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Abstract

Piezoelectric bimorph actuators, as opposed to rotarytrelemotors, have been
suggested as an actuation mechanism for flapping wing micreehicles (FWMAVS)
because they exhibit favorable characteristics such aswewght, rapidly adaptable
frequencies, lower acoustic signature, and controllablgpihg amplitudes. Research at
the Air Force Research Labs and the Air Force Institute ohfetogy has shown that by
using one actuator per wing, up to five degrees of freedoma@ssilple. However, due to
the weight constraints on a FWMAV, the piezoelectric bimogetuators need to be fully
optimized to support free flight.

This study focused on three areas of investigation in oeptimize the piezoelectric
actuators: validating and improving analytical modelg tieve been previously suggested
for the performance of piezoelectric bimorph actuatorentdying the repeatability and
reliability of current custom manufacturing techniques] @etermining the failure criteria
for piezoelectric actuators so that they can be driven ahitfieest possible voltage.

Through the optimization, manufacturing, and performatesting of piezoelectric
bimorphs, analytical models have been adjusted to fit tharerapdata to yield minimum
mass actuators that could potentially meet the mechaniaigg requirements in a
FWMAV. For custom manufactured actuators, optimized tegeactuators with an end
extension showed an 89.5% energy density improvement opemiaed rectangular
actuators and a 19.5% improvement in energy density overnwuially available

actuators.
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DEVELOPMENT OF OPTIMIZED PIEZOELECTRIC BENDING ACTUATORS
FOR USE IN AN INSECT SIZED FLAPPING WING MICRO AIR VEHICLE

. Introduction

1.1 Research Motivation
Research by the RAND corporation has shown that low Reynaldsber flight for

unmanned aerial systems is feasible due to technologivahaeéments that have occurred
in the past two decades [12]. With this, the Defense Advameskarch Projects Agency
(DARPA) created the Micro Air Vehicle (MAV) Program, whosed is to develop small,
low speed MAVs with minimal acoustic signature which coukl used for intelligence,
surveillance, and reconnaissance missions, as well ag iedr denied locations due to
environmental or hostile hazards [8]. The original goalthef DARPA program are listed

in Table 1.1.

Table 1.1: DARPA MAV requirements [8].

Parameter MAV Value
Size <15cm
Weight 10-100 grams
Useful Payload 1-18 grams
Endurance 20-60 minutes

Airspeed 30-65 krfinr and hover
Range 1-10 km




Flapping wing micro air vehicles (FWMAVS) that are insecesi are one option to
meet these goals. Research has shown that the unsteadyramrocs that result from
flapping can allow a FWMAV to be more maneuverable than a coatghasized MAV in
steady flight [28]. Flapping flight, when optimized, also lias ability to conserve 27%
more power than comparable steady flight [28]. The rotatiamechanism in the wings
can also function to provide both lift and control [9]. Othmanefits include low acoustic
signature, vertical takéband landing, and the ability for autonomous flight which dfe a
important characteristics if the FWMAV were to be used in aecbsetting [45].

Research at the Air Force Institute of Technology (AFIT) Hasused on using
biomimicry to create a FWMAV that has a similar wing size ahdge to theManduca
sexta or hawk moth. By replicating the hawk moth’s wing shapegsiand inertial
properties, engineered wings have been created that prodloout 1 gF of lift per
wing [24]. Options for wing actuation include linear actua, such as piezoelectric
bimorph actuators, and DC rotary motors. For applicatioma inawk moth sized flight
vehicle, which has a wingspan of 45-55 mm per wing [24], pgbectric bimorph actuators
are preferred because they are madicient at this small scale [23] and allow for each
wing’s stroke angle to be actuated independently. By aligweach wing to be moved

independently with piezoelectric actuators, up to five degiof freedom are achievable [2].

1.2 Research Goalsand Focus

The development of an insect sized FWMAV presents sevemlertges including
control, power storage, lift generation, and wing actuatiorhis research focuses on
the wing actuation, in particular the design of the piezcteie actuators. Currently,
commercially available actuators from Omega Piezo are uségbsting. However, these
actuators weigh 4.45 grams [26], which is much greater tharift produced per wing.

Therefore, in order for flight to occur the mass of these dotganust be reduced.



Existing models based on classical lamination theory fanposites have already been
developed by the Harvard Microrobotics Laboratory whichgest tapering the width of
an actuator and adding a rigid extension to improve the graggsity of the actuators [42].
However, the size of the FWMAVs produced by Harvard are mualer than the hawk
moth sized FWMAVs that AFIT is trying to develop.

In order to create actuators that are useful for the FWMAGaesh at AFIT, the
models that have already been developed for actuator psaftde must be validated
against experimental data. Additionally, custom manuifidéet) techniques should be
examined in the process of experimental testing to detexrhow to produce actuators
reliably and with minimal defects. Finally, the maximum ogténg range in which the
actuators can be used should be determined. The operatigg cauld be a function of
the stress, strain, or electric field that the actuator egpees during use. Combining the
results of these three research areas, actuators can bezggtifor minimum mass to meet
the requirements of a dual actuated FWMAV, with a total wpagsless than 11 cm and

mass less than 2 grams.

1.3 Organization of Thesis

This thesis begins by describing previous research in pileetric actuators and
their use in FWMAVSs, which is detailed in Chapter Il. Next, dpter 11l discusses the
methodology for the analytical and experimental testindj @malysis of the actuators. The
results and analysis from the testing are detailed in Ch#yitEinally, Chapter V discusses

the conclusions that were drawn from the results and presdggestions for future work.



[l. Literature Review

2.1 Flapping Actuator Design Choices

Presently, there are various actuator designs to powerdppifig mechanism on a
FWMAV, however most of these fall under two categories: mptaotors (small DC motors
or internal combustion engines) and linear actuators ¢gieztric benders, solenoids, etc),
which can be seen in Figures 2.1 and 2.2. Both of these sotmaes been used to
achieve flight in a MAV. Rotary motors were successfully usethe Nano Hummingbird
developed by AeroVironment [18], and piezoelectric acitatwere successful in the
flight of a 60 mg Microrobotic Fly at Harvard [40]. However, thoof these systems
have disadvantages which demonstrate the need for furdlsearch into the actuation

mechanism.

transmission

o S
12K ey
& // ,

/
/
airfoil

_,/"'| \\

airframe” actuator

Figure 2.1: Example of flapping with Figure 2.2: Example of flapping with a
rotary motor [18]. piezoelectric actuator [38].



2.1.1 Rotary Electric Motors.

In the case of the Nano Hummingbird, the total wing span wa$ tf [18], the
propulsion motor was 3.65 grams (21% of the total mass), lem&¥WWMAV was controlled
through combined twist and rotation modulation of the wingkich added another 1.50
grams. While the Nano Hummingbird is an example of succésehurolled flight, the use
of a rotary motor as a flapping mechanism is not necessarmdfulis the development of
an insect-sized FWMAV with two independently actuated 8ing

The utility of an electric motor in smaller MAVs degrades daéoth dficiency and
mass. Electric motors typically require some sort of gegram example of which is shown
in Figure 2.1. As these motors are miniaturized, the lossestd friction in a gearbox
become more apparent, which limits their practicality [28]so, electric motors require
separate mechanisms for control which adds weight to the M#€ can be seen in the
case of the Nano Hummingbird, where the control mechanisiosuated for 9% of the
overall MAV mass [18]. The frictional losses and control uggments are both serious
issues that diminish the adequacy of using rotary motorsfilight vehicle that weighs
less than 2 grams.

2.1.2 Piezoelectric Actuators.

Piezoelectric actuators, on the other hand, have the paitémtbe both lightweight
enough to power insect sized FWMAVs and robust enough tavadintrol without adding
unnecessary mass. The Harvard Microrobotic Fly has alreliyonstrated that it is
possible to achieve necessary lift using piezoelectricaots. However this occurred
with the aid of guide wires for control and an external poweurse [40]. Despite
this, further work on this concept has shown that three deyof freedom are possible
through independently altering the kinematics of each wiity) the addition of another
piezoelectric actuator, which can be seen in Figure 2.3 [Thijs allowed for modulating

the lift force that each wing produced, which translated adtitude control [27].



\ 1cm Power actuator

Mounting
bracket

Control actuator

Figure 2.3: Control mechanism with added piezoelectriames [11].

However, using the design shown in Figure 2.3 had two drakgamnly three degrees
of freedom were available for use in control and the addedladot only provided control
but did not contribute to the flapping of the MAV, which was a#dficient use of resources.
Ideally, the same actuators should be used for both actuatid control. This is possible by
using one piezoelectric actuator per wing so that the saokalitude and frequency of each
wing can be varied independently [20]. Through careful cariechniques, five degrees of
freedom have been possible with only two actuators usinggaddently controlled wings
[2].

Therefore, to optimize both the weight and maneuverabiityan insect sized
FWMAV, the best design choice utilizes two piezoelectrituators for both power and
control that operate each wing independently. This schéraeallows for a dramatic
improvement in maneuverability over one and three degréeeflom systems. However,
since there would be two piezoelectric actuators, theces of the actuators on the weight
would be doubled. In order to optimize the actuators for ,simass, displacement,
and force there are many design variables with respect toatihgators that need to

be studied. Therefore, a further understanding of tfieces of piezoelectric material



properties, piezoelectric weaknesses, and the construcfipiezoelectric beams on the

overall actuator is required.

2.2 Characteristics of Piezoelectric Material

The piezoelectric féect was first discovered in 1890 by the Curie brothers, who
observed that when a pressure was applied to certain matetah as zinc blende, quartz,
boracite, and others, an electrical charge was produce@. opposite ect, where an
applied electrical charge produced a mechanical defoomatias observed a year later
[17].

A material becomes polarized when an electric field is appkad for piezoelectric
materials this causes a deformation. The deformationtsefoim the polarized material
causing the electrons and the nuclei to rearrange in suclyahaathe dimensions of the

material are changed, as shown in Figure 2.4 [15].
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Figure 2.4: Electric field causing a deformation at the atoevel.

The first useful application of thisfiect came in the 1920’s when quartz was used
as a means of frequency control. More recently piezoeteceramics have found their
way into microelectromechanical systems (MEMS), spedifigacantilever unimorph and
bimorph actuator designs, which utilize a passive layentiuce a bending moment [4].
Two descriptive values for piezoelectric actuators arebiibeked force Fg, and the free
displacementyp [42]. The blocked force is the force generated at the tip @d@nator with
zero displacement, and the free displacement is the deplewt of the actuator tip without

any applied external force. These values can be used tanlaeethe mechanical energy



that an actuator is able to produce by calculating the are@ruthe force-displacement
curve. The mechanical enerdy,, can be calculated using Equation 2.1 [42].
1

Un = 5Fade (2.1)

Constructing piezoelectric actuators for use in FWMAVdizgs the ability of the
material to expand or contract with an applied electricdtage. The capability of the
piezoelectric material to produce mechanical motion isdlesd by the piezoelectric strain
constant (lengtivolt), which is denoted ad;;, as shown in Equation 2.2, and has units of
meters per volt. The piezoelectric constant specifies hoshnaumaterial will deform in

the j direction due to an applied electric field in theirection [30].

_ strain developed (ym)
' ™ applied electric field (Yn)

(2.2)

2.2.1 Piezoelectric Power Electronics.

Using actuators made out of piezoelectric ceramics posesaechallenges, not the
least of which are the high voltage fields required to opetaen, which are on the order
of 200 V/mm [38]. For a very small MAV, the electronics required toyade these voltage
fields could pose a weight problem because most compactyeseuyces provide outputs
below 5 volts, which requires a gain between 50 and 100 [1Agrd@fore, lightweight and
efficient circuits will be required on free-flying flight vehisle

There are several options available in order to providel#nge voltage input, which
include boost converters, transformers, and hybrid cdexer Boost converters, which
include an inductor, transistor, diode, and capacitor wayrkapidly changing the current
across the inductor and using the higher voltage produceldame the capacitor; however
at high voltages this approach becomes le&sient due to losses in conduction and

the switching [10]. Commercially available micro transfears are available which can



provide amplification from 5 to 250 volts, however these weagpout 4 grams [29], which
are too heavy for the required application.

A hybrid approach that utilizes a boost converter with seMegiscading charge pumps
has been demonstrated by Harvard’s MAV group to have a lowspas225 mg, with a
relatively high dficiency, of above 60% [10]. Further refinement has droppedvisight
and size of the drive circuits to 90mg for a dual-stage cirf@riuse in powering a bimorph
actuator, as shown in Figure 2.5 [14]. This shows that despé high voltages required to
drive the piezoelectric beams, lightweight electronias ba produced that still allow for

flight.

Single—étage

Figure 2.5: Dual and single stage drive circuits for hightagé gains [14].

2.2.2 Mechanical Failure of Piezoelectric Ceramics.

The goal of this research is to optimize the piezoelectrimators for strength,
displacement, and weight. However, for the most power to floglyced from a given
actuator, the drive voltages must be as high as possible. nd@iotlie maximum usable
voltage, the failure criteria for the piezoelectric maaemust be known. The brittleness
of piezoelectric materials is its biggest weakness, paerity when stress and electric
field concentrations are present near defects or electijd®s Therefore, a thorough
understanding of how to determine the failure strength @zgeélectric materials is

necessary.



One such way to determine the fracture stresg Of a piezoelectric ceramic is to
perform a three point bending test, as shown in Figure 2.&mwdpplies a known load to a
piece of piezoelectric material until failure. Using thest, the fracture stress can be solved

for through Equation 2.3, where; is the load at fracture [33].
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Figure 2.6: Three point bending test.
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Lead zirconate titanate ceramic type 5H (PZT-5H), the tyfg@exzoelectric ceramics
currently used at AFIT due to the material's high piezoelectonstant, has been
determined through three point bending testing to havedura strength of 114.8 MPa,
with a 95% confidence interval the actual strength is 112@ H16.9 MPa. However,
research has also shown that when the piezoelectric cesaanécused in a composite,
which would be the case for piezoelectric actuators, trength can increase by over 30%.
One possible explanation for this strength increase igtigdbonding process increases the
shear strength on the surface of the ceramics [32].

Due to the diferences in the ceramic strength when bonded in a compositpared
to the non-bonded crystal, as well as possibléedences due to an applied stress or an
applied voltage, the actual strength of powered piezogteattuators may be flerent

from this data, and the actual failure levels should be mm@uighly investigated.
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2.2.3 Reorientation of the Piezoelectric Effect.

Besides brittle fracture, piezoelectric ceramics can agperience a failure or
minimization of the piezoelectridkect due to depolarization and subsequent piezoelectric
constant degradation. Initially, the polarization witlaipiezoelectric ceramic is internally
random, which cancels out any net polarization. In ordetterceramics to be useful, a
relatively large electric fieldX 3000 \Vmm) is applied to initially polarize the ceramics
[33]. However, high voltage fields, stresses, and vibratioan all &ect this initial
polarization, reorient the domain, and cause a degradafidime piezoelectric constants
in the material.

At lower applied voltage fields, the relationship betweee #ftrain produced and
the field is mostly linear, which is what would be predictedByuation 2.2. However,
as the strength of the field increases, there is a polariza@orientation which causes
hysteresis ffects as the strain deviates from the linear region. Hysteeffscts are usually
observed as the electric field becomes greater than about/b@®, however depoling of
the material can still occur under long term driving [33]. dtigresis and depoling caused
by high driving voltages mean that linear models signifiaower predict the power which
can be developed from piezoelectric materials [41].

Piezoelectric ceramics also have a critical electric fiedderred to as the coercive
field, after which the hysteresiffects cause a “butterfly” shaped curve, which can be seen
in Figure 2.7. This radical hysteresis is caused by a perntai@nge in the ferroelectric
domain status and radically changes tlfeas of an applied voltage on the piezoelectric
ceramic. Soft ceramics are especially sensitive to thiescewhen driven with an electric

field opposite the poling direction [33].

“Soft” ceramics are those that have a coercive field betwé&en 100 V/mm while
“hard” ceramics have a coercive field larger than 10w [33]. Due to the dference in

coercive fields, hard ceramics are less likely to experiemgehysteresisféects, which is
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Figure 2.7: Hects of exceeding the coercive field [6].

a favorable trait. However, hard ceramics also requireclaedectric fields to produce the
same strain. Therefore, for use in FWMAV applications whavever is of concern, soft
ceramics tend to be more suitable.

Externally applied compressive static and cyclic stresse& also been shown to
affect the piezoelectricfiect. Under loading in the range of 10 to 70 MPa, significant
degradation has been observed, especially in soft ceramierials. When static loads
of 30 MPa were applied to PZT-5H ceramics, the codfticient was 50% of the original
value; after 70 MPa, the céiient was only 25% of the original value. Cyclic loading

also seemed to increase the amount of degradation [1]. &extdc bending actuators are
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typically only concerned with thds; codficient, not theds; codficient. Theds; codficient
applies to elongation perpendicular to the applied eledield while thedss codficient
describes elongation parallel to the applied electric fidlhile the values are fierent,
there may be a similarfiect on theds; coeficient caused by applied stresses.

Vibrational loads, in addition to causing mechanical fuaet have also been observed
to be associated with a domain reorientation of piezoeteattuators. This reorientation
has been noticed especially with respect to soft ceramitts mgh driving fields. Also,
during domain reorientation, the magnitude of the curradinittance, and temperature of
the actuator has been observed to increase both significardl abruptly [16]. Since the
purpose of this research is to develop piezoelectric bilmagtuators to quickly flap wings,
vibrational failure issues will certainly be important.

2.2.4 Piezoelectric Ceramic Properties.

There are several commercially available sheet ceramiégshwd¢an be used in the
construction of custom piezoelectric bimorph actuatoehld 2.1 summarizes two of the
single crystal ceramic sheets available from Piezo Systeras[30]. The polarizing field,
E,, is the electric field that is applied to initially polarizieet piezoelectric ceramic. If a
ceramic becomes depolarized, then applying this field shoedrient the material. The
initial depolarizing field Ec;, is the electric field that causes domain reorientation tprbe
and the coercive fieldsc ¢, is essentially the final depolarizing field, which was expea
in Section 2.2.3. The density and elastic modulus are aldstal mechanical properties.

The best piezoelectric material for weight consideratiolh e able to achieve the
greatest elongation with the least mags.(/m). Equation 2.4 shows how this elongation
can be calculated as a function of the piezoelectric cofstepolarizing field, and the

cross sectional ared,.
Omax _ | p€max _ d31ECi
m  plowt o A

(2.4)
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Since the cross sectional area is a function of the geometiyat a material property, the
only term that matters isls;Ec/p. The best material choice will maximize this value.
Table 2.2 gives a comparison for both the initial depoldrzafield and the coercive

depolarization field. In both cases, PZT-5H is more advadag for use in lightweight

actuators than other options.

Table 2.1: Piezoelectric ceramic material properties.[30]

PZT-5H PZT-5A

Piezoelectric Constant d3; m/V  320x 10* 190x 10°%?

Polarizing Field E, V/m >15x10F >2x1C°
Initial Depolarizing Field Ec; V/m ~3x10°P =~5x1C°
Coercive Field Ect V/m =~=8x10° =x12x10°
Density p  kgmd 7800 7800
Elastic Modulus Es N/mM 50x10° 52x109

E: N/m? 62x10° 6.6x10°

Table 2.2:d3,Ec/p for piezoelectric materials.

PZT-5H PZT-5A

Initial Depolarization 1231x 108 1.218x 1078
Coercive Depolarization .382x 108 2923x 1078

Piezo Systems, Inc. supplies PZT-5H in three thickness&270mm, 0.191 mm,

and 0.267 mm [30]. The voltage that correlates to the potagiand depolarizing fields
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can be calculated by multiplying the electric field by thezpielectric ceramic thickness

(V = E xt,). The applied voltages for each thickness of PZT-5H arergindable 2.3.

2.3 Piezoeectric Actuator Design Choices

2.3.1 Estimated Mass Requirements.

Utilizing two independently actuated wings, AFIT resednels focused on developing
a FWMAV that is of comparable size to tianduca sextawhich is more commonly
referred to as the hawk moth. On average, each wing of the haotk is between 45 and
55 millimeters and able to produce about 1 gF of lift. By matgtthe structural properties
of the biological wing, manufactured wings of comparabiesind weight have also been
able to produce about 1 gF of lift [24]. This means that a fliggtticle which is the same

size as the hawk moth must have a total mass less than 2 grams.

Table 2.3: PZT-5H properties [30].

Ceramic Thickness 27 mm 191 mm 267 mm

(.005in.) (.0075in.) (.0105in.)

Polarizing Voltage Vp 190.5 286.5 400.5
Initial Depolarizing Voltage V¢; 38.1 57.3 80.1
Coercive \Voltage Vet 101.6 152.8 213.6

In order to estimate how much of the total mass is availabl@&ch subsystem, the
natural mass properties of the hawk moth can be examinednantanical analogies can
be developed. Figure 2.8 shows the average massftefelit sections of th&landuca
sexta Mechanically, the head can be analogous to control meshemithe abdomen to
power, and the thorax to the flapping mechanism. FoMhaaduca sextathe thorax has

an average mass of 0.5840 grams [24]. Therefore, if a duahsedt design is used, each
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piezoelectric actuator assembly and transmission mesimestiould have a mass of about

0.29 grams.

Thorax

0.584
Abdomen

0.722 g

wings

Head
0.0948 g

0.106 g
Figure 2.8:Manduca sextanass properties [24].

2.3.2 Typesof Bending Actuators.

Two ways that piezoelectric material can be used to creatgibg actuators is through
unimorph and bimorph designs. In both of these designspplegztric material is bonded to
a passive layer so that the strains induced from the apgkettie field generate a curvature
along the length of the actuator. Unimorph actuators usg onk piezoelectric layer
combined with a passive layer, while a bimorph actuator isegiezoelectric layers and

a passive layer. Examples of a unimorph and bimorph actiatershown in Figure 2.9.
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Unimorph Actuator Bimorph Actuator

Figure 2.9: Comparison of unimorph and bimorph actuatot} [3

Unimorph actuators have been able to achieve® Kdfbke motion for a FWMAYV,
which shows that these actuators could be used in FWMAVs [THlese actuators are
lighter than bimorph actuators because they only have a@®oplectric layer. Also, in the
construction of custom actuators, unimorphs only requie layers to be bonded, which
makes assembly simpler.

On the other hand, bimorph actuators can simply be seen et actuators with
an additional piezoelectric layer added. While unimorptnaiors are lighter than bimorph
actuators with equivalent geometry and electric field gjienbimorph actuators are able
to produce twice the deflection as unimorphs [34]. The irseea deflection can be used
to offset the increase in weight seen in bimorphs. Unimorph amtsialso require that the
electric field be applied opposite the direction of the paeotric ceramic poling, which
can quickly lead to hysteresidtects as the ceramics become depoled [33]. Therefore,
piezoelectric bimorph actuators appear to be a better eltban unimorph actuators.

In the construction of bimorph actuators, the piezoeleatrystals can either be
connected in series or in parallel. A series connection mdéaat the two piezoelectric
layers are poled opposite each other so that an electriag®ls applied through the entire
thickness to induce bending. A connection in parallel mehaseach piezoelectric layer
is poled in the same direction. With the parallel connectéovoltage is applied opposite in
each layer to induce bending. In both cases, bending isettdst one piezoelectric layer

expanding while the other contracts [35].
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Currently, FWMAV bench tests at AFIT have used piezoelecttrip actuators
manufactured by Omega Piezo Technologies, Inc., whichlreesqjuivalent of parallel
poled bimorph actuators. The 260 mm actuators that are currently used have a maximum
published voltage of 150 volts in the polarized directiofre deflection of 2.6 mm, and
a blocked force of 0.30 N. These actuators have a centrdteticmade of stainless steel
which is bonded to two piezoelectric ceramic plates [26]wieer, the mass of a single
actuator is 4.45 grams, which is much too heavy to be usedaltWMAV that potentially
produces only about 2 gF of lift [24].

2.3.3 Actuator Driving Techniques.

Several techniques are available to provide power to plezty& actuators, which
depend upon the poling direction of the piezoelectric cézarand the number of drive
sources available. Figure 2.10 gives examples of each itpotan Ideally, the driving

technique that is used would work to ensure that hysteré&giste do not develop.

Single Voltage Source Two Voltage Sources

|
\ v, :} alternating
T
|

Jd.—’ series
(v,) ]
N 1 (Vz)

i, v

parallel
simultaneous
L+ = '
\ T

Figure 2.10: Various actuator driving techniques [42].
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Series and parallel driving techniques both require onby\aritage source to provide
power to the bimorph actuators. For the series case, theglexric layers are poled in
opposite directions and a wire is attached to the outsidadt piezoelectric ceramic. This
is the simplest driving method, however this method reguivéce the voltage compared
to other techniques to create the same electric field and iezeqiectric layer is always
being driven opposite the poling direction, which incresalsgsteresisféects [42].

For parallel driving, the piezoelectric layers are bothepldh the same direction, and
the passive middle layer is grounded. The electric field éatad by applying an equal
voltage to the outer layer of each piezoelectric ceramicis Téchnique overcomes the
issue of doubling the voltage to create an electric field, dvax the piezoelectric ceramic
layers will still need to be charged opposite of the polingdiion in order to move in both
directions [42].

Both of the driving techniques that utilize a single driveisie experience the issue of
creating an electric field antiparallel to the poling directof the piezoelectric ceramics,
which could cause depoling with a field of only abouk3.0* V/m. In order to solve
this problem, two driving sources can be used in either aradting drive configuration
or a simultaneous drive configuration. For an alternatirgedieach piezoelectric layer is
driven individually by a separate drive source [42].

While the alternating drive configuration does keep eachadot charged parallel to
the poling, two separate driving sources are required foh eatuator. A more economical
technique is to use a simultaneous drive method. This meithiGdlly charges each
actuator with a bias voltag#/,, and then charges the central passive layer with the drive
voltage. At the neutral state, the drive voltage is half efltias voltage, ov,/2. The drive
voltage can then be varied from 0¥ [41]. An example of how this method works is
shown in Figure 2.11. This technique prevents chargingerofhposite direction of poling

and allows for a common ground and common bias voltage sagross all actuators [42].
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The simultaneous drive technique should prevent easilpldepthe actuators while still
not requiring a large amount of extra electronics, which esak the best choice for a

FWMAV.

+ 50 V
+ 50 V
+ 25y

+ 25 \/V
T 75

3

Figure 2.11: Simultaneous driving technique.

2.3.4 Transmission Mechanism Design.

Piezoelectric actuators produce tip displacements tleatyaically on the order of1
mm, and the FWMAV requires a wing stroke angle«0° [24]. In order to achieve this
result, a transmission mechanism that has linkages sitail&igure 2.12 has been used.
The linkage length&; — L, must be specified in order to define the linkage, which can be
analytically shown in Equation 2.5 [39]. However, this efjpiais not very useful for the
general linkage design because it cannot be analyticalxedo If 6,, (stroke angle) and
6 (actuator tip deflection) are assumed to be small, then Egquat5 can be reduced to
Equation 2.6, wher@& is the transmission ratio. While Equation 2.6 is not validl&ger

stroke angles, it show that linkadig plays the largest role in the transmission ratio.
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Figure 2.12: Transmission mechanism [24].

52— 25L1 +el2
6y = COS ™ 1t el + tan‘l(%) — g (2.5)
2Ls+/(Ly — 8)% + L2 =
6, 1

These results show that for any given actuator displace(drdther large or small),
there is a linkage design that will allow the wing to be flappeith +60° deflection.
However, a safe assumption is that as the required dispEmtedecreases, the required
force increases since the same amount of mechanical endlpg\weeded. Therefore, the
mechanical energy that an actuator produces is the mostiam@utput design variable.

2.3.5 Manufacture of Piezoelectric Bending Actuators.

While commercially produced piezoelectric bending acitsare available, specific
weight and size requirements dictate that custom actué®ngroduced for FWMAVS.
The fabrication of custom actuators also allows for a thghoanalysis of the design of
each mechanism so that optimized actuators can be develdf@te the general process
of bonding two active piezoelectric layers to a middle passayer is the same for all
manufacturing techniques, there are variations in the ingrnurocess, connection methods,

and material choice for fferent manufacturing techniques.
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Three processes have been used to bond the active and pagsigf a piezoelectric
actuator. Non-conductive epoxy has been used in the dedigmnionorphs [31],
sheet adhesives (such as DupdntPyralux) has been used in the construction of
microelectromechanical systems (MEMS) [37], and the epoxyncured pre-impregnated
(prepreg) carbon fiber has also been used in bending [42] amved [44] actuators. The
use of uncured carbon fiber, while eliminating the need foextra bonding agent, makes
the final actuator more flicult to assemble due to challenges in working with the carbon
fiber.

When the epoxy in the prepreg carbon fiber is used as a bongiérg,ahere is no need
for an additional connection method between the layers eftttuator [44]. However, if
a non-conductive epoxy or sheet adhesive is used, then these be some method to
connect the piezoelectric layers to the passive layer doctiveent can flow through the
entire actuator. This connection can be accomplished gtiogea slight overhang of the
piezoelectric ceramic, and then using a conductive epogpmmect the passive and active
layers [31]. Wires can also be connected to the outer laydreopiezoelectric ceramics by
using conductive epoxy or using a soldering flux [31].

The last choice in the manufacture of the piezoelectric &ots is the selection
of a passive layer material. Typically, the passive layebash stitf and electrically
conductive. Steel is commonly used in commercial actuagong it has also been used in
the construction of custom actuators as well becauséfargiiassive layer has been shown
to increase the output force of an actuator [34]. Howeveelstlso dramatically increases
the weight of the actuator. Therefore, carbon fiber has besed as a passive layer in
weight sensitive applications, with fiberglass added togase the Hfiness and to act as an
electrical insulator around the entire actuator [42]. Gosactuators manufactured at AFIT
have also used carbon fiber, but without the use of fiberglasause the AFIT FWMAV

design does not require the tip of the actuator to be elatfyimsulated [1].
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24 Analytical Analysisof Piezoelectric Actuators

Several analytical solutions have been proposed for piadithe performance of
piezoelectric bimorph actuators. Approaches utilizing Euler-Bernoulli beam theory
[34] and laminated beam analysis [42] have been created dmrmiining the blocked
force and displacement of an actuator excited by a voltage.Huler-Bernoulli approach
assumes a rectangular actuator shape, while the laminated hnalysis allows for the
actuator to be tapered along the width. By tapering alonguidéh, the actuators can be
designed for optimal energy density [42].

24.1 Euler-Bernoulli Piezoelectric Beam Analysis.

Bimorph actuators function by using the piezoelectricisg#o create a curvature in
the beam. The Euler-Bernoulli beam theory can be used tyamdhe performance of
an actuator by treating these internal strains as interoahemts that generate a curvature
[36]. This analysis assumes that there is perfect bondimngdsn the layers, the beam
is a rectangular shape, and the only loads are internal tdo¢hen and caused by the
piezoelectric &ect [34]. If T; is defined as the stress in ttia direction, and the principal
direction along the length of the beam, then= T3 = T, = Ts = Tg = 0 [34].

Since the only loads acting on the actuator are internalnsideal loads from the
piezoelectric layers, the extensional strains in eachrlaye described in Equation 2.7,

wheres; are elements of the mechanical compliance matrix.
Sy = STy + dnEs (2.7)

The internal loads in each layer can be solved for by reamgngquation 2.7. For the
passive layer, the piezoelectric constaft, is zero. Also(si;)™ is actually the Young’s
modulus of each layer, so th&t, can be used for the piezoelectric layer &g can be
used for the middle passive layer [34].

The extensional strair§;, can be written as a function of the curvature of the beam

and position along thg-axis. Figure 2.13 shows the nomenclature and axis for thenbe
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curvature, where the mid-plane does not undergo any exiegisieformation. Since the
curvature is defined as/R, whereR is the radius of curvature, the extensional strain is

given in Equation 2.8.

-1 (R+y)9—R9_X

S, =
S RY R

=Ky (2.8)

After making the substitutions for Young’s modulus and thieesional strains, the internal
loads are given in Equation 2.9 for the piezoelectric lagagEquation 2.10 for the middle

layer [34].

dF=T wdy

dM=ydF=T ywdy

Figure 2.13: Bending deformation of a bimorph actuator [34]

Tap = Ep(ky) £ EpdaiE3 (2.9)

Tim = Em(ky) (2.10)

The moments in the actuator can be calculated by first det@rgiihat the dierential
moment isdM = Tywydy, wherew is the actuator width. By using Equations 2.9 and 2.10,

the total internal moment can be solved for by integratingulghout the width of the

actuator. The resulting moment is given in Equation 2.11.[34
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In order to solve for the free deflection of the tip, the exa¢moments on the actuator

thtp ) 2 t 2

are zero 1 = 0). Therefore, Equation 2.11 can be set to zero. This cansatows for
the curvature of the actuator to be solved for, which is showiquation 2.12.

6E ,d31E3(tmtp + t5)

= 2.12
Ep(3tatp + 6tmt3 + 463) + Ent3, (2.12)

K

The deflection of the beam as a function of the position albedpeamx) and the curvature
is given in Equation 2.13. Substituting fox (= |) and the curvature yields the free

deflection at the tip of the actuator, which is given in Equa2.14. [34]

K 2
Y(X) = % (2.13)

So =
" 2E,(32t, + 6tmt2 + 43) + Ent?,

(2.14)

The blocked force can also be solved for using beam theornya Eonstant width, the
displacement due to a force applied at the tip of the actusiven in Equation 2.15

3
Fol;

Sy 2.15
3E,| (2.15)

Ot

The total deflection for the blocked force is zero,&0= J¢. Using this condition, the
blocked force can be calculated in Equation 2.16.

3W(tm + 2tp)°Ep  2tm/tp + 1
Fp = gl > 31E3

(2.16)

2.4.2 Lamination Theory Analysisfor Bimorph Actuators.

Classical lamination theory can also be used to predict éma\dor of piezoelectric
bimorph bending actuators. Lamination theory uses thegstigs and stacking sequence
of individual layers (lamina) within the laminate to detenm the behavior of the multi-
directional laminate. In order for the behavior of a lamett be accurately predicted, the

following assumptions and restrictions apply [7, p. 158]:
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1. Each layer is quasi-homogeneous and orthotropic.

2. The laminate and each layer within are in a state of plaess{, = 7y, = 7y, = 0)

because the lateral dimensions are much larger than tHendss.
3. The thickness of each layer is much larger than the dispiaats.
4. Throughout the laminate, displacements do not expegidiscontinuities.
5. In-plane displacements vary linearly with respect toléimeinate thickness.
6. A line normal to the middle surface remains straight annab after deformation.
7. Stress-strain relationships and strain-displacensationships are linear.

8. Normal transverse strairg, is zero. Therefore the transverse displacement is

independent of thickness.

Assumption 3 has questionable validity for the applicattonbimorph actuators
because the expected tip displacements will be severaktiarger than the actuator
thickness; the other assumptions seem reasonable fomthligsis.

The mid-plane straing?, and mid-plane curvatures, can be expressed as a function
of the lamina sfinesses, thicknesses, stresses, and moments. For a pitizoeletuator,
this can be expressed according to Equation 2.17 [42]. Theature is related to

displacement by @(x)/dx? = k,, where the displacement of the actuataf(is).

-1
€° A B N N
- bl TP s (2.17)
K B D Mext Mp
In Equation 2.17,A], [B], and [D] are the laminate dfiness matrices. These matrices
are defined by the geometry, material properties, and stgaaquence of each layeA][

defined in Equation 2.18, is the extensionaffséss matrix, which relates in-plane loads
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to in-plane strains. B] is the coupling stiness, defined in Equation 2.19, which relates
moments to in-plane strains and in-plane loads to curvatuj@], the bending stfness
matrix, relates moments to curvatures and is defined in kEquat20. [Q], is defined as
the local stiftness matrix, andQ], is the global stiness matrix for each layee is the

height of each layer with respect to the midplane [7].

[A] = > [Qln(za - Z0-1) (2.18)
(8] = 5 (G2 - 2.0 (219)
[D] = 5 Q% - 2.0 (2.20)

The dfects of the piezoelectric ceramic on the midplane straimscamvatures are
defined in Equations 2.21 and 2.22, respectively. Not ondythe in-plane loads and
moments from the piezoelectriffect a result of the geometry andfBiess of the laminate,
but also the piezoelectric constards;, the electric field through the ceramig;, and the

poling direction (1 or -1)p [42].

Np = > [Qla[dsj](z0 = 20-1)Esp (2.21)
Mp = 5 > [Qlnlds](Z - 2. )Esp (2.2
-1
A B

To simplify the nomenclature, the inverse of the combiné@ingss matrix

B D
can be defined a£]. Combining this with Equation 2.17, the curvature of a peectric

actuator without a load?, can be determined. When no external loads are applied, the
free curvature and the actual curvature are eqoal ). The free curvature as a function

of the applied electric field is defined in Equation 2.23. Theefdisplacement§) of
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an actuator with a piezoelectric ceramic lentfftan be determined using the curvature,
which is shown in Equation 2.24. If a rigid extension of ldnlgi; is added to the tip of the
actuator, then the displacement is defined in Equation 228 the free displacement is
calculated in Equation 2.26. The extension ratipis defined as the ratio of the extension
length to the length of the piezoelectric ceramijc< lex/l) [42]. Figure 2.14 shows the

different dimensions of a tapered actuator with an extension.

P(E3) = C41Nx,p(E3) + C42Ny,p(E3) + C44Mx,p(E3) + C45My,p(E3) (2-23)
Pi2
6e(15) = = (2.24)
PIZ do(x)
) = —P + /2 2.2
30 = 5"+ 5], Lo (2.25)
PI2
6e(lp) = (1 +2)) (2.26)
Wtip
H

(a) Side view. (b) Top view.

Figure 2.14: Piezoelectric bimorph actuator nomenclature

If an external force is applied at the tip of the actuatomthe external momeni/,(x)

is created. In this case the curvature is definedyas P(E3) + C44My(X), which can be
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written explicitly in terms of the external forcgé, and the width profilew(x), as shown in

Equation 2.27.

d?5(x)
dx2

CaF(lp—X)
w(X)

= P(Es) - (2.27)

The width profile can be expressed in terms of variables thaivdor an easier
comparison between actuators. For a trapezoidal widthl@rdfiese variables are the
nominal width,wnom, Which is the width a = 1,/2, and the width ratioy, = Wo/Wnom,
wherew, is the base width. Using this nomenclature, the width profie be expressed as
in Equation 2.28. For a rectangular actuator, the greatieshs are exhibited closest to the
base. However, by tapering the actuator so that the baselés tian the tip (a width ratio

greater than one), normalized peak strains can be redusstpan in Figure 2.15 [42].

w(X) = wnom(z(l _Iwr)x + Wr) (2.28)
4
8 9 —— w=15]
n — w,=2.C
©
8 2
©
£
(@]
< 1
O ! ! ! !
0 0.2 0.4 0.6 0.8 1

Normalized Position Along Actuator
Figure 2.15: Hects of width ratio on normalized strain [42].
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Combining Equations 2.27 and 2.28, yields Equation 2.2%9¢hvis an expression for
the total curvature as a function of the geometry. The tatalature can be integrated twice
at the boundaryx = | to solve for the displacement at the end of an actuator withdree
extension, and the result is shown in Equation 2.30. Thé¢ataature is a function of the

free displacemenb;p, and the displacement due to a for6e[42].

d25(X) _ CasF | —x
b T [(2(1—wr)/l)x+wr (2:29)
_ P CyF [(W - 2PIn((2 - w,)/W, — 6 + 10w, — rw?)
02 B Wy &3

If a rigid extension is added, then the displacement due t@a@piied force can
be determined by substituting Equation 2.30 in to Equatid®b.2 The result for the
displacement can be seen in Equation 2.8 (W, ;) is a function of both the length
ratio and width ratio, and this parameter is define@agw:, |;) = (da + Ob)/dc, Whereg,,

Ob, andg. are defined in Equations 2.32, 2.33, and 2.34 [42].

CuasFerd®
5t(1 + loy) = — ;“ G, (W 1) (2.31)
nom
Oa = 6(W, — 1)(3+ rl, — 2w, — 4l,w;), (2.32)
G = 3(=2— 21, +w, +2|rwr)2|n(%), (2.33)
r
gc=8(1-w)? (2.34)

The blocked force is defined as the force that the piezo&exttuator produces when
the total displacement is zero. Therefore, in order to sfivehe blocked force, the free
displacement and forced displacement should add to equal(@e= 6p + 6¢). Using
this constraint, and solving for the externally appliedcirthe blocked force is given in

Equation 2.35 [42].
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3P(E3)Wnhom (1+21))
2Cul, G (Wi, 1)

Equations 2.26 and 2.35 can then be used to predict the padement and blocked

Fb’ext = (2.35)

force of a piezoelectric bimorph actuator of trapezoidadrgetry. If the same type of
piezoelectric material and carbon fiber are used so that #ierral properties are similar,
then the design choices for creatingfeient actuators can be summarized as in Table 2.4.
These design choices are able to fully define the other deaigables, such as the nominal

width and extension ratio.

Table 2.4: Actuator design variables.

Variable Definition

ot Actuator Length

[ Extension Ratio

Wo Base Width
W, Width Ratio
tp Piezoelectric Layer Thickness

CF Layup Carbon Fiber Passive Layer Layup

However, the formulation for the blocked force does not mteva solution for a
rectangular beanm{ = 1), which makes a comparison to Euler-Bernoulli impossible
This can be corrected by setting(X) to a constant in Equation 2.27. By following the
same process as above, the blocked force without an extensaio be solved for using

Equation 2.36.

(2.36)




2.5 Experimental Testing of Piezoelectric Actuators

In order to compare the analytical models described in Se&i4 to the performance
of real actuators, experimental testing of the actuatoneéessary. Two results which can
easily be compared to the models are the free displacemersureament and the blocked
force measurement. Piezoelectric actuators could alsailhe dharacterized by their
performance under realistic loading conditions utilizanmass-spring-damper system.

The free displacement of an actuator has been measured otitlstrain gauges and
with optical sensors. Strain gauges have been placed oncthatars to measure the
curvature and determine the tip displacement. HoweVficdities were encountered with
strain gauge wiring and the possibility of nonlinearitiesulting from the presence of the
strain gauges [41]. Therefore, optical measurement tgaesiwere used which were non-
intrusive to the system. Optical measurements of the dispi@nt were taken by using the
reflection of a laserfd of the actuator tip to determine the free displacem&nf31].

In addition to the free displacement, the blocked force #imactuator produces also
helps to characterize the actuator. The blocked force has bwasured by positioning
the tip of the actuator in contact with a force sensor. As thaator is excited, the sensor
measures a force;;. Since the sensor also deforms, a displacemg&ntis measured
optically. The blocked forcersy, can then be calculated from Equation 2.37, which corrects

for the small displacement of the sensor [31].

Fi

Fp=— +
T 1-61/6p

(2.37)

Piezoelectric actuators have also been tested using aspaag-damper system that
mimics realistic loads that would be encountered in flighte@chnique to simulate these
forces was to attach a small permanent magnet to the tip qfifz®electric actuator. An
electromagnet was situated close to the permanent magnehadye was then applied

to simulate the thorax through a springfistess and drag through linear and nonlinear
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damping [25]. While this approach definitely provided a magalistic loading scenario,
this form of testing is unnecessary for comparing expertaderesults to the model
predictions for displacement and blocked force. Howewuether testing of piezoelectric

actuators would benefit from an analysis of tifieets of realistic loading scenarios.

2.6 Statistical Analysis Techniques

After the data is acquired through experiments, statisteehniques are useful to
determine if the results are statistically significant. Tiwohniques which can be utilized
are hypothesis testing and reliability testing.

2.6.1 Hypothesis Testing.

In order to compare one or two sets of data to a known mean omd¢b ether,
hypothesis testing is useful. This form of analysis examitie possibility that two sets
of data come from dierent means, and provideavalue that is a representation of this
possibility. At-test is a type of hypothesis testing that can compare tf¥erdint sets of
data to determine if the data has twdfdient means. For ttest, the test statistic can be

calculated from Equation 2.38 [22].

X-y
Vi+n

The p value is then defined as the probability of observing a tesissic that is more

t= (2.38)

extreme than what was calculated. A Igwalue (less than 0.10 or 0.05) would show that
the data came from flerent means, while a highpvalue does not provide any significant
information.

2.6.2 Rédliability Testing.

Another important technique that is useful is reliabiligsting. Through reliability
testing, the survival rate for the actuators under inteonadihg conditions can be predicted.

The Weibull distribution, defined by the parameteérandk, assumes that below a certain
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value, such as zero, there is no physical chance of failuceraag. The cumulative

distribution function for the Weibull distribution is gimen Equation 2.39 [22].

F(x A, K) =1-e® = pX < X) (2.39)

The cumulative distribution function is the chance of feglwccurring at or below a
certain value ofx. The valuex can be a maximum stress, time, number of cycles, or any
other metric that describes a failure threshold. This egnatan also be used to solve
for the survivability,S, which is the percent of samples that will survive beyond réace

value. The survivability function is shown in Equation 2.40

S(X) = P(X > X) = 1 - F(x) = e ™ (2.40)

2.7 Chapter Summary

Through the review of previous literature, a thorough ustderding of the piezoelec-
tric effect was used to understand analytical models which usest &ther-Bernoulli beam
theory or classical lamination theory to predict the parfance of bending bimorph actu-
ators. Various experimental techniques were also exammpdovide a basis for testing,
and statistical analysis techniques were discussed thatvwelp to examine the experi-
mental data. Using this review of previous work as a backgipthe methodology used in

this thesis is detailed in the next chapter.
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[11. Methodology

In the production of piezoelectric bending actuators,dlae several design variables
that can be used to create an actuator that has favorablectd@stics in terms of output
force, displacement, and weight. These design varialffestaboth the geometry and
composition of the actuator. The geometry is modified by shapthe length, base width,
width ratio, and extension length. The composition is deteed by the selection of the
piezoelectric ceramic thickness and the carbon fiber layigmtation. Through changing
these variables, both analytically and experimentally@rdparing results, the validity of

the performance models was determined.

3.1 Preliminary Analytical Modeling

Analytical models for the performance of piezoelectric biph actuators in combi-
nation with a design of experiments were used to determiag@tbdicted fects of each
design parameter. First, the Euler-Bernoulli model andctiraposite lamination model,
defined in Section 2.4, were compared for rectangular amtsia order to determine if
there were any major flerences between the two models. Then, the lamination theory
model was used to determine thieets of varying the width of the actuator and adding a
rigid extension to the tip of the actuator.

3.1.1 Comparison of Modelsfor a Rectangular Beam.

In order to compare the Euler-Bernoulli model and the ctaddamination theory
model for rectangular actuators, several variables werdifred that involved the type and
size of the piezoelectric layer, the composition of the vadayer, and the geometry of the
actuators. The variables that were changed are shown ie Babl A full factorial design
was utilized so that 729 ¢3 designs were analyzed for the free displacement, blocked

force, and mechanical energy. The models were then compgnegasuring the mean and
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standard deviation of the percentaggatience for the displacement, force, and mechanical

energy, where the percentagééience is defined in Equation 3.1.

% Diff = Jam — Xe-e (3.1)
XIam
Table 3.1: Model comparison factors.
Level 1 Level 2 Level 3
Young’s Modulus, Piezo (GPa) 80 76 59
Piezoelectric Constant (M x1012) 400 320 90
Actuator Length (m) 0.075 0.050 0.025
Width (m) 0.0075 0.0050 0.0025
PZT Thickness (mm) 0.267 0.191 0.127
CF Layup (degrees) [60/0] [0/0/90/0/0] [0/0/0/90/0/0/0]

3.1.2 Predicted Effects of Design Variables on Actuator Performance.

The classical lamination theory model, which is outlinedSection 2.4.2, was used

for further analysis because it allows for the width ratiol @xtension ratio to be modified

for each actuator. This analysis does not take into accawnnan-linearities that may

result from large strains or electric fields in the actuadATLAB was used to create a

full-factorial design with three levels for each factor. eltotal length of the actuator and

extension was set at 50 mm for simpler comparison. The vétwesach factor are shown

in Table 3.2.

Using these factors as inputs into the model, 243 ¢8ferent possible actuators were

analyzed. JMP, a statistical and data analysis softwarkagac was used to analyze the

data using a design of experiments (DoE). Two utilities inrPJWhich were used were the
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prediction profiler and the screening tool. The predictioofifer showed how each design
variable @ected each output parameter. If a model was used in whichveaietile was not
changed individually, then the JMP algorithms calculatgueadiction of what eachfiect
was with confidence intervals. The screening tool showeddbsd-order #ects could be
anticipated by calculating which variables (or combinatid variables) had a largdfect
on the outputs [13]. The JMP predictions for the preliminargdel would be useful for

narrowing the scope of actuator designs that need to beredpxperimentally.

Table 3.2: Design of experiments factors.

Level 1 Level 2 Level 3
Extension Ratiol, 1 0.75 0.5
Base Widthw, (mm) 15 17.5 20
Width Ratio,w, 15 1.625 1.75
Piezo Thicknesd, (mm) 0.267 0.191 0.127

CF Layup (degrees) [60/0] [0/0/90/0/0] [0/0/0/90/0/0/0]

3.2 Actuator Manufacture

After the analytical modeling was accomplished, experitalam®sults were needed to
verify the results. In order to accomplish this, custom atits were manufactured out
of active layers of Lead Zirconate Titanate (PZT-5H) and sspe layer of carbon fiber.
These actuators were manufactured using two techniquesitbthe piezoelectric ceramics
to a passive layer, which used either Pyralux (a sheet aghpsdbduced by Dupont) with
silver-conductive epoxy or uncured carbon fiber. In generath technique used Corel

Draw to create files that could be used to cut out layers of eaaterial on an LPKF
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Protolaser U. These layers were then assembled togethaobigling a combination of
heat and pressure.

3.21 Construction Using Pyralux and Conductive Epoxy (Method 1).

The first technique that was used to manufacture actuatedsRygralux as a bonding

agent between the carbon fiber and piezoelectric ceramis.pfocess is detailed below.

1. Using pre-impregnated carbon fiber, the desired layupht®mpassive middle layer
was created. This carbon fiber was then pressed and heated Rd& Multipress S
so that it would cure. The press applied 10@mM of pressure at 192 for 120

minutes. The specifications for each layer of carbon fibeshosvn in Table 3.3.

Table 3.3: Carbon fiber material properties for a single @¢lager.

Ei E G vi p t.f

GPa GPa GPa kop®  um

420 551 483 025 139 618

2. The cured carbon fiber was then cut to the desired shapg tisenlaser. This
layer is the passive middle layer in the bimorph actuatore Tlorel Draw file and

corresponding carbon fiber cut out can be seen in Figure 3.1.

3. The Pyralux was then removed from its plastic backing;qgrdeon a sheet of porous
Teflon, and cut to the desired shape using the laser. This peides a means
to bond the carbon fiber to the piezoelectric ceramics. Hewesince Pyralux is
non-conductive, a small hole was cut out to allow for silgenductive epoxy to
provide an electrical connection between actuator layérs.conductive epoxy was

produced by MG Chemicals, had an operating temperatureceetwd0 and 9,
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TOP

(a) Corel Draw design (b) Layer after cutting

Figure 3.1: Carbon fiber layer manufacture.

and a volume resistivity of 0.38 ohm-cm at°25 Figure 3.2 shows the Corel Draw
file and the resulting Pyralux layer used in this procesduding the hole for the

conductive epoxy.

TOP

(a) Corel Draw design (b) Layer after cutting

Figure 3.2: Pyralux layer manufacture.

4. The piezoelectric ceramic was scored using the lasethamdhe individual actuator
layers were carefully snappedto The piezoelectric ceramics constitute the active
layers in the bimorph actuator. The Corel Draw file, scored BiHeet, and resulting

actuator layer can be seen in Figure 3.3.
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(a) Corel Draw design (b) Layer after scoring (c) Final layer

Figure 3.3: Piezoelectric layer manufacture.

5. Several layers of non-porous Teflon were cut out to act asola no hold the
piezoelectric ceramics in place. Figure 3.4 shows the (oral file used to cut
out the Teflon, an individual piece of Teflon, and the open nuoéhted from the
Teflon. These layers not only ensure alignment of the cegrhiat also prevent the

Pyralux and conductive epoxy from adhering to the clamp.

(a) Corel Draw design (b) Layer after cutting (c) Assembled mold

Figure 3.4: Teflon mold manufacture.
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6. Felt and non-porous Teflon were also cut to cover the entlseaflamp. The non-
porous Teflon prevented any leakage of the epoxy or Pyralm freaching the
felt, and the felt ends helped to prevent the fragile piezttelc ceramic layers from

cracking.

Clamps

Felt T
\

Teflon —m ™

Teflon Cutouts —
/
Piezo Ce"ay o=

Carbon Fiber /

Pyralux

Figure 3.5: Actuator assembly, method one. Top half callgdlmottom half symmetric.

7. Each layer was assembled in metal clamps, as shown ineR8gbir The piezoelectric
ceramics needed to be poled in the same direction, with theiy@mpole facing up
so that parallel or simultaneous driving methods could eduswith each layer
of Pyralux, a small drop of silver conductive epoxy was adttednsure electrical
conductivity. A ‘C’ clamp was then used to apply slight pra®s Sdticient pressure
was required to ensure that the Pyralux would bond the layewever too much
pressure would fracture the piezoelectric ceramics. Thieeeassembly is placed
in an Omegalux LMF-3550 oven, as seen in Figure 3.6, bakedrferhour at 350

degrees Fahrenheit, and then allowed to cool.

8. After the entire assembly was cooled, the actuators veeneved, and the assemblies
resembled Figure 3.7. Each individual actuator was theouwiby hand, without the

need to use the laser.
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Figure 3.6: Clamp and actuator assembly in oven.

Figure 3.7: Assembled actuators, before cut out.

. Wires were attached to the actuator using silver condeigfpoxy. The white wire
was attached to the carbon fiber base, the red wire to theiyeopitling direction,
and the black wire to the negative poling direction. A heat gtas used so that
the silver conductive epoxy would cure more quickly. Figar@ shows the attached

wires.
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Figure 3.8: Wires connected to actuator.

3.2.2 Construction Using Uncured Carbon Fiber (Method 2).
1. Similar to method 1, the piezoelectric ceramic was scostdg the laser, and then
the individual actuator layers were carefully snappfd Dhese constitute the active

layers in the bimorph actuator.

2. Several layers of non-porous Teflon were cut out to act asola no hold the

piezoelectric ceramics and uncured carbon fiber in placeis Tan be seen in

Figure 3.9.

Figure 3.9: Teflon mold for construction method 2.

3. Felt, non-porous Teflon, porous Teflon, and a cotton bleeldéh were also cut to

cover the ends of the clamp. The non-porous Teflon prevemgdeakage of the
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epoxy, the porous Teflon allowed the epoxy to flow from the carbiber to the
bleeder cloth, and the felt ends helped to prevent the &ggézoelectric ceramic

from cracking.

. Using pre-impregnated carbon fiber, the desired layupht®passive middle layer
was created. While still uncured, the desired shape for #issipe layer was cut out

using the laser to be placed in the Teflon mold, as shown inr€igL10.

Figure 3.10: Uncured carbon fiber placed in Teflon mold.

. Each layer was assembled in metal clamps, similar to rdethdlr'he piezoelectric
ceramics needed to be poled in the same direction, with tséiy® pole facing

up. The carbon fiber was uncured; therefore there was not @eay for Pyralux or

conductive epoxy. Unlike method 1, a bleeder cloth was placehe clamp as well
to absorb excess epoxy. The final assembly in the clamps ifmntathod can be
seen in Figure 3.11. A ‘C’ clamp was then used to to apply slgbessure. Enough
pressure was required to ensure that the carbon fiber ang eplbkond the layers;

however too much pressure would fracture the piezoeleceramics. The entire
assembly was baked for two hours at 350 degrees Fahrenhaitiém to cure the
carbon fiber epoxy, and then allowed to cool. After the erdgssembly cooled, the

actuators were removed.
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Clamps

Teflo

Cloth
Teflon
Teflon Cutouts
Piezo Ceramic
Carbon Fiber

Figure 3.11: Actuator assembly, method two. Top half catlet] bottom half symmetric.

6. Wires were attached to the actuator using silver condeigpoxy. The white wire
was attached to the carbon fiber base, the red wire to theiaopitling direction,
and the black wire to the negative poling direction. A heat gias used so that the

silver conductive epoxy would cure more quickly.

3.3 Preliminary Model Validation

Preliminary experimental testing was accomplished with gloal of validating the
trends of the analytical model and modifying the model, itessary, to reflect the
experimental data. In order to accomplish this, the mass, displacement, and blocked
force were measured for each actuator. The mass of eachi@otves measured without
wires attached using an Ohaus Voyager PRO balance, whichreaslution of 0.1 mg and
a maximum capacity of 210 grams.

Each actuator was then excited using the voltage output &dimek amplifier, which
received a signal from a National Instruments USB-6229 ifauittion inpufoutput box
that was controlled via MATLAB. The inpygutput box could provide-10 V, which was
then amplified by a factor of 30 by the Trek amplifier. This nmed#mat the maximum

driving voltages were-300 V.
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The actuators were manually positioned using micro-mdaipts so that the
displacements and forces could be accurately measureateR3dl2 shows the entire setup
used for testing. For the preliminary testing, the actusategre excited using the parallel,

non-simultaneous driving technique (see Section 2.3.3).

Force Transducer

Xctuator - 4‘ J

b Micr-(fl\"/ﬂiié;ﬁipultors Y

i _ B 4
splacement Sensor

Figure 3.12: Experimental testing setup.

3.3.1 Actuator Designs Used.

For the preliminary testing, the primary goal was to vakd#ie analytical model.
Instead of making one actuator for every possible comtonaif design variables, a design
of experiments approach was used so that twelffer@int actuators could be created to
determine the first-orderfiects of each variable. For the preliminary testing, this was
accomplished by using the specifications in Table 3.4 andirdtenanufacturing method,

which used Pyralux and silver-conductive epoxy.

3.3.2 Free Displacement Measurement.
In order to measure the free displacement of each actubhdse was clamped so
that the actuator was free to move at the tip. Using microimdators, the tip of the

actuator was placed within the focal range of the displacersensor. The displacement
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Table 3.4: Preliminary actuator designs.

Design | [ W W tp CF Layers
mm mm mm
1 500 05 20 15 0.127 5
2 500 1 20 15 0.191 7
3 500 1 15 15 0.127 7
4 500 1 15 15 0.267 3
5 50.0 05 15 1.75 0.191 3
6 50.0 05 20 1.75 0.267 7
7 500 1 20 1.75 0.267 5
8 500 05 20 15 0.191 3
9 50.0 0.5 15 1.75 0.127 7
10 50.0 05 15 15 0.267 5
11 500 1 15 1.75 0.191 3
12 500 1 20 175 0.127 5

sensor used in testing was a Micro-Epsilon optoNCDT 1800edpttronic displacement
measurement system. This measurement system, which hsslatien of 2 micrometers,
works by using optical triangulation by projecting a modethpoint of light onto the target
surface and measuring the instensity of the reflection [R@Jexample of how the actuator

was setup for free displacement measurement can be seeauire Bid.3.

During testing, each actuator was excited with voltage theteased linearly from
-50 V to +50 V. The goal of this testing was to determine the relatiotwben the

applied voltage and the free displacement, which could thencompared with the
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Optical Measurement
Point

Figure 3.13: Actuator during free displacement measurémen

analytical model predictions. The applied0 V should be below the expected failure
of the piezoelectric ceramics while still providing enoudata determine the voltage-
displacement relationship.

3.3.3 Blocked Force Measurement.

The blocked force was measured using the same clamps asethelifiplacement,
but the actuator was prevented from moving in one directiime force that the actuator
applied to the test stand was measured using an ATl Nano-4hnilim Forcglorque
Sensor. The Nano-17 has a resolution down to 0.149 grane;forcl.46 millinewtons [3].
In order to calculate the blocked force, any significant kdispment should have been
measured so that Equation 2.37 could be used. However,@digsplacement that resulted
from this testing was below the resolution of the optoNCD0@,80 the displacement was
assumed to be zero. Any dispalcement away from the tip of¢chesor was not taken into

account for the blocked force calculation. The setup fa tbs$t can be seen in Figure 3.14.

Actuator
Optical Measurement
Point

Figure 3.14: Actuator during blocked force testing.
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For each blocked force test, the voltage was varied simildhé¢ free displacement
test, rom+50 V. However, only the results from either the positive ogaie/e voltage
were relevant. In order to determine iffidirent poling directions had félerent results, the

actuator was flipped around and tested again so that thesesulld be compared.

3.4 Secondary Force and Displacement Testing

After the preliminary testing, more actuators were creapgthout the use of
Pyralux using the second manufacturing method, detailegection 3.2.2. Testing was
accomplished for both the free displacement and blockemkfonce again.

The free displacement and blocked force testing were aclisimepl using the same
setup as before. However, the excitation voltage for thekald force testing was now
varied in a stair step fashion so that a time average couldkentat each step of the
force to minimized the fect of noise in the results. An example of the excitationagxt

for the blocked force testing is given in Figure 3.15. Alswo,addition to the parallel

60

N n
o o

Excitation Voltage
o

200 400 600 800 1000

Sample Number
Figure 3.15: Improved excitation voltage for blocked fotesting.
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driving methods that were used in the preliminary testimgustaneous driving methods
were also used in this testing. The purpose of using botlindrimethods was to determine
if the driving method ffected the actuator output, and if so, what tifieas were. At
lower electric fields, the two driving methods should proglsanilar results. However, at
higher electric fields the simultaneous driving method wameeted to show less hysteresis
because the electric fields are applied parallel to the galirection of the piezoelectric
ceramics (see Section 2.3.3).

3.4.1 Primary Effects Testing.

Using the revised methods for manufacturing and testing, fitst set of testing
recreated the same actuators used in the preliminarygedetailed in Table 3.4, and tested
them under the same conditions to confirm tieas of changing the design variables of
each actuator.

3.4.2 Width Effects Testing.

All of the actuators used in the preliminary testing and amiyneffects testing used
actuators that had a base width of either 20 mm or 15 mm andzagiextric length of
25 mm or 33.3 mm. This means that the ratio of the base widthe@iezoelectric length
(‘f“—p") ranges from 0.45 to 0.8. However, the actuators createleoldarvard Micro-robotics
Lab, where the original model was developed, had a ratioairat 0.2 [42]. In order to
determine if any dferences were from the widttitects, eight more actuator designs were

created and tested, the dimensions of each are in Table 3.5.

3.4.3 Rectangular Actuator Testing.

One of the main objectives of this research is to find an optantator design. In
order to determine how much improvement tapered actuatibinsan extension have over
standard rectangular actuators, the performance of s@nelztangular actuators must also
be analyzed. Therefore, the actuators detailed in Tablev8r6 manufactured and tested

to determine their performance characteristics.
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Table 3.5: Width variation actuator designs.

Design |t | Wo W tp CF Layers
mm mm mm
13 500 1 35 15 0.267 5
14 50.0 1 35 175 0.267 5
15 500 1 50 15 0.267 5
16 50.0 1 5.0 175 0.267 5
17 500 1 70 15 0.267 5
18 500 1 7.0 175 0.267 5
19 50.0 1 90 15 0.267 5
20 50.0 1 9.0 175 0.267 5

Table 3.6: Rectangular actuator designs.

Design It It Wy W tpzr CF Layers
mm mm mm
21 320 0 150 1 0.127 3
22 320 0 100 1 0.127 3
23 40.3 0 150 1 0.127 3
24 40.3 0 100 1 O0.127 3

3.5 Operating Range Testing
Each actuator that did not fail during the previous testiras netested to determine

the maximum stress, strain, and electric field that the hiim@rctuators achieved before
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failure. This testing was the key to optimizing the bimorgituators for size and weight

because an actuator that could be driven at a higher voltagétlistand a greater load

would most likely be the optimal design choice. Testing foe thaximum stress was

accomplished in a similar manner to the blocked force tgstind testing for the maximum

strain was accomplished in a manner similar to the free atgphent testing. By comparing
the maximum stress, strain, and electric field at failuresorh actuator, a reliable operating
range for the actuators could be determined. Also, ffects of previous loading, known

as hysteresis, can be investigated in this testing.

In order to determine the appropriate operating ranges gards to the stresses,
strains, and electric fields, the data was assumed to folld¥giaull Distribution, detailed
in Section 2.6.2. After the Weibull parameters were deteeuj Equation 2.40 was solved
for the threshold values that yield various survival petagas, which can be seen in

Equation 3.2.

X = A(-In(S))¥¥ (3.2)

3.5.1 Maximum Stress Testing.

Maximum stress was determined using the same experimezttg) as the blocked
force testing, which is detailed in Section 3.3.3. This s&ftip was used because in free
displacement testing, the stresses in the piezoelecyar ldo not vary with the width
profile, but blocked force testing causes a moment to be gtatkin the actuator that
varies the stress throughout the length of the actuatos Vidriation in stress is the driving
theory behind tapering the width profile, which is detailedbiction 2.4.2.

The diference between the failure testing and the blocked fordengepreviously
accomplished is that for the failure testing the voltage e@ginuously increased until the
piezoelectric actuator failed. The point of failure was agmt because the applied force

dramatically dropped to zero.
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The maximum stress that caused the actuator to fail can leendieed by using the
maximum blocked force and the actuator geometry. Equatidrgi®es the failure stress
as a function of the blocked force at the end of a rigid extaméf, ), the width ((x)),
and the distance from the base of the actuathr For any actuator that has a width ratio
less than 2.0, the maximum strain, and hence stress, odcurs &. This simplifies the

equation for stress further.

o (X) _ MX(X)(t/Z) _ 6Fb,ext(|ext+ (Ip - X)) _ 6Fb,ext|tot
VT @12 T W(X)t2 T Wpt?

3.5.2 Maximum Strain Testing.

(3.3)

The determination of the maximum strains on the actuators a@omplished
using the same experimental setup as the free displacepstintg, which is detailed in
Section 3.3.2. The free displacement setup was used bettarseare no external forces
on the actuator, which means the strains would not be infeg:from an outside load.

The diference between this testing and the free displacemenndesis that in
the free displacement testing the voltage was varied betiwe values that were not
expected to cause failure. However, with the maximum str@sting, the voltage was
increased by slowly increasing the amplitude of an osaiépvoltage, which is described
in Equation 3.4, wherd\(t) is a linearly increasing amplitudejs the time, andv is the

frequency of the oscillating function.

V(1) = A(t) sinwt) (3.4)

Once the maximum strain was reached, the measured disgatairamatically
dropped &. The maximum strains in the piezoelectric layer were deiteethfrom the
maximum free deflection. Equation 3.5 gives the generaltemutor strain in any laminate

layer as a function of the distance from the midplai@].
€x = €, + ZKx (3.5)
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The curvaturek,, could be determined from rearranging Equation 2.26, whielded
Equation 3.6. The maximum strain occurred at the maximumgtteénrough the thickness,

Zmax Which is calculated from Equation 3.7.

26p

__op 3.6

TR (3.6)
1

Zmax = Etcf + tpzt (37)

For parallel driving methods, the midplane straifjy was zero because the two piezoelectric
layers counter the extensional strains. However, if a damelous drive method was used
then the midplane strain could be estimated from the appithge and publishedss

codficient using Equation 3.8.

o V +V,
€ = d33(E3,upper+ E3,Iower) = d33M (3-8)
p

By inserting Equations 3.6, 3.7, and 3.8 into Equation 31, maximum strain in the
piezoelectric layer can be solved as a function of the medsdisplacement, actuator
dimensions, piezoelectric constant, and applied voltageuation 3.9 gives the final

calculation of the maximum strain.

Vupper+ Vlower 1 25p
— + | =t ty| 5———= 3.9
) +(2"f+ p)|g(1+|r) (3:9)

€x = d33

3.5.3 Hysteresis Analysis.

Since testing for the maximum strain and voltage field drivesactuator using an
oscillating voltage with increasing amplitude, théeets of hysteresis were also measured.
Hysteresis can be observed by noting changes in the stia@tgdsult from the same
applied voltage field after a stronger field was applied. &iooe of the goals of a
simultaneous driving technique was to minimize tiffe&s of hysteresis, the twoftérent
driving techniques, parallel and simultaneous, were coathi® observe whether there was

a change in hysteresiffects between the two.
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3.6 Manufacturing Analysis

Two methods of manufacturing the actuators were used. Metihe utilized cured
carbon fiber with Pyralux and conductive epoxy. Method twedusncured carbon fiber,
and therefore did not require Pyralux or conductive epoxyilg\the first method made
construction easier because uncured carbon fiber carftweillito handle, the repeatability
and reliability diferences between the two methods required investigatiororder to
compare the dierent manufacturing methods, the number of successfuhtarticreated
without defects was compared for each manufacturing psoc&iso, the ultimate failure
modes of the actuators were compared so that the improverfrent one method to the

other could be determined.

3.7 Final Optimization

Two parameters that could be used to define the requirementsnf actuator are
the maximum blocked force and maximum free displacemennceSthe linkage that
transmits the power from the actuator to the wing can be neatliéir diferent transmission
ratios, as detailed in Section 2.3.4, a more appropriatesaneafor an actuator is the
mechanical energy, which is a combination of the free deteent and blocked force. If
the mechanical energy required to flap the wings on a FWMAW@An, then an optimized
actuator can be created to meet these requirements by hsiramalytical model that has
been corrected to match the experimental data.

Two ways in which the actuators could be optimized are thihargexhaustive search
method, which searches for the best actuator by looking etyesombination of design
variables, or a multivariate numerical optimization alon. While the multivariate
numerical optimization routine would most likely be fastkre to a smaller number of
calculations, the numerical optimization has a chance &sifie best solution or fail to
converge altogether [5]. The search method, while slowerrantees that the best solution

would be found, assuming that the search grid has a smallgbn@solution. The time
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required to run a single simulation for an actuator is exeglgrsmall; therefore the search
method is more appropriate for this application since theagiime required would not be

too great.

3.8 Chapter Summary
This chapter discussed the analytical analysis companiogriodels, diferent manu-

facturing techniques, actuator designs, experimentalgohares, and design optimization.
Through the analytical analysis, thefdrences of the Euler-Bernoulli and lamination the-
ory model could be compared, which allowed for the selectiban appropriate model
to use in further analysis. Constructing various actuatsiag diterent methods would
allow the manufacturing methods to be analyzed and acwttidre constructed for further
testing for blocked force, free displacement, and maximperating ranges. This testing
allows for the model to be compared to the experimental tgswhich can then be opti-
mized through a search optimization routine. The resulisaaralysis from this testing are

detailed in the next chapter.
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V. Analysisand Results

4.1 Preliminary Analytical Modeling

4.1.1 Comparison of Modelsfor a Rectangular Beam.

The first step in optimizing the piezoelectric actuators wascompare existing
analytical models that used either lamination theory oreE8lernoulli beam theory to
determine if there were any majorfiirences. Table 3.1 shows variables were changed, as
well as the range of each variable. As Table 4.1 shows, whéectwere dierences that
were on average slightly above 10% for the free displacemeditblocked force for each
model, the orders of magnitude were equivalent. Also, tted toechanical energy only had
an average of less than 5%ference. This shows that regardless of the materials used, th
predicted outputs for a rectangular actuator from both rsoaeighly agreed. However,

a variation with width could not be taken into account witle tBuler-Bernoulli model.
Therefore, the classical lamination theory model was mppeapriate for the preliminary

modeling of tapered actuators.

Table 4.1: Percent fference between lamination theory and Euler-Bernoulli

Mean % DiTerence Standard Deviation

Free Displacement 15.0% 9.87%
Blocked Force -12.4% 0.0497%
Mechanical Energy 4.42% 11.1%

4.1.2 Predicted Effects of Design Variables on Actuator Performance.
Since the classical lamination theory model was more ap@tepfor the initial

modeling, this model was used to determine tiieats of diferent design variables on the
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actuator performance. Ideally, only first-order changesld/de apparent in the actuator
output so that there would not be any coupling betwedietint design variables. This
would simplify analysis and optimization. Both th&exts of each design variable and
the relevance of second-orddfexts were determined from a design of experiments (DoE)
analysis using the analytical lamination theory model.

The DoE approach first showed th&eets of changes in each design variable on
the output parameters in the prediction profiler, which carséen in Figure 4.1. These
results show which variables had the greaté&ots on the design performance, as well
as if changes in the design variables produced linear oflinear gfects. For example, a
thicker piezoelectric layer increased the blocked forcaofctuator, but decreased the free
displacement. Another important result is that all of tiie&s appeared to be linear, with
the exception of how the carbon fiber layuieated the free displacement of the actuator,
which appeared to be slightly curved. Finally, the widthfipeadid not have any féect on
the free displacement, apparent by an examination of EmuatP6, which is not a function

of the width of the actuator.

The relative magnitude of first and second-ordéeets was also determined from this
analytical DoE using the screening tool in JIMP. Figure 4 @nshthe scaled estimates of
the dfects of each of the first and second-ordéees. Scaled estimates are theffionts
which correspond to theffect of each factor which are normalized to have a mean of zero
and a range of two [13]. For the analytical lamination theorydel, the DoE approach
showed that second-ordeftects did not play a large role in the performance of each

actuator.

Since first-order ffects played a much larger role than second-ordéects,
experimental testing could employ a partial factorial Dagppposed to a full factorial. For
a partial factorial, second-order (and higheieets were aliased with first-ordeffects so

that only a subset of all possible actuators needed to etfk?]. Using a partial factorial
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Figure 4.1: Predictedfiects of design variables on output parameters.

changed the number of designs needed by at least an ordergoitode, which reduced

the number of experimental tests that needed to be run.

4.2 Preliminary Actuator Testing

Using the actuator designs that were selected with the desfigexperiments and
created with the first manufacturing method, which used IByrand conductive epoxy,
free displacement testing was accomplished as describfgéation 3.3.2 and the blocked
force testing was accomplished as described in SectioB.3Biginally, each of the twelve
actuator designs was to be manufactured twice, for a totalayity-four diferent actuators.
This group of actuators would provide a large enough sampéete reasonably compare
the experimental results to the results predicted by thgira@i lamination theory model.
However, due to problems in the manufacturing process, tenlpf the actuators were able
to be measured for mass and only five of those were able to tegl tles displacement and
four for force in this phase of testing. The problems with mh@nufacturing process will

be described in Section 4.9.
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Figure 4.2: Scaled estimates of first and second-orilects.

4.2.1 Actuator Mass Results.

For each actuator that was manufactured with all of the caorapts properly adhered
(cracking was ignored), the mass of each actuator that wasuned experimentally and
the predicted mass from the lamination theory model aregiv&igure 4.3. The predicted
mass was calculated by determining the volume of the pieztréd ceramic and the carbon
fiber, and then multiplying by the respective densities. SEheesults show that the masses
did seem to correlate well between what the lamination thewdel predicted and what

the actuators actually weighed.
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Figure 4.3: Actuator mass, experimental vs. modeled.

In order to make these comparisons easier, a correctioarf&ctvas used to adjust
the modeled data so that the experimental and modeled datkl \Wwave similar means.
The correction factok could also be useful to determine thétdience between the mean
experimental and modeled results. The calculation for threection factor is given in
Equation 4.1, wherdl is the total number of samples for some resxlt|f a perfect match
was achieved, then thHevalue would be one. For the actuator mass,kleerrection was

0.833.

1 N

ko= = ool
N -1 Xexperimental

Xmodeli ( 4 1)

By dividing the modeled data by the correction factor, thpezimental and modeled
data could again be plotted to better determine if the treneidicted by the model held true.
The corrected lamination theory model data versus the arpatal data are displayed in

Figure 4.4. By using the correction factor, the modeled datgeem to fit the experimental
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data much better. Further testing could show if the comectactors were applicable to

empirically fit the models to reality.
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Figure 4.4: Actuator mass, experimental vs. modeled (cted.

In order to determine how well the correction factor fitteé thodeled data to the
experimental data, the standard deviation of the ratio ofletexd to experimental data
was calculated from Equation 4.2. For the actuator massstiwedard deviation for
the correction factor was 0.130. This standard deviatigmeaped quite small, which
indicates that the lamination theory model did seem to ptedends that were observed

experimentally.

Xmodeli

(4.2)

N
Sy = J ﬁ ; (Hi - 5) where, =

4.2.2 Free Displacement Results.

Xexperi mental

For each of the actuators that was tested, the free disptatemas plotted against the

applied voltage. On the same axis, the displacement peetligt the analytical lamination

62



theory model was also plotted to qualitatively show tHedence between the experimental

and analytical results. Figure 4.5 shows an example fortmtaesign 6.
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Figure 4.5: Sample free displacement plot, experimenidinaodeled.

The results of the free displacement testing showed thdtt thet experimental and
predicted free displacement vary linearly with voltagetfoe range tested. Therefore, an
appropriate figure of merit to compare the two displacementdd be the slope of a linear
curve fit of the experimental and analytical data. Figureshéws a comparison of the

slope for the experimental and modeled data for each acttigtbwas tested.

The displacement results showed that for every actuatoduysexd, the modeled
displacement exceeded the displacement that was achigpedraentally. One possible
explanation is that the use of Pyralux and conductive epdmnged properties of the
actuator that are not accounted for in the lamination theooglel. For example, the
conductive epoxy may not have been providing charge to thieegpiezoelectric layer

evenly, the passive layer may have hadféedént stifness than the lamination theory model
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Figure 4.6: Displacemefvbltage, experimental vs. modeled.

predicted, or the Pyralux did not bond the layers perfeaily prevented the actuator from
functioning properly.

Despite the small sample size and largé&edtence between the experimental and
modeled data, some qualitative comparisons could still bdarusing thek correction.
For the preliminary free displacement results, kheorrection factor was 2.72. After the
modeled data was corrected by this factor, the experimeiatial could be more easily

compared, as shown in Figure 4.7.

Qualitatively, the experimental data seemed to follow Emirends to what was
predicted by the lamination theory model because as thegbeedlisplacement per voltage
increased, the experimental results did as well. Howewy five tests were accomplished;
therefore any evidence was far from conclusive.

4.2.3 Blocked Force Results.

Similar to the preliminary free displacement testing, thecked force was also

measured and compared to the expected result from the mahlgmination theory model.
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However, unlike the displacement results, only one polimgation was tested at a time
due to the nature of the test set up. Figure 4.8 shows the daoftkce variation with

voltage from actuator 6 for both the experimental resultsthe results predicted from the
lamination theory model. Due to the small magnitude of fateeeloped and the resolution
of the ATI Nano-17 force transducer, the experimental dpfseared noisy, however there

was still a clear linear trend of increasing blocked forcthwncreasing voltage.

Since both the experimental and analytical data exhibitesht trends, the slopes of
curve fits for the experimental data and analytical dataccde& compared. Figure 4.9
shows that there was a very large disparity (about 90%ermdince) between the

experimental and analytical data.

The k correction factor used for the free displacement was alsed ts allow for a
comparison of how dierent the lamination theory model and experimental date weor

the blocked force, th& correction was 9.20, which was much larger than for the free
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displacement. After this correction was applied to the neleesults, which can be seen

in Figure 4.10, the blocked force trends could be qualiédyicompared.
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Figure 4.10: Forgwoltage, experimental vs. modeled (corrected).

Quialitatively, the experimental and modeled data seemddlltiw a similar trend;
however the trend is less apparent for the blocked force tharirend was for the free
displacement data. While most of the data fell within 25%tfa free displacement, the
blocked force testing seemed to have much higher variation.

4.2.4 Preliminary Actuator Comparison.

For the actuators produced in the preliminary testing, &selts are summarized in
Table 4.2. This data shows that the masses of the actuatoeshigher than predicted,
but typically varied by a small amount which is evident by #imeall standard deviations.
The free displacement was less than predicted, but also hathtively low standard
deviation. However, the average blocked force wiibypover a factor of ten, and there was

quite a large standard deviation. This means that eithelatheation theory model was
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very inaccurate, the actuators were not manufactured thellblocked force could not be
measured accurately, or some combination of those reasamsausing a large fiérence

between the predicted and actual values.

Table 4.2:k values, preliminary testing.

Output k S

Mass 0.833 0.130
Free Displacement 2.72 0.682
Blocked Force 9.20 453

4.3 Primary Effects Testing

During the preliminary testing, manyftirent actuators developed defects that made
them unusable for testing. One possible cause of the eallydaate was determined to
be the use of the Pyralux and silver-conductive epoxy. Ireotd test this theory, more
actuators were created that used the existing epoxy in tbered carbon fiber to bond the
actuator layers together. The actuators were created tlsengame designs used in the
preliminary testing. Overall, these new actuators had ahnhower failure rate, which is
detailed in Section 4.9. Of the 24 actuators that were pldbmée manufactured, 19 were
usable, compared with 5 of 24 for the preliminary testing.

The free displacement was tested using the same technigureths preliminary
testing. The blocked force was tested using the same setigh® excitation voltage
was held constant at fiierent levels so that a time average of the force could be taken
to alleviate the ffect of noise in the system. This technique is detailed iniGe@.4.

Figure 4.11 shows what a sample of the average data lookeddik well as the linear
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curve fit. Compared with the previous technique, using tlegayed force provided much

more repeatable results.
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Figure 4.11: Sample blocked force plot, improved testinghme, R> = 0.9712.
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Table 4.3 shows the results of this testing. When compardil the results from
the preliminary testing, the experimental results appedraive agreed more closely with
what the lamination theory model predicts, especially watlpard to the free displacement.
However, the blocked force was stilffdoy about a factor of over 4, with a large standard

deviation.

The results from this testing could also be put into a desfgxperiments analysis to
determine the primaryfiects of changing the design variables. Figure 4.12 showsihew
design variablesfected mass, force, and displacement. The solid lines in glueefiare
the predicted #ects while the dashed lines are the confidence intervalseodtdcts [13].
While most of the results match very closely with the presticiffects in Figure 4.1, some

are diferent. For example the experimental results showed thagarlaxtension ratio
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Table 4.3:k values, primary ffects testing.

Output k S

Mass 0.734 0.107
Free Displacement 2.11 0.671
Blocked Force 436 1.29

decreases the displacement and a thicker piezoelectec iagreases the displacement,

while the original analytical lamination theory model pictdd the oppositeféects.
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Figure 4.12: Experimentali@cts of design variables on output parameters.

4.4 Width Effects Testing
The free displacement results from the primafieets testing seemed to be in the
right ballpark of what the lamination theory model predittaowever the blocked force

varied dramatically. As the analytical design of experitsen Figure 4.1 shows, the base
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width and width ratio of an actuator should have been the watiables that fiected the
blocked force and not the free displacement. Thereforeeftieet of diterent widths was
investigated to determine if this was the source of incdestsy between the lamination
theory model and reality. The results for this testing amammarized in Table 4.4, which
shows that the mass and blocked force results were moreagedivan before, but the

predicted free displacement has a largdiiedence from the lamination theory model.

Table 4.4:k values, width &ects testing.

Output k S

Mass 0.746 0.0545
Free Displacement 2.65 0.212
Blocked Force 3.92 1.32

45 Rectangular Actuator Testing

The last group of testing that was accomplished involvedtarg purely rectangular
actuators that did not have any tapering or rigid extensi®he purpose of this testing was
to determine if rectangular actuators matched what therlaftiain theory model predicted.
Only four different types of actuators were made, however the width amgiHeaf each
actuator were varied. Table 4.5 summarizes the resultd®ofakting. These results show
that the mass, free displacement, and blocked force werd ioser to the predictions
of the analytical lamination theory model, with the masdptons being spot on. Since
these results are closer, the larg@atiences that have been observed may arise from the tip

extensions or tapered widths.
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Table 4.5:k values, rectangular actuator testing.

Output k S

Mass 1.02 .0317
Free Displacement 1.56 0.257
Blocked Force 3.63 0.360

4.6 Commercial Actuator Testing

In previous FWMAV testing at AFIT, commercially availablé/@0/0.6 strip actuators
purchased from Omega Piezo were used. These actuators #diglgrams and have a
stainless steel middle layer. These commercial actuater6@mm x 20 mm and 0.6 mm
thick. In order to determine the validity of the experimésiet up and the published data,
these actuators were also tested for blocked force and fspéadement. The predicted
actuator outputs were also computed using models that asgdation theory and Euler-
Bernoulli beam theory. The piezoelectric constants wetienased to be the same as PZT-
5H, and the modulus of elasticity for steel was estimateded® GPa, which is the
average for all stainless steels [19].

The published actuator specifications, the experimensalt® and predicted outputs
are summarized in Table 4.6. These values were all calcl@téested at 150 V, which

was the published maximum voltage the strip actuator coaitite.

The published values and measured values are very closehwhows that the
experimental setup for measuring force and displacemeist ve¢id. However, the
analytical results for the free displacement were low aeditedicted blocked force results
were too high; these under and over predictions balancddaher out, and the mechanical

energy the actuator produced was close to the modeled poedic
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Table 4.6: Commercial actuator comparison at 150 V for/2@0.6 strip actuator.

6p (mm) Fg(N) U(mJ) Dy (Jko)

Published [26] >2.6 >0.30 >0.39 >0.0876
Measured 2.47 0.39 0.4817 0.1082
Lamination Model 1.33 0.856 0.5696 0.128

Euler-Bernoulli Model 1.47 0.704 0.5168 0.111

4.7 Final Model Results

Combining the results from the primarffects testing (Section 4.3), the widthiects
testing (Section 4.4), and the rectangular actuator gg®ection 4.5), a more complete
picture of what the lamination theory model predicted corag@o what happened in reality
was created. Using this data, the initial analytical larioratheory model that has been
used was modified to closely match the experimental results.

4.7.1 MassResults.

Initially, the experimental mass results for all of the attus was larger than what
was predicted by the model. Figure 4.13 shows how the refulthe mass varied with
respect to the predicted mass. Typically, most of the ddtddéeéveen 0% and 50% error.

However, there were a few outliers whose mass was much gteateexpected.

These diferences were most noticeable in actuators that had a largerdmmf carbon
fiber area, which was interesting because relative to thes mfthe entire actuator, the
carbon fiber was the lightest portion and the piezoelectatenmal was the heaviest. Several
adjustments were made so that the lamination theory modeéaperimental data match
better. These adjustments involved including the massefitid extension, which was

previously ignored, and multiplying the mass of the carbderfiby an empirical value
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Figure 4.13: Actuator masses, model vs. experimental data.

2

so the model matched the data. This empirical value accduntevariation due to the

epoxy in the carbon fiber, and was referred tg.ashe empirical value that worked best to

minimize the spread andftierence from the experimental data was 94.0, and the equation

for the adjusted mass can be seen in Equation 4.3. Whiledhisation did not reflect the

physics of the actuator, the value helped the laminatioarthenodel agree with what was

observed. After making these adjustments, Figure 4.14 shioat the experimental mass

and predicted mass agreed much more closely, mostly withd%&error.

m=mp + Mt (1 + {), wherel = 94.0

(4.3)

Table 4.7 shows the fierence in the agreement between the lamination theory model

and reality before and after these adjustments were madehvidrther confirmed that

these adjustments improved the ability of the laminati@otly model to predict what the

mass of each actuator would be.
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Figure 4.14: Actuator masses, adjusted model vs. expetaheata.
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Table 4.7: Agreement of actuator mass to original and aeljustodels.

Original

0.763 0.124

Adjusted 1.00 0.128

4.7.2 Free Displacement Results.

When the free displacement testing was accomplished, #tieoflata fell between a

25% and 75% dierence compared with the original lamination theory modich can

be seen in Figure 4.15.

When these results were examined more closely, there selerbedsome correlation

between the extension rati)(and the amount that the lamination theory model and

experimental data varied for the free displacement. Foraots without an extension, such
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Figure 4.15: Free displacement, model vs. experimental dat

as the rectangular actuators, the displacement resulthethtloser than the actuators with

an extension. For extension ratios of 0.5, khalue for free displacement was close to that

of actuators without an extension. However, as the extansito increased to 1, the free

displacements began to vary from the lamination theory tmadeh more. Table 4.8 shows

what the original meak value for each extension ratio was and the standard dewiafio

k.

Table 4.8: Extension ratio corrections.

0.0 1.57
05 161
1.0 2.77

0.257
0.199
0.216

76



In order to correct for the fierences in the extension ratio, the original displacement

was multiplied by a second-order function of the extensaiior This adjustment is shown

in Equation 4.4. The values used in this correction wereinbtefrom fitting the values for

1/k to a quadratic equation. These values did not explain whyrdeedisplacement was

off, but merely allowed the model to be closer to the experinielatia.

5p(ly) = 6po(—0.4902 + 0.204, + 0.645) (4.4)

As Figure 4.16 shows, the displacement results agreed meitér bwith what the

model predicted after applying this correction. This isoadéwvident in Table 4.9, which

shows that the standard deviation was lower than origimad, aso lower than any one

grouping of length ratios.
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Figure 4.16: Free displacement, adjusted model vs. expeatahdata.
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Table 4.9: Agreement of free displacement to original arjdsidd models.

Original 2.17 0.634
Adjusted 1.00 0.106

4.7.3 Blocked Force Results.
Unlike the results for free displacement and mass, the teedal the blocked
force were dramatically éfierent from what the lamination theory model predicted. As

Figure 4.17 shows, most of the data fell between 70% and 9@%reince.

g 61 - Data
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o 5t 70% Errof]
2 — — 90% Error
g 3
<
-
£
o 1f :
[oF I
U>j g i'J — - T T

0 e vet

0 1 2 3 4 5 6
Predicted Forg&bltage (mMNV)
Figure 4.17: Blocked force, model vs. experimental data.

Unfortunately, there were no clear trends with regard tocarg/of the design variables
that signified larger variations from the lamination theargdel. In order to find viable

correction factors so that the blocked force from the modalabe closer to the observed
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data, several curve fits were constructed which consistetkesign variables (or design
variables multiplied by each other) plotted against theiealfor Jk. The curve or curves
with the highest caficients of determinationR¢) were then used to correct the predicted
forces to the actual forces.

For the blocked force, the piezoelectric layer thicknegssmultiplied by the base
width, wp, seemed to correct the data quite well, with a small standgdation.
Geometricallyt,xwy is equivalent to the base cross sectional area of on of tzeglectric
layers. Equation 4.5 shows the correction factor that wagldped, wheré, andw, are
in millimeters. Similar to the mass and free displacememtemtions, the adjustments
for blocked force did not help to explain why the experiméated predicted results were

different, but merely allowed the model to predict reality.

Fa(tp, Wo) = Fi0(0.0307otpz)” — 0.206 (ot + 0.523) (4.5)

After this correction was applied, which is shown in Figur&8 most (but not all)
of the experimental results lie within 25% of the predictedues. This improvement is
evident in Table 4.10 which shows how much closer the new heddesults compared to

the predicted results.

Table 4.10: Agreement of blocked force to original and ajdsnodels.

Original 4.15 1.22
Adjusted 1.00 0.223
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4.7.4 Final Analytical Effects Analysis.

Using the adjusted model, another full factorial designxyfeziments was created,
which could be compared with the experimental results. Tmersary of the results are
shown in Table 4.11, which assumes a constant electric fietdgth. As the table shows,
the adjusted analytical model and experimental model dbtieagree on how each design
variable d@fects the output.

However, there were three slightfidirences with regard to theffects of the
piezoelectric layer thickness on free displacement, tlse badth on blocked force, and
width ratio on blocked force. While thesefi@irences were apparent, none of tiésllences
had strong ffects which were opposite. Therefore, the model and expatahdata do

seem to agree in this respect as well.
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Table 4.11: Hects of changing design variables.

Mass Free Displacement Blocked Force

to LRI Tl LRl
CF Layers 11 Uy T
ltot mn mn iy
Ir L L L
Wo T == mr
Wy Ul == =1

Red: ExperimentaBlue: Analytical

Double Arrow: strong correlation, Single Arrow: weak cdaten

4.8 Operating Range Testing

After the actuators were tested for blocked force and frepldcement with electric
drive fields that were well within ranges that were expecteddt cause any failure or
hysteresis, the actuators were retested to determine thh@nona stresses and strains
that they could withstand. During this testing, paralletl amultaneous drive methods
were used for various actuators to determine if afed@nces were apparent. Using this
data, Weibull plots of the maximum stresses, strains, attdges were used to determine
safe operating ranges for the custom manufactured actuatbie hysteresistiects from
repeatedly applying high electric fields was also examimetl@mpared for both driving
methods.

4.8.1 Maximum Stress Testing.

The maximum stress that each actuator encountered wasmiwter by first

conducting tests of the maximum blocked force for severabaors. Then, using
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Equation 3.3, the maximum stress was calculated. Aftenditthe data to a Weibull

distribution, the results were plotted in Figure 4.19.
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Figure 4.19: Weibull plot of the maximum stresses in actxgato

As the results show, the highest maximum stress is only thligtbove 10 MPa.
However, the actual strength was expected to be over 110 NP [One possible
explanation is that the maximum stress was not the causeecddtuator failure. This
theory is also supported by qualitative observations offéiiiare events, which typically
showed some form of actuator burn out or short out, as oppodatttle fracture, at higher
electric fields.

4.8.2 Maximum Strain Testing.

Through continually increasing the amplitude of the eledteld in free displacement
testing, the maximum displacement that each actuator ealligdve was determined. Once
the point of maximum displacement was reached, the displaneof the actuator would

return to a value of around zero even with increasing elefigids. By using the maximum
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displacement and Equation 3.9, the maximum strains aathiemeld be calculated and fit

to a Weibull distribution, as seen in Figure 4.20.
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Figure 4.20: Weibull plot of the maximum strains in actuator

As this figure shows, the maximum strain ever achieved wa$® L#Aym, and the
predicted maximum strain was 18@@n/m. While these values are close, most of the
maximum strains achieved in the actuators were below 14G®n. The point just past
the maximum displacement was also typically accompaniesdoye visible and audible
sparking, which is evidence of shorting out; however, thegee never any visible cracks in
the experiments that were carried out. The lack of crackimysdrains below the expected
maximum seem to imply that the maximum strain was not the atkd failure.

4.8.3 Maximum Voltage Testing.

The maximum electric field that caused failure in the maximstness and strain
testing was also investigated to determine if the electald fstrength could be a more
reliable way to predict the actuator failure, and hencerddtee safe operating ranges. All

of the failures that occurred either happened due to arreaidburn out or short out, which
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implies that the fracture stresses and strains were ndteead hese electrical failures are
discussed more thoroughly in Sections 4.9.3 and 4.9.4. 8me®the shorting out could

be visible within the piezoelectric layer, an example of ethis shown in Figure 4.21.

Figure 4.21: Shorting out across piezoelectric layer.

The tests for maximum stress and strain were accomplishied bsth parallel and
simultaneous driving methods, which meant that the two pughcould be compared
to determine if the simultaneous driving method was trulyrenbeneficial by allowing
stronger electric fields to be applied to actuators.

The Weibull plot of the maximum electric fields for the paghltiriving method is
shown in Figure 4.22. All of the maximum electric fields wetenabove the published

coercive field of 800 Ymm [30].

For the simultaneous driving method, the Weibull plot of maxm electric fields is
shown in Figure 4.23. Looking at the plot, there was a grogimhmaximum electric
fields at 1125 Ymm. These do not necessarily represent the maximum eldtlit;
but only the maximum electric field that could be achievedim $ystem because the NI

inputoutput box can only provide10 V, so the maximum voltage that could be achieved
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Figure 4.22: Weibull plot of the maximum voltage field for pbel drive.

was+300 V. For thinner piezoelectric materials, this was notssue, but for the thickest

material {, = 0.267 mm), the electric field was maxed out at 1128&¥n.

As the results from analyzing the maximum electric field seowthe simultaneous
driving method seemed to have the ability to provide higheting fields than the parallel
method; however, the simultaneous method also experidadere at lower electric fields
than the parallel method. Since the simultaneous drivinthatetypically required twice
the electric field to achieve the sanféeets as the parallel method and did not allow more
than twice the electric field strength, the parallel metheehss to be more advantageous
from the perspective of the maximum fields that could be aehie

4.8.4 Recommended Operating Ranges.

Through the previous testing for the maximum stressesinstrand electric fields
that an actuator could withstand, the Weibull parameteasdk were determined for each

failure mechanism. Equation 2.40 was rearranged to sohtbégredicted failure level for
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Figure 4.23: Weibull plot of the maximum voltage field for siltaneous drive.

different survival rates, which is shown in Equation 3.2 andinéga here for convenience.
x = (= In(S))"

For the stress, strain, and electric fields (both simultasemd parallel), the Weibull
parameters are summarized in Table 4.12, as well as thecpeddailure levels for 90%,

75%, and 50% survival rates.

As previously mentioned, the stress and strain were unliteebe the actual causes
of failure in each actuator due to the lack of visible cragkin the piezoelectric layers.
Also, the simultaneous driving method, while potentiallpwing a higher electric field in
each layer, needs to have twice the field for the same amogatrafiel driving. Therefore,
anything below the maximum electric field should be congdewvithin the safe operating
range and parallel driving methods should be used. Alsceltric field should be driven
as close to the maximum as possible because the hysterabisiarshowed that as higher

fields were applied, the actuators became méiextve.
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Table 4.12: Weibull distribution summary.

Weibull parameters Survival Rate

A k 90% 75% 50%

Esmax(V/mm) 1040  4.85 654 805 965

Epmax (V/mm) 923 21.8 833 872 908
emax(um/m) 1400  4.356 860 1100 1300
omax(MPa) 572 1925 178 299 4.72

4.85 HysteresisAnalysis.

During the maximum strain testing, the actuators were edciith an oscillating
electric field that was slowly increased in amplitude. Initdd to determining the
maximum strain that each actuator could withstand, the alatahelped to describe how
the actuators wereflected by hysteresis. Figure 4.24 shows the path of the actaat
the voltage was increased. By looking at th&atences in the hysteresis of parallel and
simultaneous driving methods, any advantage to one driviathod over the other could

be determined.

There are two important forms of hysteresis théeted the actuators. The first form
is that when the voltage was returned to zero, the actuatdnsad “reset” to their initial
position, but instead went to some location that was detexchby the maximum electric
fields already experienced by the actuator. The second fohmsteresis is that as higher
voltages were applied, the average slope of the displaderaesus voltage curve changed
so that the actuators became mafeeive. Figure 4.25 shows this change ffeetiveness
as a ratio to the original displacement versus voltage; terdi also shows how the

displacement at zero volts changed. Repeated tests ofpteudtctuators has shown that
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Figure 4.24: Hysteresidhects on the path of an actuator.

the changes inféectiveness did not carry over once the testing was completeically

the actuators cannot be “pre-charged” to perform better.

Of these two forms of hysteresis, the changeffe@iveness was the most important
with regards to modeling and determining if there were anyaathges to using
simultaneous driving methods over parallel methods. Asifeigt.25 shows, the actuator
exhibited a largely linear change iffectiveness as a function of the applied electric field,;
this trend also held true for other actuator designs. Sihedrend is linear, the slope of
the change infeectiveness versus the applied electric fiéflgn%) could be determined for
each test. This slope was denotedMy;. Table 4.13 shows a summary of the hysteresis

effects for both parallel and simultaneous drive methods.
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Figure 4.25: Hysteresidhects after high electric fields.

Table 4.13: Measured hysteresis ifﬁauativeness’,“‘sE/m "a“:o

(Mmnykv).

Drive Method AE}; S N

Parallel 1.04 0.277 8

Simultaneous 1.16 0.276 4

All 1.08 0.271 12

Table 4.13 shows that both the parallel and simultaneousdrimethods had values
for Am; that were close. A two-tailetitest was used to determine if the mean for the
parallel and simultaneous driving methods were statibfiadifferent. This statistical

test yielded ap value of 0.493, which meant that the two driving methods weoé
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statistically diterent (but due to the nature of thdest, the methods cannot be said to
be definitively equal, either). Therefore, an appropriateaction for the hysteresistects
was determined to b&m;=1.08, which is shown in Equation 4.6, whedfg,, has units of

kV/mm.

4.9 Manufacturing Analysis

Four types of manufacturing defects were found using maufang method one, and
these defects are piezoelectric short out, actuator burnboading failure, and ceramic
cracking. These defects ranged in severity and appeareav®\Jarious causes, some of
which were unknown.

4.9.1 Piezoelectric Layer Cracking.

The first manufacturing problem that was apparent involveaclking of the
piezoelectric ceramic during manufacturing. This failamede was caused by too much
pressure being applied during the Pyralux bonding procedsadack of care when the
actuators were removed from the clamps. Sometimes therspasionly exhibited small
cracks along the edges, while other times the entire pieztred ceramic was cracked.
The cracking essentially cut out the electrical connectmparts of the ceramic, which
rendered those sections useless. A fractured piezoelé&otar can be seen in Figure 4.26.

Unfortunately, there is not a solution to fix the piezoeleatnaterial once it has cracked.

4.9.2 Bonding Failure Between Layers.

While cracking of the piezoelectric material was causeddayrhuch pressure, too
little pressure caused the Pyralux to fail to successfutndothe carbon fiber to the
piezoelectric ceramic. This is apparent in Figure 4.27 ciwishows the separation between
the passive and active layers. The severity of this failuoelendepended upon how much

of the Pyralux failed to bond. Figure 4.27 shows that the tijhe piezoelectric layer failed
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Figure 4.26: Fractured piezoelectric layer.

to bond and began to peeffoThis bonding failure has also occurred for entire actugator
If there was only a small portion of the actuator that did nmtdh, then the actuator would

still function, but not as fectively.

4.9.3 Actuator Short Out.

Another manufacturing failure mode was a short circuit efpiezoelectric layers due
to an overflow of epoxy. This was most apparent when the sdweeductive was used,
but there were also some instances of shorting out with tleyepshen using uncured
carbon fiber. When the actuator was clamped together, sothe epoxy squeezed out of
the edges, which can be seen in Figure 4.28. This defectecreat electrical connection
(short) between the outer and inner layers of the actuatatgprevented the high voltages

that are required to drive the actuator from being appliete $olution to this problem
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Figure 4.27: Pyralux bonding failure.

was to take a sharp knife and carefully scrape away the erpesy so that strong electric

fields could be applied.

Figure 4.28: Conductive epoxy overflow between layers.

4.9.4 Piezoelectric Burn Out.
The only unexplained defect was a situation in which the actuappeared to burn
out from both high and low electric fields. For low voltage aut, this defect was not

immediately apparent when looking at an untested actubtdrthe application of low

92



voltages caused the actuator to start smoking slowly. Theltseof this burning can be
seen in Figure 4.29. One possible explanation was that dtreetsmall location that the

voltage must travel through, the Pyralux or conductive gdeeated up and began to burn.

Figure 4.29: Actuator burn out.

For high field burn out, an explanation could be that the pa&=ziric ceramics
experienced a reorientation of the poles, which has beeereds to cause an abrupt and
significant increase in current and temperature [16]. i teimperature and current rise
was happening, parts of the actuator, such as the Pyralyxhawe ignited. During testing
for the maximum voltage in Section 4.8.3, some of the actsatgperienced high voltage
burn out. The current and electric field supplied to the dotyas well as the resulting
displacement, are shown in Figure 4.30. This figure showsge Ispike in current at the
onset of burn out. The abrupt increase in current suppohteda theory that the burn
out was due to shorting, and the current causing resistigértgeand igniting part of the

actuator.

495 Comparison of Manufacturing Methods.

The final outcome for each actuator could be grouped into drfeur categories:
manufacturing defect (MD), burn out (BO), early failure jE&nd testing completed (TC).
Manufacturing defects included cracking and shorting ¢den@the edges that could not

be fixed. Burn out encompassed any premature burning oué@fdtuator below expected
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failure levels. An early failure was defined as anything tteised the actuator to stop
working after some data was already gathered. Testing adetpincluded all actuators
that were able to successfully finish all of the free disptaeet and blocked force tests.
Figure 4.31 shows the outcome for all of the actuators cdeatEng the first
manufacturing method. For this method, only about a fifth Ibfaatuators that were
produced successfully finished the experimental testirtge Majority had some form of

manufacturing defect, and a large amount also experienaeddut or early failure.

For the second manufacturing method, the story is quifeerdint. Figure 4.32
shows that for this method, 75% of the actuators were ableotoptete experimental
testing. Most of these improvements came from reductiontiermanufacturing defects
and early burn out. While the rate of early failures was redudhe amount was not
dramatically significant. Through this comparison, usimgwred carbon fiber in the
actuator manufacturefi@rs a dramatic improvement over using Pyralux and condeictiv

epoxy to bond the layers together.
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4.10 Final Optimization

The general goal of this project was to develop an optimizgdador for a known
requirement of output mechanical energy. In order to shat this is possible, three
designs were considered for analytical comparison. Fardbmparison, the maximum
electric driving field was set at 800/mMm, which should give a survival rate of over 90%.

The first design created was an arbitrary rectangular amtwath dimensions of 50
mm x 10 mm, referred to as design (A). This design was not apéidi but the intent was
to create a reference point to compare other designs agamsoutput mechanical energy
was predicted to be 0.0590 mJ using the adjusted model. Emihrdin this analysis was
required to produce at least this mechanical energy at the stectric field.

The two optimized designs were another rectangular actaatd a tapered actuator
with an extension, with requirements that the total lengds Wwetween 40 and 60 mm and
the base width was between 5 and 20 mm. The optimized redtanactuator, design
(B), was created by setting the extension ratio to zero aadmlth ratio to one in the
optimization routine. The optimized tapered actuatorigte€C), was created by removing
the restrictions on the extension ratio and width ratio. SEectuators were optimized using
the adjusted models. Table 4.14 gives a summary of thesatacstand Figure 4.33 shows

what the designs look like.

Table 4.14: Theoretical improvement from an arbitraryaagular actuator.

Design t, CF Layers | I, Wo W, m Dy Savings
um mm mm mg kg
(A) 191 5 50 0 10 1 1800 0.0328 0%
(B) 267 3 42.2 0 5 1 972 0.0606 46.0%
© 267 3 422 0833 5 1.667 353 0.167 80.4%
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Figure 4.33: Optimized designs.

As the results in Table 4.14 show, the tapered actuator witkxéension, design (C),
should have been 80.4% lighter than the original actuatokveéver, the original actuator
was just an arbitrary design. In order to truly seeféedence, the tapered actuator should
be compared to the optimized rectangular actuator. In thée cthe tapered actuator was
predicted to have a mass savings of 63.7% for the same meahanergy output.

In order to test if the selected design was better than then@®d rectangular actuator,
three rectangular actuators (design B) and six of the tdpactuators (design C) were

manufactured and tested. The results of this testing aresuized in Table 4.15.

Table 4.15: Optimized actuator comparison, experimeratt.d

Design m (mg) U (mJ) Dy (Jkg)

(B) 960.1 0.0654 0.0681
©) 293.2 0.0379 0.129
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Unfortunately, the optimized tapered actuators did notpoe the same mechanical
energy as the rectangular actuators or what the improveelpoedicted. This could partly
have been due to filiculties in assembling such small actuators because a langeunt
of precision was required than for the rectangular actgatétowever, the mechanical
energy density was still 89.5% larger than the rectangufaragors, which shows that the
tapered actuators with an extension stifleoed significant improvements. Also, while the
blocked force produced for any of the actuators was not dodbe force produced by
the commercial actuators described in Section 4.6, theggrdensity of the optimized

actuators are 19.5% greater than the commercial actuators.

411 Chapter Summary

The testing of actuators, both analytically and experimgntwas analyzed in this
chapter to develop models that fit the empirical data and \&ble to design optimized
actuators. First, the lamination theory model was seldoiefdrther analysis because it can
take into account tapering the width of an actuator and adalingid extension. The mass,
free displacement, and blocked force were determined foh eatuator and compared
to what the model predicted. There were sonféedénces for each output compared to
the model, but especially for the blocked force. ThedBedknces were corrected for by
utilizing empirically determined values. The maximum @érg range was determined to
be a function of the applied electric field, and the prediced/ivability at diferent field
strengths was calculated using a Weibull distribution.ndghis data, optimized actuators
were designed and manufactured that exhibited an impravemesnergy density over
both manufactured rectangular actuators and commerasa#ifable strip actuators. The
next chapter focuses on the conclusions that can be drawnthis data and the future

work that could be accomplished.
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V. Conclusions and Recommendations

5.1 Research Goals

The purpose of this project was to develop optimized pieztigt actuators for use
in flapping wing micro air vehicles by minimizing the mass aneximizing the output
mechanical energy of the actuators. This was accomplishidddt using an analytical
lamination theory model to predict howftrent design variablesffacted the output
performance of the actuators. Then, experimental testemgaccomplished to attempt to
replicate these results using twdfdrent manufacturing methods. Using the experimental
results, the original lamination theory model could be atjd using empirical data,
the maximum operating range for actuators could be detemhiand the dierences
in the manufacturing techniques could be examined. Thrdbghprocess, optimized
piezoelectric bimorph actuators for use in a FWMAV with twalépendently actuated

wings could be designed.

5.2 Conclusions

Both manufacturing methods created piezoelectric bimdrghding actuators, but
utilized different bonding processes. The first manufacturing methadrezjthe use of
Pyralux and silver conductive epoxy and exhibited a higlufairate. The second method,
which used the existing epoxy in the carbon fiber layup fordiog between layers, was
much more successful. The overdilexts of changing the design variables were similar
for both the lamination theory model and the experimentt.ddowever, the experimental
results exhibited dierences from the predicted results, so the lamination yhreodel was
empirically adjusted to more accurately reflect realitync®i the second manufacturing
method matched the predicted results better and produdadtacs more reliably, only

data from the second technique was used for the model adiastm
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These adjustments used empirical data to fit the laminatimory model to
experimental results, however, these changes did nottréflephysics of the actuator and
did not explain why the original modeled data wafeatent than the experimental results.
The original lamination theory model predictions were elés the commercial actuator
results, therefore there may have been a problem with theifaectaring methods used at
AFIT, which lessened the actuatdfectiveness.

Also, sources of error in the lamination theory model mayehatemmed from
violating some of the assumptions of lamination theory. &wample, the thickness of
each layer was assumed to be much larger than the displate(eea Section 2.4.2). For
this research, the displacements were often greateethamm, which is much greater than
the thickness of the actuators, which was typically lesa thh& mm. This shows that this
assumption was invalidated; however the amount that thi¢riboited to the dierences
between the model and the results was unknown.

In addition to the model comparison, the maximum operatingge of the
piezoelectric actuators was determined by conducting rexeatal tests to failure for
stress, strain, and electric field strength using both gamebus and parallel driving
methods. This data was then fit to Weibull distributions thahen combined with
gualitative observations of the failure modes, showedtt@amaximum electric field was
the limiting factor for the actuators, and the simultanediiging method did not provide
any significant advantages over the parallel driving meth&@r a 90% survival rate,
833 V/mm should be used.

The dfects of hysteresis were also analyzed for both driving nithoAs higher
electric fields were applied for the actuators, the averéigeteveness at each voltage level
increased. While the simultaneous driving method was drpeio show less hysteresis,

there were not any statisticalfférences between the two.
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Through this combination of analysis and testing, the maxmmechanical energy
that would be produced by an actuator could be estimated.lizidj an analytical
exhaustive search optimization routine, tapered actsatith extensions were designed
and then manufactured that had an average energy densityl2® kg, which was
an improvement of 89.5% over an optimized rectangular &otuaThis was also an

improvement of 19.5% over the commercial actuators cugréaing used.

5.3 Recommendations for Future Work

Currently, none of the actuators which were designed inrégsgarch were used to
actually flap an engineered wing. Further research shouhghace the lift from commercial
actuators produced by Omega Piezo, Inc. to the lift prodingetthe optimized actuators.
However, since the optimized actuators would require uaidgferent transmission ratio
than the commercial actuators, specific linkages for eatttatar design would need to be
created.

The actuators manufactured for this research did not megpridicted values from
the original lamination theory model. Further researchutdhdocus on explaining what
caused thesefierences. Some possible causes for the variation from thedson theory
model could involve inaccurate material properties in taebon fiber or piezoelectric
layers, epoxy ffects, or nonuniform electrical fields. In order to determih¢hese
differences were due to the manufacturing techniques or preblégth the lamination
theory model, actuators with similar specifications butdoueed by companies that
specialize in piezoelectric actuator production shouldtésied and compared to the
lamination theory model. Several companies such as Pieatei®g, Inc. fier to
build custom bimorph actuators, so further research ini® dhea could involve testing
commercially manufactured actuators of similar desigreslus this research to determine

if the results agree more closely with the original lamioatiheory model.
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The primary failure mechanism in the actuators was due tditje electric fields,
which caused either piezoelectric failure or arcing to o@woss the dierent layers in the
bimorph actuators. One possibility to increase the maxireleutric field strength would
be to insulate the edges of the actuators. The insulationhmlgyto prevent both arcing
and burn out, since these mechanisms typically startedyatom edges of the actuators.
Building and testing the actuators with insulated edgesyreg better performance results
that would dfset the weight of the insulation.

In Section 2.5, a process for testing actuators was disdwsbieh used electromag-
nets to create a mass-spring-damper system to mimic iedbsids experienced during
flight. Experimental testing using this technique was beyitre scope of this thesis; how-
ever this form of testing would help to further develop optied actuators by determining
during which phases of flight the actuators are under-paver@ver-powered.

Finally, in the construction of the piezoelectric actuatone of the most tedious
and time consuming processes was the attachment of the teineovide the electric
fields. Designs for the bench testing and the final FWMAV cadualdude a way where
the actuators are excited by electrical connections whiemat permanently attached to
the actuators, but instead are connected through contagtarsto the brushes in a DC
motor. This system would save time in the actuator manufexgprocess, and it could

also potentially save weight in a FWMAV by eliminating sonfetee wiring.
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Appendix: MATLAB Functions

Throughout the research in this thesis, various MATLAB misriwere written that
allowed for the modeling and optimization of piezoelectaictuators, using both the
original model and the empirically adjusted model. Thesefions, which are described

below, are available on a CD-ROM.

1. [mass,blockedForce, freeDisplacement] =
ActuatorModelOriginal(l,1lr, wO®,wr,tp,layup,dispResult,V)

This function predicts the mass, blocked force, and freplacement of an
actuator using the original model developed in [42] withany adjustments.

Outputs:

mass: predicted mass of the actuator (kg).

blockedForce: predicted blocked force of the actuator (N).

freeDisplacement: predicted free displacement (one-sided) (m).
Inputs:

1: total length of the actuator (m).

1r: actuator extension ratide(i/| ).

w0: base width of the actuator (m).

wr: actuator width ratiowWo/Wnom)-

tp: piezoelectric ceramic thickness (one side) (m).

layup: matrix of the carbon fiber layup orientation in degreéset from tip
(i.e. [0 90 0)).

dispResult: whether or not to display the actuator geometry and perfor-
mance results. £ display result. G= do not display result.

V: voltage applied to the actuator in parallel drive (V).
2. [mass,blockedForce, freeDisplacement] =
ActuatorModelAdjusted(l,1lr, wO®,wr,tp,layup,dispResult,V)

This function predicts the mass, blocked force, and freplaiement of an
actuator using the model developed in [42] and adjustedevitpirical constants.

Outputglnputs are identical tactuatorModelOriginal.
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3. [Acf,Bcf,Dcf,tcf] = CFMatrixCalc(layup)
This function calculates the fiiness matricies and thickness for a carbon fiber
layup.
Outputs:
Acf: extensional sfiness matrix [A] for the layup ().
Bcf: coupling stifness matrix [B] for the layup (N).
Dcf: combined stiness matrix [D] for the layup (N-m).
tcf: thickness of the carbon fiber layup (m).
layup: matrix of the carbon fiber layup orientation in degrees (090 0]).
Inputs:
4. [1,1r, wO,wr,tp,layup] =
OptimizedActuator(Umin,n,1Range,wORange,pOpt, layupOpt,dispResult)

This function uses a brute force optimization routine to fimel lightest actuator
to meet the requirements for mechanical energy output.

Outputs:
1: total length of the actuator (m).
1r: actuator extension ratide(i/| ).
w0: base width of the actuator (m).
wr: actuator width ratiowWo/Wnom)-
tp: piezoelectric ceramic thickness (one side) (m).

layup: matrix of the carbon fiber layup orientation in degreéset from tip
(i.e. [0 90 0)).
Inputs:
Umin: minimum required mechanical energy (J).

n: number of diferent values for a variable to try. Higher numbers will give a
better result, but run slower.

1Range: a two element array of the smallest and largest desiredheaglefine
the search area, [Imin Imax] (meters).

wORange: a two element array of the smallest and largest desired Witk
to define the search area, [wOmin wOmax] (meters).

pOpt: an array of elements that define théelient options for the thickness
of the piezoelectric layer, [tpl tp2 ... tpi] (meters).

layupOpt: a cell of arrays that define theftérent options for the carbon fiber
layer, {layupl layup2 ... layupi(degrees).

dispResult: whether or not to display the actuator geometry and perfor-
mance results. £ display result. G= do not display result.
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