, the dielectric displacement by,Dhe permittivity at constant stresse! | the

piezoelectric coefficient tensor tdw and the compliance tensor at constant electric
field by S .
It is customary to reduce the number of subscigtsising the symmetry of S and T.
Subscripts are replaced according to the follovedgeme: 11 1, 22—, 2, 33- 3, 23- 4,
13-5, 12-.6.
Hence, the basic equations for piezo materials are

S” =siT,” +d;,E, (4-3)

Dy =d, T,” +&,E, (4-4)
Wherep denotes piezo material, then the internal energy is

UP =1/2SPT, +1/2DPE, (4-5)
Where 1/2SPT," is the elastic energy and t11/2DJE, is the electric energy.

If there is only the piezo material as shown inuFég4.2, when an electric field parallel
to the polarization was applied, then the piezoemat expands along the thickness

direction and contracts in the length direction.
7

After applying electric field Original shape

Figure 4.2 Schematic of piezo material before dtet ghe applying of electric
field parallel to the polarization (not to the sal
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but if there is another elastic layer (generallynistal shim, or Si) bonded to the piezo
material, the piezo material tends to become shaifter applying an electric field ,

while the elastic layer resists the contractionseauby the piezo material, therefore, the
force acting upon the piezo is tensile directedvand, and the force acting on the

elastic layer is compressional directed inward,tls® whole cantilever beam bends

upwardly, at equilibrium there are bending momeM " and Md, as Figure 4.3

shows,

Figure 4.3 Schematic of the force and moment dragrean unimorph after

applying an electric field

The strain due to the tensional forceiFpiezo layer is SE

F p
Whp

S, =——[8) (4-6)

Where w is the width of the cross section of thezpilayer, pis the height of the piezo

material and s/} is the compliance of the piezo layer.

The strain due to the forcé'in the elastic layer i«Sg

F el
wh,

S =——105 (4-7)

Where w is the width of the of elastic layer, anddithe height of the elastic layer and

el
S js the compliance of the elastic layer.
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The strain at the low surface of the piezo layer tiuthe bending moment Sg”

h p
e 9

E and | are the Young’s module and inertial monwérihe piezo layer, respectively.

The strain at the upper surface of the elasticrldye to the bending moment S}
el

hy pM°
2 E°I

E. and L, are the Young’s module and inertial moment ofdlaestic layer, respectively.

sy = (4-9)

The strain due to the electric field in the pieapdr is S

S =d,, [E, (4-10)
where d,, is the transverse piezoelectric coefficient ¢E,l is the electric field in the
z-axis.

For the piezo material, the total strain fs S

SP=§] +S +SF (4-11)

For the elastic layer, the total strain i S

Ss? =g +SY (4-12)

Because the total strain at the lowest surfacdefpiezo layer SP equals to the total

strain at the uppermost surface of the elastiar S*eso

P (P V __F* _4 hy_Mm*©
Whp Bu"'?GEpT"'dsl (E, __W_hel&u_7 E9| ¢ (4-13)

and the piezo and elastic layer have the same ttuevR after the bending, so

M ¢ M P
T EY1Y T EPP

(4-14)

And
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EP _S)

E® S
So,
h (S
Me =M P| —=- [_1J 4-15
[hp] s )
At the equilibrium, the total force should be zeso,
FP=F¢=F (4-16)

and total momentums should be zero as well, so

h, h
P d Py |
M™ +M —F(7+7j—0 (4-17)

From (15) and (17), we obtain,
F(h, +hy)

2{1+ (“J [Eslﬂ (4-18)
) st

From (13) and (18), we obtain,

- __dyEwhyh, lsflK(hp)g +sh(h,)°] (4-19)

MP =

Where K =4ssih, (h,  +4spsi (h, )°h, + (58 (h, )* + (s (h, )* +6sisihy )°(h,
(4-20)

From this the deflection at the tip, the curvatanel the internal energy of the beam can
be calculated. Similarly, the response of unimouplder different loading conditions
can be obtained.

In summary, the response of an unimorph under réifteloading conditions can be
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expressed by ax¥4 matrix equation, as follows:

V= applied electric voltage L= actuator length
M= moment w= actuator width
F = force hg= the thickness of metal layer

P= uniform load hp= the thickness of piezo layer

T
833 e

o= bending angle the permittivity at constant stress

el
o = tip deflection S11= Elastic Compliance of metal layer

ol e ~6d,,BL
Kw Kw K K
ay | el oAt ~3d,,BL
o|_ Kw Kw 2K K
S 1ITA 28 3L 3w ~d,,BLw
Q K 2K 5K K
-6d,BL -3d,BL -d,Blw Lw ST_djlhd(sih§+slth)
K K K An | K

|

< v Tnn<Z

(4-21)

. P . . , .
v = volume displacement  Si1= Elastic Compliance of piezo material

Q = electrical chargeds;= Piezoelectric coefficient
_ he| (hd + hp)

Azsfllsﬂ(slplhel +sf'1hp) B shh, +soh
1'% 1''p

Wang et al. (1998) also derived analytical expmssirelating the bending resonant

frequency, tip deflection, blocking force, equivalemnoment with the geometrical

dimensions, Young’s modulus, densities and pientétecoefficients of the cantilever

unimorph actuators. The formula is summarized dsviahg:

For the %' bending resonance of a unimorph cantilever hasdtmula as shown in

equation (4-22),

¢ 352
o Ant?

E.[ A’B* + 2A(2B+3B% +2B%) +1 %2
3p, (1+ BC)(AB +1)(1+ B)?
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WhereAzEm/Ep’ B:tm/tp, Czlom/pp, tm+tp:t

i Fundamental bending resonance

En: Young’'s modulus of passive elastic layer (metal)

=% Young’s modulus of piezoelectric layer
L. > Thickness of passive elastic layer (metal)

t, * Thickness of piezoelectric layer

U Total thickness of the unimorph cantilever
Pm - Density of passive elastic layer (metal)

Py - Density of piezoelectric layer

L: Length of the unimorph actuator

A: Young’s modulus ratio of metal layer and piezotle layer
B: Thickness ratio of metal layer and piezoeledtayer

C: Density ratio of metal layer and piezoelectrigea

For an unimorph cantilever, the tip deflectionxpressed as equation (23),

32 2AB(1+ B)?
5=""0 [d,,E ]
2t A’B*+2A(2B+3B%+2B%)+1 ' ° (4-23)

It can be proved that this gives the same valugnaiss matrix (Smit et al., 1991).
Equation (4-23) is under the condition of a fixeduator thickness t (the piezoelectric
layer thickness plus the elastic layer thicknesShmetimes, for obtaining the

displacement for the fixed piezoelectric layer kiniess with various elastic layer

thicknesses, then transformtp = %1+ B), SO equation (4-23) becomes equation (4-

24)

2
+
3L _ 2AB(L BZ) e
2t, A’B*+2A(2B+3B? +2B%) +1

(4-24)

For blocking force, the unimorph cantilever hasftirenula as equation (4-25)
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- _ 3wt’E, o 2AB
° 8L (AB+1)(B+1)

[dl5, B, (4-25)

Where w is the width of the cantilever, E | is the Young's modulus for piezoelectric

layer E; is the electric field in Z-axis.

In this project, equations (4-22)-(4-25) were useginly to calculate the quasi-static

properties of piezoelectric unimorph cantilevenstf@ir simplicity.

4.2 Analysisfor piezodectric fan at dynamic operation

The dynamic response of a piezoelectric unimorptiileaer will be derived first, then

for the piezofan configuration where the passiweldahas different length with the
active layer. Finally a configuration resembles thetual structure used in the
experiments will be discussed. In this final coaof@tion, there are three different
sections: a section for clamping, a piezoelectdtiva section and a passive blade

section.

4.2.1 Unimorph cantilever beam

4.2.1.1 Dynamic treatment of a cantilever bar

A cantilever beam is a beam that is completelydiae one end and completely free at

the other end, which is shown in Figure 4.4.

£
R
| Z X

Figure 4.4 Schematic of a cantilever bar
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From a textbook on mechanics (Thomson, 1993), goaten of the transversal

displacement for a uniform cantilever beam is

4 2
g 920 | 0°Z(x) , | 9Z(x1)

ox* - ot? ot fx (4-26)

First, consider no damping, bs0, and no external force, #x,t)=0, and the equation

becomes

EIZ" +pAZ =0 (4-27)

Here ‘ represent&/ox, and a dot on top represents time derivatiort. p is the mass

density and A the cross section area of the beam.

Let Z(x,t) =¢(X)T(t), then the equation becomes

Elg” (0T (t) + pAG() T (t) =0 (4-28)

Assumin(T (t) =T(t)e'“ | then the equation (4-28) becomes equation (4&2@) finally
can be simplified to the equation (4-32).

Elg ()T (t) - PAAX)T (1) =0 (4-29)

This leads to

Elg (X)— pA’@(X) =0 (4-30)
qo‘"‘(x)—%co(x) =0 (4-31)
& () - BAx) =0 (4-32)

The general solution to the above equation is

@=C, cospx+C,sinfx+C,coshpx+C, sinhfx (4-33)
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Considering the boundary conditions, which are

¢0) =0, displacement at root=0

@ (0)=0, slope at root=0

@ (L)=0, bending moment at the free end=0
¢"(L)=0, shear force at free end=0

From (4-34) and (4-35) we obtain

{ C,+C,=0 {cgz—c:1 50

C,p+C,5=0 C,=-C,

So @=C,(cospx—coshpx)+C,(sinfx-sinhfx)
@ (X) = C,(-sinBx—sinh ) B + C, (cosx — coshX) B

From (4-36) and (4-37) we obtain

C,(-cospL —coshfL) 3% +C,(-sinBfL —sinhAL)B° =0
C,(sinfL -sinhBL)B° + C,(—cospL —coshAL)B° =0

To have non-trivial solutions, the determinant theszero

+cospL +coshpL  +sinfL+sinhAL|
-sinfL +sinhfL cospL +coshpL -

(cospBL + coshpL)? — (sin AL +sinhAL)(sinh AL —sinAL) =0
cos AL +coslt AL+ 2cosBLcoshpBL —sin” AL +sin® AL =0

2+2cospL +coshfL =0
1+cospLcoshpl =0

The first three roots are

Therefore the corresponding natural frequencies are
pA 4 I
g9 =B ,/ DB A
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(4-34)
(4-35)
(4-36)
(4-37)

(4-38)

(4-39)
(4-40)

(4-41)

(4-42)

(4-43)

(4-44)



C, __cosBL+coshsL
And """ TsingL+sinhg L

Therefore, the solution is

cosp. L +coshg L (

@ =C,| (cosB x-coshB x) - SnALTSMhAL sinﬂix—sinh,[z’ix)} (4-45)

C, is an arbitrary constant and the first three msit#pes are shown in Figure 4.5

(b)

(€)

Figure 4.5 The mode shapes of a cantilever beam
(a) first mode (b) second mode (3) third mode

Putthe Z=2.4T into the original equation

EIS @T+my gTi+bY T = f(x1)
EIY BT, +mY g T +bY. ¢ T = f(x1)

> @(mafT, +mT+bT,) = £ (x)
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(T, +b/mT +aT) = = f(x) (4-46)

Consider a damping that is proportional to the eigyoor frequency, then

3|o

=2wy
oo . 1
Then 2 A(T +2ayT+afT) = —f(x1) (4-47)

N o1 .
For simplicity, considerin¢ f(x1) =0 at first,

Therefore,

T +2wyT+aT, =0

Let T, =d, e
T, =d,& @&
:|:i =fi2 [d. e

(€2 +2w ) +w?) T=0
(& +2w) +@°) =0

—20y Ay’ -4
fi =
2
_"2wyt2w4y -1
2
=-wytwy’ -1

Assume, Y1 so

$ =w.(im/i2—1-y)
y

~Ej - ) =jwFl+jy)

at (i . B
SO, -I-I — le“]t(*'ly) — ejlqt [ ayt
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The constant;ds omitted.

Therefore the complete solution fi T is

-|-i = glat@*iy) :e—cqyt EQA cosit + Bi sina),t) (4-48)
Assume the initial conditions ar T (0) = A,

Ti0=B, So A =Ao

B.
wB =B, B =—""
’ 2

_ B, .
T, =e " [{A, coswt + —2sinwt)
@

Cio 09, = A B
. B tanod.. = i0
If — Pio = lang;
C,sind, = o AW

T, = [T,y cos@t + §)

omitting the constantT; = € “* [€os@t + J,)
Therefore, the complete solution is
Z(xt) = 2 T, = 2 g (T (1)

cosp.L +coshg L
sinB L+sinhgB L

= CZ e "' cos@t +3J,) EECOS,Bi X —coshfB x — [{sinB x—sinhg x)}

(4-49)

69



4.2.1.2 Theforced vibration of a cantilever beam
From equation (4-47)

Zw(%i+2w.yfi+afTi) =%f(x,t)

1
For a force vibration, assume f(x,t)= f, coset)

5 i+ 2y T+ = 1 code)

Since ¢ is an eigenvector of the equation, due to theogahality, there is

L
ijwjdx:O

0i#]

So, Ti+2wyTi+afT, = [@f, cos@)dx/([ gfd¥) = Fy, cos@t) (4-50)
Let T, = A cos@t) + B, sin(at) = D, cosit + J;)

‘i’i = -D,wsin(at +3.)

T = -D, &’ cosit +J,)
- D, &’ cost + J ) — D,wsin(wt + J,) Raw y + w’D, cos@t + ;) = F,, cosft)

D, (& — w”)(cosat [€0sJ, —sinat [$ind, ) — D, a(Sinat cosd, + cosatsing, )2w y = Fy, cos(t)
[D, (@’ - w’)cosd, — D, wsind, x 2w y — F, ] cos@t) —[D, (w” — w’)sind, — D,wcosd, x 2w y]sinat =0

So, Di (@ - w”)cosd, - D,wsing, x 2y - Fy =0
D, (&f — w”)sind, — D,wcosd, x 2wy =0
D, (&f —w?)sing, = 2aww D, ycosd,

200y

o -

t,0, =

(&f — w’)cosd, — 2w wy [3ind = Fo D

(«f - ’)sind, —2ww y[€osd, =0
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o (@ —w)? +@uan? =(" D)’

I:Di
D, =
J(&F - ?)? + 2 ay)?

Therefore, the steady state solution of the forgbtation is

F
T = = cos@t +9,) ]
J@f -a?)? + (2way)’ (4-51)
_ 2wy _. 4 20wy
o, —arctgm =19 m (4-52)

Finally, the complete solution for a forced vibeatifor a cantilever bar is

Z(xt)=> qT,
. cosp L +coshG L _ . .
=C, Y e “"coswt+A,,)lcosB x—coshB x— ' '~ [{sinB x-sinhB x) | O
23 @ 'O)EE px = CoSh X B Lasinng L CnAX - sinh5x)
Fo cosit +J,)
J@F - @) + @aay)? | (4-53)
4 B
Ao =ty AOZU , Co=+A +Bg/af are determined by the initial conditions.  (4-54)
—t1 20,y
' (W - ) (4-55)

At resonant frequency
w=w

The steady vibration part reaches the maximum and the amplitude is
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Foo  _ Fui
/464)21/2 B 20y (4-56)

Which is inversely proportional to the damping fawy .

4.2.1.3 Bending neutral axis of a unimorph cantilever beam

A piezoelectric unimorph cantilever beam is shown in Figure 4.6.

77
é---xgg----xp----------ffi ..... tn
é tb, Eb
/]
Z A
,"Y
/ » X1

Figure 4.6 The scheme of a piezoelectric unimorph cantilever beam

ty, IS the position of the neutral axis for bending.
Let u being the transverse displacement, then the longituds@hdement =-zu’ (x,t), z
is the distance from the neutral axis, and the longitudinal straii<x,t),

The variables are S and E, the constitutive equations are

T = CijEkI S — & Ex (4-57)
D; =eySy €k (4-58)
or

T,=C, [5 -¢F, (4-59)
D; = e;,S, +5E, (4-60)
Notice €33 = €351 —Ks3y) (4-61)
&, =dy [C, =d; [E; (4-62)
S, =-zu (x,t) (4-63)
T, =C,S -e,E, =-C,zu (x,t)—e,E, (4-64)
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D; =-e;zu (x,t)+ £5E; (4-65)

Total force=0

t_-t, -,
Japdz + Iabdz =0 (4-66)

Y —tp =ty

o,=-E,au’ g, =-Eau (4-67)
.1 "

—E,u 'E[(tp —ty )2 _th]_ E, [ %[th —(ty +tb)2 =0

E, (2 -2t ]+ E (-2 -2t 1, )=0

E t," —Et,” =ty (2E.t, + 2t E,)

_1ng—aq
t, ==
2 Eft, +t,E,

(4-68)

If Tn is assumed within the substrate layer, then

1 Et’-Et?
ty =0 _— 4-69
VT2 B, +LE, (4-69)
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4.2.1.4 Enthalpy of a piezoelectric cantilever beam

So far, we have

S, =-zu (x,t)
T= —Epzu" -e,E,

D3 = _%1zu" + 5§3E3

If there is a voltage AP between the top and bottom of the PZT electrode, the electric

field Es within the PZT cannot be regarded as a constant, it departtis position Z
inside the piezo material,

oD

OID=0, hence,—=0
0z

—_ u" + E’ E =
&, P (4-70)

Electrical potential i®, —U® = E;

oPp %P

T TR T el ey =0

Assume P =P, Z+®,Z? +d,

2
So Cbzzlﬁz—lg%_lu"
2 0Z 2 &4

CD(tp _tN): _%%u"(tp —ty )2 +cbl(tp —tN)+<D0

1 "
CD(_tN): _EE’?_IU (tN)2 +q)1(_tN)+CDo
33

oft, -ty )- (-t ) =20

AD =Dt —% sy, -t ) -t
33
_oe 1

t 31u"[tp—2tN]

p 33

>,
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only relative potential is meaningfi= ®, =0

so ®=-Tfyzz | Loy - )+£ (4-71)
2 &, 2 &g t,

E, = _0D _ ﬂ_lges_lu"(tp -2t )+ﬁu".z= —ﬁ—lges—luu(tp -2ty ‘22)

0z t, 2 & Eqx t, 2 &5
(4-72)
1 1
Internal energyY , = > o, + E[Es (D, (4-73)
_ - - 1 1
Enthalpy H=u-DLE = EESl I, - El:E3 (D, (4-74)

E,u ‘22 + e, Eu'z - ;£§3E§

-Lg U’ ‘22 +e,u'z ﬂ—iu"(tp—ZtN —22)
t 28,

_155{(-E_iu--(tp o _zz)ﬂz

. (Z[AD .
=ZE,u z° —e“t—u (z
P

u? e, -2t -22)z- ; {Atqfﬂm’m% (—ZtN—Zz)}

o, 26,

2
1 € "2 2
Lo -3 | wd, -2t -2z
2 33[€2£33j Eﬁtp N )
1 1 ’
_|ZE, - [ﬁt 2t —27)z- S, 2 |, -2t 22 Ju”
2 28,

2833
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I
1
| =
7 N\
m
o
+
‘QSD
«

N
N—
N

N
P
[y
N
—_
o
I
AS)
pd
N—
N

2 &3 g33 tp E tp
2 "2 "
=(a,22 +a,u” +a,u +a, (4-75)
1 e,
a, ZE(Ep +_2J 53?3 = 553(1_ k321) (4-76)
533
® (i, -2, ]
=—-31 { -2 -
a, ges 7 N (4-77)
AD
a, === @t - 21,) (4-78)
p
2
__1, |4a® 4-79
as 2 33 tp ( - )
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4.2.1.5 Equation of motion for a piezoelectric cantilever beam

The kinetic energy of the substrate is:

1 .2 l .2
T, = SPbY =5 O A Y IOL dx (Basak et al., 2005) (4-80)

The kinetic energy of the piezo layer is:

T, = % oY = % DAY [, & (Basak et al., 2005) (4-81)
and the potential for the substrate layer is

u, :J%T SV :%Ebjszdv

= % E, J‘__:bN_tN (Zy" )zdzj‘oL dxj dy

= % E, y"zj;tN Z%dz J'OL dxj dy

b~tn

1 "2 L
= Py EY o Io dXI dy (4-82)

I = [y " 2°dz (4-83)

_tN

is the moment of inertia relative to the neutsasdor the substrate layer

Enthalpy of the piezoelectric Iayeg#f HdV

R
= IOL dxj_t:_t’\‘ [(az 22 + aS)J"Z + a4u" + a5}jz [J‘Owidth dy

= IOL dedy[azjj:_tN 22dzu * + agt,u” + (a,u + a5)tp}

= J'OL dx Kaz .[_tp_tN

N

z%dz + a3Ap)u"2 + (a4u" + a, )Ap] (4-84)

77



| = [ay[ " 2z (4-85)

is the moment of inertia of the piezo layer refatio the neutral axis.

Lagrangian L =Ty * T, ~U, —H, (4-86)

t;
And the equation of motion is obtained 5L Ldt = O wheres represents a

variation operation.
_ S | 21 21 2
e, Of dtf A AAY +-0A Y~ By

— (@l +3AR)Y "~ (a,y +ay)A,1=0 (4-87)

Next is to calculate the variati O .

Noting that a(y) :% (4-88)
and (Y ) =% (4-89)

0

o[t [} o %pbAb y = J, o[ dtpuA, y3(y) = [ ok [ dtp, A, °y§—t<5y)

L .
= |, &x 0o, A, ¥y

t, t, .o
=], dtou A, yay]

) . .
- —J'O dx IZL dt o, A, Yoy , (4-90)

useddy(xy,t1) = dy(X1,t2) = 0 as required by the variation method.

d2
d?x

53

5]% E,lyy [ didx = 5j: dt [ dx % Eolw Y = j: ot [ X CE, | Y

= [ dt [ ox B, |, y“%é’(%) = j: dt (E, I, y"@": ~ Byl [dt[dx Ty oy
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t, W |t t, w o b
:J'tl dt (E, I,y 9y 0— EbIbNJ'tl dt(y 5)/0—J'y Jydxj

t, . L t, w o |L Lo t,
=L dt [E, 1,y oy O_L dt [E, 1,y @O"'EbleJ.O y dXL dtoy

t, L
= Eplon L dt EIO dx Ly oy (4-91)
Here we have used
. , L
y dy T 0 and (4-92)
L
y oy T 0 (4-93)

Which lead to boundary condition requirements @ifinee end or clamped end
conditions).
The variation for the remaining terms can be pentxt in the same way.

Finally, the variation is

[o” dt[— (02, * PuA )Y+ Eliy” + (23,1 5 + ZaSAa)y"'}OS/ =0 (4-94)

Since Oy is arbitrary, this requires

Byl *+ 28,1 o +23,A )y = (2,A + 2,A,)y =0 (4-95)

This is the equation of motion for the piezoelectantilever beam.
The equation is of the similar form for the unifocantilever bar (equation (4-27)), so

ya 3\

W :\/(Eble +2a2|PN +2a3Ap) EBiZ
LA, + P A,

\

_n’ (EbIbN + 28,1 5y +2a3Ap)
IObAb+10pAp

(4-96)
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B =% n =188 n, = 469 n, = 785

(4-97)

Y :Z¢iTi

cosg L+coshGL . . .
1= C,| cospB. x—coshf. x — ' — [{sin B x—sinh S x -
@=C,| cosp, 5 sing L+sinhAL [{sin/ 14 )} (4-98)

Everything else is the same as for the uniformitsvar bar

To summarise, the equation of motion:

(EbIbN+2a2 I v +285A ) pbAb+10p p).)./ 0

2
%1 B E,ds 1 E ds
E +——|= —E 1+
% 2[ 533 ( 533 J 533(1_k321)

__esz 3 2 _ E2d321 3 2
a; = 85153(" 2, ) = @(;-_—ké)(tp 2t,)
a4:_§t_q:%1(tp_2tN)_ gtCDEE mBl[ﬂt )

p

2 2
1 AD l AD
=——¢& | — | =- 1-k?Z
=-gel 80 - Lahec)A)

P
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4.2.1.6 Dynamic analysis of a piezoelectric fan without a substrate
space at the fixed end

A piezoelectric fan without a substrate space atftked end is shown in Figure 4.7.
The piezoelectric fan is divided into two sectioffsthe fixed (clamping) point is
deemed as the origin in the coordinate, then secie is from the origin to length,

in this section the piezoelectric layer and thessiaite have the same length; section two
is from the length.; to L,, and without a piezoelectric layer.

L1 Lo

Figure 4.7 The scheme of a piezoelectric fan witlsobstrate space at the fixed end

The section one can be treated as a cantileverasphrpiezoelectric beam and the

section two can be treated as a pure cantilevenbea

So, in section one,

(Bl +22,0 5 +28,A )y ~(0,A +0,A )y=0 0= xs<L, (4-99)

Ely —pCA§/:0 L= xsL, (4-100)

The boundary conditions are

y(0)=0 (4-101)
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y (0)=0,
y (L) =0,
y (L,)=0

And natural conditions df;

(L) =u,(Ly),
u (L) =y, (L),
(Bl + 28,0 5 +28,A 0 (L) =l (L),

(Ebl on 28,0 o+ 2a3AP)ul (L) = E.l.u, (Ll)
From the equations, assuming the solutions fotwloeregions

y, =uTi(t) 0<xs<L,
Yi =LI2T1(t) L, =xs L,

U, =¢,cog&k+c, sind+c,coslB+c,sink 0< x< L,

U, =C,CO®IX+C, Sinax+c, coslax+gsinfox) L, < x< L,

w0 =0 = g+¢=0 =c,=—=
u (0 =0 =  ¢B+¢,B=0 =c,=C,
Therefore,

U, =—C.asinax+ c,a cosax + ¢,a sinhax + c,a coshax)

U, =-G.a° COSK—Ga° Sinax+C,a° coslax+c,a” sintox)
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(4-103)

(4-104)

(4-105)
(4-106)
(4-107)

(4-108)

(4-109)

(4-110)

(4-111)

(4-112)

(4-113)

(4-114)



U, =G0’ sinax—ca® cosix+c,a’sinlax+c,a® coshax)
u, (L,)=0 = -G o, —Gsinal, +c,coslal, +¢sintal, =0 (4.115)
u,’(L)=0 = Gsinl, —c,cosl, +c,sinfl, +gcosll, =0 (4.116)

The four natural bounding conditionslatabove will produce four more equations.
Therefore, there are eight unknowns, which@yt Cg, and eight equations.

The determinant must be zero to produce a 8x8 xadpiiation f(a,ﬂ, L) =0

And also,
B= oA o) ’ (4-117)
28| py +28,A, + By
%
a:('o‘l’ziila;j (4-118)

Therefore, the above equation beco f(a& L) :0, which can be used to obtain the

natural frequencie:@ and the mode shape.

The matrix calculation can be done by computer nog for example Matlab software.

4.2.1.7 Dynamic analysis of a piezoelectric fan with a substrate space
at the fixed end

A piezoelectric fan with a substrate space at thedfend is shown in Figure 4.8. This
piezoelectric fan can be divided into three sedjah the fixed (clamping) point is
deemed as the origin, section one is from the mtigilengthL,; section two is from the
lengthL; to L,, and section three is from the lengithto Ls. The PZT layer has the same

length with the substrate in the section two; hosvethere is no piezoelectric layer in
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section | and Ill.

Section
[ [l 1l

PZT

L1 L2 L3
U1l u2 U3

Figure 4.8 The scheme of a piezoelectric fan witlhilastrate space at the fixed end

Following the similar procedures as in 4.2.1.6.

In section I, there are four constants to be datexd)C,, C,, C3, andC4, and the
boundary conditions ar 4 (0) =0 ul' (0 =0 , which lead to
G, =—C, (4-119)

C4 = _Cz , (4-120)

In section Il, there are four, constants to be meit®ed,Cs, Cs, C7, andCg, and the

boundary conditions are natural boundary conditemis.

u (L) =w(L,), (4-121)
u (L) =u, (L), (4-122)
(Bl 2 o+ 2280, (L) =El (L), (4-123)
(Bl 22+ 2240, (L) =E 1 (L), (a-122)

In section Ill, there are four constants to be eieed,Cq, C1o, C11, andCi,, and the

boundary conditions

U (L) =0, (4-125)
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u, (L) =0, (4-126)

And the natural boundary conditions af L

U(L,) =W,(Ly) (4-127)
U (L) =4, (L), (4-128)
(Bl 221 gy + 22,81 (L) = Exl s (L) (4-129)
(Bl 2 +22A 0 (L) =Bl (L), (4-130)

Therefore, from the boundary conditions and natbmlndary conditions dt; andL;
can produce 12 equations and there are 12 constabésdetermined. This will produce

a 12x12 matrix problem, and this problem could bkved by computer programme
such as Matlab software.

85



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Bonding conditions optimization

14 samples have been bonded under different condijtwith variable parameters such
as the spinning rate and time when spreading tbeyepnto the surface of the Mo sheet;
the oven temperature and curing time when curiegetboxy in a oven; whether or not
to apply sandpaper abrasion on the surface ofaimpkes, and whether or not to apply a
adhesion promoter before spreading the epoxy. Etaldd parameters used in the 14

samples |ad their respective lap shear strengths are surnethim Table V.1.

The shear strength was obtained by dividing tharsfogce just before a breakdown by
the overlap area, hence larger shear force at tho@ak would lead to larger shear
strength because the overlap area is the same 660mm for all the samples. Figure
5.1 shows the measured relationships between ta $brce and the displacement for
samples no 11, 12, 13 and 14. The Nr. 1, 2, 3fet tke sample no 11, 12, 13, 14 in the
Table V.1. It can be seen that the shear forcesasas with the strain (displacement)

monotonically, until a suddenly drop - which indiesia breakdown had happened.

From Table V.1, the sample no 12 achieved highlesarsstrength 2.95 MPa, so the
optimized adhesive bonding conditions when usin@-ERK 301-2 epoxy for the

fabrication of piezoelectric fans could be sumnetias the following:

e Spreading method: spinner
e Spin rate: 3,500 rpm

e Spin time: 20s,

e Curing temperature: 100 °C
e Curing time: 5 hours

e Sandpaper abrasion: not applied
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e Adhesive promoter: not applied
e Dead weight: 2kg

nfiguration le

Srer%as Fmax |L at Fmax |F Break
L Nr N mm N
E-»x' 5 1000 + 1 186535| 279 =
= a 2 886.80 293 =
T 3 |88266| 250 -
S0 4 |83998| 223 =
Fmax |L at Fmax |F Break
600 n=4 N mm N
= X _|868.70| 2.56 =
2 s 2127| 0325
I v 245 9.86
400 +
200 +
i} ¥ } } ==
] 1 2 <] 4 5
Series DISPLACEMENT in mm | : . =
4.68 (;'“[':hsn[ute 409.944 L"E‘m] -1 55.994

Figure 5.1 The measured relationships between thar $brce and the
displacement for samples 11, 12 13 and 14
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Table V.1 Summary of the experimental parametargi® bonding optimization

sample 1 2 3 4 5 6 7
Ni/Mo | Ni/Mo | Ni/Mo | Ni/Mo | Ni/Mo | Ni/Mo | Ni/Mo
Adhesion Promoter (g) — — — or?.l\filo — — —
Sand paper (grit) 4000 4000 4000 4000 4000 4000 040
Spin rate (rpm) 2500 2000 3000 2570 razorrazor 3500
Spin time(s) 20 20 20 20 — — 20
Epoxy amount (g) 1.6 1.6 1.6 1.6 1.6 1.6 1.6
onMo | onMo | onMo | onMo | onMo | on Mo | on Mo
Oven temperature(() 100 100 65 65 65 25 100
Oven time (hr) 15 15 15 15 15 5days 15
Dead weight (kg) 2 2 2 2 2 2 2
Over-lap length (mm) 6 6 6 6 6 6 6
Shear force (N) 681.79577.83| 549.42| 111.29| 427.87| 228.14| 872.85
Shear strength (MPa) 2.27 1.93 1.83 0.37 1.426).76 2.91
Ave. thickness of epoxyu(n) 9.3 12.9 4.9 3.7 2.8 10.5 10.8
sample _8 .9 _10 .11 .12 .13 . 14
Ni/Mo | Ni/Mo | Ni/Mo | Ni/Mo | Ni/Mo | Ni/Mo | Ni/Mo
Adhesion Promoter (g) — or?.l\élo — — — — —
Sand paper (grit) 4000 4000 — — — — —
Spin rate (rpm) 3000 2500 2500 3500 3500 | 3500 3500
Spin time(s) 20 20 20 20 20 40 20
Epoxy amount (g) 1.6 1.6 1.6 1.6 1.6 1.6 1.6
onMo | onMo | onMo | onMo | onMo | onMo | on Mo
Oven temperature(() 100 100 100 100 | 100 100 100
Oven time (hr) 15 15 15 15 5 15 15
Dead weight (kg) 2 2 2 2 2 2 4
Over-lap length (mm) 6 6 6 6 6 6 6
Shear force (N) 757.20557.51| 760.63| 865.35| 885.80| 882.68| 839.99
Shear strength (MPa) 2.57 1.86 2.53 2.882.95 2.94 2.80
Ave. thickness of epoxyim) 7.7 15.3 6.6 10.7] 6.0 11.1 6.7

The respective experiments are discussed in thenfiolg sections from 5.1.1t0 5.1.7

for more detailed understanding.

5.1.1 The effect of the spin rate

The lap shear strength for samples prepared wittereint spin rates for epoxy
spreading, while all other conditions were kept shene have been measured and the
results are shown in Table V.2. It can be obsetheatl higher spin rate lead to higher

shear strength. This is understandable since hgtiarrate enables a thin epoxy layer-
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which leads to higher shear strength.

Table V.2 Lap shear strength vs. different spie rat

Samples no. 2 1 8 7
Spin rate (rpm) 2000 2500 3000 3500
Shear force (N) 577.83 681.79 757.2D 872.8%

Shear strength (MPa) 1.93 2.27 2.52 291

5.1.2 The effect of the spin time

The lap shear strength for samples prepared wifigrelint spin time for epoxy spreading,
while all other conditions were kept the same hla@en measured and the results are
shown in Table V.3. It can be seen that there isigoificant difference in shear strength
when the spinning time is changed from 20 s to .40hss suggests that after a short
time of spin (20 s for example), the thickness e epoxy reaches a plateau, so no

further experiments were carried out for this paeten

Table V.3 Lap shear strength vs. different spiretim

Samples no. 11 13
Spin time (s) 20 40
Shear force (N) 865.35 882.68
Shear strength (MPa) 2.88 2.94

5.1.3 The effect of the curing temperature

The lap shear strength for samples prepared witbreint oven temperatures for epoxy
curing, while all other conditions were kept theansahave been measured and the
results are shown in Table V.4. It can be seentlygiter curing temperature produced
higher lap shear strength. This is in agreeing whih data sheet of EPO-TEK 301-2
from the supplier. The suggested oven temperatued ieast 80°C, but not exceeding
150 °C. Therefore 100 ° C was chosen as the ctemgerature, to prevent the thermal
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stress from getting too high.

Table V.4 Lap shear strength vs. different ovenpgerature

Samples no. 6 3 8

Oven temperature() 25 65 100
Shear force (N) 228.14 549.42 760.6
Shear strength (MPa) 0.76 1.83 2.52

5.1.4 The effect of the curing time

The lap shear strength for samples prepared witereint curing time in the oven,
while all other conditions were kept the same hla@en measured and the results are
shown in Table V.5. From these results it can ndbat there is little difference in
terms of shear strength for the samples cured leetvieand 15 hours, so no more

experiments were carried out for this parameter.

Table V.5 Lap shear strength vs. different curinggt

Samples no. 11 12
Curing time (hr) 15 5
Shear force (N) 865.35 886.80

Shear strength (MPa) 2.88 2.95

5.1.5 The effect of the sandpaper abrasion

The lap shear strength for samples prepared wiplyisyg sandpaper abrasion or not
onto the surface of the Mo sheet has been meaanctthe results are shown in Table
V.6. The samples no.1 and 10 were prepared undesdime conditions except that
sandpaper abrasion was used for the sample No.hdiutor the No.10. It can be

observed that the sample with no sandpaper abrasidimigher lap shear strength. As a

result, no sandpaper abrasion was used for afbtlmeving samples.
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Table V.6 Shear strength vs. applying sandpapersair

Samples no. 1 10
Sandpaper abrasion using yes no
Shear force (N) 681.79 760.63
Shear strength (MPa) 2.27 2.53

5.1.6 The effect of the adhesion promoter

The lap shear strength for samples prepared wiplyiag an adhesion promoter or not
has been measured and the results are shown ia YablThe samples no.1 and 9 were
prepared under the same conditions except thatlaesan promoter (Molan, Aldrich)

was used for the sample No.9 but not for the Nib.¢éan be observed that the sample
without using adhesion promoter had higher sheangth. As a result, no adhesion

promoter was used for all the following samples.

Table V.7 Shear strength vs. applying adhesion ptem

Samples no. 1 9

adhesion promoter using no yes
Shear force (N) 681.79 557.51
Shear strength (MPa) 2.27 1.86

5.1.7 The effect of the dead weight

The lap shear strength for samples prepared witkreint dead weight applied onto the
sample surface during curing has been measurethamndsults are shown in Table V.8.
The sample no.11 and 14 were prepared under the pamameters, but with dead
weights of 2 and 4kg respectively applied on tophefsamples during the curing in the
oven. The shear strength was 2.88 MPa for the sampll1l. During the lap shear
strength test experiments for the sample No.14Nirghim was broken at 840N, before
any bonding failure. So larger deadweight may bel good for bonding, but it may

cause the PZT to crack. Considering the fact tmatdiead weight of 2 kg achieved the
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lap shear strength of 2.88MPa already, which ig tiea break point for the Ni shim,

therefore 2 kg as the dead weight is consideredgino

Table V.8 Shear strength vs. dead weight

Samples no. 11 14
Dead weight (kg) 2 4
Shear force (N) 865.35 >839.99
Shear strength (MPa) 2.88 >2.80

In summary, the optimised conditions for bonding Molybdenum and Nicole metal
shims are: for the over-lap length 6mm, the spte & 3,500 rpm with spin time 40s,
curing temperature 100° C and curing time 5 hoapplied dead weight 2kg and
without using sandpaper abrasion and adhesion gevmithe obtained maximum shear
strength is 2.95Mpa.

According to the Metal-adhesive compatibility chdible 111.3 in chapter 3, the epoxy
Is suitable for bonding between two metals. Assgntirere is no significant difference
in terms of optimization for bonding conditions Wween two different metals, for

example, between Ni and Ti, or between Ni and &sisteel, the above optimised

bonding conditions were considered applicable laha sample bonding preparations.

5.2 Unimorph cantilever actuators

5.2.1 Quasi-static displacement calculation and modellig

5.2.1.1  Analytic and FEA calculations

Formulae (4-22) to (4-25) in chapter 4 were usedhtain analytical solutions for
unimorph piezoelectric cantilever actuators, whadnsisted of a piezoelectric PZT
patch (PSI-5H4E, Piezo Systems, Inc) with a 127 thickness and Titanium alloy |
(Ti/94.5/Al 3/V 2.5), Titanium alloy Il (Ti/94.5/AB/V 2.5), Stainless steel (Fe/Cr18/Ni
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9/Ti) and Molybdenum (all from Goodfellow Ltd, UKas the elastic layers with

different thickness.

Considering the unimorph cantilever actuators withmm in length and 10 mm in
width, Figure 5.2 shows the calculated tip disptaeet as functions of the thickness
ratio (biasidtpiez9 for cantilevers with the same dimensions but vdifierent elastic
materials, under the same applied voltage of 12[f 8an be seen from this figure, the
tip displacement increases initially with the iresmg thickness ratio, and reach a
maximum at the ratio range from 0.235 for Mo to0f@r Stainless steel, depending on
the exact elastic layer. After the peak, the tgpticement decrease with the increasing
thickness ratio. All four cantilevers followed teamilar profile. Table V.9 summarises
the results of analytical calculation for the mamim tip displacement, the blocking

force, and the 1st and 2nd resonant frequenciagbéasforementioned cantilevers.

Comparing the four cantilevers with different elasayers, around the peaks, under the
same applied voltage of 127 volts, the PZT/Mo d¢ewtir gives the largest tip
displacement 2.27 mm, followed by stainless ste2l$6 mm. The two PZT/Ti
cantilevers had the smallest tip displacements-1.98 mm. Considering the fact that
stainless steel is the cheapest among the fowsalkmd can achieve a decent maximum
tip displacement and also higher tip displacemiean the PZT/Mo cantilever when the
thickness ration is larger than 0.5, stainlessl stas chosen as the elastic materials for

most of the future cantilever actuators.
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Figure 5.2 Tip deflections as functions of subsff@ezoceramic thickness ratio for
unimorph actuator (L=40mm, w=10mm, thickness ozpaeramic is 127

um)

The analytic calculation results for these canétevare summarised in Table V.9. For
the blocking force, a maximum value 40,88¥ for the PZT/Mo cantilever actuator
was obtained. For the resonant frequency, the fe@sbnant frequency 59.4 Hz and

second resonant frequency 372.2 Hz for the santatactwere obtained.

FEA programming has been developed to model th@epties of these unimorph
cantilevers, and the modelled results are sumnaaiisdable V.10. Figure 5.3 shows

the modelling results for thé'and 29 resonance modes.
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Table V. 9 Summary of analytic results (L=40mm, Weim, thickness of the PZT

patch was 12am)

Titanium Titanium Stainless
material alloy | alloy Il Steel Mo
(Ti/94.5/Al 3/V 2.5) | (Ti/90/AI 6/V 4) | (Fe/Cr18/Ni 9/Ti)

B factor (Liastidtpiezd 0.40 0.39 0.29 0.235

Thickness of metal shim 51 50 37 30
(um)

Total thicknesg(m) 178 177 164 157
Max tip deflection (mm) 1.96 1.98 2.16 2.27

Blocking force (iN) 33,632 34,107 37,410 40,887

1st reso?j‘g frequency 60.7 61.0 59.4 59.9

2nd resonance mode(HZ 380.3 382.2 372.2 375.5

Table V.10 Analytic and FEA Calculation of an uniplo cantilever beam, in the case of

L=40mm, w=10mm, thickness of PZT is 12h

substrate ltem Analyti_c FEA. Error
calculation calculation (%)
Titanium Max tip deflection (mm) 1.96 1.88 4
alloy | Blocking force(iN) 33,63: 33,02: 1.8
(Ti/94.5/Al 3/V 2.5) 1st resonance mode(F 60.7 63.27 4
thickness=51um 2nd resonance mode(HZ 380.3 395.98 3.9
Titanium Max tip deflection (mm) 1.98 1.89 4.5
alloy Il Blocking force(uN) 34,10, 33,53: 1.7
(Ti/90/AI 6/V 4) 1st resonance mode(F 61.C 63.72 4.2
thickness=5Qm 2nd resonance mode(HZ 382.2 396.78 3.6
Stainless Max tip deflection (mm) 2.16 2.06 4.6
Steel Blocking force(iN) 37,41( 36,49: 24
(Fe/Cr18/Ni 9/Ti) 1st resonance mode(F 59.4 61.¢ 4
thickness=37um 2nd resonance mode(HZ 372.2 387.3 3.9
Max tip deflection (mm) 2.29 2.21 3.6
Mo Blocking force(tN) 40,887.! 39,81¢ 2.€
thickness=3@m 1st resonance mode(k 59.¢ 62.3¢ 1.6
2nd resonance mode(HZ 375.5 390.34 3.8
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Figure 5.3 FEA calculation of an unimorph cantilebeam, in the case of L=40mm,
w=10mm, thickness of piezoceramic is 12%n and thickness of Mo metal
shim is 30um. (a) The max tip deflection (2.21 mm); (b) Thextg
deflection (front view); (c) The®iresonance mode (62.38 Hz); (d) THE 2
resonance mode (390.34 Hz)

These FEA results were compared with the valuesimdd from the analytical

calculations. The good agreement between the FEdeftiog and the analytical results
served as a validation of the FEA programming. Cammg the analytic and FEA

results, it can be seen that the difference fornfaximum tip deflection between the
two methods is less than 4.6%, and less than 208%h ¢ blocking force, less than 4.2%
for the 1st resonance frequency and less than 309%he 2nd resonance frequency.
Based on these, further FEA modellings were deweeldpr other structures which may

not have simple analytical solutions, such as #&medonfiguration with which the PZT
and the elastic layer have different lengths.
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5.2.1.2 Maximum power output

The aim of this research is to develop a piezoetefan system for the application of

flapping wing micro aerial vehicles, so it is naiogl enough to achieve a maximized tip
displacement. More consideration on the blockingdoand operating frequency, and
the power output for the actuators have to be taktEnaccount. For this purpose, the
relationships between the displacement, blockimgef@nd the resonant frequency of a

linear piezoelectric actuator will be considered.

According to the definitions, the blocking forceshthe same value as the maximum
actuating force produced by an actuator under ataah applied voltage, but at the
opposite direction. If there is no force appliedhat tip of the actuator, then the actuator
can achieve the maximum displacement. As the fappdied at the tip of the actuator is
increased, the quasi-static displacement will desgeFinally, finally, when there is no
tip displacement, the applied force is the blockioige. The half value of the blocking
force times the quasi-static displacement is thgimam work a piezoelectric actuator
can perform under a certain applied voltage (Nigkret al., 2001), so to achieve the
maximum work for a piezoelectric unimorph cantilevactuator requires the

optimization of the thickness for the PZT and thbsrates.

Consider unimorph cantilevers of the dimensions x 10 mm, but with different

PZT thicknesses, such as 127um, 191um mm and 26These are all the ceramic
PZT thicknesses available from the Piezo Systents, Assuming the elastic layer of
the unimorph is stainless steel and the appliethgelis 170 V. Figure 5.4 shows the
calculated quasi-static tip displacements of thdtilevers as functions of the thickness
of the stainless steel for the three PZT thicknedéean be seen that the cantilever with
the thinnest PZT patch produced the largest quascgip displacement 2.90 mm when
the thickness of the stainless steel is 40 pum.30jam thick stainless steel shim was
used instead the quasi-static tip displacement dvbel 2.83 mm, there is only a 3 %

difference between the two.
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Figure 5.4 Cantilever tip displacements as funestiohthe thickness of the stainless
steel shims for the three different PZT thicknesseter the applied voltage
170 V.

Figure 5.5 shows the profiles of blocking forcesfasctions of the thickness of the
stainless steel for the three different PZT thidsss for the same cantilevers concerned
under a voltage of 170 V. It can be observed th#tieker PZT leads to a higher
blocking force. For a constant thickness of the Paich, a thicker substrate will lead
to a thicker total actuator thickness, which ispamtional to the blocking force under a

constant applied electric field, so the thickerstrdie will lead a higher blocking force.
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Figure 5.5 Blocking force for various PZT piezoétecpatch thickness under 170 V

applied voltage

Figure 5.6 shows that for a fixed thickness of B2 patch, a thicker substrate would
lead to a thicker total thickness of the actuatdrich in turn would lead to a highet'1
resonant frequency. Similarly, for a fixed thickees the stainless steel substrate, a

thicker PZT patch would lead to a thicker totackmess of the actuator, which in turn

would lead to a higher'Iresonant frequency (Figure 5.6).
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Figure 5.6 I resonant frequencies for various PZT piezoelepaich thickness

Figure 5.7 shows the calculated work outputs astioms of the stainless steel
thickness of the unimorph piezoelectric cantilezetuators with 40 mm length and 10
mm width. It shows that the thinnest 127um thicknésr PZT could achieve the
highest work output 0.114 Joule when the thickmédke stainless steel shim is 125 um.
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Figure 5.7 Work output for various PZT piezoelecfpatch thickness under 170 V
applied voltage

The power output could be calculated by multiplyigrk output and the operating
frequency, so if the actuator operates in the r@sbitequencyf(), the maximum power
output could be obtained by multiplying the worktpnut and the resonant frequency.
Figure 5.8 shows the power output as functionshefthickness of the stainless steel
shim (the length of the actuator is 40mm). Althougk combination of the 127um
PZT-5H with the 125um stainless steel, could predtlee maximum work output
(Figure 5.7), but, as is shown in Figure 5.8, thic&tainless steel metal shim will lead
to larger power output. This is due to the highesonant frequencies for the thicker
stainless steel shim. Also, some constrains shmeikdken into consideration. Generally
speaking, for most of the flying creatures, theingvbeating frequency is less than 100
Hz (Dickinson et al., 1999) for aerodynamic reasmour actuators should be operated
below 100 Hz. From Figure 5.6, if thé fesonance is limited to less than 100 Hz, the
limiting thickness for the stainless steel for thdifferent PZT (127um, 191um and
267um) should be 150um, 80um and 30um respectivedyn Figure 5.8, their power
outputs are 11.3 mW, 6 mW, and 2 mW respectivaheré&fore, at operating frequency
below 100 Hz, the best configuration is a 127um-BHATwith a 150um stainless steel,
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which could generate 11.3 mW power.
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Figure 5.8 Power output in various PZT piezoeleqtatch thickness (L=40mm)

However, for practical reasons, there is a limgetection of thickness for the stainless
steel shim. From the supplier Goodfellow UK, thdéevant thicknesses are 50um,
125um, and 250um. Table V.11 summarises the cadculenaximum quasi-static
displacement, blocking force and work output farendifferent actuators consisting of
three different thickness of PZT patches includi@yum, 191pmm and 267um, and
three different thickness of stainless steel shimkiding 50 pm, 125um, and 250um,
with the length equalling 40 mm, 30 mm respectivaig the width equalling 10 mm,
under a 170 V applied voltage. Although the actuatith the combination of a 50um
thick stainless steel and a 127um thick PZT patoh produce the largest quasi-static
displacement, however the work output in a cyclel #ime power output for this
combination are not the largest. The optimizedgieso achieve the maximum work
output is the combination of a 127 um thick PZTcphaand a 125 pm thick stainless
steel, which can achieve a work output 0.113 md, arpower output of 10.5 mW.
Therefore the best design, which can produce tbleest power output, is the actuator
with a 127 um thick PZT patch and a 125um thicknitas steel.
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Table V.11 Calculated properties of different uniptopiezoelectric cantilever actuators

Displacement| Blocking work 1% resonant Power
L w Tm T, () force (F) (0.56*F) | frequency | (0.56* Fy* fr)
mm) | (mm) | )| @m) | (mm) ) (mJ) ) (m-Wat)
40 10 50 127 2.83 0.063 0.089 64.6 5.7
40 10 50 191 1.27 0.070 0.044 87.2 3.9
40 10 50 267 0.63 0.075 0.024 112.8 2.7
40 10 125 127 1.87 0.121 0.113 92.6 10.5
40 10 125 191 1.07 0.136 0.073 1155 8.4
40 10 125 267 0.62 0.149 0.046 143.3 6.6
40 10 250 127 0.86 0.206 0.088 145.7 12.9
40 10 250 191 0.63 0.225 0.071 164.3 11.7
40 10 250 267 0.44 0.246 0.054 189.7 10.3
30 10 50 127 1.59 0.083 0.067 1149 7.6
30 10 50 191 0.72 0.093 0.033 155.0 5.2
30 10 50 267 0.35 0.101 0.018 200.5 3.6
30 10 125 127 1.05 0.162 0.085 164.6 14.0
30 10 125 191 0.60 0.181 0.055 205.3 11.2
30 10 125 267 0.35 0.199 0.035 254.7 8.8
30 10 250 127 0.48 0.275 0.066 259.1 17.1
30 10 250 191 0.36 0.301 0.053 2921 15.6
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5.3 Piezoelectric fans

5.3.1 Piezoelectric fan optimization at quasi-static op@ation

5.3.11 FEA modelling

In the last section, piezoelectric unimorph cawmgleactuators were investigated. As
having been discussed before, this type of piezti@deactuator can produce a relatively
small displacement only. Next, another configuratiall be investigated, namely the
fan configuration where the passive elastic lagelonger than the active PZT layer.
These piezoelectric fan actuators have been proapdble of producing much larger
displacement. Unlike the unimorph cantilever stuuet for the piezofan structure there
Is no simple analytical equation to calculate gsfgrmance parameters such as the tip
displacement, the blocking force, etc. As havingrbdiscussed before, computer matrix
calculations are usually required for the calcolaf the resonant frequencies for these
structures. In this section, we will mainly apphetFEA technique to investigate the

performance of the piezofan actuators.

The relationships between the tip displacementthadength and the thickness ratios of
the PZT patch to the elastic layer, PZT patch iocain a piezofan under a constant
voltage were first modelled in order to achieve thaximum tip displacement. The
optimisation of the thickness ratio of the PZT ke tstainless steel elastic layer was
carried out in the last section. Two more variatiorere considered: one was to change
the length of the PZT patch whilst keeping the tangf the stainless steel shim a
constant (Figure 5.9a). The PZT patch length wagddrom 0 to 40 mm (the width 10
mm and the thickness 19 were kept constant), the stainless steel shinemsmons
(40 mm x 10mm x 5@m) were kept constants; The other was to keep Ridhpand
stainless steel shim lengths the same but varfi@doication of the PZT patch. The PZT
patch was 30 mm in length and the stainless steml was 40 mm long. The material
parameters used in the FEA are listed in Tabl&.III.
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It can be seen from Figure 5.9b that the longerRBE& patch the larger the static tip
displacement. Hence, if the largest tip displacdneno be achieved, the PZT patch
should cover the whole length of the metal shinguFeé 5.9c shows the modelled
relationship between the PZT patch length and theedonant frequency of the fan. It
can be observed that the longer the PZT patchigtehthe first resonant frequency of
the piezoelectric fan. This is apparent since géoPZT patch increases the stiffness of

the whole piezoelectric fan, so the first resorisequency is increased.
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Figure 5.9 FEA results of the effect of the PZTcpdength: (a) Schematic; (b) on the

static tip displacement and (c) on the 1st resoftaqiency
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Figure 5.10 shows (a) the schematic of the pieztatefan; (b) the relationships
between the tip displacement and (c) the 1st regoinequency with the PZT patch
location. It can be seen that for the locationhef PZT patch (as represented by the left
of the PZT patch), further away from the clampimngigon leads to a smaller maximum
tip displacement under a certain driving voltagégg@Fe 5.10b). So, if a larger tip
displacement is required, the PZT patch should lbeed as close to the clamping
position as possible. The 1st resonant frequendkieofan also decreases with the PZT

patch moving away from the clamping location (Fid.Oc).
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Figure 5.10 FEA results of the effect of the PZTcpdocation: (a) Schematic; (b) on

the static tip displacement and (c) on the 1stmasbfrequency

5.3.1.2 Piezoelectric fan with discrete PZT patches

Another variation of the fan configuration investigd is that the active part is consisted
of two or more discrete PZT patches. Two situatiaese investigated. Case 1 is a
piezoelectric fan consisted of two discrete PZTclpes with a total length 30 mm, so
each one is 15 mm long and 10 mm wide. The PZTkiheiss is 191 ym and the
stainless steel is 43 mm in length, 10 mm in widtld 125 pm in thickness. As for
Figure 5.10 there is a 3 mm gap between the clagnaid the edge of the first PZT
patch. The gap between the two PZT patches vareed zero to 9 mm (Fig. 5.11 (a)).
Case 2 is a structure consisted of three same REhgs, each are 10 mm x10 mm X
191um in dimensions. The stainless steel has time shmensions as for the Case 1.
Again, there is a 3 mm space for clamping at thgeenf the first PZT patch. The gaps
between two PZT patches are kept same and vaoned Zero to 4 mm (Figure 12 (a)).
The material properties used in FEA are summaiisédble I11.1.

Figure 5.11 shows (a) the schematic of the piezofidim two discrete PZT patches; (b)

the relationships between the tip displacement (ahdhe f' resonant frequency with

the gap between the two PZT patches. It can befsa@nFigure 5.11 (b) that the bigger
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gap between two PZT patch is, the smaller is tbedisplacement at quasi-static
condition. Hence, if a larger quasi-static tip thsement is required, the PZT patches
should be bonded as close as possible. It carbalsbserved from Figure 5.11 (c) that
the bigger gap between two PZT patch is, the lofivet resonant frequency of the
piezofan is. Figure 5.12 shows (a) the schematithefpiezo fan with three discrete
PZT patches; (b) the relationships between theisiplacement and (c) thé' tesonant
frequency with the gap distance between any two patthes. From Figure 5.12 (b) it
can be seen that bigger gap leads to a smallei-spadis tip displacement under a
certain voltage. It can also be observed from KEdud?2 (c) that a bigger gap between
PZT patches leads to a lower first resonant frequeri the piezoelectric fan. These
results suggest that to have discrete PZT patcbes dot improve the quasi-static
performance of the piezofan actuator in terms ofdatip displacement and higher

resonant frequency.
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Figure 5.11 FEA results on the effect of the discZT patch (two patches): (a)

Scheme; (b) on the static tip displacement andrfidhe 1st resonant frequency.
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5.3.1.3 Measurement results

A piezofan with the PZT patch 30 mm and the mdtahs40 mm in lengths (and both
were 10 mm in width) was prepared (Figure 5.13d)itsquasi-static tip displacements
at voltages from 0~70V were measured by the opfiteé sensor as described in
chapter 3. Figure 5.13b shows its static tip disgrl@ent as a function of the driving
voltage between 0 and 70 V. The static tip disptea® was 40um under 70 V, and it
was nearly a linear relationship between the tgpldicement and the driving voltage.
Also observed was the good agreement between tlasurexl results and the FEA
values (Figure 5.13b). The blocking force at tipedi the fan was measured to be 12.8
mN at 70 V, which was also in good agreement witt EEA modelling. The tip
displacements for driving voltages above 70V wartside the measurement range of
the optical fibre sensor used, so a linear extemy against voltage was used to

estimate the static tip displacements of the pikertiéc fan at voltages above 70 V.

PZT-5H Stainless steel
/. Measurement point

/

Clamped

s~ vt

_\\\\\<\\_1‘

— e
30

Unit: mm

10

(@)
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Figure 5.13 The piezofan and its tip displacemealen an applied voltage from O to
70 V. (a) Schematic; (b) FEA and measurement resiltquasi-static

frequency.

5.3.2 Piezoelectric fan at resonance operation

5.3.2.1  Analytical and FEA calculations

For the piezofan as shown schematically in Figui® we work out the equation to

calculate the resonant frequencies below.
The section one can be treated as a cantileveranphnpiezoelectric beam and the

section two can be treated as a pure cantilevenbEeom chapter 4, assuming the

solutions for the two regions for the free vibratio

Y, =uT,(t) 0< X

IN

L,

Y1:u2T1(t) L, s x=<1L,
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U, =G, cogX+c,sindx+c,coshk+c,sinfix, 0< x< L,

U, =C; COX+C, Sinax+c, costax+g;sinhax), L, < x< L,

where

5| _laA oAl g
2,1, 28,7, +El,,

pAGT !
El,
From the boundary conditions, equations (4-113}tt16), we have
C, +G=0

C, +C,=0

a=

—-C,coxl, —c sinal, + ¢, coshal, +¢;sinhal, =0
c; sinal, —c, cosal, +¢c, sinhal, + ¢, coshal, =0

From the natural boundary conditions at ¢quations (4-105) to (4-108), we have

¢ ,codd, +c,sind, +c;coski, +c,sinhA, —¢, cosl, —¢;sinal, —c, coslal, —¢;sintol, =0

(5-1)
—-¢sind, +¢,Bcodd, +c,GsinhA +¢,fecosifl, +c.asinal, —cacosil, —c.asintol, —gacoslal, =0
5-2
B, cofl, ~GAY,sind, +03ﬁ2Y1cosvﬂ-1+c4/32Ylsinfﬂ1+Csa2\ecos?ti+cea2\esimti—cya%costfti —czazstinmLi =0
5-3
B sind, —c, 5, codd, +c,57Y,sinbA, +¢,5%Y, costil, —.aY, sinal, +6,a™Y, cosil, —Cyﬂsinmi—ca;\/z coslat, =0
(5-4)
Here Yi=(Eyl oy +28, 1 +28,A, ) (5-5)
Y,=E.l, (5-6)

The above 8 equations can be written as a matnix:fo
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(5-7)

o O O O O o o o

8x8

To have meaningfulic..cg, the determinant of the 8x8 matrix must be 0. atl

software was used to carry out the calculationufed.14 shows a typical plot of the

determinant as a function of angular frequency. fEsenant frequency (73.4 Hz) was

obtained by dividing 2 the angular frequency (461.2) at which the deteami equals

zero (73.4

461.24).

x 107

456

455

Angular frequency (rad)

Figure 5.14 A typical Matlab plot of the determibhafthe matrix as a function of the

angular frequency
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For a piezofan of dimensions as shown in Figuta,5namely, the PZT patch 30 mm,
the metal shim 40 mm in lengths, and both were &@imwidth, the parameters used in

the Matlab calculation are summarised in Table V.12

Table V.12 Summary of parameters used for the #inalycalculation

Symbol Meaning Value Unit
Pb density of the stainless stee| 7900 kg/m”3
Pp density of the piezo layer 7800 kg/m”3
Ap cross section area of the 1 95E-06 mA2
substarte layer
A, Cross sectlc:n area of the piezo | - o mA2
ayer
E, Young's modulus for the 2 00E+11 pa(N/m~2)
substrate layer
E, voung's mog‘;}gf forthe piezb ¢ o0e410 | pa(Nimn2)
moment of inertia relative to
lon the neutral axis for the piezd 1.3E-14 m™4
layer
moment of inertia relative to
lbn the neutral axis for the sub 2.8E-15 m~4
layer
w width 1.0E-02 m
o=pb density oflthe third section 2900 kg/mA3
ayer
A=Ap area of the third section 1.25E-06 m”"2
E~E 2.00E+11 pa(N/m”"2)
=1y moment ofllnertla for the sul] 1 6E-15 M
ayer
I moment of |Inert|a for the piezp 1 7E-15 M
ayer
ty thickness of the sub layer 1.25E-04 m
tp thickness of the piezo layer 1.27E-04 m
tn (assume within neutral axis position -3.23E-05 m
the piezo layer)
the distance of central line o
dl A, o the 9.58E-05 m
the distance of central line o
d2 Ap 1o the & 3.02E-05 m

115




ds1 transverse piezo coefficient -3.20E-1¢ m/voltag¢
Teadleo 3400
*e39/0 2741.76
€0 8.85E-12 Fm-1
Tess 3.01E-08 Fm-1
%33 2.43E-08 Fm-1
Ka1 transverse coupling factor 0.44
& Equation (4-76) 39107452001
as Equation (4-77) -7.44E+01
Vo \oltage 170 \Volt
ay Equation (4-78) 2544.75
aAp Equation 3.23E-03
Yl(zﬁ’;b&']:f)ag*p‘ Equation (4-95) 1.4E-03
Y 2(Eplp) Equation (4-95) 3.26E-04
L1 Metal shim length 3.0E-02 m
Lo Piezo layer length 4.0E-02 m

The calculated first resonant frequency is 74.2 tHis compares to the FEA results
73.8 Hz (from Figure 5.9). It can be seen thatdgeeement between the analytical
calculation and FEA modelling was within 0.6% waach other. More comparison will

be presented latter.

For the configuration as shown in Figure 4.8, rdpo®d below, which is a better
representative of the real piezofan, there areetextions. Section one is from the
origin to lengthL,; section two is from the length to L,, and section three is from the
lengthL, to Ls. The PZT layer has the same length with the satesin the section two;

however, there is no piezoelectric layer in sectiand Ill.

Assume the solutions are:

U, =C, COIX+C, Sinax+c, coslax+c,sintox, 0 < x < L, (5-8)

U, =C; cog+q, singk+c, costk+c,sinhk, L, < X< L, (5-9)
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U, =G, COSIX+C,,SinoX+¢ ,coshix+c,sinfax, L, < x < L (5-10)

In section I, there are four constants to be dateat)C,, C,, C3, andC4, and the

boundary conditions aru,(0) =0 u, (0)=0 , which lead to

Section

PZT

L1 L2 L3
U, U, Us

Reproduced Figure 4.8 The scheme of a piezofareictipe

C,+C, =0, (5-11)
C,+C, =0, (5-12)
In section Ill, there are four constants to be heieed,Cy, Cio, C11, andCyz, and the
boundary conditioru, (L,) =0,u, (L;)=0 which leads to

-4 cosal,; —c,sinal; + ¢, coshal, +c,,sinhal, =0 (5-13)

C,sinal, —c,,cosal, +c,; sinhal, +c,, coshal, =0 (5-14)

In section I, there are four constants to be deimed,Cs, Cs, C;, andCg, and the

boundary conditions are natural boundary conditedmhs.

¢, coxl, +c,sinal, +c,coshal, +c, sinhal, —c, cosA, —c,sinfA, —c, coshd, —¢;sinh4, =0

(5-15)
—gasin, +c,acosl, +casinlal, +c,acoshl, +c.Gsind, —¢Bcodd, —c,Ssinkd, —¢Beosiil, =0
(5-16)
—GaY,cosil, ~c,a™Y,sirdl, +caY,coshl, +c,a’Y,sintl, +fY cofd, +6Y sind, —¢,fY coslfl, ~¢FY,sintd, =0
(5-17)

Gaysint, ~GaY,cod, +eaysinkt, +aY,costt, —¢AYsink, +¢AYcof, ¢ AYsin, ~¢BYcost, =0
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(5-18)

And the natural boundary conditions at L

¢, cosA, +c,sinA, +c, coshd, +¢;sinhA, —¢, cosl, —c,,sinal, —c,;coshal, —c,sinfal, =0

(5-19)
—G,Asind, +¢,8c08, +c,Bsinlll, +¢,Bcos L, +casimt, - acost, -G asintal, -G acoshl, =0
(5-20)
—GBY cofl, ~¢BY sind, +c,BY cosifil, +GBY sinhi, +¢a™Y,cosl, +G @Y, sinl, —¢ @Y, cosbil, -G a7Y,sinkl, =0
(5-21)
AN sind, —¢Y,cos, +C, Y sinh, +BY, costfl, —ca™Y;sinal, +6aY,cosl, —6 Y, sinfal, -G ,4°Y, coslat, =0
(5-22)
In matrix form, these equations can be written as
G
C,
Cs
Cy
Cs
12x12
= (5-23)

,50 S L o

K £
O O O O OO OO o o o o o

O
N

To have meaningfulic..c;2, the determinant of the 12x12 matrix must be Otlata

software was used to carry out the calculation.

These calculations were carried out for a few d@mzoconfigurations, Table V.13
summaries the calculated first resonant frequendieslso summarises the' Inode
frequencies as obtained from FEM and the experiahenteasured i resonant
frequencies. From this table V.13, it is clear tloatthick metal shims, the FEA and the
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analytical results agrees with each other very.\wwever, for the thinnest metal shim
(50 um), discrepancy exists between the FEM and theytral values. This was
probably due to several factors including the loesimdensity for the thin layers, the
assumption of an isotropic Young's Modulus of t@&a4H ceramic and neglecting the
bonding layer between PZT ceramic and the metah.shrom the table we can also see
that the measured resonant frequencies (with tmeinad gap distance being 3 mm)
matched those theoretical ones (FEM or analytiwdl) the gap distances range from 3
to 7 mm, depending on the individual piezofan. Tikisinderstandable considering the
variable conditions of the clamping therefore tlegidtion of the actual clamping length
from its nominal value. The nominal clamping lenggh all the measured samples was
7 mm and there was a nominal 3 mm distance frontcldraping edge to the start of the
piezoelectric ceramics. If the clamping was perféet whole length of the clamping (7
mm) was clamped firmly, then the actual distanoenfthe clamping edge to the start of
the ceramics equals to its nominal value (3 mm)weicer, if the clamping was not
perfect, part of the clamping length was still maleawhen the fan vibrates, then the
effective distance from the clamping to the stdrthe ceramics will be larger than its

nominal value 3 mm.
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Table V.13 Summary of the analytical, FEA and ekpental measured®1lresonant

Distance
from
Clamping

Ly (M)
0.003
0.005
0.007
0.003
0.004
0.005
0.003
0.005
0.003
0.005
0.007

5.3.2.2

frequency for a few piezofan configurations

PZT
Length

Lo-Ly (M)
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.03
0.03
0.03

Measurement results

Metal
Length

Ls-Ly (m)
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

PZT

Metal

Thickness Thickness

tp (M)
0.000127
0.000127
0.000127
0.000191
0.000191
0.000191
0.000191
0.000191
0.000191
0.000191
0.000191

ty (M)
0.000125
0.000125
0.000125
0.00005
0.00005
0.00005
0.00005
0.00005
0.000125
0.000125
0.000125

FEA
1st Mode
(Hz)
67.1
56.3
48.6
26.7

16.4

20
15.2
71.6
57.5
48.4

Analytical Experimental Sample

1st Mode
(Hz)

70.9
57.8
49

32
27.3
24

23.7

18

73.5
57.6
47.9

1st Mode (Hz)
50.8 Ba2
Ba2
Ba2
28.2 Abl
Abl
Abl
23.8 Bb1l
Bbl
48.1 Ab2
Ab2
Ab2

A few unimorph piezofans were prepared and theinadyic performances were

investigated. Two different types of the piezoeiedans, named type A, and type B, as

shown in Figure 5.15 (a), were investigated. Bdtlthem have 3 mm space from the

clamping edge to the edge of the PZT patch. Thietessary to prevent the PZT being

broken by the mounting base during the vibratiomhe only difference between them

is the PZT patch of the type A which has 10 mm sgeam the top edge of the actuator,

while there is no such space in Type B. So, thgthenof the PZT patchs are 30 mm in

type A, and 40 mm in type B.

Notes were given to distinguish these actuators. [Ehgths of the PZT-5H patch in 30

mm and 40 mm were noted by capitals A and B resmyt as described above. The

thickness of PZT-5H, either 12 or 191um, was noted by lower case letters a and b;

the thickness of stainless steel,uf0 or 12um, was noted by number 1 and 2;

Therefore, if a piezofan was noted Aal, that mehaspiezofan had 30 mm length of
PZT-5H patch, the thickness of PZT patch isffi7and the stainless steel is bt

thick.
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Four actuators Abl, Ab2, Ba2, and Bbl were prepéoednvestigating the dynamic
performances by the high-speed camera system.d&d5 (b) shows the measured
vibration magnitudes at the tip of piezofans ascfiems of frequency for the bending
mode under a sinusoidal voltage of 17Q.\hese show that the vibration amplitudes of
these piezofans increased with the increasing &ecgy at first and peaked at their
respective first resonant frequency, after thdettreased with the increasing frequency.
Take an example of Ba2. This piezoelectric fan thesPZT patch of the dimensions
40mm x 10mm x 12dm, and the stainless steel of the dimensions 43mAmm X
125um. For frequencies below 46Hz, the bending displese magnitude was very
small, close to 3 mm. The displacement increased thie increasing frequency and
peaked at 13.2 mm at the frequency 50.8.Hz, ditgrit decreased with the increasing
frequency and was close to 3 mm again for freq@sngiigher than 57 Hz. The
mechanical quality factor of the system, as defingd/Af, whereAf is the frequency
difference between the two half maximum points, lbarobtained from this profile and
found to be equal to 10.4. Table V.14 summariegptbperties of these piezofans. From
this table, it can be seen that longer PZT lengbimfaring Bb1 with Ab1), thicker PZT
thickness (comparing Ba2 with Ab2), and thickerahehim (comparing Ab1 with Ab2)

leads to higher quality factor.

Normally, the piezofan operating at its first re@onfrequency has the largest dynamic
displacement than at any other resonant frequenttiesefore, the value{8), namely
the first resonant frequency)(times the vibration amplitude)(can be regarded as a
criteria to judge the performances of these pieet fans (Taylor et al., 2003). The
first resonant frequency of these piezoelectricsfare 28.2Hz, 48.1Hz, 50.8Hz, and
23.8Hz for Abl, Ab2, Ba2, and Bbl, respectivelyg tborresponding vibration
amplitudes at the first resonant frequencies azenih, 8.3mm, 13.2mm and 22.1mm,
respectively. The () values of these piezofans Abl, Ab2, Ba2, Bb1248.1, 399,
670.6, 526 respectively. According to this critefithe Ba2 had the best performance
among these four piezofans (Table V.14). This agseh the conclusion obtained at

the quasi-static operation, as discussed in theséasion 5.2.1.
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Figure 5.15 The measured bending displacement adplof different piezoelectric fans
as functions of the operating frequency under 1f{p.(a) scheme (b)

measurement results.
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Table V.14 Summary of the piezofan performanceaftew configurations

sample PZTLengl 0 T Thicness (| Mo T e
Lo-Lq (mm) L3-Lq (mm) tp (mm) b (mm) 1st Mode (Hz) (Hz) f/Af 3(mm)

Ba2 30 40 0.127 0.125 50.8 4.9 10.4 13.2 670.6

Abl 30 40 0.191 0.05 28.2 4 7 7.2 203.1

Bbl 40 40 0.191 0.05 23.8 1.2 19.8 22.1 526

Ab2 30 40 0.191 0.125 48.1 4 12 8.3 399

5.3.3 Two DOF motion of the coupled piezofans

5.3.3.1 FEA modelling of the coupled piezofans

FEA modelling and high speed camera photographye wesed to characterise the
dynamic behaviours of the coupled piezofans as sheshematically in Figure 5.16.
The two piezoefans were the Bgbe, with the PZT patch of the dimensions 40mm x
10mm x 12am, and the elastic stainless steel layer of theedsions 43mm x 10mm X
125 um, so the total length of the piezoefan was 43 mith the PZT bonded 10mm
from one end of the stainless steel. There wereran3distance between the clamping
and the edge of the PZT patch and 7 mm of stairsess for clamping. A pair of spars
made of carbon fibre reinforced plastic (CFRP) @mted with a flexible polymer skin
formed a wing and the wing was attached to the pweaofans clamped in parallel to
form the coupled piezofans. The gap between the famg, therefore also the gap

between the two spars, was varied from 10 mm ter2 m

Figure 5.17 shows the results of the FEA modal yamal The first mode was pure
bending (a), at 23.7 Hz. The second mode was pusérig (b), at 58.0 Hz and the third
mode was a mixture of bending and twisting (c) 2086Hz. The material parameters
used for the polymer and the CFRB in the FEA ated in Table V.15.
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Table V.15 Summary of the wing material parametised in the FEA.

Material polymer CFRB
Thickness (um) 50 100
Width (mm) 30 2
Young'’s
Modulus (GPa) 8 200
Density (Kg/ m) 1534 1750
Poisson’s ratio 0.27 0.27
30mm
Point 2 > Point 1
2mm
Tl
A
60mm Wina Spar
i / l
1mm
6mm
g T
< Stainless T 40 mm
Steel .
PZT-5H | 30mm — Piezofanll
Piezofan| )] / l l

\\\:

_

3mm
T

High Voltage Amplifier (1)

High Voltage Amplifier (II)

A

A

Phase delay circuit |

A

Function Generator

Figure 5.16 Schematic of the coupled piezofansegyst
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Figure 5.17 FEA modal analyses of the coupled fizemo (a) ' bending mode-23.7Hz;
(b) 2 twisting mode-58.0Hz; (c) 3 mixed bending and twisting mode-

62.9Hz
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5.3.3.2 Measurement of the 2DOF motion of the coupled pietans

Figure 5.18 shows typical pictures produced by sopmosing two high speed camera
images of the two extreme positions of the winghimita vibration cycle, for the set-up
as shown in Figure 5.16, without any phase delaydxn the two input voltages 170
Vpp at frequencies (a) 13.8; (b)16.7; (c)18.2; (d)19e321.4; (f)22.3; (9)24.9; (h)26.4;
(1)27.7; ())29.6; (k)32.2; ()43.2; (m)44.4; (n)46.(p)47.4; (q)48.3; (N49.7; (s)50.7;
(1)51.8; (u)52.8; (v)54.5; (Ww)56.7 Hz. The PZT pguia both the actuators was of the
dimensions 40mm x 10mm x 12m, and the stainless steel was of the dimensions
43mm x 10mm x 12qum. Both the flapping and twisting motion of the gimwere
obtained as described in Chapter 3. It was fouiad tthe flapping displacement was
peaked at 20 mm at the frequency 22.3.Hz. The itwgishotion peaked at 16° at the
frequency 47.4Hz. Figure 5.19 shows the flapping) mvisting amplitudes as functions
of frequency for this pair of actuators. The quamitre discrepancy on the mode
frequencies between the FEA modelled and actualBasured values could be
contributed by a few factors, such as the uncdytadh the Young’s modulus for the
CFRP spars and the polymer skin used in the FEAelting, the non-perfect clamping
at the foot of the piezofans, and also the difficib have two identical piezofans to

drive the wing.
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Figure 5.18.1 Typical pictures produced by supeasnpg two high speed camera images
of the two extreme positions of the wing within iaration cycle without
any phase delay between the two input voltagesVi§@t frequencies (a)
13.8; (b)16.7; (c)18.2; (d)19.8; (e)21.4; (H22(8)24.9; (h)26.4; (i)27.7;
()29.6; (k)32.2.
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Figure 5.18.2 Typical pictures produced by supedsimg two high speed camera images
of the two extreme positions of the wing within iaration cycle without
any phase delay between the two input voltages\0at frequencies
(D43.2; (m)44.4; (n)46.1; (p)47.4; (9)48.3; (r)49(s)50.7; (1)51.8; (u)52.8;
(V)54.5; (w)56.7 Hz
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Figure 5.19 The measured flapping and twisting amtamplitude of the wing as
functions of the operating frequency driving by th® coupled piezofans
under 170 Vp.

Before going further to quantitative analysis, veed to discuss the errors associated

with these measurements.

(1) The uncertainty in the selection of images. Thegesaas shown in Figure 5.18 were
obtained by superimposing two images selected flamdreds of high speed
camera pictures which represented the two oppegireme positions in one cycle
of the vibration. There are some uncertaintiepuaiwo frames, in the selection
of these two images. The two images were selecsehlly from those at the
vibration extreme positions and those showingelitttovements between the two
adjacent images. For all the measurements, theraaspeed was 2000 fps (frame
per second). If the frequency of the vibration ,stifen 2000/f images will be
recorded in a cycle, and ideally the two imagesukhbe apart by 1000/f frames.
Assuming the vibration is Vsinf®) where V is the vibration amplitude, then the
two images selected should be close to Mg#)(and -Vsing/2). The time
difference between the two adjacent images wer@0D/2nd the displacement error
from two frames around Vsin) is  Vsing/2)-Vsin@/2+f/1000) ~Vf%2000000.
This equals to 0.125V% when f=50Hz, i.e., 0.025 mMmM=25 mm and 0.025° if
V=25 °. These are small.
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(2) The uncertainty in determining the coordinates &nd directions. Figure 5.20
shows a typical superimposed image from which Eugping and twisting motions
were obtained. Due to the limited contrast, esplgdiae non-straight-line of the top
of the wing, it is not very clear where exactle d@he corners (point 1 and 2 in
Figure 3.16) of the wing, which leads to the uraety for the determination of the
coordinates of the two corne®B] P2, P1’, andP2’) and the line directions. From
the experience, the error bar for the coordinatesabout +5 pixels, i.e.
50/115=0.43 mm. The error bar for the line directis about £1.5° reflecting the

curved wing edge as shown in Figure 5.20.

Figure 5.20 Typical superimposed images for theyamaof the flapping and

twisting motions of the wing at phase delay=0.

(3) The difficulty to have two identical piezofans & tactuators. For the system
shown as in Figure 5.16, if the piezofan | andrl# alentical and there is no
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phase difference between the two input signals girase delay = 0), the two
piezofans should vibrate in parallel at around ftinst resonant frequency.
However, it is very difficult if not impossible toave two identical pizofans in
terms of their resonant frequencies and vibratiopldaude. As every piezofan is
produced individually, any difference in the widthd lengths of the PZT patch
and the stainless steel shim, the relative posifothe PZT patch on the metal
shim, and the exact clamping conditions etc, afl lead to the variation of the
resonant frequency and amplitude. Further more vibeation amplitude also
depends on the exact piezoelectric coefficienhefRZT patch and the condition
of the bonding layer, as well as the geometricatdis. As discussed before,
differences in resonant frequency and the vibraéiomplitude at resonance will
lead to different vibration amplitudes at any freqaies for the two piezofans.
This means that, at any frequency, even at phdag=k the two piezofans may
not vibrate in parallel, one will vibrate with arder amplitude than the other.
This will show an apparent twisting motion for twéng. Figure 5.21 shows an
example of superimposed images of the wing driventvio piezofans with
slightly different resonant frequencies at a fraguyeclose to their first resonant
frequencies at the phase delay = 0. At this frequénlose to their respective
first resonances) ideally there should be no twgstnotion at all. Instead, an
apparent twisting of 9.6° was observed. This isuallte same as the twisting at
the second resonance mode (twisting mode) of thieisy We believe this is the
main reason why the apparent twisting motion (Feg&rl9) around the first
resonant frequency between 19.8 and 32.2 Hz wdsgbo Since the flapping
displacement is very big around the first resorieeguency, this effect is most
apparent around the first resonant frequency. lkese reasons, the error bar for
the twisting values around the first resonant fesgies are expected to be very
big, probably at the same level as the observestitwi angles. It is therefore
very difficult to do any quantitative analysis. Th#ect of different resonant
frequency on the flapping motion of the wing wasrfd to be much smaller, as
shown in Figure 5.19, the flapping displacementsiad the second resonance
between 43.2 and 56.7 Hz were small relative tdlt#pming motion at the first

resonant frequencies.
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Figure 5.21 The superimposed images of the wintPa8Hz at phase delay=0.
An apparent twisting movement was observed at ardbe first
resonant frequency due to the different vibratiompktude of the
two piezofan actuators.

(4) From the above discussion, it is apparent the ftgppnd the twisting motions
of the wing also depend very much on the stiffriddbe wing skin materials, as
well as the piezofan actuators. We consider twoeext cases here: (i) If the
skin materials is infinitely soft (the stiffnessefficient ¢=0), the whole system
as shown in Figure 5.16 will act like two indepentdgiezofans. At any
frequency, the two piezofans will vibrate in pagilivhen the phase-delay = 0
and in anti-phase when the phase-delay = 180 °flapping amplitude will be
at its maximum when the phase-delay = 0 and rettu@ero when the phase-

delay = 180 ©°, and the twisting motion will be &t iInaximum when the phase-
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delay =180 ° and reduce to zero when the phasg-délaChanging the phase-
delay will change the flapping and twisting ampd#s of the wing. However, if
there is a difference of thé' tesonant frequenciesdnd § of the two piezofans,
the flapping and apparent twisting will dependgslomoperating frequency f and
the value of # f;. (ii) If the skin material is infinitely stiff (t& compliance
coefficients $=0), then the whole system must be treated asglesoody and it
has its unique resonant frequencies, the first ni@ileg bending and the second
mode being twisting. In this case, the resonanjuieacy of the individual
actuator piezofan | and Il or the difference bemvédee two has little to do with
the performance of the wing. Apparently the actualg is between the above
two extremes, with a finite stiffness coefficieg{s0. The system has its unique
bending and twisting mode resonance frequencieshieuperformance could be
affected by the difference in resonant frequenceshe individual piezofan
actuators. Every effort was made to fabricate thezgfans as identical as

possible.

(5) From the discussion in (4), ideally there shouldabsystematic study on the
effect of different skin materials. The skin maaétsed in this study, a very thin
polymer, was suggested by our collaborative rebeascin the aerodynamics
department. A more in-depth study on the effealiirent skin materials was

not possible due to the time limit of this PhD puij
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5.3.3.3. 2DOF motion control by phase differentiated drive

The control of acoupled piezoelectric fans system by a phase differentiated drive for the
flapping wing MAV applications is the aim of this research. The bending and twisting
motions of the wing at and away from their respective resonant frequencies as
functions of the phase difference (phase delay) between the applied voltages to the two
piezofans were then characterized. Table V.16 and V.17 summarises the bending and
twisting amplitudes of the wing as functions of operating frequency for the set-up as
shown in Figure 5.16 under two input voltages 170 Vy, at different phase delays
between the two respectively. The gap between the two piezofans was 10 cm. Figure
5.22 and 5.23 depict the flapping and twisting amplitudes of the wing as functions of
operating frequency under two input voltages 170 V, at different phase delays between
the two, respectively. From these two figures, it can be observed that the flapping
motion had a resonance at around 22Hz, and the vibration amplitude was the largest at
phase-delay = 0 and reduced with the increasing phase-delay. The amplitude reached
minimum when the phase-delay = 180°, about a quarter of the value when the phase-
delay = 0. The twisting motion was peak around 49 Hz, and, contrary to the flapping, its
amplitude increased with the increasing phase-delay. The twisting amplitude for the
phase-delay = 0 was only about half of the value for the phase-delay = 180°. However,
as discussed in the last section, the error bar for the twisting movement was very large,
especialy for the frequencies near the bending mode resonance, when there was
inevitably a difference of the resonant frequency between the two piezofans. For this
reason we will not try to draw any conclusions from the quantitative analysis of the
twisting data around the flapping mode resonant frequency. The dlight increase of the
flapping motion around the frequency 50Hz might also due to the increase of the error
around the twisting resonance there.

Figures 5.22 and 5.23 show that it is possible to change both the flapping and twisting
motions of the flapping wing simply by varying the phase-delays between the two input
signals. At frequencies around the 1% resonance, i.e. the flapping mode resonance,
increasing the phase-delay from 0 to 180° lead to the reduced flapping motion. At

frequencies around the 2™ resonance, i.e. the twisting mode resonance, increasing the

134



phase-delay from 0 to 180° lead to the increased twisting motion. However, due to the
difficulty in obtaining precisely the same piezofan actuators, it is not clear from this
study what are the effects of changing phase-delay on the twisting motion around the
flapping resonate frequency, and the effects on the flapping motion around the twisting
resonate frequency. Nevertheless, the flapping at frequencies far away from the flapping
resonance were found to be very small, then figures 5.22 could be well-represented by
Figures 5.24, which shows only the flapping motion around the flapping resonate
frequencies at different phase-delays. Similarly, Figure 5.25 shows the twisting motion
around the twisting resonate frequencies only at different phase-delays. As shown by
these two figures, the flapping and twisting motions can all be adjusted smply by
changing the phase-delays between the two input signals.
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Table V.16: Theflapping amplitude as a function of operating frequency at different phase-delays. Unit: mm.

13.8 Hz 16.7 Hz 18.3 Hz 19.8 Hz 21.4Hz 22.3 Hz 23.6 Hz 24.9 Hz 26.4 Hz 27.7 Hz 29.6 Hz 32.2 Hz 43.3Hz 44.4Hz 46.1 Hz 47.4Hz 48.3Hz 49.7Hz 50.7 Hz 51.8 Hz 52.8 Hz 54.5Hz 56.8 Hz

7.51
6.87
5.96
4.96
3.70
2.52
1.62

8.83
7.57

6.7
5.74
4.26
2.78
1.73

12.61
11.22
9.52
8.78
6.26
2.96
1.83

15.64
13.74
12.74
11.48
8.00
5.22
2.61

19.09
19.04
17.96
16.52
11.39

7.83

4.74

20.09
19.87
19.52
18.66
11.91

8.46

4.91

19.70
19.57
18.87
17.13
11.43

8.09

4.83

16.00
15.74
14.61
12.52
9.57
6.35
3.91

11.13
10.61
9.83
8.85
7.15
4.30
291

9.39
8.43
7.65
7.02
5.61
3.48
1.91

6.88
6.17
5.83
5.17
4.65
2.83
1.85

5.74
4.96
4.65
4.14

3.3
2.61
1.74

TableV.17: Thetwisting amplitude as a function of operating frequency at

13.8Hz 16.7 Hz 18.3Hz 19.8 Hz 21.4Hz 22.3Hz 23.6 Hz 24.9 Hz 26.4 Hz 27.7 Hz 29.6 Hz 32.2 Hz

4.12
4.28
3.29
4.28
4.61
9.56
8.57

3.29
4.28
6.59
5.6
10.55
3.95

7.58
7.58
6.92
6.92
11.21
11.21
5.6

9.56
8.9
9.23
10.55
5.6
13.53

2.63

511
10.22
12.54
11.54
11.54
13.03

5.76
3.13
7.58
12.87
12.7
8.73
11.05

4.45
2.63
1.65
7.58
13.53
5.13
4.28

3.79
1.98
2.63
9.56
12.7
3.95

8.9

8.4
5.44
15.19
14.2
14.36

511

8.4
7.25
12.54
13.53
4.45

3.29

8.73
5.76
10.22
13.2

0.33
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7.91
4.45
12

9

1.98

0.1

1

2
2.5
1.9
1.2
0.6

0.6
1.7
1.1
15
1.8
1.4
0.1

0.9
11
0.9
1.9
11
2.7
0.8

0.3

2

3
1.7
1.3
0.5
0.1

0.9
14
1.4
14
1.2

1
0.5

11
2
1.4
1
0.6
0.1
1

different phase-delays. Unit: degree.

1.6
1.7
0.1
0.9
0.1
0.5

1

1.8

2
1.3
0.7
0.7
0.7

1

1.8
2.2
0.2
0.5
0.1
11
1.3

1.8
2.3
0.5
1.2
1.3
1.6

2

18
2.5

0
15
14
2.2

2

433 Hz 44.4Hz 46.1Hz 47.4Hz 48.3Hz 49.7Hz 50.7Hz 51.8Hz 52.8Hz 54.5 Hz 56.8 Hz

6.5
13
15
16
19

20.5

9
10.5
17
17.5
20
20
22
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24
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16
16
21
27
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31
26

11
13
185
27
30
30.5
30.5

105
12
16.5
21
26
28
32

10
11
115
19
21
21
30

7
9.5
13
15.5
16
20
26

7
7.5
9
13
13
17
23

6
6.5
8.5

10.5
11
16
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5
6
7
9
10
13
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Figure 5.22 The flapping amplitude as a function of operating frequency at
different phase-delays
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Figure 5.23 The twisting amplitude as a function of operating frequency
at different phase-delays
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Figure 5.24 The flapping amplitude as a function of operating frequency at
different phase-delays at around the flapping resonant

frequency.
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Figure 5.25 The twisting amplitude as a function of operating frequency at

different phase-delays at around the twisting resonate

frequency.
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5.3.3.4. The effect of the distance betweenthe two piezofans

The effect of the distance between the two piezofan actuators on the flapping and
twisting motions of the wing was also investigated. Table V.18 summarises the flapping
and twisting amplitudes of the wing driven by two piezoefans at different phase-delays
with a gap distance =10 mm, and the superimposed high speed camera images from
which the data were obtained. Similar data for the gap distances 8, 5 and 2 mm are
summarised in Table V.19, V.20 and V.21, respectively. Both the flapping and twisting
were recorded at their respective resonate frequencies. Namely, the flapping were
measured at 26.2, 26.3, 26.0 and 26.2 Hz for gap distance 10, 8, 5 and 2 mm,
respectively; and the twisting were measured at 53.6, 49.1, 51.4 and 47.4 Hz for gap
distance 10, 8, 5 and 2 mm, respectively. Changing the gap distance involves de-
clamping at least one of the piezofan, varying the distance between the two piezofans,
and then re-clamping the piezofans. These results show that the flapping resonate
frequency of the system changed little (from 26.0 to 26.3 Hz) after these manoeuvres,
but noticeable difference in twisting resonate frequencies (from 47.4 to 53.6 Hz) was
resulted. However, these changes were not monotonic as the change of the gap distance,
therefore were most likely due to the change of the effective clamping distances in the

re-clamping, as discussed before.

Figure 5.26 shows the phase delay dependence of the bending displacement and the
twisting angle (Figure 5.27) for the system. The measured values were represented by
symbols ¢, 0, A, and x and their corresponding polynomial fittings by solid, dashed,
dotted, dash and dotted curves for the gap equalsto 10, 8, 5 and 2 mm respectively. The
effect of the gap distance between the two fans was also investigated and results were
shown in Figure 5.26 as well. When the gap distance was 10 mm and the voltages
Vp=170 V applied to the two piezoelectric fans were in phase (phase delay = 0°), the
amplitude of the bending movement of the wing reached 23.4 mm and resonated at 26.2
Hz. When the phase delay of the two driving voltages was increased and all the other
conditions remained the same, the mode of the wing movement remained the pure
bending and also resonated at the same frequency, but with a reduced amplitude. When
the two driving voltages were anti-parallel (phase delay = 180°), the amplitude of the
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resonant bending displacement was reduced to minimum 1.8 mm. When the gap
between the two wing spars was reduced from 10 mm to 8 mm (and further to 5 and 2
mm) and al the other conditions were kept the same, the bending displacement

increased but the dependence on the phase delay was similar (Figure 5.26).

Table V.18 Flapping and twisting motion of the wing driven by two piezoefan with
a gap distance =10 mm at different phase-delays.

Flapping amplitude (Resonant frequency: 26.2Hz)

Phase
delay 0 30 60 90
(degree)

Flapping
amplitude

(mm) (23.43) (22.83) (21.60) (19.03)

Phase
delay 120 150 180
(degree)

Flapping Y
amplitude

(mm) (14.83) (6.43) (1.80)
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Twisting amplitude (Resonant frequency: 53.6Hz)

Phase
delay 0
(degree)

60 90

Twisting
amplitude

(degree) 0 13 32

Phase

(degree)

Twisting
amplitude

30
0

delay 120 150 180
39

(degree) 36

41

Table V.19 Flapping and twisting motion of the wing driven by two piezoefan
with a gap distance =8 mm at different phase-delays.

Flapping amplitude (Resonant frequency: 26.3Hz)

Phase
delay 0 30 60 90
(degree)
Flapping ‘
amplitude
(mm) (25.51) (24.93) (22.87) (219.73)
Phase
delay 120 150 180
(degree)
Flapping
amplitude
(mm) (15.47) (7.77) (2.16)
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Twisting amplitude (Resonant frequency: 49.1Hz)

Phase
delay 0 30 60 90
(degree)

Twisting
amplitude

(degree)

Phase
delay
(degree)

Twisting
amplitude

(degree)
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Table V.20 Flapping and twisting motion of the wing driven by two piezoefan
with a gap distance =5 mm at different phase-delays.

Flapping amplitude (Resonant frequency: 26.0Hz)

Phase
delay 0 30 60 90
(degree)
Flapping
amplitude
(mm) 27.07 25.14 23.33 20.24
Phase
delay 120 150 180
(degree)
Flapping Y
amplitude
(mm) 17.01 10.48 3.61

Twisting amplitude (Resonant frequency: 51.4Hz)

Phase
delay
(degree)

Twisting
amplitude

(degree)

90

45

Phase
delay
(degree)

120

Twisting
amplitude

(degree)

8-

30
2
150
55

60
40
180
54




Table V.21 Flapping and twisting motion of the wing driven by two piezoefan

Flapping amplitude (Resonant frequency: 26.2Hz)

with a gap distance =2 mm at different phase-delays

Phase
delay 0 30 60 90
(degree)
Flapping
amplitude
(mm) 29.39 28.58 27.06 23.85
Phase
delay 120 150 180
(degree)
Flapping \
amplitude
(mm) 19.22 10.98 3.99

Twisting amplitude (Resonant frequency: 47.4Hz)

Phase
delay
(degree)

Twisting
amplitude

90

(degree)

o.o

50

Phase
delay
(degree)

120

Twisting
amplitude

(degree)

m.
m 4

30
16
150
67

60
42
180
65




If the frequency of the two driving voltages was increased from 26.2 Hz to 53.6 Hz, the
same as its second mode frequency, the wing motion became a pure twisting. The two
wing spars as represented by point 1 and point 2 in Figure 5.16 were always moving in
the opposite directions and the middle line did not move in the ideal case. When the gap
distance was 10 mm and the voltages V,,=170 V applied to the two piezofans were in
phase (phase delay = 0°), the twisting angle of the wing was minute, close to O degree at
53.6 Hz. When the phase delay of the two driving voltage was increased and all the
other conditions remained the same, the wing movement was found remain at the pure
twisting mode and also resonate at the same frequency, but with an increased twisting
amplitude. When the two driving voltages were close to anti-parallel (phase delay =
180°), the resonate twisting angle reached 41° (Figure 5.27). When the gap between the
two wing spars was reduced from 10 mm to 8 mm (and further to 5 and 2 mm) and all
the other conditions were kept the same, the wing twisting increased but its dependence

on the phase delay was similar (Figure 5.27).

The motional amplitude dependence on the gap distance between the two spars could be
interpreted by the air damping consideration. The air damping to the wing movement
increases with its cross section, and the effective cross section of the wing is
proportional to the gap distance. So the reduced gap distance lead to a reduced air
damping, therefore to increased vibration amplitude. In fact, linear relationships (with
negative slump rates) were found existed between both the bending and twisting
amplitudes and the gap distance (Figure 5.28), suggesting the air damping was linearly
proportional to the cross section area of the wing.
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Figure 5.26 The phase delay dependence of the motion amplitude of the bending
modes of the wing driving by the coupled piezoelectric fans under 170
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Figure 5.27 The phase delay dependence of the motion amplitude of twisting modes
of the wing driving by the coupled piezoelectric fans under 170 Vpp at
different gap distances between the two spars
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CHAPTER 6

CONCLUSIONS

With an aim of developing an easy method for the actuation and control of two DOF
motions, namely the flapping and twisting motions for a wing of MAV, investigations
were carried out for a piezoelectric actuated system in this project. This involved the
analysis, modelling, optimization, fabrication and characterisation of a piezoelectric
cantilever at first, then for the piezofan, and finaly for coupled piezofans structures.
Specificaly:

1. The optimised conditions for bonding a piezoelectric PZT patch with metal
shims such as Nickel, Molybdenum and stainless stedl elastic layers have been
investigated. The optimised parameters are: the spin rate for spreading the epoxy
is 3,500 rpm, with a spin time 20s; the curing temperature is 100°C and the

curing time is 5 hours, applied dead weight is 2 kg and no need to use the
sandpaper abrasion or adhesion promoter. The obtained maximum shear strength
is2.95 MPa.

2. For apiezoelectric fan made from a stainless steel layer with afixed length and a
PZT patch layer which may be shorter than the stainless steel, a longer PZT
patch lead to larger quasi-static tip displacement and higher resonant frequencies

for the piezoelectric fan.

3. For apiezoelectric fan made from a stainless steel layer and a PZT patch with a
fixed length shorter than the stainless steel, when the location of the PZT patch
is further away from the clamping position, a smaler quasi-static tip
displacement and lower resonant frequencies resulted. Therefore, if a larger
guasi-static tip displacement is required, the PZT patch should be placed as close
to the clamping position as possible.

4. The tip displacement of a piezofan at its bending resonant frequency was
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boosted by nearly 10 times compared to the displacement at quasi-static
frequency.

. Anaytical and finite element modelling were used to study the performance of
the piezoel ectric unimorph cantilever and piezofan structures. Good agreements
were obtained between the analytical, FEM and experimental results. It was
found for the application of flapping wing actuation application, the best
thicknesses of the materials available were the 127 um thick PZT-5H and the
125 pm thick stainless steel. This thickness combination can produce the
largest f*6 value with f< 100 Hz for both the flapping and twisting resonant

frequencies.

. The phase delay between the driving voltages supplied to the two coupled
piezofans was found capable to change the flapping and twisting motions of the
wing attached to the two piezofans. The flapping motion of the wing and the
coupled piezofans around the flapping resonance reduces with the increasing
phase delay. The twisting motion around the twisting resonance increases with
the increasing phase delay.

. The phase delay between the driving voltages supplied to the two coupled
piezofans can also change the flapping and twisting motions at frequencies far
away from their respective resonant frequencies. The exact format of the effect
depends on the stiffness of the wing itself.

. The gap between the two piezofans (also the gap between the wing spars) can
also affect the flapping and twisting motions of the wing. Linear relationships
(with negative slump rates) were found to exist between both the bending and
twisting amplitudes and the gap distance, and this can be interpreted as due to air

damping which was linearly proportional to the cross-sectional area of the wing.
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CHAPTER 7

FUTURE WORK

Some possible future works are recommended:

1. Material selection for higher transverse piezoelectric coefficient ds;, and the
electromechanical coupling factor ks;.
In this study, only one type of PZT ceramic PSI-5H4E was used to produce
piezoelectric fans, for its relatively high ds; and ks; values, high Curie temperature
and affordable cost. However, single crystals like PMN-PT and PZN-PT have much
higher ds;, and ks; values, but they are not ordinary piezoelectric materials, they are
relaxor, and their Curie temperatures are lower. To increase the tip displacement,
blocking force, and the electricd mechanical energy transformation of the
piezoelectric fans, it is worthwhile to use these single crystals to investigate their
rel ationships between their ds;, ks values and their dynamic behaviours.

2. Single piezoelectric fan with awing
Different piezoelectric fans with the same length and width, but different in
thickness were used to form coupled piezoelectric fans and been evauated in this
project. Future work is recommended to investigate the dynamic performance of a
single piezoelectric fan attached with a wing, to understand the behaviours of a
piezoelectric fan under different loading (wing can be regarded as a loading to the

piezoelectric fan) conditions.

3. Wingdesign
Only one type of materials was used in this study to form the wing, which is the
polymer film for the skin, and the carbon fibre reinforced plastic for the spars.
Future work is suggested to investigate the effect of wings produced by different

materials to the dynamic response of a coupled piezoelectric fan system.
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4. Piezofan manufacture
The quantitative analysis of the effect of the phase-delay on the flapping and
twisting motions, especialy at frequencies away from their respective resonant
frequencies, were hampered greatly by the difficulty in obtaining identical piezofans
with the identical first resonant frequency and vibration amplitude. This situation
can be improved, a least partially, by manufacturing the piezofans on industrial
scale, or more likely, by purchasing piezofans from an industrial supplier. For the
same purpose, a sample holder (clamping base) made from very hard and very
smooth surface materials, such as stainless steel, should be able to reduce the effect

of non-perfect clamping of the piezofan.

5. Wind tunnel test for the aerodynamic of the coupled piezoelectric fan systems
Aerodynamic force produced by the coupled piezoelectric fan systems has not be
been measured in this study, due to the unavailability of the measuring equipment
during the time of my project. A setting up of the wind tunnel test for the EPSRC
project (EP/C511190/1: Development and Aeroelastic Optimisation of a
Piezoelectric Powered Flapping Wing Micro Air Vehicle), which supported this
study as well, by the aeronautic department in Cranfield, is in progress. It is
suggested to obtain the aerodynamic force of the coupled piezoelectric fan, in
collaboration with the aeronautic department in the future, to investigate the
relationships between the aerodynamic force produced and the whole coupled
piezoelectric fan systems in this study, to realize the benefits to the application of a
piezoel ectric powered flapping wing micro aero vehicle.
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Chapter 9
Appendices

A FEA Coupled Piezofan programme

/COM,ANSYS RELEASE 10.0 uP20050718 10:29:29
/input,menust,tmp,'",,,,,,, 550551551

/GRA, POWER

/GST,ON

/PLO,INFO,3

/GRO, CURL ,ON

/CPLANE, 1

/REPLOT,RESIZE

WPSTYLE,,,,,,,,O

RESUME, 'piezofanmelingcfrp60+6mm steel','db','C:\JAMES\',0,0
/COM,ANSYS RELEASE 10.0 uP20050718 10:31:06 11/17/2006
/PREP7

| %

11/17/2006

MPTEMP!!!!’!!!

MPTEMP,1,0

MPDE, DENS,

4

MPDATA,DENS,4,,1570

/DIST,1,0.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,1.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,0.
/REP,FAST
/DIST,1,1.

924021086472,1
924021086472,1
08222638492,1
924021086472,1
08222638492,1
924021086472,1
08222638492,1
924021086472,1
08222638492,1
924021086472,1
924021086472,1
08222638492,1
924021086472,1
08222638492,1
08222638492,1
08222638492,1
924021086472,1
924021086472,1
08222638492,1
924021086472,1
08222638492,1
924021086472,1
924021086472,1
08222638492,1
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/REP,FAST
/DIST,1,0.924021086472,1
/REP,FAST
/DIST,1,1.08222638492,1
/REP,FAST
/DIST,1,0.924021086472,1
/REP,FAST
/DIST,1,0.924021086472,1
/REP,FAST
/DIST,1,1.08222638492,1
/REP,FAST
/DIST,1,1.08222638492,1
/REP,FAST
/DIST,1,0.924021086472,1
/REP,FAST

|+

FLST,2,9,6,0RDE,5
FITEM,2,7
FITEM,2,-8

FITEM, 2,10
FITEM,2,12
FITEM,2,-17

VCLEAR, P51X

EPLOT

VPLOT

|+

!:’:

MPTEMP!!!’!!!!
MPTEMP,1,0

MPDE ,DENS, 4
MPDATA,DENS, 4, ,2000
MPTEMP!!!’!!!!
MPTEMP,1,0

MPDE ,DENS, 4
MPDATA,DENS, 4, ,2000
|+

MPTEMP!!;!;!!;
MPTEMP,1,0
MPDE , DENS, 4
MPDATA,DENS, 4, ,2000
FLST,2,9,6,0RDE,5
FITEM,2,7
FITEM,2,-8

FITEM, 2,10

FITEM, 2,12
FITEM,2,-17
VGLUE, P51X
FLST,5,2,6,0RDE, 2
FITEM, 5,15
FITEM,5,-16
CM,_Y,VOLU

VSEL, , , ,P51X
CM,_Y1,voLU
CMSEL,S,_Y

| %

CMSEL,S,_Y1

VATT, 4, , 2, 0
CMSEL,S,_Y
CMDELE,_Y
CMDELE,_Y1

| %

/Z00oM,1,SCRN,0.343349,-0.153499,0.386580,-0.180096
FLST,5,5,6,0RDE,5
FITEM,5,7

FITEM, 5,10
FITEM,5,12

FITEM, 5,14
FITEM,5,17
CM,_Y,VOLU

VSEL, , , ,P51X
CM,_Y1,voLU
CMSEL,S,_Y

| %

CMSEL,S,_Y1

163



VATT, 2, , 2, 0

CMSEL,S,_Y

CMDELE,_Y

CMDELE,_Y1

| %

/UI,MESH, OFF

/AUTO, 1

/REP,FAST
/ZOoOM,1,SCRN,0.336698,-0.273184,0.476366,-0.569072
CM,_Y,VOLU

VSEL, , , , 13
CM,_Y1,VvOoLU

CMSEL,S,_Y

|+

CMSEL,S,_Y1

VATT, 1, , 1, 0
CMSEL,S,_Y

CMDELE,_Y

CMDELE,_Y1

|+

/Z0OM,1,SCRN,0.506295,-0.356299,0.556176,-0.522528
CM,_Y,VOLU

VSEL, , , , 8
CM,_Y1,VvOoLU
CMSEL,S,_Y

|+

CMSEL,S,_Y1
VATT, 2, , 2, 0
CMSEL,S,_Y
CMDELE,_Y
CMDELE,_Y1

|+
FLST,5,9,6,0RDE,5
FITEM,5,7
FITEM,5,-8
FITEM, 5,10
FITEM, 5,12
FITEM,5,-17
CM,_Y,VOLU
VSEL, , , ,P51X
CM,_Y1,VOLU
CHKMSH, 'voLU'
CMSEL,S,_Y

|+

VSWEEP,_Y1

|+

CMDELE,_Y
CMDELE,_Y1
CMDELE,_Y?2

|+

/AUTO, 1
/REP,FAST
NSEL,S,LOC,Y,-3e-3, -3e-3
NPLOT

FINISH

/SOoL

| *

ANTYPE, 2

| %

MSAVE, 0

| *

MODOPT, LANB, 10
EQSLV, SPAR
MXPAND,O, , ,0
LUMPM, O

PSTRES, 0

| %

MODOPT, LANB,10,0,10000, ,OFF
FLST,2,12,1,0RDE,4

FITEM, 2,101

FITEM,2,-106

FITEM, 2,376

FITEM,2,-381

|+
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/GO

D!P51X! ;0; LI} !ALL; L B T
/STATUS, SOLU

SOLVE

FINISH

/POST1

SET,LIST

B: MatLab programme for two sections piezofan

% Program to find natural frequencies: determinant is expressed as function
% of omega
L1=0.03; % Figures in metres
L2=0.04;
% Following values need to be adjusted as appropriate
rho_c=7900;
A_c=0.00000125;
E_c=200000000000;
I_c=0.0000000000000016;
rho_b=7900;
A_b=0.00000125;
rho_p=7800;
A_p= 0 00000127
a_2= 39107452001
I_pn=0.000000000000013;
a_3=-74.4;

A_p=0. 00000127

200000000000;

I _bn= =0.0000000000000028;
% Beginning of Loop
for omega=460:1:480;

x=(rho_ c*A_c*omegaAZ/(E C*I_c))A0.25;

y=((rho_b*A_b+rho_| p*A_p)*omegaAZ/(Z*a_2*I_pn+2*a_3*A_p+E_b*I_bn))AO.25;

yl=2*a_2*I_pn+2%¥a_3*A_p+E_b*I_bn;

y2=E_C*I_cC;
A=[1 0 1 0
0 0 0;
1 0 1
0 0 0;
0 0 -
cos(LZ*é) —sin(x*bZ) cosh(x*bZ) sinhéx*LZ);
sin(x*L2) -cos(x*L2) sinh(x*L2) cosh(x*L2);
cos(y*L1) sin(y*L1) cosh(y*Ll) sinh(y*L1) -
cos(x*L1) -sin(x*L1) -cosh(x*L1) -sinh(x*L1);
-y*sin(y*L1) y*cos(y*L1) K*s1nh(y*L1) y*cosh(y*L1)
X*sin(x*L1) -x*cos (x*L1) -x*sinh(x*L1) -x*cosh(x*L1);

-yA2*yl*cos(y*L1l) -yA2*yl*sin(y*L1l) yA2*yl*cosh(y*L1l)
yA2*y1*sinh(y*L1) XA2*y2*cos (x*L1) XA2*y2*sin(x*L1) -xA2*y2*cosh (x*L1)
-xA2*y2*sinh(x*L1) ;
yA3*y2*sin(y*L1) -yA3*y2*cos(y*L1l) yA3*y2*sinh(y*L1)
yA3*y2*cosh(y*L1) -xA3*y2*sin(x*L1) xA3*y2*cos(x*L1) -xA3*y2*sinh(x*L1)
-XxA3*y2*cosh(x*L1)];
f=det(A);
Tot(omega,f,'*");
old on;

end;

grid on;

C: MatLab programme for three sections piezofan

% Program to find natural frequencies: determinant is expressed as function
% of omega

L1=0.003; % Figures in metres

L2=0. 033,

L3=0.043;

% Following vValues need to be adjusted as appropriate
rho_c=7900;

A_c=0.00000125;

E_c=200000000000;

I_c=0. 0000000000000016;

rho_b=7900

A_b=0. 00000125

rho_p=7800;

A_p= 0 00000191

a_2= 39107452001

I_pn=0.000000000000028;

a_3=-93.2;
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A_B =0.00000191;

-200000000000

I_bn=0. 0000000000000049

% Beginning of Loop

for omega=455:1:465;
x=(rho_ c*A_c*omegaAZ/(E c*I_c))A0.25;
y=((rho_b*A_b+rho_| p*A_p)*omegaAZ/(2*a_2*I_pn+2*a_3*A_p+E b*I_bn))A0.25;
yl=2%*a_2*I_pn+2*a_3*A_p+E_b*I_bn;

y2=E_c*I_c;
A=[1 0 1 0 0
0 0 0 0 0
0 0;
0 1 0 1 0
0 0 0 0 0
0 0;
0 0 0 0
0 0 0 -cos (x*L3) -
sin(x*Lg) cosh(x*Lg) sinhgx*L3);
0 0 sin(x*L3) -
cos(x*L3) sinh(x*L3) cosh(x*L3);
cos(x*L1) sin(x*L1) cosh(x*L1) sinh(x*L1) -
gos(y*Ll) o—sin(y*Ll) acosh(y*Ll) -sinh(y*L1) 0
-x*sin(x*L1) x*cos (x*L1) X*sinh(x*L1) x*cosh(x*L1)
%*sin(y*Ll) 0 -y*cos (y*L1) -y*sinh(y*L1) -y*cosh(y*L1) 0

-y2%xA2*cos (x*L1) —y2*xA2451n(x*L1) y2*xA2*cosh(x*L1)
yZ;iA%;§1qhﬁ?*kii) yl*yA%*cos(y*Ll) y1*5A2*s1n(y*L1) O—yl*yAZ*cosh(y*L%)
-yl*yA2*sinh(y ;
y2*xA3*sin(x*L1) -y2#*xA3*cos(X*L1) y2*xA3*sinh(x*L1) y2*xA3*cosh(x*L1)

ayl*yA3*sin(y*L1) yl*yA3*cos(y3L1) —yl*yA3*518h(y*L1) -yl*yA3*cosh(y*L1)
0 0 0
cos(y*L2) sin(K*LZ) cosh(y*L2) sinh(y*L2) -cos (x*L2)
—sin(x*bZ) -cos (x*LZ) —sigh(x*LZ); 0
y*sin(y*L2) y*cos(y*LZ) y*sinh(y*L2) y*cosh(y*L2) x*sin(x*L2)
—x*cos(é*LZ) —x*sinhgx*LZ) —x*gosh(x*LZ);
yl*yA2*cos(y*L2) -yl*yA2*sin(y*L2) yl*yA2*cosh(y*L2) yl*yA2*sinh(y*L2)
y2*xA2*805(x*L2) yZ*SAZ*sin(x*LZ) 6y2*xA2*cosh(x*L2% -y2*¥xA2*sinh(x*L2);
yl*yA3*sin(y*L2) -yl*yA3*cos(y*L2) yl*yA3*sinh(y*L2) yl*yA3*cosh(y*L2) -
y2*x$32512(§*L2) y2*% xA3*cos(x*L2) -y2*xA3*sinh(x*L2) -y2*xA3*cosh(x*L2)];
=det(A);
Tot(omega,f,'*"');
old on;
end;
grid on;

166



: publications for Hsien-Chun Chung

. Hsien-Chun Chung, R. W. Whatmore and Zhaorong Huang, (2006). Coupled
piezoelectric fans with 2DOF motion for the application of Micro Air \ehicle,

Ferroelectrics UK 2006 conference, p.67.

. Simon J.Croucher, Nicholas J.Lawson, Kranti K. Lal Kummari, Hsien-Chun Chung,

Zhaorong Huang and Roger Whatmore, (2006). Sereoscopic PIV Analysis of an
Oscillating Piezoelectric Unimorph, , 13th Int Symp on Applications of Laser
techniques to Fluid Mechanics Lisbon, Portugal, 2006.

. Z. Huang, G Leighton, R. Wright, F. Duval, H.C. Chung, P. Kirby and R.W.
Whatmore, (2007). Determination of the piezoelectric coefficients and elastic
constant of thin films by laser scanning vibrometry techniques, Sensors and
Actuators A135, p.660-665.

. K.K.Lal Kummari, S. J.Croucher, N. JLawson, E. E. Liani, G Allegri, S. Guo,

Hsien-Chun Chung, and Z. Huang, The application of piezoelectric actuator and

compliant structures to achieve flapping wing motion for a MAV, Journal of
Materials Science & Engineering, 26, 642 (2008).

. Hsien-Chun Chung, K. Lal Kummari, S. J.Croucher, N. JLawson, S. Guo, R.W.
Whatmore, Z. Huang, (2008). Coupled Piezoelectric Fans with Two Degree of

Freedom Motion for the Application of Flapping Wing Micro Aerial \ehicles,
Sensors and Actuators A: Physical. 147, 607-612 (2008).

. Hsien-Chun Chung, K. Lal Kummari, S. J.Croucher, N. JLawson, S. Guo, Z.
Huang, (2008). Development of Piezoelectric Fans for Flapping Wing Applications,

Sensors and Actuators A: Physical, in press.

167



Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Sensors and Actuators A 147 (2008) 607-612

journal homepage: www.elsevier.com/locate/sna

Contents lists available at ScienceDirect

Sensors and Actuators A: Physical

Coupled piezoelectric fans with two degree of freedom motion for the
application of flapping wing micro aerial vehicles

Hsien-Chun Chung?, K. Lal Kummari?, S.J. Croucher®, N.J. LawsonP®, S. Guo®, Z. Huang®*

a Department of Materials, School of Applied Sciences, Cranfield University, Bedford MK43 OAL, UK
b Department of Aerospace Engineering, School of Engineering, Cranfield University, Bedford MK43 0AL, UK

ARTICLE INFO ABSTRACT

Article history:

Received 17 April 2008

Received in revised form 3 June 2008
Accepted 17 June 2008

Available online 26 June 2008

Keywords:
Piezoelectric fan
Flapping
Twisting
Resonance

FEM

MAV

Piezoelectric fans consisting of a piezoelectric layer and an elastic metal layer were prepared by epoxy
bonding and a coupled flexible wing was formed by a pair of carbon fibre reinforced plastic wing spars
and polymer skin attached to two piezoelectric fans. Two sinusoidal voltages with phase differences were
then used to drive the coupled piezoelectric fans. High speed digital cameras were used to characterize
the two degree of freedom (DOF) motion of the wing and these results were compared to finite element
model of the wing and the coupled piezoelectric fans. It has been observed that the phase delay between
the driving voltages applied to the coupled piezoelectric fans plays an important role in the control of the
flapping and twisting motions of the wing and this set-up has the potential for application to the control
of flapping wings for micro aerial vehicles.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The interest in flapping wing micro aerial vehicles (MAV) has
resulted in substantial work in recent years [1-3]. AMAV is defined
as a semiautonomous airborne vehicle, measuring less than 15cm
in any dimension, weighing not more than 140 g, which can fly up
to 2 h for a range of 10 km [1]. As demonstrated by flying birds and
insects, flapping flight is advantageous for its superior manoeuvra-
bility and lifting capability at low flight speeds [3,4]. Flapping wing
systems as inspired by insect flight generally involve the wing com-
pleting pitching, yawing and sweeping components of motion over
a flapping cycle [5]. Different mechanisms such as pneumatic and
motor-driven actuators have been applied to mimic this complex
flapping motion, but these mechanisms often suffer from heavy
weight and mechanical system complexity [5].

Piezoelectric materials especially lead zircornate titanate (PZT)
are widely used in smart structures as sensors and actuators due
to their high bandwidth, high output force, compact size, and high
power density [6]. However, the piezoelectric effect is intrinsically
very small and only a small deflection can be expected directly from

* Corresponding author at: Department of Materials, School of Applied Sciences,
Cranfield University, Building 70, Bedford MK43 OAL, UK. Tel.: +44 1234 750111;
fax: +44 1234 751346.

E-mail address: Z.Huang@Cranfield.ac.uk (Z. Huang).

0924-4247/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2008.06.017

the bending piezoelectric unimorph/bimorph. Therefore some kind
of motion amplification mechanisms are required to achieve large
deflection. Fearing et al. [7-9] developed piezoelectrically actuated
four-bar mechanisms for micromechanical flying insect thorax. Cox
et al. [10] reported three piezoelectrically activated four-bar and
five-bar linkage systems for the electromechanical emulation of
mesoscale flapping flight. Park et al. [11] developed a four-bar
linkage system driven by lightweight piezo-composite actuator to
mimicking the flapping wing system of insects.

A simpler motion amplification mechanism is a piezoelectric fan
(piezofan) which couples a piezoelectric unimorph to an attached
flexible blade and is capable of producing large deflections espe-
cially at resonance. Piezofans were first investigated in the late
seventies [12]. In the last few years the demand for portable elec-
tronic devices has brought interest in the use of piezofans as a
compact, low power, noiseless air cooling technology for applica-
tions such as laptop computers and DVD players [13,14]. We have
investigated the optimization and characterization of individual
piezofan structure at quasi-static and dynamic operations in a sep-
arate report [15]. In this paper we report the investigation on using
two coupled piezofans in parallel driven by sinusoidal voltages
with different phase delays between them to realise the flapping
and twisting movements of the wing structure. The main purpose
of using piezofan as actuators is to facilitate this simple actua-
tion mechanism to obtain two degree of freedom motion (2DOF),
namely the flapping and twisting, of the wing and to develop meth-
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I High speed camera

Point 2 Point 1
Spar Spar
Stainless
Piezo-fan 1 Steel Piezo-fan 11
LAY, A 774

HV Amplifier I
| |
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I_li

| Function Generator |

| HV Amoplifier 11

Fig. 1. The schematic set-up for the coupled piezoelectric fans with the attached
wing and their vibration measurement by high speed camera photography.

ods for the control of its 2DOF motion. The experimental and finite
element analysis and the effect of phase delay to the flapping and
twisting of the wings attached to the coupled piezofans will be
presented.

2. Experimental

Piezofans were prepared by bonding together a stainless steel
metal shim with a piezoelectric PZT patch using epoxy glue EPOTEK
301-2 (Epoxy Technology, USA). The PZT wafers (PSI-5H4E) and
stainless steel foils (Fe/Cr15/Ni7/Mo2.25) were purchased from
commercial sources [15]. The schematic set-up for the 2DOF
motion is shown in Fig. 1. The two piezoelectric fans were
of the unimorph type, with the PZT patch of the dimensions
30mm x 10mm x 127 wm, and the elastic stainless steel layer of
the dimensions 43 mm x 10 mm x 125 pwm, so the total length of
the piezoelectric fan was 43 mm. A 3 mm gap existed between the
clamping and the start of the PZT patch in order to prevent the
ceramic layer from broken during vibration. A pair of spars made
of carbon fibre reinforced plastic (CFRP) connected with a flexible
polymer skin formed the wing and the wing was attached to the two
piezoelectric fans clamped in parallel to form the coupled fans. The
gap between the two fans, therefore also the gap between the two
spars, was varied from 10 mm to 2 mm.

The same wave (usually sinusoidal) signal from a function gen-
erator was split and supplied to two high voltage amplifiers. One
of the split signals was then amplified and applied to one piezo-
fan directly whilst the second signal was connected to an in-house
made phase delay circuit (which can achieve 0° to 180° phase delay)
before being connected to the other amplifier and then the other

piezofan. The piezofans were clamped perpendicularly in parallel
and both the flapping and twisting motions are in the horizontal
direction. This enabled a high speed camera (Photron APX) fixed
above the piezofans to record both the flapping and the twisting
motions of the wing. A frame rate of 2000 frames/s was used with
an area of interest of 61.25 mm x 61.25 mm, which corresponded to
a mean resolution of 67 wm per pixel. The camera was controlled
by a computer system to record 1 s of data corresponding to 2000
images. The 2000 images covered several full cycles of the vibration
(the frequency was usually between 10 to 100 Hz). The displace-
ment data was then obtained by comparing images over a full
cycle and directly analysing the image showing the largest displace-
ment. ANSYS finite element modelling (FEM) was used to model the
behaviours of the coupled piezofans and the wing attached to it.

3. Results and discussion

3.1. Characterization of the dynamic motions for the coupled
piezofans

Fig. 2 shows the results of the FEM modal analysis. The first mode
was pure bending or flapping, at 23.7 Hz (a). The second mode was
pure twisting (b), at 58 Hz and the third mode contained both bend-
ing and twisting at 62.9 Hz. The material parameters used in the
FEM are listed in Table 1.

(a)
DISPLACEMENT ANSYS 8.1
APR 27 2007

Bl 12:01:50

suB =1
FREQ=23.714
DMX =136.208

Piezoslectric unimorph

(b)

DISPLACEMENT ANSYS 8.1
APR 27 2007

12:02:36

STEP=1
SUB =2
FREQ=57.978
DME =108.528

Piezoslectric unimorph

Fig. 2. The finite element modelling modal analysis for the coupled piezoelectric
fans systems as shown in Fig. 1: (a) first mode bending, 23.7 Hz; (b) second mode
twisting, 58 Hz.
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Table 1
Material property parameters used for the finite element modelling
Material PZT 5H Stainless steel Polymer CFRB
Thickness (pm) 127 125 50 100
Width (mm) 10 10 - 2
Young's modulus (GPa) 62 200 8 200
Density (kg/m?) 7800 7900 1534 1750
Poisson’s ratio - 0.28 0.27 0.27
d3 (1072 m/V) -320 - - -
&n 3130 - - -
£22 3130 = - =
€33 3400 = = =
€3 -12 - - -
€33 22.22 - - -
€15 19.39 = = =
c1 (109 N/m?) 126 255.68 - -
12 (109 N/m?) 79.5 99.43 - -
13 (109 N/m?) 84.1 - - -
€33 (10° N/m?) 117 - - -
44 (10° N/m?) 23.0 78.13 - -

Fig. 3. Typical images produced by superimposing two high speed camera images of the two extreme positions of the wing within a vibration cycle at frequencies (a) 22.3 Hz

and (b) 47.4 Hz. The driving voltage was 170V,;,.

Fig. 3 shows typical pictures produced by superimposing two
high speed camera images of the two extreme positions of the wing
within a vibration cycle, without any phase delay between the two
input voltages 170V at frequencies (a) 22.3 and (b) 47.4 Hz. Both
the flapping and twisting motion of the wing were obtained. It was
found that the flapping displacement was peaked at 20 mm at the
frequency 22.3 Hz. The twisting motion was found peaked at 16°
at the frequency 47.4 Hz. Fig. 4 shows the flapping and twisting
amplitudes as functions of frequency for the wing. The quantitative
discrepancy on the mode frequencies between the FEM modelled
and actually measured values could be contributed to a number of
factors. These include the uncertainty of the Young’s modulus for
the CFRB spars and the polymer skin used in the FEM modelling,
the non-perfect clamping at the foot of the piezofans, and probably
most importantly the unmatched piezofans to drive the wing. A
number of these factors will now be discussed in more detail.

o 25 , 30
- —+=—Flapping
2 20 M |- o - Twisting T2
- / 1on e~

— g o + + 2035
SE " £\ 2 11525

£ + A =
(= RN 10 - f/ ’ =9
c A+ + A 4 k=)
= A > 10.2 =
=3 7 x Ml B 2
g 57 on & G Pty 1g g
L. A
. B At

0 T T T _H—-L-l. T 0
10 20 30 40 50 60

Frequency (Hz)

Fig. 4. The measured flapping and twisting motion amplitudes of the wing as func-
tions of the operating frequency driving by the two coupled piezofans under 170V),.

Unmatched piezofans. For the system shown in Fig. 1, if piezo-
fans I and II were identical, with no phase difference between the
two input signals (i.e. phase delay=0), the two piezofans would
be expected to vibrate in parallel at around the first resonant fre-
quency. However, for many reasons it is not possible to have two
identical piezofans in terms of their resonant frequencies and vibra-
tion amplitudes. As every piezofan is produced individually, any
difference in the width and length of the PZT patch and the stain-
less steel shim, the relative position of the PZT patch on the metal
shim, and the exact clamping conditions, etc., all can lead to the
variation of the resonant frequency and amplitude. Furthermore,
the vibration amplitude also depends on the exact piezoelectric
coefficient of the PZT patch and the condition of the bonding layer,
as well as the geometrical factors. This means that, at any frequency,
even at phase delay =0, the two piezofans may not vibrate in par-
allel, or one may vibrate with a larger amplitude than the other.
This will show an apparent twisting motion for the wing. Since,
around the first resonant frequency, the flapping displacement is
at a maximum this mismatch in piezofan displacement appears to
be at its greatest. For this reason, the spread of the measurement
data of the twisting motion around the first resonant frequen-
cies is expected to be the largest, as confirmed by measurements
(Fig. 4). The effect of different resonant frequencies on the flap-
ping motion of the wing was found to be much smaller, as shown
in Fig. 4, where the flapping motion around the second resonance
was smaller relative to the flapping motion at the first resonant
frequency.

Stiffness of the wing skin materials. The flapping and the twist-
ing motions of the wing also depend very much on the stiffness of
the wing skin material, as well as the piezofan actuators. We con-
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sider two extreme cases here: (i) If the skin material is infinitely
soft (the stiffness coefficient ¢;; =0), the whole system as shown in
Fig. 1 will act like two independent piezofans. At any frequency,
the two piezofans will vibrate in parallel when the phase delay =0°
and in anti-phase when the phase delay = 180°. The flapping ampli-
tude will be at its maximum when the phase delay =0 and reduce
to zero when the phase delay=180°, and the twisting motion will
be at its maximum when the phase delay = 180° and reduce to zero
when the phase delay=0. Changing the phase delay will change
the flapping and twisting amplitudes of the wing. However, if there
is a difference of the first resonant frequencies f; and f, of the
two piezofans, the flapping and apparent twisting will depend on
the operating frequency f and the value of f, —fj. (ii) If the skin
material is infinitely stiff (the compliance coefficients s;; =0), then
the whole system must be treated as a single body and it has its
unique resonant frequencies, the first mode being bending and
the second mode being twisting. In this case, the resonant fre-
quency of the individual actuator piezofans I and Il or the difference
between the two will have a limited effect on the performance of
the wing. In fact, the actual wing will be between the above two
extremes, with a finite stiffness coefficients c; > 0. The system has
its unique bending and twisting mode resonance frequencies but
the performance could be affected by the difference in resonant
frequencies of the individual piezofan actuators. Every effort was
made to fabricate the piezofans as identical as possible. The effect of
different skin materials is a subject for further study. It is expected
that a thin and light but stiff material—like an insect wing, is the
best.

3.2. Two DOF motion control by phase differentiated drive

Fig. 5 illustrates measurement results of (a) the flapping and
(b) twisting vibration amplitudes of the wing as functions of oper-
ating frequency under two input voltages 170V}, with different
phase delays between them. The gap between the two piezofans
was 10cm. It can be observed that the flapping motion had a
resonance at around 22 Hz, and the vibration amplitude was the
largest at phase delay=0 and reduced with the increasing phase
delay. The amplitude reached a minimum when the phase delay
equalled 180°, about a quarter of the value at the phase delay=0.
The twisting motion peaked around 49 Hz, and, contrary to the flap-
ping, its amplitude increased with the increasing phase delay. The
twisting amplitude for the phase delay=0 was about half of the
value for the phase delay = 180°. However, as discussed in the last
section, the amplitude mismatch generated twisting movement
was significant for the frequencies near the flapping resonance,
when there was inevitably a difference of the resonant frequency
between the two piezofans. The slight increase of the flapping
motion around the frequency 50 Hz may also due to the increase
of the amplitude mismatch around the twisting resonance there
(Fig. 4).

Fig. 5 shows that it is possible to change both the flapping and
twisting motions of the flapping wing simply by varying the phase
delay between the two input signals. At frequencies around the
first resonance, i.e. the flapping mode resonance, increasing the
phase delay from 0° to 180° lead to the reduced flapping motion. At
frequencies around the second resonance, i.e. the twisting mode
resonance, increasing the phase delay from 0° to 180° lead to
increased twisting motion. However, due to the difficulty in obtain-
ing matched piezofan actuators, it is not clear from this study what
are the effects of changing phase delay on the twisting motion
around the flapping resonant frequency, and the effects on the flap-
ping motion around the twisting resonant frequency. Nevertheless,
the flapping at frequencies far away from the flapping resonance
was found to be insignificant.
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Fig. 5. The measured vibration amplitudes as functions of frequency at different
phase delays at around (a) the flapping and (b) the twisting resonances.

3.3. The effect of the gap distance between the two piezofans

The effect of the distance between the two piezofan actuators on
the flapping and twisting motions of the wing was also investigated.
Both the flapping and twisting were recorded at their respective
resonant frequencies. For example, the flapping were measured at
26.2, 26.3, 26.0 and 26.2 Hz for gap distances 10, 8, 5 and 2 mm,
respectively; and the twist angles were measured at 53.6, 49.1,
51.4 and 47.4 Hz for gap distances 10, 8, 5 and 2 mm, respectively.
Changing the gap distance involves de-clamping at least one of the
piezofan, varying the distance between the two piezofans, and then
re-clamping the piezofans. These results show that the flapping res-
onant frequency of the system changed a small amount (e.g. from
26.0 to 26.3 Hz) after these manoeuvres, but noticeable difference
in twisting resonant frequencies (from 47.4 to 53.6 Hz) resulted.
However, these changes were not monotonic with the change of the
gap distance and were therefore most likely to be due to the change
of the effective clamping distances in the re-clamping, which leads
to the change of the resonant frequency of the piezofan, as discussed
before.

Fig. 6 shows the measured phase delay dependence of (a) the
bending displacement and (b) the twisting angle for the same sys-
tem. The measured values were represented by symbols ¢, 0, A,
and x and their corresponding polynomial fittings by solid, dashed,
dotted, and dash and dotted curves for the gap equals to 10, 8,
5 and 2 mm, respectively. The effect of the gap distance between
the two fans was also shown in the figure. When the gap distance
was 10 mm and the voltages V,p =170V applied to the two piezo-
electric fans were in phase (phase delay = 0°), the amplitude of the
bending movement of the wing reached 23.4 mm and resonated at
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Fig. 6. The phase delay dependence of the vibration amplitude of the bending and
twisting modes of the wing driving by the coupled piezoelectric fans under 170V,
at different gap distances between the two spars: (a) bending mode; and (b) twisting
mode.

26.2 Hz. If the phase delay of the two driving voltages was increased
and all the other conditions remained the same, the mode of the
wing movement remained the pure bending and also resonated
at the same frequency, but with a reduced amplitude. In addition,
if the two driving voltages were anti-parallel (phase delay =180°),
the amplitude of the resonant bending displacement was reduced
to minimum of 1.8 mm. When the gap between the two wing spars
was reduced from 10 to 8 mm (and further to 5 and 2 mm) and
all the other conditions were kept the same, the bending displace-
ment increased but the dependence on the phase delay was similar
(Fig. 6a).

If the frequency of the two driving voltages was increased from
26.2 to 53.6 Hz, the same as its second mode frequency, the wing
motion became a pure twisting. In this case, the two wing spars as
represented by point 1 and point 2 in Fig. 1 were always moving in
the opposite directions with the middle line not moving. When the
gap distance was 10 mm and the voltages Vp =170V applied to the
two piezofans were in phase (phase delay =0°), the twisting angle
of the wing was minute, close to 0° at 53.6 Hz. If the phase delay of
the two driving voltage was increased and all the other conditions
remained the same, the wing movement was found to remain at
the pure twisting mode and also resonate at the same frequency,
but with an increased twisting amplitude. For the case with the
two driving voltages set to anti-parallel (phase delay=180°), the
resonant twisting angle reached 41° (Fig. 6b). It was also found, if
the gap between the two wing spars was reduced from 10 to 8 mm
(and further to 5 and 2 mm) and all the other conditions were kept
the same, the wing twisting increased but its dependence on the
phase delay was similar (Fig. 6b).

The motional amplitude dependence on the gap distance
between the two spars could be interpreted by consideration of
the air damping effect. In this case, the damping of the wing move-
ment would increase in proportion to its cross-sectional area where
the effective cross-section of the wing is proportional to the gap
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Fig. 7. The vibration amplitudes of the bending and twisting motions of the wing as
functions of the gap distance between the two spars. The nearly linear relationship
suggests that the air damping effect was responsible for the decreasing vibration
amplitude with the increasing gap distance.

distance [16]. So the reduced gap distance would lead to a reduced
aerodynamic damping and hence an increased vibration amplitude.
To this end, a nearly linear relationship (with negative slump rates)
was found to exist between both the bending and twisting ampli-
tudes and the gap distance (Fig. 7), further reinforcing this proposed
damping dependency.

4. Conclusions

Coupled piezoelectric fans were formed by clamping two fans in
parallel and attaching a flexible wing made of two stiff carbon fibre
reinforced plastic wing spars and a soft polymer skin. The dynamic
behaviours of the wing were modelled by FEM modal analysis and
investigated by using high speed digital cameras. It was found both
the mode and the amplitude of the wing motion depend strongly on
frequency. The degrees of motion of the wing increased by nearly
10 times at resonant frequencies as compared to the motion at fre-
quencies far away from the resonance. It was found that the phase
delay between the driving voltages supplied to the two coupled
piezoelectric fans play a critical role in the control of the flapping
and twisting motions of the wing. The bending amplitude of the
wing reduced with the increasing phase delay and the twisting
movement increased with an increasing phase delay.
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Abstract
A piezoelectric fan (piezofan) which couples a piezoelectric unimorph to an attached flexible blade
is able to produce a large deflection especially at resonance. The fundamental resonant frequencies
(fr) of the piezofan structures have been calculated by an analytical method and finite element
modelling, and these were compared with experimental measurements. Good agreements have been
obtained between them. The free tip deflection at quasi-static operation or/and the vibration
amplitude at dynamic operation (A) of the piezofans have been experimentally measured. We
introduce f*A as an optimization criterion for piezofans. Optimization according to this criterion
has been carried out for some piezofan configurations, such as the length and the location of the
piezo patch, as well as the thickness ratio between the elastic and piezoelectric layers among a few
available variations. Results show this optimisation approach to be promising when compared to
previously defined piezofan performance parameters such as the energy transmission coefficient

and electromechanical coupling coefficient.

Keywords: piezoelectric fan, cantilever, optimization, resonance, FEM, MAV



1 Introduction

Piezoelectric materials especialy lead zircornate titanate (PZT) are widely used in smart structure
as sensors (e.g. accelerometers, microphones, etc.) and actuators (e.g. micropumps, micromotors,
etc.) due to their high bandwidth, high output force, compact size, and high power density [1].
However, piezoelectric effect is intrinsically very small, only a small deflection can be expected
directly from the bending piezoelectric unimorph/bimorph, therefore some kind of motion
amplification mechanism is required to achieve large deflection. One of the simple motion
amplification mechanisms is a piezoelectric fan (piezofan) which couples a piezoelectric unimorph
to an attached flexible blade and is competent to produce large deflection especialy at resonance.
Piezofans were first investigated in the late seventies [2]. In the last a few years the popularity of
portable electronics devices has resulted in an interest to use piezofans as a compact, low power,
noiseless air cooling technology for the applications such as laptop computer, mobile phones or

DVD playersfor example[3, 4].

The optimization of the piezofan configuration however is complex since the optimization criterion
is application dependent and can vary among optimal mode shape and frequency, tip deflection, and
maximal electromechanical coupling factor (EMCF), etc. A closely related subject is the
optimization of piezoelectric unimorph/bimorph structures since these have been extensively
studied for the static and dynamic operations [5-13]. Smits and Cooney discussed the effectiveness
of piezoelectric bimorph actuator to perform mechanical work under varies constant loading
conditions using constituent equations for quasi-static operation [5-7]. Wang et a. investigated the
electromechanical coupling and output efficiency of piezoelectric bimorph and unimorph actuators
in terms of maximization of three actuator characteristic parameters, namely electromechanical

coupling coefficient, energy transmission coefficient and mechanical output energy for quasi-static

2



operation [8, 9]. Dynamic and topology optimization of the piezofan structures without load (free
vibration) for the cooling application based on the maximizing EMCF using analytical solution and
finite element modelling (FEM) have been reported recently [14-16]. Optimal design of the
piezofan configuration in practical operation is difficult because it requires an accurate knowledge
of the fan damping model which is lacking at present. A form of a piezofan mechanism has been
proposed for flapping wing micro-aerial-vehicle (MAV) application [17-19]. The main purpose of
using piezofan as actuators is to facilitate this simple actuation mechanism to realise two degree of
freedom motion (2DOF), namely the flapping and twisting, of the wing and to develop methods for

the control of its 2DOF motion [17].

The Strouhal Number is often used in the analyzing of oscillating, unsteady fluid flow dynamics
[20]. It is an important dimensionless number and can be expressed as St=fA/U, which divides
stroke frequency (f) and amplitude (A) by forward speed (U). St is known to govern a well-defined
series of vortex growth and shedding regimes and propulsive efficiency is high over a narrow range
of St and usually peaks within the interval 0.2<St<0.4. Most swimming and flying animals when
cruising operate at 0.2<St<0.4 [21]. This can be used for the prediction of cruising flight and
swimming speed for animals as U=fA/St, and can also be used as design guide fA=U*St for wing
morphology and kinematics in MAV application, where St=0.3 [21]. In this report we introduce an
optimization criterion fA for the design of the flapping wing actuators where f is the vibration
frequency and A the amplitude. Since piezofan is usually operated at itsfirst resonant frequency and
its vibration amplitude is largest at this frequency, f;A can aso be used as an optimization criterion
for piezofan where f, is its fundamental resonant frequency and A its vibration amplitude. In this
paper, analytical solution and finite element modelling (FEM) will be used to anayse the
performance of piezoelectric unimorph and piezofan structures at quasi-static and dynamic

operations, and these theoretical results are compared with experimental measured ones. From this



aerodynamic approach we propose a form of design optimization using the Strouhal number and a

limited numbers of materials parameters.

2 Experimental

Piezoelectric unimorphs and piezofans were prepared by bonding together a stainless steel metal
shim with a piezoelectric PZT patch using epoxy glue EPOTEK 301-2 (Epoxy Technology, US).
The PZT wafers (PSI-5H4E) were purchased from Piezo Systems, Inc, USA and there were three
thicknesses available, namely 127, 191 and 267 um. The stainless steel foils (Fe/Cr15/Ni7/M02.25)
were purchased from Goodfellow Cambridge Ltd, UK and three thicknesses, 50, 125 and 250 um
were available. The effects of bonding conditions such as the curing temperature and time..., on
the bonding strength of the ceramic/elastic lamina have been investigated to optimise the bonding
strength. The static displacement and blocking force of the piezoelectric fans were characterized
with a setup consisted of a signal generator, a high voltage amplifier, an optical fibre sensor
(PHILTEC Ltd, model D20) and its power supply unit; a load cell strain gauge (Omega, model
LCL-113G) with capacity up to 113 gram adopted for measuring the blocking force. A square

wave at 0.5 Hz frequency was used for the quasi-static measurements.

A high speed camera (Photron APX) with frame rate of 2000 frames/s was used to record the
dynamic motion of the piezofans. The camera was controlled by a computer system to record
images of the vibration continuously for about one second, collecting just over 2000 images, which
covered several full cycles of the vibration (the frequency was usually between 10 to 100 Hz). The
displacement data were obtained by comparing images over a full cycle and directly measuring the
images showing the largest displacement. ANSY'S finite element modelling (FEM) was used to
modelling the displacement amplitude of the piezofans at quasi-static operation, and to obtain the

resonant frequencies.



3 Results and Discussion

3.1 Optimization criterions for piezoelectric unimorph cantilever structures

When a piezoel ectric unimorph cantilever is used as an actuator, part of the input electric energy Uqg
Is stored as electric energy due to the capacitive nature of the piezo-layer, and the other part stored
as mechanical energy Un. Under a fixed external voltage V, the free-tip deflection oo is the
maximum tip deflection and the blocking force Fy is the maximum generative force (opposite in

direction though). Generdly [8],
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Wherea=E_ /E,, b=t /t ,c=p, /p,, L and w are the length and width of the cantilever
respectively. E; andE Young's modulus, t and t thickness, p,and p density, for the elastic

layer and piezoelectric layer, respectively; ds; the transverse piezoelectric coefficient for the

piezoelectric layer, and f,, the fundamental bending resonant frequency.

If the actuator displaced 6 at an external load F, then the work carried out is— 6F. Thiswork reaches
maximum Um.max When the load F is half of the maximum generative force -0.5F,. The ratio
between this maximum mechanical output energy and the input electric energy is defined as the

energy transmission coefficient A [9],
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" (4)
Here ks, is the piezoelectric coupling coefficient. Wang et al. used A as a criterion for actuator

design—the best actuators are those have the largest energy transmission coefficient. [9] The

optimal thickness ratio obtained using this optimization criterion agrees with the results obtained



based on the optimization of the EMCF. [14] However, A is not a directly measurable quantity

therefore is difficult to be compared with measurement results.

Figure 1 shows the calculated A as a function of the thickness ratio b for the PZT/Stainless-steel
unimorph cantilevers, the materials parameters used in the calculation are summarised in Table I.
Also shown in figure 1 is the value fz*3y as a function of the thickness ratio. The remarkable
similarity between the shapes of the two curves suggests that f;5*do can also be used as a criterion
for the unimorph design for actuator application. Indeed the ratio of A/fa*d¢ is amost a constant
when b>1 and reduces gradually until b<0.4. There is a dlight difference at the peak positions
though between the two curves: the A peaks at the thickness ratio = 0.9 but fiz*do peaks at about
thickness ratio ~ 0.6. Another point worth point out is the fact that f5* 39 does not depend on the

length of the cantilever, which is clear from the equations (1) and (3).

It should be noted that strictly speaking fz*do is hot a“fA” since 4o is the quasi-static displacement
amplitude, not the vibration amplitude at the resonant frequency f... The optimization of “fA” is
equivalent to the optimization of f.5*300nly when the vibration amplitude A is proportional to the
free-tip deflection 6. Also, A is a dimensionless value but fz*6¢ has a dimension of m/s and its
value depends on the external voltage V. When V changes, the numerical value of f.5* 5o changes as
well, but not the shape of the f;5* 8o curvein figure 1. The “A” can aso be used as the amplitude per
volt without affecting the results and discussion provided the external voltage V is kept a constant
and within the linear range. The total amplitude “A” is used in this work in order to be directly

connected to the Strouhal Number St.

Table 1l summarise the calculated performance parameters using the equations (1)-(4) for all
possible thickness ratios from the three available PZT and three stainless steel thicknesses. It can be
seen that the combinations t,=50 um, t,=127 pm, and t,=125 pm, t,=127 pm have clearly the

highest f2* 6o values, and A is the highest for the combination t,,=125 pm, t,=127 um. Although the

6



unimorph cantilever with t=250 um, t,=267 um also has a very high A, its 1% resonant frequency

189.7 Hz istoo high for applications based on mechanical vibration.

3.2 Optimization of piezoelectric fan at quasi-static operation

In a piezofan configuration, unlike in the unimorph structures, the piezoelectric active layer is
shorter than the passive elastic layer. In practice, a length at the foot of the piezofan is always
needed for clamping and also needed is a gap between the clamping and the start of the
piezoelectric patch, in order to prevent the piezo patch being broken during vibration. For these
reasons our piezofans always have a 10 mm bare el astic length at the foot: 7 mm for clamping and 3
mm as the gap between the clamping and the start of the piezoelectric layer, as shown in figure 2.
For these piezofan structures, there are no analytical formulae similar to equations (1) to (4)
available in the literature for the calculation of the free tip displacement and 1% resonant frequency,
so finite element modelling (FEM) was used to calculate the 3o, frm and other performance

parameters for varies fan configurations.

For the fixed PZT patch and elastic layer dimensions, change the location of the PZT patch leads to
the change of the piezofan performances. Figure 2 shows the FEM results for the freetip
displacement and the 1st resonant frequency with the PZT patch location. The PZT patch was 30
mm in length and the stainless steel shim was 50 mm long (7 mm for clamping, so 43 mm isthe full
length outside). It can be seen that for the location of the PZT patch (as represented by the left of
the PZT patch), further away from the clamping position leads to a smaller free tip displacement
under a certain driving voltage and lower 1st resonant frequency of the fan. So, if alarger fi* 6o is
required, the PZT patch should be placed as close to the clamping position as possible (in this case,

3 mm).



FEM investigation on the effect of the length of the PZT patch was also carried out. The results
showed that for the fixed stainless steel length, the longer the PZT patch, the larger the free-tip
displacement and higher the resonant frequency, therefore larger the f;* 6o value. So, ideally the
PZT patch should cover the full length of the elastic layer. However, in practice, an extra length of
the elastic layer at the tip is always needed in order to be able to attach the load for flapping wing

applications.

Another variation of the configuration investigated is that the active part is consisted of two or more
discrete PZT patches. Figure 3(a) shows schematically a piezofan consisted of two discrete PZT
patches with a total length 30 mm, so each one is 15 mm long. The width of the piezofan was 10
mm. As discussed above there is always a 3 mm gap between the clamping and the left of the first
PZT patch. The gap between the two PZT patches was varied from zero to 9 mm. Figure 3 (b)
shows the dependence of the tip displacement and the 1% resonant frequency on the gap size
between the two PZT patches. It can be seen that the larger gap between the two PZT patch leads to
smaller tip displacement 6, and the lower first resonant frequency fm, of the piezofan. Hence, if a

large frm* 8o is required, the PZT patches should be bonded as close as possible.

A piezoelectric fan with the PZT patch 30 mm and the metal shim 40 mm in lengths (and both were
10 mm in width) was prepared. The PZT patch was placed at the foot of the metal shim and there
was amost no gap between the clamping and the left of the PZT patch, therefore leaving 10 mm
stainless steel layer at the tip of the piezofan. Fig. 4 shows its quasi-static tip displacement as a
function of the driving voltage between 0 and 70 V. The quasi-static tip displacement was 401 um
under 70 V, and it was nearly a linear relationship between the tip displacement and the driving

voltage. Also observed was the good agreement between the measured and the FEM values (Fig. 4).

Table 1l summaries FEM results of the first resonant frequencies f,,, and the quasi-static free-tip

displacements o for varies piezofan configurations. All the piezofans have 30 mm PZT patch and
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43 mm stainless steel, with the PZT placed 3 mm from the clamping position, therefore leaving 10
mm stainless at the top. The calculated f,m*dp are listed in the last column. It can be seen that the
combination t,=125 pm, t,=127 um has clearly the highest f,* 8o value. Although the piezofan with
tm=250 um, t,=127 um also has a high fm* 8, its 1% resonant frequency 130.1 Hz is too high for the

reason mentioned above.

3.3 Characterization of piezoelectric fan at dynamic operation

So far we have defined a criterion for the optimization of piezofan structure and discussed the
optimization accordingly in terms of the patch location and the thickness ratio of the two layers, at
quasi-static operation. However, piezofans are often operated at or close to their 1% resonant
frequency, it is desirable to investigate their dynamic behaviours. Without the detailed knowledge
of the fan damping which includes the mechanical damping and air damping, it is not possible to
calculate or model the vibration amplitude at its resonant frequency although the resonant
frequencies could be calculated by FEM and analytical solutions. In the following the fundamental
resonant frequency of the piezofan structures will be calculated by the FEM and analytical methods
and these values compared with the measured values. The vibration amplitudes were obtained from

high speed camera measurements.

For the piezofan structure, as shown in Figure 5, there are three sections. Section | is from the
origin (clamping) to length Lj; section Il is from the length L; to L, and section I1I is from the
length L, to Ls. The PZT layer has the same length with the substrate in the section two; however,

there are no piezoelectric materialsin section | and I11.

The equation of motion in section | and Il is

Ely —aA Yy=0 L<x<L, L,<x<L, )

The equation of motion in the section I is[14-16]



(Bl + 2351 oy 238 (oA + 2, A)Y=0 L, < x<L, ©

Where E, and E; are the Young’s modulus for the elastic layer and the piezolayer respectively, pp

and pp the mass density, Ap and A, the cross section area (product of width and thickness) and I, the

moment of inertia of the elastic layer. Also,

2 2

1 63,12 1 E.ds 1 E.ds
=—|E +—=—|=ZE_ |1+ ——— |[==E_| 1+ 7
% 2{ P ggsj 2 { £3 2 ° 3;3(1_k321) 0

e E2d}

_ _ 2 _ _ 2
a; = 8553('3 2tN) M(tp 2tN) (8)

Where &5, £1, are the dielectric constants at constant strain and constant stress respectively, with
5 = €33(1-k3;), and e, = E d;; . And,

2 2
1 Eptp _Ebtb . " . . . .
NT R is the position of the neutral axis (assuming within the piezo layer),
2 Et,+t,E,

Iy = J' dy_[__:”_tzzdz is the moment of inertiarelative to the neutral axis for the substrate layer,

| oy = '[ dy.[_t:_t” z°dz isthe moment of inertia of the piezo layer relative to the neutral axis.

Assuming the solutions are:

Yi= U ei@t i:l,2,3. (9)

U, =C, COSX+C, SINoX+C, Costuox+¢, sinfoxX, 0 < x < L, (10)

U, = C; COSPX+C, SinPX+C, coshpx+GSinhpX) , L, < x< L, (11)

U, = C, COSaX + Cp SiNaX + C;; coshax+C, Sinhax) |, L, < x < L, (12)
where

10



ﬁ{ (oA +ppA r‘

28, oy +28,A, + Byl t3)
N’

In section I, there are four constants to be determined, C;, C,, Cs, and C4, and the boundary

conditions are
u (0 =0,

u (=0 (15)
In section |11, there are four constants to be determined, Cy, Cyo, C11, and Cy,, and the boundary

conditions are

U, (L) =0,

u; (L) =0, (16)

In section 11, there are four constants to be determined, Cs, Cs, C7, and Cs.
At free-vibrations, i.e., short circuit condition or the external voltage equals zero, the boundary

conditions are natural boundary conditions at L;:

(L) =uy(L).
b (L) =y (L),

YU (L) =Y (L), a7)
YU (L) =Y (Ly).

Where Y ;= Eb|b (18)

and Y= (EbIbN +280| oy +2a3A>) (19)
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And the natural boundary conditions at L »:

(L) = (L),

U, (L) =s(Ly),

Yo, (L) =Y (Ly), (20)

YU, (Lp) =Y (Ly).

So there are 12 unknown constants and 12 equations. In matrix form, these equations can be written

as M2 Cix12=0 (21)

To have meaningful c;...Ci2, the determinant of the matrix Mix2 must be O, which yields the
natural frequencies and mode shapes of the structure. MatLab® programme was used to find the

zeros of the determinant, therefore the natural frequencies.

The calculations were carried out for a number of piezofan configurations, Table IV summaries the
calculated first resonant frequencies f... It also summarises the 1% mode frequencies f,, as obtained
from FEM and the experimental measured 1% resonant frequencies f,. From this table, it is clear that
for thick metal shims, the FEM and the analytical results agrees with each other very well.
However, for the thinnest metal shim (50 um), discrepancy exists between the FEM and the
analytical values. This was probably due to the not dense enough meshing for the thin layers and
also the fact that the epoxy bonding layer was ignored in the FEM. From the table we can also see
that the measured resonant frequencies (with the nominal gap distance being 3 mm) matched those
theoretical ones (FEM or analytical) with the gap distances range from 3 to 7 mm, depending on the
individual piezofan. This is understandable considering the variable conditions of the clamping
therefore the deviation of the actual clamping length from its nominal value. The nominal clamping
lengths for all the measured samples were 7 mm and there was a nominal 3 mm distance from the
clamping edge to the start of the piezoelectric ceramics. If the clamping was perfect, the whole

length of the clamping (7 mm) was clamped firmly, then the actual distance from the clamping edge
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to the start of the ceramics equals to its nominal value (3 mm). However, if the clamping was not
perfect, part of the clamping length was still movable when the piezofan vibrates, then the effective

distance from the clamping to the start of the ceramics will be larger than its nominal value 3 mm.

The dynamic performances of four actuators Ba2, Abl, Bbl, and Ab2 were investigated by using a
high-speed camera system. Figure 6 (b) shows the measured vibration amplitude at the tip as a
function of frequency for the bending mode under a sinusoidal voltage of 170 V, for the piezofan
Bb1l. It shows that the vibration amplitudes of the piezofans increased with the increasing frequency
at first and peaked at their respective first resonant frequency, after that it decreased with the
increasing frequency. The mechanical quality factor of the system, as defined by f,/Af, where Af is
the frequency difference between the two half maximum points, can be obtained from this profile
and found to be equal to 19.8. Table IV summaries the properties of these four piezofans as well.
From this table, it can be seen that longer PZT length (comparing Bbl with Abl), thicker PZT
thickness (comparing Ba2 with Ab2) and thicker metal shim (comparing Abl with Ab2) leads to

higher quality factor.

The first resonant frequency of these piezoefans were 28.2 Hz, 48.1 Hz, 50.8 Hz, and 23.8 Hz for
Abl, Ab2, Ba2, and Bb1l, respectively; the corresponding measured vibration amplitudes were 7.2
mm, 8.3 mm, 13.2 mm and 22.1 mm, respectively. The f-A values were then 203.1, 399, 670.6, 526
respectively. These are also summarised in the Table IV. According to the f<A criteria, the Ba2 had
the best performance among these four piezofans. This agrees with the conclusion obtained at the
guasi-static operation. It also agrees with the conclusion obtained from the EM CF optimization that

the optimized PZT/steel thickness ratio is around one. [14]

It is worth to point out that the effect of air damping on the performance of piezofans are not

considered in this work. This is because for the piezofans discussed in this work, their projected
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surface areas are small, the induced aerodynamic forces are expected to be small as well comparing
with their elastic and inertia forces. However, for other configurations with a purpose designed
aerodynamic surface, air damping may have a significant influence on their performances, which
will be reported in a separate paper. [17] Yao and Uchino discussed these effects using a lumped-
mass model and concluded that air damping played a dominant role on the vibration of their

piezofans. [13]

4 Conclusions

We have introduced f*A as an optimization criterion for piezofans where f; is its fundamental
resonant frequency and A the vibration amplitude at the resonant frequency, or the free tip
deflection at quasi-static operation. This criterion can be used to obtain the piezofans with the best
energy transmission coefficient, and is a measurable quantity therefore can be compared with
experimental results. Optimization according to this criterion has been carried out for a number of
piezofan configurations, such as the length and the location of the piezo patch, as well as the

thickness ratio between the elastic and piezoelectric layers.

The fundamental resonant frequencies of the piezoelectric fan structures have been calculated by
analytica method and finite element modelling, and these were compared with measurement
results. Good agreements have been obtained between them. The free tip deflection at quasi-static
operation and the vibration amplitude at dynamic operation of the piezofans have been measured by
experiments and the experimental f*A values have been used to select the best piezofans for
flapping wing MAV applications [17]. Overal the results suggest this approach to provide a

promising method to optimise piezofans.
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Figure Captions

Fig. 1 The calculated energy transmission coefficient A, f,3* 8o and the ratio of A/fiz* 6o as functions
of the thickness ratio for the PZT/Stainless-steel unimorph cantilevers. The remarkable
similarity between the shapes of the A and f.5* 5o curves suggests that f5* 8o can also be used
as an optimization criterion for the unimorph for actuator application. The ratio of A/f;z* 8¢ IS
almost a constant when the thickness ratio is larger than 0.4.

Fig. 2 FEM results of the effect of the PZT patch location: (8) Scheme; (b) on the free tip
displacement and the 1st resonant frequency. The piezofans have the effective length L= 43
mm and width w=10 mm.

Fig. 3 (a) Schematic of piezofan with two discrete PZT patches. (b) FEM results on the effect of
the distance between the two PZT patch on the tip displacement and the 1st resonant
frequency. The piezofans have atotal length of 43 mm and width of 10 mm.

Fig. 4 The FEM and measured tip displacement under the applied voltages from 0 to 70 V at quasi-
static frequency for a piezofan with alength of 40 mm and width of 10 mm.

Fig. 5 The scheme of a piezoelectric fan consisting of three sections. The piezoelectric material
existsin the section two only.

Fig. 6 The measured bending displacement amplitude of a piezofan as a function of the operating

frequency under 170 Vpp.
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Tablel: Material property parameters used for the

finite element modelling and the analytical calculations.

PZT5H | Stainless
Steel
Young's
Modulus (GPa) 62 200
Density (Kg/ m°) 7800 7900
Poisson’ sratio — 0.28
dz(10m/v) -320 —
€33 3400 —_
€31 -12 —
exn 22.22 —
€15 19.39 .
c11(10°N/m?) 126 255.7
c12(10°N/m?) 79.5 99.4
c13(10°N/m?) 84.1 —
Ca3(10°N/m?) 117 —
Cas(10°N/m?) 23.0 78.1
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Table I1: Summary of the calculated performance parameters for anumber of piezoelectric unimorph cantilevers with
the length L = 40 mm and width w=10 mm.

Tm Tp free tip Blocking 1st Oo* fia Max. mech.
(um) | (um) | displacement force resonant output
(0o) (Fo) frequency coef. A
(fra)
50 | 127 2.83 0.063 64.6 | 182.8 0.0301
50 [ 191 1.27 0.07 87.2 | 110.7 0.0227
50| 267 0.63 0.075 112.8 71.1 0.017
125 | 127 1.87 0.121 92.6 | 173.2 0.039
125 | 191 1.07 0.136 1155 | 123.6 0.037
125 | 267 0.62 0.149 143.3 88.8 0.033
250 | 127 0.86 0.206 145.7 | 125.3 0.03
250 | 191 0.63 0.225 164.3 | 103.5 0.037
250 | 267 0.44 0.246 189.7 83.5 0.039

Tablelll: Summary of the first resonant frequencies, the quasi-static free-tip deflections, and the product of these two
for anumber of piezofans with different thickness ratios as obtained from FEM. All the piezofans have 30
mm PZT patch and 43 mm stainless steel, with the PZT placed 3 mm from the clamping position, leaving

10 mm stainless at the top.

. 60* frm

PZT Metal free tip

Thickness Thickness FEMf.,, displacement

(tp, HM)  (ty, pm) (Hz) (8o, mm)
127 50 29.4 2.13 62.6
191 50 26.7 0.92 24.6
267 50 24.5 0.44 10.8
127 125 67.1 1.54 103.3
191 125 71.6 0.85 60.9
267 125 74.8 0.48 35.9
127 250 130.1 0.73 95
191 250 139.6 0.53 74
267 250 146.5 0.36 52.7
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Table 1V: Summary of the analytical, finite element modelling and experimental measured 1% resonant frequencies, the measured
vibration amplitude and quality factors for afew piezofan configurations.
Sample | Distance PZT Metal PZT Metal FEM [ Analytical | Measured | Measured | fA Af at Q
from Length | Length | Thickness | Thickness | fin, fra (HZ) f. (Hz) amp. 3db | Factor
Clamping (Lo-L4, (Ls-Lg, (tp, pm) (tm, pm) (Hz) (A, mm) (Hz) | (f/Af)
(Ly, mm) mm) mm)
Ba2 3 30 40 127 125 | 67.1 70.9 50.8 13.2 | 670.6 49| 10.4
5 30 40 127 125 | 56.3 57.8
7 30 40 127 125 | 48.6 49
Abl 3 30 40 191 50 | 26.7 32 28.2 7.2 | 203.1 4 7
4 30 40 191 50 27.3
Bbl 3 40 40 191 50 20 23.7 23.8 221 | 526 12| 198
Ab2 3 30 40 191 125 | 71.6 73.5 48.1 83| 399 4 12
5 30 40 191 125 | 57.5 57.6
7 30 40 191 125 | 48.4 47.9
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