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RESONANT FREQUENCY CHARACTERIZATION OF A NOVEL MEMS
BASED MEMBRANE ENGINE
Abstract
by Robert Michael Gifford, Jr., M.S.

Washington State University
August 2004

Chair: Cecilia Richards

This thesis provides information regarding therabterization and control of the
resonant frequency of the Washington State UniePs3 Micro Engine. It is essential
to establish means to measure and control engsomaat frequency, since resonant
operation is vital to the P3 engine operation.

In order to measure the resonant frequency oétiggne, a forced-vibration
method and a free-vibration method were developgging the forced-vibration method,
an engine assembled with a 3 mm generatopni®avity depth, and a 500 mm bubble
diameter resulted in a resonant frequency of 10HA0The same engine was also tested
using the free vibration method where a beatingueacy was observed in the “after
ringing” response. A Fourier transform of the i@sge yielded a resonant mode
matching the forced vibration experiment. In ortteeliminate the beating frequency an
alternate membrane was used. Using the free-wobratethod, an engine assembled
with a 4 mm silicon membrane, n cavity depth, and a 1170 um bubble diameter
resulted in a resonant frequency of 2037 Hz witlexgperimental repeatability of +/-

8.6%.



A parametric study was conducted to determinestfeets of membrane size,
bubble diameter, and cavity thickness on resomaquency. Results showed that
membrane size had a very large effect on resonequiéncy. Engines assembled with
the same cavity depth but differing silicon memleraide lengths of 3 mm, 4 mm, 6 mm,
and 8 mm had average resonant frequencies of 2550815 Hz, 742 Hz, and 416 Hz,
respectively. Bubble diameter had very little effen resonant frequency, providing
only a +/- 8.2% change for bubble diameters ranfriogn 400um to 1500um. Three
engine cavity depths were tested:ifb, 150um, and 22%um for engines assembled
with 4 mm silicon membranes and varying bubble @gm An increase in resonant
frequency was seen as the cavity depth was inaealge mean resonant frequencies
with 95% confidence for the 4&m, 150um, and 225um cavity depths were 1206 = 206
Hz, 1615 = 154 Hz, and 2081 *+ 291 Hz, respectivdlgerefore, membrane size and
cavity depth have very good potential to contra@teyn resonant frequency.

Finally, a model was developed to serve as a désior controlling engine
resonant frequency based on system parametersmathel operates under the principles
of an added virtual mass factor, relating the rasbfrequency of the engine to the
theoretical resonant frequency of the upper mengbadithe engine in a vacuum. The
model was shown to fit the experimental data wéhe model was further extrapolated
to provide the necessary engine dimensions reqtoradhieve a resonant frequency of

500 Hz.
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CHAPTER 1
INTRODUCTION
1.1 MOTIVATION

Thermopneumatic membrane actuators have beconeasingly important as a
means of accomplishing work in various Micro-Eleellechanical Systems (MEMS)
devices. Devices have been designed for flow cbirtrvalves [1,2] and micro pumps
[3-7]. Thermopneumatic operation has proven tarbeffective means for actuation in
MEMS. Benefits of thermopneumatic operation ineluagcreased precision and control
by use of resistance heaters, large displaceméatsuator components, as well as
relatively simple actuator components, often cdimgjsof only a heat source, pressure
cavity, and membrane or diaphragm. However, thieety of micro thermopneumatic
actuators are limited to operate at low frequendiesto the rate at which heat can be
added and, more critically, removed from the systdinis limits most devices from
operating at resonant frequencies where addedibeoah occur. Resonant frequency
can result in lower power consumption, increassgldcements, and higher conversion
efficiencies. Even more promising, it may be poiesthat a thermopneumatic actuator
operating at resonant frequency can actually résatfour-stroke thermodynamic cycle
creating an engine [8] or refrigeration [9] device.

If actuators are to achieve the benefits of opegadit resonant conditions, they
must overcome the constraints composed by inseffidieat transfer. In this regard,
resonant frequency can be achieved if the rateaf transfer is increased to system
resonant frequency or if the systems parametershaneged to lower the system resonant

frequency for operation at adequate heat tranatesr Ideally, by increasing both the



heat transfer rate and controlling the system rasbitequency an optimal operation
frequency can be attained. A vast amount of rebdaas been performed to implement
means for increasing heat transfer including hge[10,11] and thermal switches
[12,13]. However, there is relatively little beidgne in thermopneumatic actuators to
control resonant frequency by changing system peteist More commonly, researchers
have settled for sub-resonant frequency operatidraee ruled out thermopneumatic
operation as a means of achieving resonant fregqueglging on other means of
actuation, such as, piezoelectric or electrostatic.

A novel MEMS thermodynamic engine is in developnigntesearchers at WSU.
The engine consists of a piezoelectric thin filnpagted on a flexible silicon membrane
encapsulating a two-phase liquid vapor mixture.ewthe fluid is alternately heated and
cooled, changes in cavity pressure result in tfarsof the piezoelectric membrane.
Strain induced within the piezoelectric is convertie an electric charge across electrodes
that can be harvested. In this manner, pulsedifieanverted to mechanical work
through the expansion of the membrane, and mediamark is converted to electrical
work through the piezoelectric phenomena [14]. tHejgction has been defined as a
limiting parameter to resonant frequency operafidy), however, an effective means of
control remains under development. Therefore,whigk shall investigate system
parameters as a means to control resonant frequgrecgtion regardless of the heat
transfer rate. Since the engine is essentialheentopneumatic actuator, this work will

benefit the field of thermopneumatic actuators adale.



1.2 LITERATURE REVIEW
1.2.1 Membrane Resonators

The goal of this review is to explore the methosged to achieve specific
operating resonant frequencies for MEMS devicesleyimg membranes. Specifically,
the parameters affecting the resonant frequeneynoémbrane coupled to a two-phase
fluid-filled cavity, operating as an engine, shadl investigated.

The use of resonating membranes in thermopneuetii@tors in the literature is
to date virtually nonexistent. This is most lik@lyroduct of relatively low heat transfer
rates. However, the advantage of thermopneumeiii@aon over other methods
currently employed merits the investigation of way®perate membrane resonating
actuators with pulsed heat. Thermopneumatic ojeeraften requires less power, can
provide greater displacements, and devices oftdengo fewer processing steps than the
more common actuation methods. The majority admating actuation devices employ
piezoelectric or electrostatic actuation. Althoulgese actuators are well suited for very
high frequency operation, they often require vaghtvoltages in the hundreds to
thousands of volts for minimal membrane displaceasjanaking them unpractical for
many MEMS devices.

The lack of resonating thermopneumatic actuatotke literature requires one to
explore other avenues where resonating membraeassad, in order to design a means
of controlling the resonant frequency of a thernmpnatic engine. Fortunately, devices
incorporating resonating membranes are frequestiyl in MEMS, including micro
pumps [16-18], Micro Ultrasonic Transducers [19;2&Essure sensors [22,23], and even

a micro cryogenic cooler [9]. In each of thesdeys, controlling resonant frequency is



of utmost importance. Micro pumps operating abnesit frequency have higher flow
rates, increasing possible applications and redyswer requirements. MUTs are able
to detect and transmit signals at specific freqiesm@ffectively filtering noise from other
frequencies. Accelerometers and pressure seng@sure changes within environments
proportional to fluctuations in their respectivaural frequencies. The micro cryogenic
cooler relies on resonant frequency to achieve cesgion and expansion vital to its
operation [9]. In each case, it is important taab&e to control or tune the effective
resonant frequency of the system in order to aehileg desired operation. The
parameters used to tune the natural frequencyobf @avice are the geometry, material
properties, surrounding fluids, and packaging.eAltg these parameters changes the
mass, stiffness, and damping properties, all otthliefine the resonating system.
Designing a resonating system requires knowledgsl édictors involved.

In order to fully characterize a resonating systieisibeneficial to observe how
the additions of individual parameters influenceoreant frequency. As an example, a
membrane micro-pump can be divided into a serie®ofponents, with each
components addition affecting the overall syst@ardellet al. showed the advantage of
this when they analyzed the resonant frequencyre$anating micro-pump [24]. First,
they analyzed the contribution of the membraneesomant frequency frequency. Then
the fluid effects were added to the membrane. IKinthe contribution of the valves and
cavity were coupled to the membrane and fluid.sEgproach provided a systematic
method to understand the contribution of each carapbon the resonating system. In
the same way, the membrane engine under consigieiatthis present research can be

divided into three components, the membrane gesretae working fluid, and the



engine cavity, each influencing resonant frequendgpendently. The following review
will explore resonant systems with only the membrahe coupled membrane and fluid

system, and finally the coupled membrane, fluidi eavity.

1.2.2 Membrane Effects

A membrane is defined as a perfectly flexible twmensional plane of zero
thickness held in tension by a force so greatdb#ections cause no change in the
membrane tension [25]. The vibration charactesst@and thus, resonant frequency, are
almost entirely dependent upon geometry and mafoperties. Membrane geometry
is specified by shape, size, thickness, and cresesi. The material properties
influencing resonant frequency include the denségidual or internal stress, elastic
modulus, and Poisson’s ratio.

In theory the vibration of an ideal membrane igejgimple to model. Textbooks
readily give equations of motion for vibrating metes of various shapes and sizes.
However, the inherent assumptions to linear vibratarely hold for real-world
applications. Although it provides a decent guwélerhat factors will influence
vibration, the assumption of linear membrane vibrafails under a generally accepted
“rule-of-thumb” of deflection amplitudes on the ercf the membrane thickness [26].
Recent research has shown that even this estisidetoo liberal and non-linear effects
can be observed at vibration amplitudes smallar thar percent of the membrane
thickness [27].

Many researchers are now developing models ta@xpbn-linear effects in

membranes by viewing them as plates subject toibgraohd internal stresses. One such



study develops a model for the non-linear freeatibns of rectangular plates with a
combination of clamped and simply supported boundanditions [28]. The clamped
conditions yield higher resonant frequencies tiensimply supported boundary
conditions traditionally used for membrane analy#i$so, model results show that
vibration amplitudes on order of the thickness i&gult in a thirty-five percent increase
in fundamental resonant frequency frequency.

Taking these considerations into account, andatttethat most membrane
actuators running at resonant frequency do so effant to achieve maximum
displacements, non-linear effects must be considefée task of modeling non-linear
membrane vibration has been pursued by many résgesaps [28,29]. However,
studies coupling non-linear membrane vibrationdmplete resonating systems are still
fairly scarce in the literature. More often nonelar effects in systems are ignored,
attributed as sources for error, or vibrationnsited to the linear regime. Many other
resonant frequency applications, with large amgétmembrane vibration, opt to
experimentally determine vibrating characteristaesthe modeling of such systems is
forbiddingly difficult [30-32].

A review of the literature shows that membrangsha dictated less by the
specific application and more so by the methoddata for fabrication. The most
common membrane shape in devices is the squaregtangular membrane.
Rectangular membranes are easily fabricated usmgrisotropic selectivity of wet
enchants such as KOH, TMAH, or EDP [33]. The tgbjarocess flows for creating
rectangular membranes employing either a boronbl®tch stop are detailed in [33].

Circular membranes, or virtually any shaped memdyrare created in silicon by reactive



ion etching (RIE) or deep reactive ion etching (BRI A study by Ariket al. presented
the analysis of square, rectangular, circular,ehgtical membranes fabricated through
RIE [34]. The process flow for creating circulaembranes is detailed in [33].

Although RIE and DRIE provide flexibility in membra shape and the possibility of
etching vertical sidewalls, the initial equipmenstis extremely expensive. Therefore, it
is typically used only when available or for apptions where the membrane shape is
critical.

Provided access to the appropriate fabricatiopegent is available, specific
shapes may offer advantages for the specific reddrequency requirements of various
applications. Resonant frequency is influenced Bhape factor or natural frequency
parameter, often given by the symBbgI[35], where i and j specify the mode of vibration.
From the fundamental equations for membrane resdreqquency, it can be shown that
the frequency of the fundamental mode of a rectaisghigher than that of a square with
the same surface area, and the first mode of ke ¢gcoughly ninety-five percent that of
a square [35].

Membrane size is the primary method of controlliegonant frequency in
MEMS applications. This is so evident in literadiat it is often the membrane size that
dictates its applications. The smallest membraises in MEMS are as small as 4®
[19]. They, and membranes with side lengths oméi®rs up to about 1 mm, are
primarily used for the sending and receiving ofadbnic signals [20]. Larger
membranes are better suited for resonant frequagljcations requiring large
deflections such as micropumps [7], droplet ejecf86], or speakers and microphones

operating in the audible range [32,37].



The theories dictating membrane size effects sanant frequency have long
been known, going back to Lord Rayleigh and hidlissiof sound. In 1877 Rayleigh
published his works on the theory of sound, whershowed theoretically and
experimentally the relationship between size armgheton membrane natural frequency
[25]. He showed that the natural frequency, arhpibf a membrane increased as side
length decreased. Likewise, changing the shontgtlteof a rectangular membrane has a
larger effect on pitch than altering the longeedehgth.

The resonant frequency of a membrane can alsailbesd by changing the
membrane thickness. This effect was observedstndy by Paneva and Gotchev [27].
They tested square silicon membranes with 5.35 mdenlengths. Membrane thickness
was varied by etch stop doping levels and anis@reghing in KOH, yielding
membranes with 5.9, 7.5, 10.4, andudb thickness. The membranes were then driven
to resonant frequency by an AC-voltage appliedtturafilm piezoelectric structure
processed on the membranes. Results showed ¢hagbnant frequency of the first
mode decreased proportional to the negative 0.4&pof the thickness. The resonant
frequency of an ideal membrane decreases propaltiorthe negative ¥2 power of the
thickness. The difference is reported as beingtdiilee stiffness of the structure.

Muralt et al.also observed the deviation of resonant frequéetyavior from a
pure membrane due to thickness [38]. They usethendliameter membrane and varied
the silicon thickness from abou2n to 23um. The membranes were then excited to
resonant frequency using a piezoelectric compdsyter processed on the center of the
membranes. Results showed that membranes wilic@nsihickness below abouti8n

displayed a resonant frequency decrease with ptiopatity near that of a pure



membrane, that i$,0] (thickness)’>. As the Si thickness was increased to about 7um,
the resonant frequency increased proportionalddhitkness, exhibiting the behavior of
a clamped disk or plate. The point at which thentme&ne underwent the transition from
membrane behavior to plate behavior is stated iag) lkeependent on the tension of the
membrane. In this way a membrane with small tenfeoces requires a thinner
thickness to produce a plate-like response. Alghaoa particular value for tension of the
membrane was not given, this may explain what sddéemsconsistencies between this
study and the one by Panestaal.[27] discussed earlier.

Similar to increasing membrane thickness, many MEM@&ces employ the use of
bosses, or proof masses, by selectively leavingssrof silicon with a much thicker
cross section than that of the surrounding membrdings method is most common in
devices requiring greater sensitivity to inertiahnges, such as accelerometers and
vibration sensors. Thomas developed one suche@esgiwibration sensor for tool
monitoring [39]. The vibration sensor employedoased membrane as a seismic mass in
order to increase the sensitivity of the sensce.fddind that a membrane with a central
boss operating at the same resonant frequencynasrdorane with a uniform cross-
section resulted in an order of magnitude incr@asensitivity measuring much smaller
accelerations.

Another device using a bossed membrane is McEmg&awman’s design for a
miniature Sterling cycle cryocooler, which requigedchembrane with sufficient inertia
while operating at resonant frequency to achietreeemodynamic cycle necessary for
cooling [9]. Unable to achieve this with a memlgrah uniform thickness operating at a

specific frequency, they employed a membrane withicker bossed center surrounded



by a thin, more flexible membrane. Although théhaus have to date failed to present
the operation of a micro cryocooler, they develogedodel validating experiments to
create an optimal membrane with the largest kirexigrgy developed for a particular
swept volume. This optimum was achieved with autar boss twenty times thicker
than the surrounding membrane, with a radius 3G®bdhthe entire membrane structure.
One shortcoming of the study was that the authentionally restricted the membrane
deflection to the linear regime in order to make thodel easier to solve. In doing so,
they eliminated possible compression and exparisoefits to their application that may
have resulted from larger membrane deflections.

In most cases defining the geometry of a membdaeetly changes the mass of
the system. The material used to fabricate thelon@ne also has an effect on the system
mass and natural frequency. The densities of sirtilee most common materials used
for membranes in MEMS are shown in Table 1.1. Bsedahe majority of membranes
are actually composites including layers to semseagtuate membrane vibration, the

densities of other common materials are includetiéntable. However, density is not

Material Young’s Modulus Density
(GPa) (g/lcm?)

Silicon ~ 190 2.3

SiO, ~ 70 2.66

Silicon Nitride, SiNy4 ~ 130 3.44
Gold 80 194
Platinum 147 21.4

Table 1.1Young’s Modulus and densities for materials comiyaised in membrane
structures [33].

10



the only means in which material properties wiflience the resonant frequency of a
membrane. The Young’'s Modulus, Poisson’s ratid, thie residual stress (related to the
material and processing) will also have a largdrdaution.

The stiffness of oscillating systems is most oftesught of as the spring constant
of the system. The system spring constant is équak force required to produce a unit
of linear deflection. Likewise, in an ideal membeahe stiffness is accounted for by the
tension of the membrane per unit length of the ¢88k As previously mentioned, the
pure membrane includes no bending effects of tluetstre, as by definition it has no
thickness with which to resist bending. The s&ffa of a plate, however, is highly
dependent upon bending moments and therefore deenidoth the elastic modulus and
Poisson’s ratio. Murakt al. showed that a realized MEMS fabricated membrang ma
exist somewhere between a pure membrane and atplatgegree of either dependent
upon the tension in the membrane and its thickf83s A membrane with a large
thickness and small in-plane tension will behaveeniike a plate, however, a membrane
with very large in plane-tension will behave make la pure membrane.

Degenet al. showed that the dependence of resonant frequantymane
tension could be used to determine the residusdsiof membranes used for open stencil
masks and mini-reticles [40]. In their study siicmembranes with a side length of 6
mm and a thickness ofpén were evaluated. Membranes were excited by pressu
waves from a speaker placed in close proximith®rhembrane. A piezo-resistive
cantilever was placed in contact with the centeraafh membrane in order to measure
the amplitude response to the sound waves. Themmaxamplitude during a frequency

sweep defined the position of the first resonantienoOnce the resonant frequency was

11



known and accommodations were taken for air loadiferts, the residual stress was

f,=1 |2 11
2\ plL

with: fqq: first resonant mode of vibration

calculated from:

Oo: residual stress

p : membrane material density

L: membrane side length
Calculated residual stresses from resonant frequmeasurements agreed within 0.1
MPa of other methods employed. The results vidittee resonant frequency method for
determining residual stress. Likewise, they show khanging the residual stress of
membranes is an effective means of tuning resdneauency.

As discussed earlier, most membranes used as sargbactuators are actually
laminates of various layers. These layers alswithagllly contribute to the overall
residual stress of the membrane, as noted by Kereteal. [41]. Employing a fairly
common piezoelectric composite structure on aailimembrane substrate, Kennedy
measured the residual stress contributions frorh daposited layer. The layered
structure consisted of a silicon membrane, TIWPET, and Au. The residual stress of
each individual layer was measured using x-rayatition. Each layer contributed to the
composite residual stress measured by the bulgentgkod in which the membrane is
pressurized on one side and deflection measureragmtaken. The goal was to reduce
the overall residual stress in the composite. Tamaplish their goal they added an

additional tungsten compressive layer, effectivelyering the composite tensile residual

12



stress. In this manner, the resonant frequeney3imm square membrane with a
composite thickness of about 21481 was reduced from 23 kHz without a compressive
layer, to 18 kHz with the addition of a compresdasger.

Most composite membranes are designed for sensiactaation and therefore
undergo mechanical and electrical couplings thatsteft the resonant frequency.
Although this particular topic is beyond the scopéhis review to investigate in detail, it
is interesting to note the methods that piezoeteatrd electrostatic resonators can
employ to electrically effect resonant frequen8pecifically, a resistive or capacitive
load placed across the electrodes of a piezoatdacamsducer can result in a small shift
of the first mode [42]. Similarly, the resonaréduency of electrostatic transducers can
be precisely tuned through the addition of a DG IpE].

1.2.3 Membrane — Fluid Effects

The media or fluid surrounding a resonating stireehas a dramatic effect on the
system adding mass, damping, and in the caseaharessible fluid, spring forces.
Although these effects have been observed andetiealty explored for more than a
century, a broad range of research groups todayncento explore resonating structures
and fluid interactions. In the area of membranesgarch has been limited to structures
either surrounded completely by a homogeneous @uithving one side exposed to a
homogeneous fluid. However, the area of MEMS tlignieumatic membrane actuators
and engines provides a unique situation in whitlhiaphase fluid is in contact with the
vibrating structure. In fact, only one study waarid that addressed the problem of a
vibrating structure in a two-phase fluid. Billingin attempted to model the effect of a

two-phase fluid in contact with an idealized resomarod [44]. He found that a two-
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phase mixture with fluids of similar density, swahoil and water, could be approximated
as a single-phase fluid with a weighted densitpwEver, his single-phase model failed
when he considered a two-phase mixture of fluidk wastly different densities, such as
water and air. Fortunately, homogeneous fluidissigrovide a firm foundation upon
which to build for the case of a two-phase fluidl @an provide very good qualitative
trends in fluid properties influencing resonangfrency. The primary fluid properties of
interest are viscosity, density and pressure.

Damping, largely due to viscous forces in phadé e velocity of the structure,
has very little impact on resonant frequency fard$ with viscosities less than 0.006
N[S/nf [45]. For reference, at room temperature watsrehaiscosity of about 0.001
NIS/nf and air has a viscosity of 0.00001&MT [46]. More practically, the viscosity
serves to dissipate system energy, causing a f@estay in free vibration and reducing
the resonant frequency amplitude at forced vibnatimabaet al. showed that the
amplitude of the resonant frequency peak withinfteguency response of a cantilever
decreased and the half power width broadened wgtheh viscosity fluids, but the shift
in resonant frequency due to viscosity was nedkgub7].

Physically, a shift in resonant frequency in nfagtl media is due to added mass
effects, where the inertia of the fluid moving ingse with the displacement of the
vibrating structure acts as an effective added rima®e structure itself. Lamb pioneered
the theories behind this phenomenon in 1921 asthautéo answer questions arising
within submarine signaling [48]. Lamb clamped uiar elastic plate within an
aperture of a solid rigid wall. One side of thatpland wall were then placed in contact

with water. His results showed that the naturedjfiency of the plate with one side in
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contact with fluid could be related to the natdrafjuency of the plate in a vacuum by a
multiplied factor proportional to the kinetic engrgf the plate and the kinetic energy of
the fluid. The relationship between the kinetiemgnes of the plate and fluid are still
used extensively by researchers to theoreticaligrdene added mass effects on
resonating structures in fluid.

Since Lamb’s research, the ratio between the ikieetergy of the fluid due to
plate or membrane motion and the kinetic energh@flate itself has been known as the
added virtual mass incremental factor, or AVMI tador short [49]. The AVMI method
provides a very powerful analytical approach toragpnating the effect of fluid loading
on vibrating structures. Kwak and Kim showed hbe AVMI factor could be used to
accurately predict the resonant frequency of autargplate under various clamping

conditions [49]. They showed that the AVMI factfr,could be solved simply as:

g=Liderr 1.2
Pe 1o

with: o fluid density
Pp. plate density
Pp: plate radius
t: plate thickness

I": non-dimensional AVMI factor accounting for vibi@at mode and clamping
This same method was later employed by Kwak toestuv the resonant frequencies of

circular membranes in contact with fluid under was clamping conditions [50]. The

AVMI method has been well accepted by many otheeaeches as a method to
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accurately predict the resonant frequencies oéplahd membranes in contact and
submerged in both compressible and non-compredsiinds [35,40,45,51-54].

An exact solution to the fluid-membrane couplirag mot been completely
determined. The solution becomes extremely dilficacause although the membrane
solution is two-dimensional, the fluid movementhgee-dimensional, adding to its
complexity. Structural-fluid interactions as a Whbave received a lot of attention to
determine exact solutions, but as structure shia@esme more complex, the amount of
available research becomes limited. For examipéyibration of a beam or cantilever in
a fluid has been well explored numerically [55,58,But an exact solution to a
membrane in contact with fluid is, to date, unaadalé. For cantilevers it is common to
use the Navier-Stokes equations to determine fieadtion forces [58]. In the area of
plates, the Analytical-Ritz method [59] has beemlayed, as well as the Finite Element
Method [60].

The largest application area of MEMS membrane-fyistems operating at
resonant frequency is micro-pump systems. Theiedfiethe fluid-structure interaction
on resonant frequency is commonly determined bemiisy the effect of operating
frequency on pump flow rate [30]. The operatiregfrency resulting in the greatest flow
rate defines resonant frequency. When modelingaypamps the most common
approach is to determine the added mass to thaeatsg system by solving equations
for the flow-rate per cycle [17,61,62]. In the samay, system damping is determined
by resistance flow through the inlet and outleveal Although the theory of

determining added mass in micro-pumps sounds gquitple, the actual calculations are
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guite rigorous, as the majority of MEMS pumps depeld today use nozzles and
diffusers to direct flow [16,17,24,62] resultingaoupled non-linear equations [62].
Another common use for resonating membranestiseimrea of pressure sensors.
An increase in pressure results in an increadeestirrounding fluid density. As noted
earlier, an increase in density adds mass to ttersyresulting in a decrease in resonant
frequency. However, the influence of pressureaisrquite small. Most research
showing this effect has been performed on cantigesarrounded by fluid. Inaba and
Han showed the effect of changes in pressure aptessures between 10 and 100 kPa,
which resulted in a maximum frequency shift of cabout 0.2% [63]. In another study
Mertenset al.tested cantilevers over a range of pressures @0t Pa to 1000 kPa, and
observed a maximum frequency shift of just 2.5%%20of which occurred at pressures
greater than 100kPa [64]. Since the influencere$gure on resonant frequency is quite
small, virtually all resonating membrane presserssrs rely on a pressure differential
across each side of the membrane, resulting inggsaim deflection. In this scenario a
rise in pressure on one side of the membrane sésudin increase in resonant frequency
due to membrane stiffening. Defayal.showed that this effect could be used to
measure pressure with very high precision, witesolution of 11.5Hz/kPa in the 2 to 10
kPa range [22]. Keeping this in mind, it is vemypiortant to control the mean pressure
differential across the membrane, as the impacesonant frequency can be quite large.
Up to this point, the compressibility of the wargifluid has been neglected,
which is common for most systems operating in @l finfinite in all directions.
However, the packaging of Microsystems allows fmled cavities in which fluid can act

as a spring. Also, it stands to reason that thidycdimensions may cause further effects
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on the resonant frequency due to the propertiéiseoivorking fluid. Therefore, in the
following section, the effects of a membrane enakgtg a fluid in a cavity with rigid

sidewalls shall be explored.

1.2.4 Membrane — Fluid — Cavity Effects

The first and most obvious effect of a membraradirsg a compressible fluid
within a cavity is the opportunity for the membratedlection to generate pressure within
the cavity. In this way the membrane-cavity systemnalogous to a simple free-piston
and closed cylinder. The piston-cylinder problemeaadily available in textbooks and in
its ideal form behaves as a mass-spring systera.nidss of the system is equivalent to
the mass of the piston and the compressible fluidodeled as a one-dimensional spring.
Assuming the system is isentropic, the effectivengpconstant of the compressible fluid
is then, k =poA?/Vo, Where A is the piston area, i8 the mean pressureg ié the cavity
volume, and is the non-dimensional polytropic constant reldtethe ability of the
volume to transfer heat (for air<lk < 1.4) [35]. The cavity dimensions, therefore, have
the potential to stiffen the membrane system regpih an increase in resonant
frequency.

Another stiffening effect can be observed in ueigiiuations when the vibrating
structure, in liquid, is very near to a solid watkperimentally < gm [65]. The surface
tension of a fluid can then result in two force doutions. First is the capillary-type
force effect, where the surface tension force tarigential to the meniscus of the fluid.
For an enclosed membrane, this force has very sfiallts, whereas a cantilever or plate

with free edges may allow the meniscus to exteritigcsides of the structure, resulting
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in a force normal to the width of the structurebeft al. noted this effect when studying
the effects of stiction in micro cantilevers [68]he second force contribution is defined
as Laplace pressure, and reacts normal to the widtie structure and rigid base. This
force was shown to act as a spring by Lai and Bangis proportional to the inverse of
the distance between a vibrating micro cantilever arigid base [65]. Further, the
spring constant and the damping coefficient, dusutéace tension, were shown to be
proportional to the inverse of the gap squaredthaedjap cubed, respectively. This
effect has not been observed in membrane or ptateras most likely because devices
operating in liquids have yet to reach the scaleaving a large surface area relative to a
gap height less tharmum.

Some research has been performed on cantileverglates oscillating in a fluid
normal to a solid surface that can give insight e membrane-fluid-cavity interaction.
Naik et al. showed that the resonant frequency of a cantilievigguid was dependent
upon the ratio of the gap between the lower sidee micro cantilever and a rigid base
and the cantilever width [58]. Their test appasatansisted of a piezoelectric actuated
cantilever clamped on one end and enclosed witkavay containing a liquid. All walls
of the cavity were rigid during testing with theptof the cavity 4 mm above the
cantilever and the floor of the cavity adjustaldlevary its distance from the cantilever,
defining the gap height. The top plate of the tyawias vented in order to maintain
pressure and allow adjustment of the gap heighe gap height was varied from 2 mm
(gap height/cantilever width = 2) toudn (gap height/cantilever width = 0.001). Gap
heights greater than 1 mm showed very small siniftesonant frequency and could be

considered consistent with the condition of amitdi media. However, a gap height of 1
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mm resulted in a decrease in first mode resonaquéncy of 50%. The authors
attributed the decrease in resonant frequency toaease in added mass on the
cantilever as gap height decreased. They alsoeshtvat the added mass effect resulted
from changes in the pressure field normal to thiéasa of the cantilever.

In another study, Kwak and Han showed the effettuad depth on a free-edge
circular plate in contact with fluid [67]. The fthgap between a steel plate with a radius
of 15 cm and a thickness of 0.2 cm and a rigiddmotivas varied from 15 cm to 1 cm.
The AVMI method discussed earlier was employed calehthe effect of the fluid inertia
with an additional non-dimensional added virtuabsacremental (NAVMI) factor to
account for mode shape, clamping conditions, apthdeontributions. As the name of
the method suggests, Kwak and Han came to the sanatusion as that of Nagt al.

[58] that a decrease in gap height results in addess to the system, and a subsequent

decrease in resonant frequency.

1.3 RESEARCH OBJECTIVES

The primary objectives of this research are tagiean experiment to measure
the resonant frequency of an assembled membrameeemgeasure the effects of engine
parameters on resonant frequency, and finallyetebbp a simplified model to
extrapolate resonant frequency based on specifimerconfigurations. The success in
meeting research objectives will be assessed balitiey to assemble and measure an
engine configuration with a resonant frequency Wwed00 Hz.

Designing a resonant frequency experiment reqdieésrmining the correct

means to actuate and measure the response offiee mpmbrane of the engine at
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specific frequencies. The actuation methods aviailt into two categories of forced
vibration or free vibration. The primary goal bketexperimental design is to determine a
method that will allow for repeatable measureméntssimple set up with the flexibility
to measure different engine configurations.

The parameters defining the engine configuratientlae membrane, working
fluid, and cavity. In order to determine the ihce of each parameter on resonant
frequency, methods must be developed or expandadgdresent capabilities to assemble
engines under various controlled configurationsaburing the resonant frequency of
various configurations will yield a relationshiptiveen individual engine parameters and
engine resonant frequency.

Once experimentation is complete, a model will bealoped to quantitatively
predict the first resonant mode of an engine based set of given parameters. The
model will be a simple analytical approach with estmental measurements made to
calculate specific constants. The primary godhefmodel in not to achieve an exact
solution to the membrane, fluid, and cavity couglias it is beyond the scope of this
project, rather the final product will provide tnto assist in an effective membrane

micro engine design.
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CHAPTER 2
FABRICATION AND EQUIPMENT

2.1 ENGINE FABRICATION

P3 Engine components are fabricated in-house aMB Center for Materials
Research Clean Room Facility. A single engine ists1®f an upper piezoelectric
laminate membrane, a sealed cavity containing apiwase fluid, and a lower, smaller
membrane with a resistance heater facilitating traasfer into the cavity. A schematic
of the device is shown in Figure 2.1. Componergshatch fabricated on three-inch
double-sided <100>-oriented silicon wafers. Tleist®n will cover the basic process
flow for a membrane generator and heater, as well detailed look at the engine

assembly. A detailed process outline includingpes can be found in reference [68].

Silicon

Si02

Titanium

Platinum Silicon Wafers

PZT =
Gold 400pm

PF-5060DL

Semiconductor Tape

Vapor Bubble

Figure 2.1 Engine configuration including upper membraneayator, cavity defined by
semiconductor tape gasket, and lower heater memipi&h

22



2.1.1 Membrane Fabrication

The membrane generator and heater are both fedatioa bare silicon
membranes, for which the processing steps areathe.s Also, it may sometimes be
advantageous to replace the generator membranawilne silicon membrane.
Therefore, the fabrication of bare silicon membsawél be covered first. The process

flow for silicon membranes is shown in Figure 2.2.

« |

e “
Figure 2.2 Silicon membrane fabrication (a) bare Si wafgri@ron doping (c) oxide
growth, (d) pattern oxide, and (e) anisotropic etceDP.

- I
> I
c_

Membrane fabrication begins with a three-inch peatb(100)-oriented double-
side polished wafer. The native oxide is strippeBuffered Oxide Etch (BOE) and a
high temperature wet oxide is grown in a furnaCae side of the oxide is then stripped
and boron is diffused into the surface. The batoped silicon layer will later act as an
etch stop. The remaining oxide is then strippedfthe wafer and a more uniform low-
temperature oxide is grown to 100 nm. The oxiger@n the non-boron doped side is
then patterned using photolithography and a Buffé@gide Etch. A typical oxide mask
for creating 3 mm side length membranes is showidgare 2.3. The oxide mask serves

to define the membrane geometry. Wafers are ttemeg in an Ethelynediamine
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pyrocatechol (EDP) bath to create membranes. BRI anisotropic wet etchant that
shows a preferential etch rate in the (100) dioeck83]. The boron doping completed
earlier serves as an etch-stop to EDP and detmesiembrane thickness. Following

cleaning, wafers are now ready to proceed to gésrena heater fabrication.

. J

Figure 2.3 Photolithography mask to define membrane geonfetr§ mm membranes.

2.1.2 The Membrane Generator

The process flow for generator fabrication fallog membrane fabrication is
shown in Figure 2.4. Generator processing begitisdeposition of a 12.5 nm TiW and
175 nm platinum bottom electrode using DC-Magnesputtering. The piezoelectric
ceramic lead-zirconate-titanate (PZT) is then spuithe wafer in a sol-gel process.

Next, 75 nm TiW and 300 nm gold films are sputtevadhe PZT layer and the gold and
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TiW are patterned to define the upper electrodeally, PZT is patterned and removed
in high stress areas on the membrane to providgegreompliance, and the wafer is
broken up into individual die. A completed meml@aenerator die is shown sitting on a

dime in Figure 2.5.

Figure 2.4 Generator fabrication process flow (a) platinunttdm electrode deposited,
(b) PZT deposited using Sol-gel process, (c) gofdelectrode deposited, (d) top
electrode patterned, and (e) PZT patterned toveeliggh stress regions and access to
bottom electrode.

Figure 2.5 Completed 3 mm membrane generator sitting omee @i5].
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2.1.3 Heater Fabrication

Heater fabrication following membrane fabricatiershown in Figure 2.6. The
only difference between heater and generator psaugss the mask used to define the
geometry of the heater membrane, as heater mensbaa@éraditionally smaller than
generator membranes. This provides greater deflecto the membrane generator when
assembled in an engine. Following the anisotrg@® etch, 75 nm of Tiw and 300 nm
of gold are deposited onto the membrane side olvifer. The gold and TiW are then
patterned and removed through photolithographyetmd electrodes and resistance ring
heaters in the center of the membranes. Fin&ié/wafer is diced into individual die. A
typical heater die is 10 mm by 18 mm and contai@sran square membrane with a 1.8

mm diameter ring heater. A completed ring heaeshown in Figure 2.7.

Figure 2.6. Ring heater fabrication process (a) bare silis@mbrane with oxide, (b)
gold deposited, and (c) gold patterned to defisestance ring heater and electrodes.



Figure 2.7 Completed ring heater with membrane outlined.
2.1.4 Engine Assembly

Once heater and generator die are complete thegecassembled into a single
engine. Engines are currently assembled by hamtheld together through the
clamping pressure of an acrylic carrier. The acrgdirrier is clamped together with four
screws and provides access to generator and leetenodes and visual access to the
membranes themselves. Figure 2.8 shows the pro€assembling a single engine. (1)
First an individual heater die is centered on tveelr carrier plate. (2) Next a gasket is
cut from semiconductor tape and attached to theehesnsuring that no air bubbles are
trapped under the gasket. A single layer of sendaotor tape is 7@m thick. Multiple
layers of tape can be used to tailor the cavitytidefhe inner square of the gasket is 2
mm larger than that of the generator membrane landuter dimension is at least 4 mm
larger than the inner, in order to provide a sigfit sealing surface. (3) The working
fluid, PF-5060, a specialty refrigerant from 3Ms then flooded into the engine cavity
using a syringe. As the cavity is being floodéd, thembrane generator, or upper
membrane, is placed membrane side down onto thgycd¢) Next, the upper
membrane is centered over the heater and cavi§iding it into place. A bubble is

usually generated at this point due to air entrdppighin the cavity. Some attempt can
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also be made at controlling the amount of air teapin the engine by sliding the upper
membrane in such a way as to expose a corner chthy. Bubble size is then
determined by how long the fluid in the cavity i®a&ed to evaporate. After an
appropriate amount of time, the membrane genecatothen be slid back into its central
position. (5) An o-ring is then placed on the lmd& of the membrane generator to
provide even pressure to the device stack. (&lFyirthe upper acrylic carrier plate is
centered above the engine on the engine and cladgved using four screws, one at
each corner of the carrier. This must be done wvatie, because the generator membrane
tends to bulge out as the carrier applies presbooegh the o-ring. The ideal assembly
results in the generator membrane having a flaetg slightly positive initial deflection.
With experience and patience, engines can be assemviih repeatability at initial

deflections between zero and ten micrometers.
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Figure 2.8 Engine assembly procedure.
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2.2 EQUIPMENT

Once an engine has been assembled, it is now teagperate in conjunction
with test equipment. The equipment chosen to nreake resonant frequency of the
engine provides a means to actuate the membrameagen measure the initial
deflection of the membrane generator, measureiliation response of the upper
membrane to actuation, and finally to collect dyrameasurements for further analysis.

2.2.1 Pulse System

Function
Generator
S
~ Pulse
Circuit
— -

'\ Resistance Heater
Figure 2.9 Pulse system schematic.

The pulse circuit provides a means to apply androbwoltage across the
resistance ring heater. A schematic of its comptsis shown in Figure 2.9. An
arbitrary function generator (AFG), Tektronix modétG-310, allows for precise control
of the duration and frequency of heat applied eoehgine. A DC power supply, Agilent
Model E3610A, provides a means to control the gatacross the resistance heater.
Finally a transistor-transistor-logic (TTL) circudtilt in-house provides a means to open

and close the voltage across the resistance Hemged on a trigger input from the AFG.
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A circuit diagram for the TTL circuit is shown indgtre 2.10. This system provides large
flexibility in how the engine can be actuated. R#G can output a square wave with
any duty cycle, at any frequency, to the TTL citcalosing the circuit with the power
supply, providing voltage across the heater oversimge of the power supply. Also, the
AFG can be set up to manually trigger, sendingnglsipulse with a controlled pulse

length to the TTL switch, allowing for a heat impelfrom the ring heater.

220 uF t
j 5
'@ ML IN3904 TIP120

&

- !
i

SV

Ground

) TTL(#) in Power To wick/resistor
supply (-)

Figure 2.1Q TTL Circuit Diagram [69].
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2.2.2 Laser Interferometer

The resonant frequency of a membrane is highlgdéent on its mean
deflection, thus the reason membranes are comnusely to measure differential
pressure across their faces [22]. In the same thayinitial deflection of the upper
membrane in the engine, after loading, can resuksonant frequency shifts. For this
reason it was extremely important to measure thalmnane initial deflection. In order to
do this, a Michelson interferometer was used. Lighm a Nd:YAG laser is run through
a beam splitter, where it is directed into two gath is reflected off of a reference mirror
and the surface of the upper membrane. The refldight from both paths travels back
to the beam splitter where it is recombined. & slurface of the mirror and upper
membrane are not the exact same distance fronetlma Bplitter, or if the membrane is
deflected, interference patterns are created inetb@mbined light. The interference
patterns, or interferogram, can then be viewedulinaa long distance microscope. A
schematic of the interferometer setup is shownguare 2.11. A more detailed
discussion of the interferometer operation is ideltiin reference [70]. A typical
interferogram for a quarter of a 4 mm upper memdm@ssembled in an engine is shown
in Figure 2.12. Each interference pattern, orgeirrepresents 266 nm of out of plane
deflection. Interference patterns are easily cedimtithin 2 fringes resulting in a +/- 0.5

pm error.
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Figure 2.12 Typical interferogram for 4 mm upper membranesagsed in engine.
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The interferometer setup also doubles as a miopesthat can image the bubble
size within the engine. For this to work the lasgstem is turned off and a cloth is
placed over the reference mirror. The engine eaisithen placed upside down, with the
heater membrane on top. Front lighting throughbtbem splitter allows the bubble to be
viewed through the transparent heater membranie lfipper membrane is bare silicon,
then the engine can be backlit with a fiber opgbt, and the light can pass through the
engine. This resulting image of a backlit enginththe bubble and ring heater is shown

in Figure 2.13.

Figure 2.13 Image of bubble and ring heater taken by badkilg interferometer setup.

2.2.3 Laser Vibrometer

The laser vibrometer is used to measure the vibraimplitude of the upper
membrane in an engine. The specific viborometed uses a Polytec OFV-5000 with a
VD-06 velocity output decoder. The basic operapngciple of the vibrometer is

similar to that of an interferometer. The primdifference with this system is that it
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uses a frequency modulated helium-neon laser, whidflected off of a vibrating
surface back to a sensor head which measures @éimgeln frequency. The change in
frequency of the modulated laser light is due soDloppler effect. As the membrane
deflects towards the source and sensor the moddigte of known frequency reflects
off of the membrane, essentially compressed, liegult a positive frequency shift to the
reflected light. Likewise, when the membrane mawsay from the sensor it results in
an extension or decrease in frequency of the sonozkilated frequency. This principle
is illustrated in Figure 2.14. The change in freaey is then converted to an analog
voltage signal that can be measured with variots a@equisition equipment, such as an

oscilloscope or LabView data acquisition board.

A Frequency

h J

Object Velocity
(mm/'s)

v

Vibrometer Sensor Head \ Voltage Output

(mn's/V)

_ Doppler Frequency
Modulated Signal From Reflected Off Vibrating Object

Source of Known Freq
W\/\/ WW (+) x velocity
/\/\/\ (-) x velocity
1

Figure 2.14 Principle of operation of Doppler effect in viloneter resulting in velocity
output.
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The vibrometer was configured to measure ovef.thenm/s/V range with the
VD-06 velocity decoder. This configuration allowe@asurements in the 0 to 350 kHz
range with a linearity error < 0.1% and a frequedependent amplitude error +/- 0.05
dB for a reference frequency of 1 kHz, as specifgdhe manufacturer [71]. The time
response of the vibrometer output lagged the acteahbrane vibration by 2. The
VD-06 decoder was also configured for high and p@ass filters set at 20 kHz and 0.1

kHz, respectively.
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CHAPTER 3
MEASURING RESONANT FREQUENCY

3.1 FORCED VS. FREE VIBRATION

mass

Z 7=

Figure 3.1 Mass-spring-damper system.

The engine is analogous to the one-degree-of-Beedass-spring-damper
system elementary to system dynamics, shown inr€igLl [72]. The first-mode
resonant frequency of a mass-spring-damper systerbe determined in two ways. The
first method involves measuring the frequency raspof the mass to an oscillating
force. The second method involves measuring theation of the mass once it is
released from a position away from rest. For carerece the methods will be referred to
as the forced vibration method and the free vibrathethod.

3.1.1 Forced Vibration Method

Forced vibration, by definition, requires a sinasdiforce to physically drive the
displacement of the mass. The sinusoidal forcebeavaried by incrementally sweeping
a range of frequencies suspected to encompasedbeant mode. By varying the
frequency of the driving force and measuring theléaode of the vibration, a specific

frequency can be determined at which maximum digprent amplitude occurs. At this
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point the phase angle between the driving forcethadlisplacement will shift to 90°.

The driving frequency resulting in the maximum ation amplitude and a 90° phase lag
defines the first resonant mode of the systemureg3.2 (a) and (b) show the forced
mass-spring-damper system and its hypotheticabresspto a range of frequencies above

and below the resonant frequency.

F(t) = A4 sin(xt)

L

mass

Amplitude

Frequency

(a) Z (b)

Figure 3.2 (a) Forced vibration mass-spring-damper systedn(enfrequency response.

In regards to the engine, it may be possible twige forced vibration in one of
three ways. First, the generator membrane is dedifpr actuation with thermal energy
provided by the ring heater. However, the engsnemited to operate at rates at which
adequate heat transfer into and out of the engineoccur. As discussed in Chapter 1,
driving the engine at a large range of frequensie®mt possible, as the system cannot
reject pulsed heat fast enough without active ogoliForced vibration by thermal
actuation is therefore ruled out as a method terdehe the resonant frequency. An
alternative approach is to drive the engine toat®nant frequency by an external force.
An example might be a speaker in close proximittheoengine. The speaker could then

be driven to vibrate over a range of frequenciegwivould result in pressure waves

38



being transferred through the air and acting oretigine. However, the speaker would
need to have a wide band-gap operating at constaplitude. Initial tests with a decibel
meter showed that it would be difficult to achiemmstant amplitude from a speaker, as
the sound pressure varied significantly over tegudency ranges of interest. As a final
consideration to forced vibration, since the piézcteic effect is reversible, the
membrane generator itself can serve as a meagsu@a its own vibration, by applying
an AC voltage across its electrodes. Measuringrimbrane vibration amplitude to the
driving voltage will then allow an effective measfsdetermining the position of the
resonant frequency.
3.1.2 Free Vibration Method

Free vibration involves displacing the mass ofsteam some distance away from
rest and then releasing it to observe its respombeés response can also be observed by
displacement produced from an impact force on taesm In this case, the response is
often referred to as an “after-ringing” effectf slight damping is present, the free
vibration amplitude of the mass decays exponentidfigure 3.3 shows the response of a
mass-spring-damper system to an impact force. oShilation frequency of the mass

about its rest position is the first resonant mofiéhe system.
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Figure 3.3 Free vibration response to an impact force.

The free vibration of the engine can also be usqudvide resonant frequency
information. This can be done by applying an intipa¢he upper membrane and
observing its deflection response. The easiesttov@yovide a controlled impact to the
engine is by applying a very short heat pulse thinaine ring heater. A single heat pulse
will cause a pressure pulse in the cavity as vaporeated and condensed rapidly. The
“after-ringing” response of the upper membranetb@m be analyzed to provide the first
resonant mode of engine vibration.

3.1.3 Pursuing an Experimental Method

The forced vibration and free vibration methodsletfermining system resonant
frequency each have their advantages. The fontedton method provides information
about the vibrating characteristics of the engiver @ broad range of operating
frequencies both near the resonant frequency araay from it. The method also
allows for good precision in determining the resdrfeequency, because the precision is
largely limited by the size of the incremental fueqcy change. Near the resonant

frequency, very small increments will result inexy precise position of the resonant
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mode. Alternatively, the free-vibration method kggpa thermal pulse to the working
fluid resulting in a pressure spike within the emgcavity. Using heat to actuate the
upper membrane is akin to the final desired opamadf the engine, where heat is
transferred into and out of the engine. The fribeation experiment is also very quick,
as only one “after-ringing” response must be meatw determine the resonant
frequency. Due to the advantages of each metlath,rhethods were developed for

application to the P3 micro engine.

3.2 FORCED VIBRATION EXPERIMENT

Vibrometer | Vibrometer
SensorHead il — Controlier
Velocity
Amplitude
- »  Oscllloscope
fire Function Generator
Engine & Camer ————> || e F
. TR | ‘
Engine Stand — < Sine Signal fo Generator

Figure 3.4 Forced vibration experimental schematic.

The forced vibration experiment involved excitwigration of the generator
membrane through a function generator, and thersuneg the vibration amplitude with
a laser vibrometer. A schematic of the experinesgtup for forced-vibration is shown

in Figure 3.2.1. An engine was assembled wittaadsird 3 mm generator membrane,
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150um cavity thickness, a 500 mm bubble, anghbinitial static deflection. The initial
static deflection defines the out of plane deflatf the upper membrane after
assembly. The assembled engine was then plactiek aibrometer measuring stand
where the laser was aligned with the center ofylreerator membrane. Probes were then
attached to the carrier to contact the generagmtreldes. A function generator was
connected to the probes with the positive termboaltacting the gold upper electrode

and the negative connected through a probe tol#tieygm bottom electrode. A sine
function with 5V amplitude was applied to the gexter, and the peak-to-peak velocity

of the membrane was measured with the vibrometemextied to an oscilloscope. The
velocity amplitude was monitored while the frequen€the driving force was varied

from 2 kHz to 16 kHz in 0.1 kHz increments. Maximamplitude was measured at
around 10.1 kHz, specifying the resonant frequenidye experimental results are shown
in Figure 3.4. These results show that the fesbnant mode of an assembled engine can

be found by forced vibration provided by the getmranembrane.

42



—&— Forced Vibration Response

N
1

w
I

Vibration Amplitdue (V)
- N

o
I

O 2000 4000 6000 8000 10000 12000 14000 16000 18000
Frequency (Hz)

Figure 3.5 Frequency response of the forced vibration ofhan3 generator membrane
loaded in an engine with a 15@n cavity depth, 50fum bubble diameter, andpn
initial static deflection.
3.3 FREE VIBRATION EXPERIMENT

The free vibration response of the same enginerddgeneasured in the forced
vibration experiment to a heat pulse was measuset) the vibrometer. The vibrometer
laser was aligned and focused at the center 8 then generator membrane loaded in an
engine. An oscilloscope was used to monitor theometer velocity output. The
velocity decoder was set to measure velocity irdémge of 10 mm/s/V. A single pulse

was then sent to the heater by a manual trigggreopulse circuit. Through

experimentally successful measurements of an “aftging” effect, a standard voltage
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amplitude of 3 V with a 20Q1s pulse length was chosen for free vibration teats.
schematic for the experimental setup for free wibraof a membrane generator is shown
in Figure 3.6. The free vibration of the 3 mm gawer assembled in an engine with a
150um cavity depth, 50im bubble diameter, andpbn initial deflection is shown in
Figure 3.7. For comparison the free vibration oese of a 3 mm silicon membrane
assembled in an engine with the same configuragishown in Figure 3.8. A beating
frequency can be observed within the “after-ringiresponse of the 3 mm generator
engine, possibly signifying that the resonant fezgty of the generator membrane is near
that of the lower 2 mm heater membrane. Howebherptating effect is not apparent in
the “after ringing” response of the 3 mm Si memberangine, signifying that the
resonant frequency of the Si membrane is not medrof the lower 2 mm heater
membrane. This is best shown by considering regdrequencies of the 3 mm
generator, 3 mm Si membrane, and 2 mm heater mesbrdependently. The resonant
frequency of the 3 mm generator has been foune @bout 25.7 kHz in vacuum [73].
The theoretical resonant frequencies of the 3 mme3nbrane and 2 mm heater

membrane in a vacuum can be approximated thedigtican [74] as:

f,=1 2 3.1
2\ plL

with: fqq: first resonant mode of vibration

Oy. residual stress, 30 MPa
o : membrane material density, 2300 k/m

L: membrane side length
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The expected resonant frequencies of each membraneacuum are shown in Table
3.1. Since the resonant frequencies of the 3 mmargéor and 2 mm heater membrane in
vacuum are close, it is likely that when they avepted in the engine system a beating
frequency will occur. A beating effect will be teapparent at with the 3 mm Si

membrane because its resonant frequency is far ra@ythat of the 2 mm heater

membrane.
Membrane Resonant Frequency (kHz)
3 mm Generator [73] 25.7
3 mm Si Membrane 19.0
2 mm Heater Membrane 28.5

Table 3.1 Theoretical resonant frequencies of 3 mm gengratomm Si membrane, and
2 mm heater membrane in a vacuum.

The beating frequency makes it difficult to detarenthe resonant frequency
directly therefore a Fourier transform must be udedrforming a Fast Fourier Transform
(FFT) of the “after-ringing” response converts fréme time domain to the frequency
domain, providing frequency response informatidhe free-vibration experiment can
then be compared to the forced vibration experinf@mboth the engine assembled with a
generator and a membrane. The FFTs of the 3 mergiem and Si membrane engines
were performed using the built in Fourier analgsibroutine within Excel. The FFTs
were conducted following the method outlined irerefice [75]. One problem associated
with taking an FFT of the “after-ringing” responsehe resolution of the transform. The

resolution of the Fourier transform is given by saenpling frequency divided by the
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total number of samples. The total number of sasplust be equivalent &d', where n

is a positive integer. For the 3 mm generatormaghe oscilloscope provided time
resolution at 1 x I®seconds, or a sampling frequency of 1 MHz. Beedus sampling
period was only 2.5 x T0seconds, providing 2048 data points, the Foursgrsform
resolution is only 488 Hz. In contrast, the reg®oaf the 3mm Si membrane engine was
measured over a longer duration resulting in aue@egy resolution of 122 Hz.

Comparing the FFTs of the “after-ringing” respontethe forced vibration response in
Figure 3.9 shows that the same resonant peaksecabderved for the 3 mm generator
engine. However, the FFT does not provide adeqeatdution for locating the peak
amplitude due to the small time duration consider&de resonant frequency of the 3

mm Si membrane engine is much less at around 2z5 kH

bl Vibrometer
Sensor H
e e i‘ Controller
Power —
Su
S Amplitude
Of 14 »|  Oscilloscope
Function 1 _1
Generator o | b e— Engine & Carrer
L, TIL Circuit T— Engine Stand

Figure 3.6 Schematic of free vibration experimental setup.
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Figure 3.7: Free vibration “after-ringing” of engine with 3rmgenerator, 15Qm cavity
depth, 50Qum bubble diameter, andn initial static deflection.
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Figure 3.8 Free vibration “after-ringing” of engine with 3mSi Membrane, 15Am
cavity depth, 500 mm bubble diameter, and 5 mnmirstatic deflection.
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Figure 3.9 Comparison between forced vibration of engindn8itmm generator and
free vibration of engines assembled with 3 mm gaieerand 3 mm Si membrane.

In order to make an additional attempt of the frigeation experiment with out
large effects from beating frequencies, the generaembrane was replaced with a 4
mm bare silicon membrane. This was done to funbeuce the upper membrane
resonant frequency to a point at which the bedtimguency would not occur. Using a
bare membrane has the added advantages of eatsoal apcess, less fabrication

processes, and a lower residual stress.
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A free vibration experiment was performed on aneagssembled with a 4 mm,
2.2 um thick bare silicon membrane, 150 mm cavity deatid 1170 mm bubble
diameter. The free vibration response to the pelse is shown in Figure 3.10 with the
beating frequency successfully eliminated. Oneeviilocity “after-ringing” was
available, the time and amplitude data were implbitean Excel spreadsheet. The data
was cropped to remove the initial zero velocityditon. The cut off position is shown
as the dashed line in Figure 3.10. The croppeal\das then exported into a SigmaPlot
spreadsheet, where it was plotted with a two-dinoeas scatter plot, with time on the x-
axis and voltage amplitude from the vibrometertmny-axis. A curve fit was then
performed through a SigmaPIlot curve-fit utility ®#-parameter damped sinusoid. The

equation for the generated curve, of the form:
y=al®e ¢ sin(ZTm+cj 3.2

provided resonant frequency information for thefudbration engine, defined in Hz as
the inverse of the coefficient b. Figure 3.11 sk@axcurve-fit and equation for the “after-

ringing” response shown earlier in Figure 3.10.
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In order to test the repeatability of the free ation test, a single assembled
engine was tested ten times. The engine configmratas a 2.2um thick silicon upper
membrane with a 4 mm side length. The cavity théds was set at 1%0n by using two
layers of semiconductor tape. The bubble sizemeasured after the measurement set at
1170um. The lower membrane consisted of a 2 mm memhwéhea 1.8 mm ring
heater. A single pulse with amplitude of 3 V ahwlation of 20Qus was applied across
the 1.4 resistance heater with the pulse circuit. Théetafinging” response was
measured with the laser vibrometer for ten mamiggérs over 210 seconds. The
resonant frequency was then extracted from a Sigpha@rve fit for a damped-
sinusoidal. The mean of resonant frequencies medsvas 2037 Hz. Student t
distribution for a 95% confidence interval put tiepeatability of the free vibration
measurement of the resonant frequency at + 8.6¢%uré3.12 shows the variance

observed in 10 free vibration tests of a singleirng
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Figure 3.12 Repeatability of engine resonant frequency messhy free vibration
method.
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CHAPTER 4
ENGINE PARAMETRIC STUDY

4.1 ENGINE PARAMETERS

Generator PF-5060 Fluld

Semiconductor
Heater / Al Bubble Tape Gasket

Figure 4.1 Schematic of engine [76].

The goal of the parametric study of engine resofraguency was to determine
experimentally how individual engine componentgetfthe resonant operation of a
single engine. Engine parameters can then betagador the operating frequency of an
engine to specific requirements, possibly deterohimglimited heat rejection rates,
power requirements, or geometry constraints.

Engine parameters chosen for this study were detedrargely from the
components of the engine that were readily adjlstaind then from literature showing
which components would most likely influence theamant frequency. In its basic form,
the engine consists of a membrane, a two-phagskfilied cavity, and a heater
membrane, shown in Figure 4.1. It was readily agmiathat the parameters providing
the greatest adjustability were the membrane Hiegljquid/vapor ratio of the working

fluid, and finally, the cavity thickness. The fié¢ure also showed that each individual
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parameter could have an influence on the resonaqtiéncy of similar membrane [40],
membrane-fluid coupled [48], and membrane-fluidisasoupled [35,58,67] systems.

For each stage of this study a fr8 thick bare silicon membrane was used in
place of the membrane generator. The bare siiwembrane provided optical access to
measure the diameter of the liquid-vapor interfagiso, since the cross-section of the
membrane generator is not uniform, as shown inreigw2, the bare membrane provided
a means to change the membrane size without perfgrarigorous analysis to
determine the appropriate coverage area. Anotherdage to using the bare membrane
was that it required fewer processing steps andteskin decreased fabrication turn-

around time, cost, processing inconsistencies)amer residual stress.

2.2 um

(S.Sum l/
a __-F-__ b T

Figure 4.2 (a) Generator cross-section and (b) Silicon maméicross-section.

4.2 EXPERIMENTAL PROCEDURE

The experimental procedure for measuring the @@soinequency of any engine
configuration is basically the same, independenésif parameters. The free vibration
method developed in Chapter 2 was used for alligordtions. The only differences
between varying engine configurations were the comepts used in assembly. For
clarity, a schematic of the free vibration expenie shown in Figure 4.3. Once an
engine was assembled in its carrier, it was placed stand, centered under the laser

vibrometer sensor head. Probes were then placsshiiact with the heater electrodes
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and connected to the pulse circuit. The vibromleiggr shutter was then opened and a
check was performed to ensure the laser was cenberéhe membrane, and a maximum
signal read by the vibrometer controller was digpth Next, the pulse circuit was
manually triggered by the AFG to provide a 3 V, 28Cheat pulse across the resistance
ring heater. At the same time, an oscilloscopetwggered by the AFG signal to begin
recording the velocity output from the laser vibeier. The oscilloscope trigger was set
on “normal” mode to record and save a single “afitleging” response. Finally, the
upper membrane static deflection and engine butibéewere measured using the
interferometer equipment.

Following the experiment, the response data afidd®n and bubble size were
imported into an Excel Spreadsheet. Data analyassperformed using a curve-fit in

SigmaPlot to arrive at the resonant frequency efsiiecific engine configuration.

Jrmeter Vibrometer
Sensor H
S G Controller
Power Velochy
Su oC
boly Amplitude
O] |4 J|  Oscilloscope
Function l —1
Generator o | b — Engine & Carrer
L, TIL Circuit T Engine Stand

Figure 4.3 Free vibration experiment schematic.
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4.3 MEMBRANE GEOMETRY
It was hypothesized that membrane size would bdaege effect on the resonant
frequency of the engine. The first resonant madexfsquare membrane in a vacuum

vibrating in the linear regime is given by referern¢4] as:

1 [20,

Pt 4.1

with: fqq: first resonant mode of vibration
Oy. residual stress
p : membrane material density

L: membrane side length

Since the side length contributes to the denominatoincrease in side length will result
in a decrease in resonant frequency. The sameé sfieuld be observed in engine
assemblies.
4.3.1 Membrane Size Experiment

The experiment consisted of testing engines adeelmith upper membrane side
lengths of 3 mm, 4 mm, 6 mm, and 8 mm. Additiamdte masks to define membrane
size were designed and are shown in Figure 4.4ande 4.5. Figure 4.6 shows the
relative sizes of the fabricated membranes. Theabhmembrane sizes were 3.09 mm,
4.10 mm, 6.10 mm, and 8.10 mm, as measured upopletan of fabrication. The
engine cavity thickness was held constant atli0 The cavity planar dimensions were
scaled with the membrane sizes as shown in Figure®he difficulty in reproducing

exact bubble diameters, which defined the fluidbrajatio, required multiple engines to
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be assembled and tested for each membrane sidé.lefgn engines were tested at the 3
mm membrane size, and twenty engines were testéé 4tmm membrane size.
Membranes larger than 4 mm were difficult to seshg the acrylic carrier and
semiconductor tape gasket. Although a large amoiueffort was put into alternative
methods of sealing, a solution could not be foumtine to produce a large sample size
of larger engines for this study. If fact, onlx sesonant frequency measurements were
made for a 6 mm engine and only two for an 8 mmrengHowever, these
measurements will be included in the final reswdtsthere is reasonable confidence that
their measured resonant frequencies will, at tast|ejualitatively show the influence of

larger upper membrane size on the resonant fregusribe engine.

4mm Oxide Mask
. J

Figure 4.4 Oxide masks for 4 mm silicon membranes.
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Figure 4.5 Oxide masks for 6 mm and 7 and 8 mm silicon meamébs.
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Figure 4.6 Relative sizes of (a) 3 mm (b) 4 mm (c) 6 mm éhd8 mm silicon
membranes.

L+ 1mm

Cavity

{ Depth

T

2 mm

Figure 4.7 Semiconductor tape gasket defining the enginéycawaled with the
membrane side length.
4.3.2 Membrane Size Results

The results of a change in membrane side lengtstaswn in Figure 4.8. As
hypothesized, the plot shows an exponential deeneagsonant frequency with an
increase in membrane side length. The error laregpond to a 95% confidence

interval of all engines tested, determined for alssample size Student-t statistical
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analysis [77]. The error within each data poinnisst likely a result of varying
membrane deflections and bubble diameters. No bens are displayed for the 8 mm
membrane side length as only two engines weredeséeh with a resonant frequency of

416 Hz.
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Figure 4.8 Engine resonant frequency as a function of menwside length.

4.4 BUBBLE DIAMETER

The effect of the fluid/vapor ratio was determirgdestablishing the bubble
diameter of the engine as the parameter of intetesias been shown in references [48]
and [49] that the resonant frequency of a strudtufliid decreases as the fluid density

increases, due to added inertia. Therefore, asuhble size decreases, the fluid in
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contact with the membrane would increase, causing@aease in the effective density of
the fluid in contact with the membrane. This worddult in an expected decrease in

engine resonant frequency as the bubble diameteeakses.

4.4.1 Bubble Size Experiment

— 4 mm —»

Bubble
Diameter

; . _'C75pm
|<—2mm—>| ot

Figure 4.9 Bubble diameter parameter.

Twenty engines were tested with varying bubble d#mnbased on assembly.
Membrane size and cavity thickness were held cahstad mm and 7fm, respectively.
A schematic of the test engine is shown in Figuée &igure 4.10 shows three different
bubble diameters assembled in engines. The engiesassembled, and then the
resonant frequency was determined using the stdricse-vibration test. Bubble size
and membrane deflection were measured within ometiof testing.

The bubble diameter was measured uSlogn Image for Windowslease Beta
4.0.2. The outside diameter of the ring heated80um was used as a reference scale
to determine the actual bubble size. The numben@is across the diameter of the

outside tip of the bubble meniscus was measuredmwit/- 10 pixels. This corresponds
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to an error of +/- 2(um, based on an average scale valuejghZoer pixel. Bubble sizes
based on assembly varied from 4730 um to 1800t 20um. The average engine

deflection was @um with a standard deviation ofp@n.

700 Lun 1100um 1.5001m

Figure 4.1Q Large, medium, and small bubbles assembled imesagvith bubble
diameters shown.
4.4.2 Bubble Size Results

Resonant frequency was shown to decrease as bidehidiameter decreased.
Figure 4.11 shows the resonant frequency of mel@gisemblies of 4 mm engines with
75 um cavity depth and varying bubble diameters. Trinerdoars specify the
repeatability of the free-vibration test as spedfin Chapter 2. A 95% confidence
interval was also determined for the experimenpésforming a prediction interval
statistical analysis within SigmaPlot. The predictinterval specifies the 95%
confidence interval for the population. The maxmand minimum bubble diameters
resulted in resonant frequencies of 1110 Hz and® 1843 respectively. This results in

only an 8.2 % change in resonant frequency with% ihcrease in bubble diameter. The
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repeatability of the free vibration test used wasve to be +/- 8.6 %. This allows
guestion to the reliability of controlling resondrequency with bubble diameter.
This result supports the hypothesis that added eféssts occur due to the liquid in

contact with the membrane.
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Figure 4.11 Resonant frequency of a 4 mm engines with 75 awtydepth at varying
bubble diameters.

63



4.5 CAVITY DEPTH

4 mm

Cavity

‘ Varies \ Depth

/_ —

—ah

Figure 4.12 Engine cavity depth parameter.

Semiconductor
Tape Gasket

The third and final parameter that was of intevess the effect of engine cavity
depth on resonant frequency, shown in Figure 4Tl literature also showed that
structures vibrating in a non-compressible fluidma solid wall exhibited an increase in
effective mass as the distance between the steuahd the solid wall decreased [58,67].
This phenomena leads to the hypothesis that a ehargavity depth will result in a shift
in resonant frequency, due to a shift in the eifeatnass of the engine. Specifically, a
decrease in cavity depth should result in an irsraéa the effective mass and a decrease

in resonant frequency.

4.5.1 Experimental Methods

Measuring the free vibration response of enginés various cavity depths while
keeping the membrane size constant allowed thetedfecavity depth on resonant
frequency to be observed. The upper and lower memels in this experiment consisted

of a 4 mm bare silicon upper membrane and a 2 nratehenembrane. The bubble size
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was difficult to control so again multiple enginesre tested at each cavity depth with
bubble sizes determined by assembly. Three cdefpyhs were tested: n, 150um,
and 225um. The depth was controlled by adding multiplestayof 75um thick
semiconductor tape to make up the cavity gaskethis manner, a 225m cavity depth
was created using 3-layers of semiconductor tafjon assembly, the engines were
aligned with the vibrometer, and a 20, 3 V heat-pulse was applied to the resistance
heater, resulting in an “after-ringing” responsehe vibration amplitude of the upper
membrane. The bubble size and static deflectiae weasured within one minute of the
free-vibration test. Resonant frequency was deterdhby fitting a curve to the free-
vibration velocity response to the heat pulse.
4.5.2 Cavity Depth Results

Assembling engines at multiple cavity depths prowede increasingly
challenging as the cavity depth increased. Theptessibility of the semiconductor tape
gasket had a more dramatic effect as more layers woduced. The compression of
the gasket under normal clamping conditions necg$saa proper seal resulted in
increased membrane deflection as the cavity volsilgatly decreased. Four-millimeter
engines assembled with a single layer of 75 mmaamluctor tape had an average static
deflection of only gum, with a 95% confidence ofidm. Engines assembled with two
and three layers of semiconductor tape had an geetatic deflection of 12m and 18
pm with confidence of im and 1Qum, respectively. The effect of the increased
membrane deflection would result in an artificigligh resonant frequency measurement
as the tension in the membrane increased. Siecgtdltic deflections at each cavity

depth overlap, the magnitude of the resonant frecquecrease due to the increased
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membrane tension was not considered upon revigesolts. The effects of cavity depth
on resonant frequency appeared to dominate oveclzmyges in membrane tension.
Resonant frequency was shown to decrease witbraake in cavity thickness.
Figure 4.13 shows the resonant frequency of theetengine configurations tested.
These results show that a decrease in cavity thgkbehaved like the similar system of
structures vibrating in liquids near a solid walldied by [67] and [58]. In each of these
systems, the effective mass of the vibrating stimeést increased as the depth decreased.
In the present study, it is evident that decreatheghickness results in an increase of the

total effective mass of the engine system, andceedse in resonant frequency.
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Figure 4.13 Effect of cavity depth on resonant frequency widinying bubble diameters.
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CHAPTER 5
ADDED VIRTUAL MASS INCREMENTAL FACTOR MODEL
5.1 AVMI METHOD
Lord Rayleigh showed that the resonant frequen@/\abrating plate in a
vacuum could be calculated based on the ratioeoptitential energy of the plate to the

kinetic energy of the plate in such a way that:
af = Ye 5.1
TP

wherew is the first resonant mode in rad/seg,i$)the plate potential energy angli¥

the plates kinetic energ®9]. If the plate is placed in contact with a fl@dlecrease in
resonant frequency is observed. If it is assurhatthe fluid effects do not generate a
change in the shape of the plate or its stiffndggspotential energy of the plate in fluid
and vacuum remains constant. The ratio of resdneauiency of the plate in fluid to that

in a vacuum then becomes:

£ 5.2

YN
_|
+
i

whereT; is the added kinetic energy due to the contriloutibthe fluids inertia [LAMB].
Therefore, the effect of adding fluid to the sysisrto increase the system inertia by the
ratio (T, + Ty)/Tp, or 1 + B, whereg, the ratio of the fluid kinetic energy to the plat
kinetic energy, is commonly referred to as the ddddual mass incremental (AVMI)
factor [49]. The resonant frequency of the platéluid is then related to that in a

vacuum by:

5.3




For fully clamped boundary conditions of a circybdate with one surface in contact with

fluid, S becomes:

B=06689°12 5.4
Py h

wherep is the fluid densityp, is the plate density is the plate radius, ardis the plate
thickness [48]. The coefficient 0.6689 is a consthat accommodates for the mode
shape and clamping conditions among other possilikde effects and is often called
the non-dimensional added virtual mass incremghtalMI) factor denoted by [49].
Kwak also expanded the use of the AVMI method ¢reular membrane in contact with
fluid under various clamping conditions resultimgai change only to the constan{50].
Later, Kwak studied the effect of fluid depth otha resonant frequency of a circular
plate in contact with fluid, again finding that tA% M|l method could hold with only a
change i to account for changes in fluid depth proporticoahe plate radius [67]. It

should stand to reason then, thas independent of the fluid density.
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5.2 APPLICATION TO ENGINE

Extrapolating this method to the P3 Engine mayigi®a method in which the
effect of engine parameters on first mode resoftagtiency can be explored. If for the
engine we takgto be a function of independent separable termsm#ent on bubble

radius and cavity thickness, respectively, thémitls that:

B=a(ry)T(t) 5.5
and equation 5.3 becomes:
1
w;, = 5.6
A e T

whererg andt are the bubble radius and cavity thickness, res@dy.

Then,

P a
a(ry) =—— 57
()= 22

p
wherea must be a function of the bubble radius. Sineeathgine is a fluid system in is
appropriate to define a as the hydraulic radiusmivy the ratio of fluid area in contact
with the membrane to the wetted perimeter of thenbrane. The relation for alpha to
account for how the bubble diameter influencesmasbfrequency is then given in its
final form as:

L* -T2
% 4L

a(rB)z_ h

p

5.8

where L is the membrane side length. Figure Solvshalpha plotted as a function of

bubble diameter for a 4 mm square membrane loadad engine.
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Figure 5.1 Non-dimensional parametaras a function of bubble diameter for 4 mm
Engine.

Nextl" must be expressed as a function of cavity thicknEss inherently a
function of clamping conditions, mode shape, cathtgkness, and other secondary
effects. ' can be determined experimentally, by measuringgkenant frequency of a
membrane coupled in engines with varying cavitgkhess and known bubble diameters.
The resonant frequency of the membrane in a vaaambe calculated using equation
5.9 given by [74] as:

1 [200,

f. == 5.9
11 2 p[l_z

with: fqiq: first resonant mode of vibration
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Op: residual stress
£ : membrane material density

L: membrane side length

The calculated first mode resonant frequenciescbaseequation 5.9, withp = 35 MPa,
o= 2.3 g/lcn and varying membrane side length are shown inrEi§2. The only

unknown in equation 5.6 is noWw which can be determined using the known values.
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Figure 5.2 Theoretical resonant frequency of silicon membsawith various side
lengths in a vacuum.
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Figure 5.3 Experimental measurement of resonant frequeneyfasction of bubble
diameter for 4 mm engines with cavity depths oft@s 150pum, and 225um.

An experiment was carried out within the paramedticy outlined in Chapter 4
in order to determine the effect of cavity thickmes resonant frequency. 4 mm
membranes were loaded in engines with cavity ti@skrof 75, 150, and 226n. The
bubble diameter for each engine configuration veaslom, therefore, multiple resonant
frequency measurements were made for each configni@nd bubble diameters were
measured. Figure 5.3 shows the resonant frequeregch configuration versus bubble
diameter. Measured resonant frequencies in themenigubble diameters, and a
calculated resonant frequency in vacuum of 28.9 kiHthe 4 mm membrane, were then

used in conjunction with Equation 5.6 to solvelfaat each engine thicknesk.was then
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averaged at each thickness, and the results ategla Figure 5.4 with error bars
signifying a 95% confidence interval. An exponahturve fit was then used to

extrapolate the effects of other variations in tathickness.
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Figure 5.4 AVMI factor I' as a function of cavity depth with exponentialveufit.

The curves generated forandl” were then used to determine the first resonant
mode of a 4 mm engine for specific bubble diametesvarying cavity thickness.
Trend lines were produced for the three engineigardtions tested over a larger range
of bubble diameters. As can be seen in Figuretbeb¢curves generated using the AVMI
approach fit the data well. Differences are mdslyi due to engine assembly errors, as

the initial deflection of membranes is difficult¢ontrol. Also, as shown in the

73



parametric study of bubble size, there was smatkimise in resonant frequency as bubble
diameter increased due to the area of membramantact with fluid. However, there is
a much more dramatic effect on resonant frequeneyta cavity depth, as shown by the

model and experiment.

3000
A —_—
25004 S - _
A 4 -
A Y
< 2000 A ___dx—xntf? A )
I AT
@ s My
Q B Y B -
€ 1500 4 o J— g . . . .
c /HW/’_?//‘/
)
)
o)
X 1000 A .
—— AVMI Model 75 mm Cavity
""""" AVMI Model 150 pm Cavity
———AVMI Model 225 um Cavity
200 1 ® 75 pum Cavity
® 150 pm Cavity
A 225pum Cavity
0 , : . .

0 500 1000 1500 2000

Bubble Diameter (um)

Figure 5.5 AVMI Model fit for resonant frequency approximati with experimental

data of 4 mm engines with cavity depths ofuirs, 150um, and 225%m and varying
bubble diameter.

In order to test the ability of the model to eptkate the resonant frequencies of
other engine configurations, it was used to deteentine resonant frequency of various
engines loaded with various size membranes. Emu&t6 was used in conjunction with
calculated values of membrane resonant frequenayacuum, shown in Figure 5@,

values were calculated for each membrane sizeaxange of bubble diameters from
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Equation 5.8, and values were extrapolated from Figure 5.3, basea cawvity

thickness of 15Qum. Two bubble sizes were considered, of i60and 200@um, in

order to bound the range of bubble diameters tylgisaen in engines. Figure 5.6, shows
the model result compared with experimental datédhfe mean resonant frequency for a
3 mm, 4 mm, 6 mm, and 8 mm upper membrane loadad angine. Inconsistencies in
the model are most likely the result of varyingialidefections and a limited sample size
for larger membranes. The model fits the expertadeneasurements quite well and can
therefore be used as a design tool for creatinghesgvith specific resonant frequency
requirements. For convenience, equations usedtérdine engine resonance are

compiled in Table 5.1.
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Figure 5.6 AVMI Model fit for resonant frequency approximai of 3 mm, 4 mm, 6

mm and 8 mm engines with 15@n cavity depth for 500 mm and 2000 mm bubble
diameters.
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Resonant frequency
of engine in Hz

f

engine —

1

= f
vacuum m

Resonant frequency
of membrane in a
vacuum in Hz

f

1 [2m,

vacuum 2 ﬁ

Membrane
residual stress

Oo.

Membrane
Density

Pm.

L : Membrane side

length
P fluid - Fluid
Density
Membrane size and L* - ﬂﬂ; . - Bubble
bubble diameter B- 2
contribution to O’(I’B) — P 4L Diameter
added mass m h h: Membrane
Thickness
Cavity depth
contribution to [ =0.0278+ 0.901 9@ %098 |+t: Cavity depth
added mass

Typical Values of
Constants

Oo:. 35 MPa (Bare Si Membrane)
Om: 2328 kg/m (Si)
Piuid . 1680 kg/ m (PF-5060)

h: 2.2um

Table 5.1 AVMI Model equations and variables.
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The AVMI model presented was further extrapoldatedrovide the necessary
engine configurations to yield a desired resonatuency. Equation 5.6 was used with
the left hand side set to 500 Hz. Material prapsrand bubble size were held constant
resulting in only two unknowns — the membrane $agth and the NAVMI parameter,
. The membrane thickness, residual stress andtgl@rese held constant at 2.2mm, 35
MPa, and 2328 kg/m3, respectively. The bubble diamwas held constant at 100@.
The membrane side length was used as the indeperat@ble and incrementally varied
from 3 mm to 20 mm, allowing for an approximatidno If it is assumed thdt follows
the curve fit in Figure 5.4, the cavity depth fach membrane size can be determined.
Figure 5.7 shows the expected membrane side lemgtitavity depth configurations
required to achieve a 500 Hz resonant operatinditon. The plot shows that
membranes assembled in engines must have sidésemiggater than 5 mm for a resonant
frequency of 500 Hz. At 6 mm a 1&n cavity depth would be required which is not
practical for engine fabrication. Therefore, ama bare silicon upper membrane is the
smallest side length that will operate at 500 Hang a single layer of 7Bm thick

semiconductor tape to define the engine cavity.
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CHAPTER 6
CONCLUSIONS AND RECOMENDATIONS
6.1 MEASURING RESONANT FREQUENCY

It has been demonstrated that the first resonaterof vibration for the P3 micro
engine can be measured using either a forced-iobratethod or a free-vibration
method. The forced vibration method involves meaguthe vibration amplitude of a
generator membrane loaded in an engine as a foltr@ggency is applied through the
piezoelectric effect of the generator. By meagytire frequency response to a range of
frequencies from 2 kHz to 16 kHz, an engine withram generator membrane, 150 mm
cavity depth, and a 50@m bubble diameter was shown to have a resonanidrery of
10.1 kHz.

A free-vibration method was also developed to mieitge the first resonant mode
of the engine. This method involved applying angact” force to the engine in order
measure the “after-ringing” response of the membganerator. The resonant frequency
was then found by fitting a damped sinusoidal fiomcto the “after-ringing” response.
The free vibration response of an engine assemiatbda 3 mm generator, 150 mm
cavity depth, and a 50@m bubble diameter showed a beating effect moslylitee
interfering resonant frequency effects from thettlemembrane. However, an FFT of
the “after-ringing” response showed that the frigation test could duplicate the forced
vibration experiment. In order to eliminate thetieg effect an alternate engine
configuration was used. This showed that an engittea silicon membrane of 4 mm

side length and 2.2m thickness, assembled with a 150 mm cavity depthea 1170
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mm bubble diameter had a resonant frequency of Bl23without noticeable beating.

The repeatability of the free vibration test irsthbnfiguration was found to be + 8.6%.

6.2 RESONANT FREQUENCY PARAMETRIC STUDY

Three engine parameters were chosen for theiHd@d to influence engine
resonant frequency. Namely, the membrane sidaHefigid/vapor ratio as defined by
the bubble size, and cavity depth were investigated

Membrane sizes of 3 mm, 4 mm, 6 mm, and 8 mm wadyedated and assembled
in engines. As hypothesized, the resonant frequdrapped as membrane side length
increased. Engines assembled with 3 mm silicon Ionenes, 15@um cavity depth, and
varying bubble size had an average resonant fregquefr?550 Hz. Engines assembled
with the same cavity depth and membrane side ler@ftd mm, 6 mm, and 8 mm had
average resonant frequencies of 1615 Hz, 742 Hk446 Hz, respectively. These,
results show that tailoring the membrane side lefmtthe specific operating frequency
requirements of the engine can effectively corttielresonant frequency of the engine to
frequencies below 500 Hz.

Bubble diameter was shown to have a small effe¢chemesonant frequency of
the engine. Engines assembled with a 4 mm sileembrane, 7pm cavity depth, and
varying bubble diameter had resonant frequenciggsngafrom 1110 Hz to 1330 Hz.
This showed only *+ 8.2% maximum control from a me&©208 Hz for bubble
diameters ranging from 44{8n to 1500um. Because the range of control in bubble

diameter is on order with the repeatability errbthe free vibration test, at 8.6%, there is

80



guestion as to what degree the bubble diametebearsed to perform even small tuning
of resonant frequency in the engine.

Three engine cavity depths at [f&, 150um, and 22%um for engines assembled
with 4 mm silicon membranes and varying bubble @&#&mn An increase in resonant
frequency was seen as the cavity depth was inaeadee mean resonant frequencies
with 95% confidence for the 4&m, 150um, and 225um cavity depths were 1206 + 206
Hz, 1615 + 154 Hz, and 2081 £ 291 Hz, respectivéljese results show that cavity

depth is an effective means of controlling enge®onant frequency.

6.3 AVMI MODEL

The AVMI model was developed in an attempt to difiathe effects of
membrane size, bubble diameter, and cavity thickassvirtual mass additions to the
relative membrane vibrating in a vacuum. The magelrates under the principle that
the resonant frequency in a fluid can be relatatieéaesonant frequency in a vacuum by
a ratio of each systems kinetic energy. The adinatic energy of the fluid-membrane
coupling is extremely difficult to solve computatally, therefore the added virtual mass
ratio was determined experimentally in two stadgéisst, the effect of the bubble size
was calculated based on the quantity of liquidantact with the membrane. Then, the
effect of the cavity depth was solved from expentse The cavity depth and bubble
diameters effects on resonant frequency were shownat independently. Results
showed that the AVMI parameters dependent on butibleeter and cavity thickness
could be used to predict the resonant frequenesyabus engine configurations,

including changes in membrane size, cavity deptt,kaibble diameter. Also, the model
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was used to predict the geometry of engine cordigums capable of achieving a 500 Hz

operating resonant frequency frequency.

6.4 RECOMENDATIONS

One of the most promising methods of controlliaganant frequency was shown
to be the membrane side length. However, the ggeabhallenge in testing membranes
over 4 mm was the inability to achieve an adegseé&d. Other sealing methods have
been attempted including SU-8 resist, various taged silicone rubber with limited
success. Also, it has been noted that clampinditons seem to have a dramatic impact
on sealing, because the current carriers in use malfficult to ensure parallel clamping
necessary for a good seal. Therefore there ar@aits that may be taken to ensure
sealing for large membranes. First, an appropgagket material, gasket geometry, or
alternative engine fabrication process must be eyaul to develop a sealed cavity. The
second possibility is to improve the carrier clangpmethod to ensure parallel clamping.

Once a method has been developed to provide atdesg@ing, a large
membrane (~7 mm) with a reasonably small cavitgkifess (~7%m) should allow for
operation of the engine at a resonant frequency5@aHz. The engine should then be
able to run continuously, albeit at a limited capadue to insufficient heat rejection.
The next logical step is to integrate active caplih the engine to allow continuous
operation and definition of a working thermodynamycle. Once a cycle is achieved,
the membrane geometry and engine parameters shewptimized in order to provide

sufficient inertia for the compression and expamsiwokes, as well as overall efficiency.
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While the method for active cooling is under depahent a study should be run
to quantify the mechanical losses within the engibesses within the engine are
suspected to be primarily a result of damping duihe fluid viscosity contributions. A
free-vibration test can be used to measure systanpihg, and an energy balance can be
used to determine the system loss during free-tidora In order to do this effectively, an
assembly method must be developed to have bettetotover engine parameters. Most
notably, the initial static deflection of the uppeembrane must be consistently
controlled to a minimum. Also, a method must beatigped to accurately control the
fluid/vapor ratio. Once engine losses are quatjfa study should be done to optimize
the specific operating resonant frequency resulfirthe lowest possible mechanical
losses.

The parameters investigated within this researetevshown to primarily control
the overall mass of the engine system. An additiparameter should also be
investigated to determine the effect of systenfrgds by controlling the membrane
residual stress. This can be accomplished byiradténe membrane material, processing,

or additional layers to control the composite sgfs.

83



10.

11.

12.

REFERENCES

C. Grosjean, X. Yang, Y. Tai, “A Practical Thermepmatic Valve”,
Proceedings of the AEEE International Conference on Micro Electro
Mechanical System447-152 (1999).

X. Yang, C. Grosjean, Y-C. Tai, C-M. Ho, “A MEMS &mopneumatic Silicone
Membrane Valve”, Proceedings of the IEEE Micro Eedechanical Systems
(MEMS), 114-118 (1997).

C. Grosjean, Y.C. Tai, “A Thermopneumatic Perigtdilicropump”,
Proceedings of the International Conference onds8liate Sensors and
Actuators 1776-1779 (1999).

O.C. Jeong, S.S. Yang, “Fabrication and Test di@mopneumatic Micropump
with a Corrugated p+ DiaphragnBensors and Actuato838, 249-255 (2000).

F.C.M. Van De Pol, H.T.G Van Lintel, M. Elwenspodi.J Fluitman, “A
Thermopneumatic Micropump Based on Micro-enginggfiachniques”’Sensors
and Actuators 21-23 198-202 (1990).

M. Carmona, S. Marco, J. Samitier, J.R. Morantgyri@mic Simulations of
Micropumps”,Journal of Micromechanics and Microengineergl28-130
(1996).

M. Carmona, S. Marco, J. Samitier, “Modeling theefirhal Actuation in a
Thermo-Pneumatic Micropumpdpurnal of Electronic Packaging25 527-530
(2003).

C.D. Richards, D.F. Bahr, R.F. Richards, “A Micreai Engine for MEMS
Power”,American Society of Mechanical Engineers, FluidgiBeering Division
(Publication) FED 258 501-509 (2002).

J. McEntee, L. Bowman, “Oscillating DiaphragmBtoceedings of the
International Conference on Modeling and SimulatdMicrosystemg, 597-
600 (1999).

S. Kang, S. Tsai, H. Chen, “Fabrication and Te®RRadial Grooved Micro Heat
Pipes”,Applied Thermal Engineering2, 1559-1568 (2002).

P.D. Dunn, D.A. Reay, Heat Pipd¥rgamon, Oxford, 4-5 (1994).
B. Marland, D. Bugby, C. Stouffer, “Development aresting of Advanced

Cryogenic Thermal Switch Concepts”, ProceedinghefSpace Technology and
Applications International Forum, 837-846 (2000).

84



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

A.O. Christensen, J.P. Jacob, C.D. Richards, DakrBR.G. Richards,
“Fabrication and Characterization of a Liquid-Mdticro-Droplet Thermal
Switch”, Proceedings of Transducers’0Baper No. AM069, Boston, (2003).

C.D Richards, D.F. Bahr, C.-G. Xu, R.F. Richardd EMS Power: The P
System”,Proceedings of the Intersociety Energy Conversiogifeering
Conference?, 803-814 (2001).

S. Whalen, M. Thompson, D.F. Bahr, C.D. Richard§, Richards, “Design,
Fabrication, and Testing of thé Micro Heat Engine”Sensors and Actuators A
104, 290-298 (2003).

L.S. Pan, T.Y. Ng, X.H. Wu, H.P. Lee, “Analysis\¢alveless Micropumps with
Inertial Effects”,Journal of Micromechanics and Microengineerihg 390-399
(2003).

A. Ullmann, I. Fono, “The Piezoelectric Valve-Ld3smp — Improved Dynamic
Model”, Journal of Microelectromechanical Systeiris 655-664 (2002).

J-H. Park, K. Yoshida, S. Yokota, “Resonantly DnivRiezoelectric Micropump
Fabrication of a Micropump Having High Power DeyisiMechatronic<, 687-
702 (1999).

A. Caronti, G. Caliano, A. lula, M. Pappalardo, “Aacurate Model for
Capacitive Micromachined Ultrasonic TransducelSEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Con#8] 159-168 (2002).

J, Hietanen, Capacitive Ultrasonic TransducersirT@ameters and Testing
Acta Scandinavica, Applied Physics Series No. 29sinki (1999).

S.T. Hansen, A. Turo, F.L. Degertekin, B.T. Khukab, “Characterization of
Capacitive Micromachined Ultrasonic TransduceraimUsing Optical
Measurements'Proceedings of the IEEE Ultrasonics Symposiaay-950
(2000).

E. Defay, C. Millon, C. Malhaire, D. Barbier, “PZThin Films Integration for
the Realisation of a High Sensitivity Pressure isemsor Based on a Vibrating
Membrane” Sensors and Actuators9®, 64-67 (2002).

G. Caliano, N. Lamberti, A. lula, M. Pappalardo, Pdezoelectric Bimorph Static
Pressure Sensor3ensors and Actuators4%-47 176-178 (1995).

R.L. Bardell, N.R. Sharma, F.K. Forster, M.A. Afromitz, R.J. Penney,
“Designing High-Performance Micro-Pumps Based orNMwving-Parts Valves”,
ASME, Dynamic Systems and Control Division D62,
Microelectromechanical Systems (MEM&J-53 (1997).

85



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

J.W.S. Rayleigh, The Theory of Soyrublume 1, Dover Publications, New York
(1945).

S. Timoshenko, S. Woinowsky-Krieger, Theory of B&énd ShelldMcGraw-
Hill, New York (1959).

R. Paneva, D. Gotchev, “Non-Linear Vibration Belwa\of Thin Multilayer
Diaphragms”Sensors and Actuators7®, 79-87 (1999).

K. El Bikri, R. Benamar, M. Bennouna, “Geometrigalon-Linear Free
Vibrations of Clamped Simply Supported RectangBlates. Part I: The Effects
of Large Vibration Amplitudes on the Fundamentalddc®shape”Computers and
Structures81, 2029-2043 (2003).

H. Koivurova, A. Pramila, “Nonlinear Vibration ofx#ally Moving Membrane by
Finite Element Method"Computational Mechanic30, 537-581 (1997).

W.A. Moussa, U.F. Gonzalez, “Simulation of MEMS Rielectric Micropump
for Biomedical Applications”Proceedings of the International Mechanical
Engineering Congress and Expositid87-192 (2002).

A. Olsson, G. Stemme, E. Stemme, “The First Valesd Diffuser Gas Pump”,
Proceedings of the IEEE Micro Electro Mechanicast®yns (MEMS)108-113
(2997).

P. Rangsten, L. Smith, L. Rosengren, B. Hok, “Etesthtically Excited
Diaphragm Driven as a Loudspeakes&nsors and Actuators5®, 211-215
(1996).

G.T.A. Kovacs, Micromachined Transducer Sourcebdd&Graw Hill, Boston,
289-295 (1998).

M. Arik, S.M. Zurn, K.S. Yigit, A. Bar-Cohen, “Degn, Fabrication and
Experimental-Numerical Study of PZT Sensoifpceedings of the International
Conference on Modeling and Simulation of Microsyst&74-578 (2000).

R.D. Blevins, Formulas for Natural Frequency anddel&hapeVan Nostrand
Reinhold Co., New York, 224-232, 386-424 (1979).

B. de Heij, B. van der Schoot, N.F. de Rooi}, H, BoHess, “Modelling and
Optimisation of a Vaporiser for Inhalation Drug Tapy”, Proceedings of the
International Conference on Modeling and SimulatdriMicrosystemsb42-545
(1999).

86



37.

38.

39.

40.

41].

42.

43.

44,

45.

46.

47.

S.C. Ko, Y.C. Kim, S.S. Lee, S.H. Choi, S.R. Ki¥itromachined Piezoelectric
Membrane Acoustic DeviceSensors and ActuatorsI®3 130-134 (2003).

P. Muralt, A. Kholkin, M. Kohli, T. Maeder, “Pieztestric Actuation of PZT
Thin-Film Diaphragms at Static and Resonant Coogti, Sensors and Actuators
A 53, 398-404 (1996).

J. Thomas, R. Kuhnhold, R. Schnupp, G. Temmel, y$sBl, “Simulation of the
Production of Functional Layers for Vibration Serssfor Tool State Monitoring
and Finite Element Analysis of Mechanical Charasties”, Proceedings of the
International Conference on Modeling and SimulatdMicrosystemg, 593-
596 (1999).

A. Degen, N. Abedinov, T. Gotszalk, E. Sossna, atkenberg, I.W. Rangelow,
“Stress Analysis in Si Membranes for Open Stenakkt and Mini-Reticles
Using Double Bulging and Resonant frequency Methadgcroelectronic
Engineerings7-58 425-432 (2001).

M.S. Kennedy, D.F. Bahr, C.D. Richards, R.F. RidsafResidual Stress Control
to Optimize PZT MEMS PerformanceProceedings of the Materials Research
Society Symposiuitl, 163-168 (2002).

J.S. Kim, K. Choi, I. Yu, “A New Method of Determirg the Equivalent Circuit
Parameters of Piezoelectric Resonators and Analysiee Piezoelectric Loading
Effect”, IEEE Transactions on Ultrasonics, FerroelectricagdaFrequency
Control 40, 424-426 (1993).

L. Pizarro, D. Certon, M. Lethiecq, O. Boumatar Hasten, “Experimental
Investigation of Electrostatic Ultrasonic Transdwsceith Grooved Backplates”,
Proceedings of the IEEE Ultrasonics Symposa ih003-1006 (1997).

J. Billingham, “Modelling the Response of a VibratiElement Density Meter in
a Two-Phase Mixture’Journal of Fluid Mechanic840, 343-360 (1997).

D. Crescini, D. Marioli, A. Taroni, “Piezoelectrichick-Film Fluid Density
Sensor Based on Resonant frequency VibratiBrdceedings of the IEEE
Instrumentation and Measurement Technology Conbeyer368-1371 (1998).

C.T. Crowe, D.F. Elger, J.A. Roberson, Engineefigd Mechanics7" Ed.
John Wiley and Sons. (2001).

S.Inaba, K. Akaishi, T. Mori, K. Hane, "Analysis tife Resonant frequency
Characteristics of a Cantilever Vibrated Photottadlyrin a Liquid”, Journal of
Applied Physic§3, 2654-2658 (1993).

87



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

H. Lamb, “On the Vibrations of an Elastic PlateJontact with Water”,
Proceedings of The Royal Sociég; 205-216 (1920).

M.K. Kwak, K.C. Kim, “Axisymmetric Vibration of Cicular Plates in Contact
with Fluid”, Journal of Sound and Vibratiab4g 381-389 (1991).

M.K. Kwak, “Vibration of Circular Membranes in Catt with Water” Journal
of Sound and Vibratiot78 688-690 (1994).

M.S. Weinberg, C.E. Dube, A. Petrovich, A.M. Zapdkuid Damping in
Resonant Flexural Plate Wave DevicéSurnal of Microelectromechanical
Systemd?2, 567-596 (2003).

M. Amabili, “Effect of Finite Fluid Depth on the Hlyoelastic Vibrations of
Circular and Annular PlatesJpurnal of Sound and Vibratid®3 909-925
(1996).

A. Prak, F.R. Blom, M. Elwenspoek, T.S.J. Lammeril@-Factor and Frequency
Shift of Resonating Silicon Diaphragms in AiBensors and Actuators2s-27,
691-698 (1991).

Y.K. Cheung, D. Zhou, “Coupled Vibratory Charactéds of a Rectangular
Container Bottom PlateJournal of Fluids and Structureist, 339-357 (2000).

Y. Fu, W.G. Price, “Interactions Between a Parialt Totally Immersed
Vibrating Cantilever Plate and the Surrounding éludournal of Sound and
Vibration 118 495-513 (1987).

G. Muthuveerappan, N. Ganesan, M.A. Veluswami, &\t Vibration of a
Cantilever Plate Immersed in Watedgurnal of Sound and Vibratid®B, 385-
391 (1979).

M.S. Marcus, “Finite-Element Method Applied to tdration of Submerged
Plates”,Journal of Ship Resear@®, 94-99 (1978).

T. Naik, E.K. Longmire, S.C. Mantell, “Dynamic Resyse of a Cantilever in
Liquid Near a Solid Wall’Sensors and Actuators1®2, 240-254 (2003).

F. Montero de Espinosa, J.A. Gallego-Juarez, “@RBsonant frequency
Frequencies of Water-Loaded Circular Platdsiyrnal of Sound and Vibration
94, 217-222 (1984).

L. Jezequel, “Hydrodynamic Added-Mass ldentificatfotom Resonance Tests”,
AIAA Journal2l, 608-613 (1983).

88



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

A. Olsson, G. Stemme, E. Stemme, “A Valve-Less &l&ituid Pump with Two
Pump Chambers'Sensors and Actuators4%-47, 549-556 (1995).

L.S. Pan, T.Y. Ng, G.R. Liu, K.Y. Lam, T.Y. Jiar@nalytical Solutions for the
Dynamic Analysis of a Valveless Micropump — a FiMémbrane Coupling
Study”, Sensors and Actuators98, 173-181 (2001).

S. Inaba, K. Hane, “Dependence of Resonant frequErequency of a
Membrane Vibrated Photothermally on Pressure arah®é&y in a Low-Vacuum
Region”,Japanese Journal of Applied Physg% 1001-1004 (1993).

J. Mertens, E. Finot, T. Thundat, A. Fabre, M-HdllaV. Eyraud, E. Bourillot,
“Effects of Temperature and Pressure on Microcawit Resonant frequency
Response”Ultramicroscopy97, 119-126 (2003).

W.P. Lai, W. Fang, “A Novel Antistiction Method W& Harmonic Excitation on
the Microstructure”Journal of Vacuum Science TechnologyA1224-1228
(2001).

T. Abe, W.C. Messner, M.L. Reed, “Effects of El@a@i emperature Treatments
on Microstructure Release Procedurdsiyrnal of Microelectromechanical
Systemd, 66-75 (1995).

M.K. Kwak, S.-B. Han, “Effect of Fluid Depth on thtydroelastic Vibration of
Free-Edge Circular PlateJpurnal of Sound and Vibratid280, 171-185 (2000).

A. Olson, MS Thesis, Washington State Universi§03).
J. Kanyer, MS Thesis, Washington State Univerd80Q).
K. Bruce, R. Richards, D. Bahr, C. Richards, “Cletggazation of a Piezoelectric
Membrane for MEMS PowerRroceedings of ASME International Mechanical

Engineering Congress and Expositidri21-28 (2001).

Polytec GmbHUser Manual: Vibrometer Controller OFV-500®/aldronn,
Germany. (2003).

F.P. Beer, E.R. Johnston, Vector Mechanics for Bawyis: Dynamic;$th Ed.
McGraw Hill, (1997).

J.H. Cho, M.J. Anderson, D.F. Richards, D.F. B&hD. Richards, "Analysis of
Micromachined PZT Membranes for MEMS Powd?rdceedings of
Nanotech’041, 382-385 (2004).

R. Szilard, Theory and Analysis of Plates: Cladsical Numerical Methods
Prentice Hall, 421 (1974).

89



75.

76.

77.

Internet Source: “Experiment 31: Using Excel to Qome FFT”,
http://www.mme.wsu.edu/~me305/exp31.htm

S.A. Whalen, M.R. Thompson, C.D. Richards, D.F. B&F. Richards, “Low
Frequency Operation of the P3 Micro Heat Engifggceedings of International
Mechanical Engineering Congress and Exposité#0-476 (2002).

A.J. Wheeler, A.R. Ganiji, Introduction to EnginegriExperimentationPrentice
Hall, Upper Saddle River, New Jersey, 138-163 ().996

90



