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ABSTRACT

An implantable MEMS piezoelectric transducer for middle esaring aids was
developed. The physical vibration properties are simulated using f@het@ent
method. A study of thermoelastic damping effect of four designeM$kirrors is

presented. An optical measurement system based on Mach-Zehnderanteter is

developed, and the accuracy of this system is tested.
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CHAPTER 1

INTRODUCTION

Micro-electro-mechanical system, usually referred to MEM& technique used
to fabricate devices and machines in micro-scale. It integratesumber of
micro-components, including microelectronic integrated circuits, osgnsand
actuators on a single chip that allows the micro-system todawtbe and control the
environment.

MEMS applications are all around our everyday life. For exampldaration
sensors for load imbalance used in washing machines, accdie®MdBS used in
cars, the dirt sensors used in vacuums, the strain gages for food wegghtin
microwave ovens, etc. MEMS technology is definitely part obwlution that is
expanding the future of possible designs and applications [Ref.1].

In the past few years, there has been a growing interest MSvikearing aids
[Ref.2]. The primary motivation for this research was its paénse in application,
which was not accessible to conventional, outers-ear wearingpetlgetromagnetic
hearing devices. First of all, Implantable hearing aids tyréansfer sound signals
into vibration energy, which drives the ear. In other words, steps thehdde the
signal are taken away. Another principal advantage for Implanfablsoelectric
hearing aids is that they are largely more efficient in poavel in size. Also, the
piezoelectric transducer requires less power consumption, and it lbas m
compatibility with the external magnetic environment [Ref.3]. éDtlpossible
advantages of piezoelectric transducers are that they greeliable and inexpensive
because they convert electrical signals into physical motidradtalso been proven

that the piezoelectric transducer exhibits a high tolerance tooenwental factors



such as electromagnetic fields and humidity [Ref.4]. These dieaistics of
piezoelectric transducer can bring down the cost for conventidectr@magnetic
hearing aids and offer an even more natural sound

In order to make such MEMS piezoelectric transducers acceptabéal life
applications, researchers have to solve several problems. Theskeilosk sensitivity,
feedback noise, unstable device characteristics, high cost of compoaedt
fabrication conditions.

This thesis presents the principles involved in a designed implamtadidige-ear
piezoelectric transducers for hearing aids, as well as a aiomuland detailed
characterization. First, we examine the basic mechanical pespef PZT-5H.
Further, we proposed a PZT-5H based piezoelectric transdutteitsvbase made of
SiO, and PZT-5H sandwiched by two layers of Aluminum. The geoméfegteof
each component is fully investigated under a certain loading condiBgn.
discretizing the device, finite element method is applied to etealiie vibrating
deflection at the tip of this device.

In addition to that, we are also very interested in the damping effect of ogndesi
especially the thermoelastic damping effect. Since it is kntvah thermoelastic
damping is significantly crucial to the MEMS resonators, werekd our study to
MEMS mirrors used as MEMS resonators. We presented four diffdesigns of
MEMS mirrors, and a comparison of each model’s quality factodssmussed with
different geometries. The simulation result is found to be ddtdrelp, and address
the energy concern of MEMS mirrors used as resonators.

Lastly, we developed a frequency measurement system siacaravliooking
forward to fabricating this device and comparing our simulation dath w

experimental result in the near future. This optical systebased on Mach-Zehnder
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interferometer and we tested our system with some practital \d&@ will be using
this system to obtain some physical vibration properties of our device.

Our future work will be focusing on fabricating implantable MEM&zpielectric
transducer using MEMS technologies. And due to the rapid improvemeiigitafl
technology and feedback cancellation, we are looking forward to bryigldsignal

processing for future innovation of current hearing aids.



CHAPTER 2

PIEZOELECTRIC TRANSDUCER

This chapter presents the fundamentals of our MEMS piezoelaansducer,
including basic structures, physical principles and material prepeFinite element

method is applied for our simulation.

2.1 Introduction
2.1.1 Hearing aids

A hearing aid device is an electro-acoustic body-worn apparatusatihamplify
and modulate sounds for the wearer. It first came into use diethianing of the
1900s. At that time, people used a large vacuum tube to amplifpdne.sLater on,
Raytheon developed miniature vacuum tubes and made body-worn hearing aids a
reality. However, the power consumption of these tubes requiredattgeies, which
made it hard for the user to carry such a large device. Wittathe development of
science and technology in the 1950s, hearing aids were greatly improved in@h.aspe
One of the most significant upgrades was the replacement ofdeatge tubes with
transistors. Transistors hearing aids, also known as electreaicng aids, only need
one battery for its power supply [Ref.5]. The reduced size alloneddvelopment of
new types of hearing aid. Since then, all kinds of hearing aidh,as Behind-the-ear
aids (BTE), In-the-ear aids (ITE), In-the-canal aids (I¥®re invented. Those
devices have smaller sizes and better performances compared vaduum tube
hearing aids. ITC for instance, is designed for mild to moderalgre hearing loss
people and it can fit into the ear canal instead of needing to be placed on 8iaea

the microphone is placed in the ear canal, it offers natural souaptiec MEMS
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hearing aids are were designed in micro-scale and implantedaang aids are
becoming popular because of their reliable performance and nsturadl with less
feedback distortion [Ref.6].

No matter which kind of hearing aid people are using, the deasddur basic
components: a power supply, a microphone, an amplifier and a receiver. The
microphone is basically a transducer that can convert the saymal Bito electrical
energy. The amplifier, which is generally composed of transidtatsate built into an
integrated circuit, is used to amplify the electrical signai the microphone. The
receiver receives the amplified signal and transforms the mdd#ectrical signal
back to sound energy.

As one of the most major components of a hearing aid, the transducer, basically a
microphone, plays a key role for providing a quality performancereThee two
fundamental transducer designs available for hearing aids appigathe magnetic
air-gap transducer and the piezoelectric transducer [Ref.7].

Currently, in the market, the most widely used transducer in heaidndevices
is the magnetic air-gap hearing transducer. An air-gap magnatisducer converts
acoustical energy into an electrical signal using a MEM$8zegen of capacitive
microphone. The electrical signal is processed to drive a MEM&remagnetic
actuator. The resultant electromagnetic force generatesa déor the micromagnet
that has been implanted in the human ear. This technique has the #ypefriow
cost fabrication. However, they have a few shortcomings. As StrefiHamed have
pointed out that though the air-gap capacitors have acceptabtenpante, they
suffer from a fabrication complexity in forming the narrowgap between relatively
large surfaces [Ref.8]. They also suggested that the pieraetegnsducer, which is

based on piezoelectric materials, do not need an air gap, which fadkestion
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process much easier than air-gap capacitors microphones, and ticéaeftan be

directly measured. Further, piezoelectric ceramic can benotdrious ways to meet
the requirements of different wave modes. Researchers befiava@lthough there
was a period in time when magnetic transducer dominates thetiadwesring aids,

the pendulum has now swung back toward piezoelectric materials.

A lot of new materials are being investigated before tlayhe used for certain
applications, such as piezo-polymers and composites. Scientstsedisve that the
technology development of piezoelectric material has reached awdeen¢ it can be
applied to all kinds of applications and replace some conventional detfioss, in

which sensors and actuators are essential to the functionality of the.devic

Table 1: Piezoelectric Microphone vs. Air-gap magnetic Microphone

Piezoelectric Air-gap Magnetic
Microphone Microphone
Sensitivity Low Good
Power Consumption Low High
Fabrication Simple Complicated
Dynamic Range Wide Narrow




2.1.2 Piezoelectricity

Piezoelectric material can be explained as some atonticelatructures that
have an essential cell a cubic or rhomboid atomic cage, and thes hcdgs a
semi-mobile ion that has several stable quantum position statds it [Ref.9]. It has
the ability to generate an electric potential in response &pplred mechanical stress.
The piezoelectric effect is also reversible, which means an applied velthgeange
the shape of the material by a small amount. In physics, thegbéetric effect can be
defined as the link between electrostatics and mechanics.

The Pierre Curie brothers first discovered piezoelectric teffékhey
demonstrated the piezoelectricity effect using crystals sschuartz. Their work
showed that the voltage is proportional to the mechanical stress dapplig¢he
crystals.

Piezoelectric materials can be divided in two main groups:atsyahd ceramics.
Most crystal piezoelectric materials are naturally ocnogrrcrystals, for example,
berlintie (AIPQ)) and quartz (Sig). There are also some man-made crystals, such as
gallium orthophosphate (GaBXand Langasite (Ls&aSiO,4). Ceramics are the other
man-made piezoelectric materials available, for instanceyrbatitanate (BaTig),
which was the first piezoelectric ceramic discovered, and lead zircanatge (PZT),
which is the most common piezoelectric ceramic in use today.n@ocmally,
piezoelectric materials are not used in their pure forms. usually doped to satisfy
different needs. Different dopants can change the piezoelectractérstics as well
as the physical properties of the material. Acceptor dopantgearerally used to
create oxygen (anion) vacancies and thus can harden the PZT [Ref.10pvExmns
to acceptor dopants, donor dopants are used to create metal eacamtifacilitate

domain wall motion in the material to soft the PZT materialisof the properties
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for most common PZT material is demonstrated in Table 2.

Lately, it has been proved that lead zirconate titanate (PZWighws a ceramic
material made of lead (Pb), oxygen (O) and titanium (Ti) @omnium (Zr), has the
best piezoelectric properties, and it completely replaced the gkl @ ium titanate,
which belongs to the group of electrical ceramics made of an afidarium and
titanium. It also overcomes the shortcoming of inherently fragilgiezoelectric
materials. These strong properties promised the lead zirctitextate to be the
dominant material for transducers. More and more researches haveedexl new
piezoelectric materials with better performance. For exammeent study of
polyvinylidene fluoride (PVDF) showed that this material exkilpiezoelectricity
several times greater than quartz, and other [Ref.11]. Howéeestiudy of this new
material is not mature enough to put it into commercial usee dime cost will be

pretty high and the material is instable in some circumstances.



Table 2: Basic material property for commonly used PZT

Model Piezo Piezoelectri| Dielectric Youngs Density
charge c voltage | Constants| modulus (10°
constants | constants (10°°N/m) | kg/m®)
(pC/N) | (10°Vm/N)
Cha | Os1 | O3 | U1 | €Tz eo | YEu | YEss 0
PZT-4D | 360 | -145 31.71 -12.8 1280 7.5 6.2 1.7
PZT-8 280 | -105 31| -11.9 1000 8.6 7.1 1.7
PZT-5A | 450 | -175 27 -11 1800 7.4 5 7.6
PZT-5B | 460 | -210] 24.5 -1 2300 7.4 5 1.1
PZT-5J | 550 -210 22% -8 2800 6.8 5 7.7
PZT-5H | 640 | -283 21 -9.3 3400 6 4.3 7.6
PZT-5X | 750 | -320] 19 -8.2 4500 6.1 4 1.4




It has also been pointed out that the transducer has differeperpes for
different uses. When the transducer is used a transmitter oceavar for its
sensitivity requirements, it only permits a small defects ptap@l to the product of
the efficiency of the transducer. On the other hand, when thedtraer is used as a
resolution, requires the transducer to perform high damp in order t@ Ide&dcts
near the surface. By doping PZT material, the hardness or saffrthesmaterial can
be easily modified to meet all these specific requirementss great character
promises the PZT material will have a bright future thatifite all kinds of new
designs and devices.

Many other factors, besides the material properties, maglyangfluence the
behavior of a transducer, including the load conditions, the structure aridicbos,
and even the damping effect. Thermoelastic damping, for instanckl lkewgely
affect the performance of a hearing aid, especially whené¢kiEe scale shrinks to
micro-scale and it is vibrating at a high frequency. The tramsdiguld suffer from a
high-energy loss due the instability of the heat transfer. é@naequence, the nature
sound is distorted. The quality factor is generally used in phgsidsengineering to
describe this type of damping.

Piezoelectric materials are now widely used in all kindsedi$, such as high
voltage sources, sensors, actuators and motors, etc. An everydappifeation
example is the airbag sensor in the car. Piezoelectric imlatemused to detect the

intensity of the shock and sends an electrical signal, which triggerslilag.air

2.1.3 Middle-ear Implantable MEM S piezoelectric transducer
Recently, the implantable MEMS piezoelectric transducer bnmg® and more

interest due to its reliable performance. Several transducersokanedeveloped for
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middle ear or inner ear implant or semi-implant. Each desigresdor a particular
type of hearing loss.

In a normal person’s middle ear canal, there are three basitesssnalleus,
incus, and stapes. The manubrium of the malleus attaches to thaitymmgaanbrane,
and was articulates to the incus at one end. The incus normally £dbplesound
energy from the eardrum to the stapes. The stapes is dispoaad mgainst oval
window of the cochlea. Some people may suffer from an ossicukandasufficient
resiliency to transmit mechanical vibrations between the tympaembrane and the
oval window, to solve this issue, implantable middle ear hearing sidsaded for
those patients.

Compared to other types of implantable hearing aids, piezoelkeetiting aid is
advantageous for its simple structure and it provides a natural sathmalt and

feedback distortion, which usually happens in an air-gap magnetic hearing aids.
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Figure 1: Bones and muscles in the tympanic cavity in the middle ear
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However, the sensitivity had always been an obstacle for it to become the
dominant transducer for commercial purposes for a long time. Much research had
been done to improve the performance of piezoelectric transducer. Several

clamped-clamped transducers were proposed but they cannot improve theuityensit
greatly because of the residual stress in the diaphragm clamped on edgesrHaowe
1996, Seung S. Lee made a breakthrough design of a piezoelectric microphone build
on a micro-machined cantilever [Ref.12]. According to Lee’s report, hideaanti
model is much more compliant and can achieve more sensitivity compared to the
other microphones, such as the clamped-clamped diaphragms. He also claimed that
the sensitivity of the cantilever microphone has the highest of the evetecpor
microphones with the micro-machined diaphragms. In addition, the relatively large

deflections of the free end can produce significant acoustic output.

2.2 Design Mod€

The first step in building our model is to give its geometry. &ités device is
aimed to implant into the human middle ear canal, and attacheditwtise(or anvil,
which is an anvil-shaped small bone or ossicle in the middle eatrahamits sound
vibration from the malleus to the stapes), the size of the whuoletwte is confined
between the tympanic membrane and the incus. Therefore, the dimeastise
mass of the transducer are limited. As a consequence to thisuting of such a
device is limited. The size of the transducer, which can behaitiato the ossicle in
the middle ear cavity, has a diameter of 3-4 mm and height oh24In that case,
for our design, the size of the transducer must be smaller thaatheter of 2 mm

and the height of 2 mm in order to be implantable in most human neddiend we
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can have enough space for future improvement by adding new componentsas such
feedback cancellation circuits or remote digital system.

The schematic cross section of our designed piezoelectric tpeaith is
illustrated in Fig. 2. The transducer is composed of four layetfefent materials.
The supporting base is made of Si@bove the base, a layer of PZT material is
sandwiched by two layers of aluminum. The top surface of the wwteuds
1.8x1.8umM. This can nearly cover the whole incus, and can be attached with ea
With one end fixed in the ear canal, the sound pressure coming Hieomatdrum
causes a vibration and consequently, the PZT-5H generates ancalesignal
corresponding to the loading force. Meanwhile, the vibrating speaksr tie
tympanic membrane and as a result, it generates a sound in the human ear. vi&s we ha
mentioned before, this implantable hearing transducer can providelna@aring

sounds without any feedbacks.
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Figure 2: Schematic cross section of piezoelectric hearing aid
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In our simulation work, first of all, the geometry of each componeatisi¢o be
defined separately, and then joined together as a whole structuradjébent layers
are firmly attached so the vibration, mechanical stress isrgedebetween the
adjacent layers since they have different Young’s modulus ceetficSecondly, the
material properties of each component is given, including the Young’'s usodul
poison’s ratio, density, piezoelectric coefficients, etc. Afttert, a detailed boundary
condition is required. In our case, the vibrating transducer is fifimdg at one end.
In other words, the degrees of freedom on that end are set to b®©#erpparts of
the device are free to move. A loading condition gives the extemaloament
information, for example, the sound pressure applied on the transducer and the
temperature at which the vibrating process is occurred. In avdebtain a precise
result, a suitable mesh mode needs to be chosen. Different meshhmagdargely
infect the precision of the result. Coarse mesh gives a roughwiidta extra fine
mesh mode will bring a lot more unnecessary calculation, whikhstanore
computation time. A more detailed discussion about mesh mode is inciuded
Chapter 5. One important reminder is that an estimated valuesesitiad before
running the computation. This not only saves the calculation time hutgales a

more accurate result.

2.3 Material Properties

In our design, we choose Si@s our base material since Si@ovides a good
abrasion resistance, electrical insulation and high thermalistatilis insoluble in
almost all kinds of acids, except hydrogen fluoride (HF). Soatpgrfect material to

apply MEMS techniques on this substrate.
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Table 3: Material Properties of SIO

Young’s Modulus (N/rf) 7x10°
Poisson’s Ratio 0.17
Density (Kg/nf) 2200

Thermal Conductivity (W/mK) 1.4
Relative permittivity 4.2
Thermal Expansion coefficient 0.5x10
Heat Capacity (5 K™ 0.73

For our conduction media, we use two layers of aluminum, since & lga®d
conductivity with extremely low cost. Also, aluminum can preveatdiectrons from

diffusing between the PZT and the silicon base.

Table 4: Material properties of Aluminum

Young’s Modulus (N/rf) 7x10
Poisson’s Ratio 0.33
Density (Kg/nf) 2700

Electrical conductivity 3.78x10
Relative permittivity 1
Thermal Expansion coefficient 2.3x10
Heat Capacity (5 K™) 0.9
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PZT-5H is picked as our main piezoelectric material. AccgrdinTable.1, it is

obvious that PZT-5H has high piezoelectric coefficient. In additidmsta relatively

low Young's modulus. This means that PZT-5H is best suit for heartisgtransducer

since it requires the material to be flexible so it caneaghgreat vibration amplitude

to generate a clear sound. More detailed piezoelectric paaarage listed in Table

5-10.
Table 5: Elasticity matrix of PZT-5H ¢Pa)
1.3x10" | 8.0<10" | 8.5x10" 0 0
8.0x10™ 1.3x10" 8.510™ 0 0
8.5<10" | 8.5x10" 1.2x10" 0 0
0 0 0 2.%10" 0 0
0 0 0 2.310" 0
0 0 0 0 2.310°
Table 6: Coupling matrix, strain-charge form of PZT-5H d (C/N)
0 0 0 0 7410 |0
0 0 0 7.410™ 0 0
-2.7%10™ -2.7%10" 5.9<10"° 0 0 0
Table 7: Coupling matrix, stress-charge form of PZT-5H e fit/m
0 0 0 0 17.0 0
0 0 0 17.0 0 0
-6.6 -6.6 23.2 0 0 0
Table 8: Permittivity matrix, stress-charge form of PZTeSH
1704.4 0 0
0 1704.4 0
0 0 1433.61
Table 9: Permittivity matrix, strain-charge form of PZT-5H
3130 0 0
0 3130 0
0 0 3400
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Table 10 : Compliance matrix of PZT-56 @/Pa)

1.7<101 -4.8<10% | -8.5x10% 0 0 0
-4.8x10% 1.7<10H -8.5x10"° 0 0 0
-8.5x10%% | -8.5x10% 2.7<10H 0 0 0

0 0 0 4.310" 0 0

0 0 0 0 4310 0

0 0 0 0 0 4.3101

2.4 Method

Piezoelectricity involves both the electrical and mechanieddabior of the
material. To describe its electric field strength, thexteic displacement D is usually

written in the form

D=c¢E Equation 1
wherez is the permittivity and E is electric field strength.
The Hooke’s law describes the mechanical behavior:

S=sT Equation 2

where S is strain, s is compliance and T is stress.
The strain-charge form can be derived by combining the above tuati@us
into so-called coupled equations:

{S =[s"KT}+[d.{E} Equation 3

{D} =[d){T} +[¢" E} Equation 4
where d represents the piezoelectric constants, and the sygdestrdicates a zero,
or constant, electric field; the superscript T indicates @, z8rconstant, stress field,;
and the subscript t stands for transposition of a matrix.

The strain-charge for a material of the crystal classh&s a poled piezoelectric

ceramic, e.g. PZT) may also be written as:
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Equation 6

The piezoelectric sensing, which describes the electrical ctlaagge from the

V=ktT

cantilever.

Y:Lz(

can be written as:

2d,,GA'C
2-GA™'B
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piezoelectric cantilever after a force is applied acrossaitee of the piezoelectric film

Equation 7

where k is the piezoelectric voltage coefficient, and t is thiekmess of the

piezoelectric cantilever. T is the mechanical stress appbedhe piezoelectric

Since our transducer has a multimorph structure, the defieaftithe cantilever is
an important factor. This factor can be derived from the stgfiglibrium and strain

compatibility between successive layers in the device, and can be written as

Equation 8



where L is the length of the cantilever beagi,islthe piezoelectric coupling constant.

A, B, C, and G are matrices that describe the parameters of the cantilever.

1/ AE, -1/A,E, 0 0
a_| O 1/ AE, 1/AE, 0
0 0 1/ A,E, 1/A,E,
1/ AE, 0 0 1/ AE, |

Equation 9

where A, E are the area, the effective Young’s modulus, of each component.

t, + t,
5 . |tz * ts
t, + t,
Lt + by ] Equation 10
E2 El
E3 - Ez
C = E,- E, Equation 11
_El_ E4_
1 t t t t
G=- {(é)(tﬁéj(tﬁtz+E3)(t1+t2+t3+§4}
2 El
i=1
Equation 12

where t, E, |;, are the thickness, Young’s modulus, moment inertia of the four layers.
However, the computation of such a process is quite complicated swvolved
COMSOL® to help with the calculation. The technique behind this softwatad

finite element method (FEM), which is widely used in all kinds @hputations for
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engineering and physical problems. FEM is a numerical asalkshnique to solve
the differential equations. This method sub-divides a complicatedidoma a series
of smaller regions. The mechanical and electrical propertidsesé domains can be
explored by solving the differential equations in each of the regiorstich a process,
each region is regarded as an element and the process of subdivddimgia into a
finite number of elements is referred to as discretization. thdl elements are
connected at specific points, which are known as nodes. The adjments are

assumed to be continuous along its common boundaries.
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CHAPTER 3

THERMOELASTIC DAMPING FOR MEMSMIRRORS

The design of microstructures with a high quality factor &ue) is of
significant importance in many MEMS (microelectromecharsgatem) applications,
including MEMS hearing aids. Thermoelastic damping can causeatramsic energy
loss that affects the Q value of high-frequency resonance in texsees such as
MEMS mirrors. This chapter deals with the simulation and arsabfsthermoelastic
damping of MEMS mirrors based on the finite element method. Fourndesig
MEMS mirrors with different geometric shapes are studied. dohemodel, the
dynamic responses of the system subject to thermoelastic dpemgircompared to
the computational results of undamped modes. This work is followed d®t af
parametric studies on both the resonant frequency and Q value asrfsrftvarious
representative parameters. These results are useful for eaelyiction of
thermoelastic energy loss, not only in MEMS mirrors but alsoarergeneral MEMS

resonators and filters.

3.1 MEMSmirrors

MEMS mirrors are widely used in modern high-tech industry, including
high-speed Internet, wireless communication, biomedical system, ratotsFor
example, a MEMS mirror can be manufactured in the form of a tuhBbMS filter
for dense wavelength-division-multiplexed (DWDM) optical netwdiRef. 13 and
14].

Techniques were developed to change the wavelength of a laser by thaming

cavity in the mirrors. However, the dynamic deflection otnwstructures connected
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to the mirrors under varying voltage can cause a structural resmnahich is
associated with various damping mechanisms leading to energgatissi These
mechanisms include i) viscous effects [Ref. 15]; ii) anchor fo$Bef. 16]; iii)
squeeze film damping [Ref. 17]; and iv) the acoustic effect$. [EB]. However, it is
strongly evident that thermoelastic damping, driven by the couplietyveen
thermoelasticity and elastodynamics, is a dominant source afisictrdamping in
MEMS and NEMS resonators operating at high frequency [Ref. 19 and 20].

Briefly, thermoelastic damping occurs when a cyclic stissapplied to a
material and the stress leads to an oscillatory deformatitimeddtructure [Ref. 21].
The energy is lost irreversibly when the heat flows fromdbepressed part (hot
region) to the stretched part (cold region) in the material. [bseenergy can be
evaluated by the measure of the quality factor, a factor thapares the time
constant for decay of an oscillating system’s amplitude toostllation period.
Physically speaking, the Q value is 2mes the ratio of the toal energy stored divided
by the energy lost in a single cycle. Equivalently, it compares thedinegat which a
system oscillates to the rate at which is it dissipasesnergy. A higher Q indicates a
lower rate of energy dissipation relative to the oscillatieqdency. While a lower Q
indicates a large rate of energy loss and will lead to tthect®n of the sensitivity
and more power consumption.

The theory of thermoelastic damping was first established berZ&ef. 22],
who developed a general theory for thin beams under bending. However, Zener’s
derivation involved some mathematical and physical simplificatibrfshitz and
Roukes [Ref. 23] successfully removed these simplifications, andedean exact
expression of the solution from the fundamental theories of thermomasind

elastodyanmics. The same technique was later extended to othenpabiolving
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microplates of finite width [Ref. 24] as well as in-plane vilmatof MEMS gyros
[Ref. 25 and 26]. In addition, Sun et al. [Ref. 27] studied thermoelastipidg in
beam resonators under a variety of boundary conditions using a spebr@te
called “the finite sine Fourier transformation method”. Receatigsearch group also
reported some results regarding the link between Zener's iaablsplution for a
simple reed in bending and the solutions of more complicated resshajmes [Ref.
28 and 29]. Among all the numerical methods used to solve the problernteafst,
the finite element discretization scheme has been proved thesowzstissful one to
date. For example, Silver and Peterson [Ref. 30] used a différstiffieess matrix to
solve the thermoelastic damping problem for beams. Yi et al.. [Refand 32]
developed a general eigenvalue scheme in conjunction with thedierteent method
to solve the problem in an arbitrary two or three-dimensional donfAithough
some earlier works already existed in the literature, eogm@&n [Ref. 33]). In fact,
the finite element formulation for solving the thermoelastimpiag problems has
successfully been implemented in several widely used commercial packelyeling
COMSOL® and ANSYS. We will show the application of the COMS®Isoftware
to solve the thermoelastic damping induced energy dissipation problé&atENS
mirrors for four different designs. Analytical approaches would otisertve difficult
to implement in the current problem due to the three-dimensionaleggoand the
complex boundary conditions involved. Parametric analyses are perforoned
investigate the effects of various design parameters on theargsfrequency and Q

value [Ref. 34].

3.2 Methods

For a simply supported beam structure, analytical expressioesideeeloped by
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previous researchers to estimate the thermoelastic dampingy edessgpation.

According to Zener, the Q value can be calculated with a single thermal mode by

1_ (Ea2T0 ot
Q =~ pC, "1+ (w7)’

) Equation 13

where E is Young’s modulusy is the thermal expansion coefficient, TO is the
resonator’s mean temperature at rpss the density, Cp is the heat capacity of the
material, ® is the resonant frequency, amds the thermal relaxation time of the
system. From this equation, it is not difficult to see that mheoito obtain a high
guality factor. The system must be designed in a way such tisaas far from I/ as
possible.

The natural frequency of an undamped, simply supported beam system can be

calculated by:

2
W, = z 2h £ Equation 14
L V120

where L and h are the length and thickness of the beam, E is Youndysus, anc

is the density. The thermal relaxation time of a beam is given by:

_ e’

T =
72k

Equation 15

where k is the thermal conductivity. The above equations are onlycalplglito
simply supported beam structure. For more complex structures and boundar
conditions as involved in the MEMS mirror applications, a generalized
eigenfrequency analysis is required to find the dynamic chasdierof the system.
Particularly, the variables in the governing differential ¢igna are expressed in a
perturbation form with an exponential decay rate. Time is cahéel¢he resulting

equations, leading to an eigenvalue equation. The eigerivaiieither a damped or
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an undamped system contains the information about both the resonant frequency
and the Q value\ appears to be a complex value, and one can releder and Q

according to the following equations:

o, =[img(2)| Equation 16
Q= 1mg(4) Equation 17
2real (1)

where imgk) and realf) are the imaginary part and real partipfrespectively. In
COMSOL®, the above eigenvalue scheme is integrated inéo fihite element
formulation. The construction of the MEMS mirror ngputational model in
COMSOL® followed a procedure as below: 1) the three-diriterad beam and mirror
geometries were created individually and then ntetggether using the appropriate
Boolean operations. The interior boundaries weea teleted. An external code was
implemented to allow the changes of the geometriopgrties required in the
parametric analyses. 2) The finite element mestsisbng of tetrahedron elements
was generated using the built-in mesh generatiootions. The local mesh density
and element size were controllable through a seme$hing parameters. 3) The
governing differential equation for heat conductiomwolving thermoelastic damping
as follows was specified in the model descriptioortipn as required by the

COMSOL® package.

0T  EaT, d(e,+¢,+¢,)
—+

KV?T =
Py ot @A-2v) ot

Equation 18

whereex, gy, €z are the strains in the x, y and z directionis; Poisson’s ratio.
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CHAPTER 4

FREQUENCY MEASUREMENT SYSTEM

During the past few years, many new technologieg Haeen introduced to
hearing aids for a better performance. For ourrtusiudy of piezoelectric transducers
[Ref.35], an accurate experimental study of itsfqgarance is needed. Vibration
frequency is a major factor that affects the quadit a hearing aid. Among several
existing measurement technologies, laser measutemennsidered to be a precise
approach for measuring  the  frequency  properties  foMEMS
(micro-mechanical-electrical-system) devices. Inis ttkchapter, a piezoelectric
transducer used as hearing aid speaker is demimusttad an optical measurement
method for frequency measurement of hearing aitstiacer is discussed in detail.
Our measurement system is based on Mach-Zehnderfeno@eter system.
Experimental results show that the vibration of saimple can be accurately detected
using a laser beam and spectrum analyzer. Thetambr&equency is calculated by
measuring the intensity variance. This system donovide a simultaneous optical

measurement with high accuracy.

4.1 Introduction

There are many ways to measure the vibration fregué¢Ref. 36]. The basic
concept for frequency measurement is to obtain uhlenown frequency from a
reference frequency. Among all the various techesgavailable, laser measurement
method is considered to be the best approach fbr &ccuracy measurement. Laser
interferometry is a fundamental concept used irerlasieasurement [Ref. 37].

Basically, it is a technique of using the pattefnnterference. When two or more
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laser light waves are traveling through the samdiume, the superposition of these
waves causes the interference. Compared to otitérdources, laser light can operate
with much longer beam paths, and the path diffexerace also greater than the other
conventional interferometers, which is especiallgportant for high precision
measurement. Laser interferometry is widely usedlirkinds of measurement for
MEMS devices, including amplitude measurement, redsoi@quency measurement,
velocity measurement, etc.

Many researches have investigated the applicationlasér measurement.
Currently, there are two types of interferometet tire generally used for frequency
measurement. They are Mach-Zehnder interferometef. [B8] and Michelson
interferometer. Mach-Zehnder interferometer (MZIsteyn, which is named after
physicists Ludwig Mach and Ludwig Zehnder, is comiyonsed in phase shift
measurement. The phase shift is achieved by plabmgesting sample in the path of
one of two collimated laser light beams from a eehelight source. On the other
hand, the Michelson interferometer is an interfeeepattern that is achieved by
splitting a beam light into two separate parts, dnd reflecting one of them,
interference is produced when recombining them. éi@x compared to Michelson
interferometer, Mach-Zehnder interferometer has nootput ports, which makes the
measurement system a lot easier to be adjustedZ&ti® and S F Adams present a
thorough investigation of Mach-Zehnder interferom¢Ref. 39]. Their work points
out that reflection changes from high to low refrae index and those from low to
high refractive index need to be well consideredldain a precise measurement
result. Also, Satoru and Takehiko [Ref. 40] haweergly proposed an opto-ultrasonic
sensor for piezoelectric resonator frequency measent. According to their report,

they measure the resonating frequency by deted¢hagrefraction index deviation

-29-



based on piezoelectric vibration. Although these@ch work shows that the laser
measurement requires a preciseness of set-up, istil regarded to be the best
accurate measurement method. Other reports havendihat the laser measurement
method can precisely measure very high vibratieqdency, up to 1 MHz with only

10 KHz uncertainties [Ref. 41]. This unique chagads especially important in the

use of hearing aid applications [Ref. 42].

In our work, we developed an optical measuremengtesy based on
Mach-Zehnder interferometer. This system is aimedetiect the vibration frequency
of an acoustic speaker. A spectrum analyzer is lvedb in order to read the
wavelength and the intensity level of laser detdtte the optical sensor. We are able
to obtain an acceptable experimental result imgeawith the vibration frequency up
to 2 KHz. The entire system can be observed simedtasly and the accuracy of the

entire system is also investigated.

4.2 Vibration frequency measurement module

Our measurement module is composed of three parghawn in Figure 3, a
laser light emitting source, several optical desjdgacluding two lens, two mirrors
and two beam splitters for transmitting laser ligahd an optical sensor that is
connected to a spectrum analyzer, which in our neoduused as signal receiver. All
the devices are firmly set on a stable surface,thedaser diode, mirrors and optical
sensor are all set to be of the same height séate light emitted from the laser
diode can reach into the optical sensor. For oserldight source, we are using a
He-Ne laser. It provides a visible red light thasha wavelength of 632.8nm. Here,
we considered the speed of laser light in air esgame speed of light ¢ in vacuum.

When the laser light is emitted from the laser seyit is collimated in order to obtain
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a parallel light beam. This is achieved by placagositive lens to converge the
spread laser light from the light source. The cogeé light beam passes through the
first beam-splitter and is divided into two separgarts. One of the laser beams
propagates straight through the beam-splitter andferred to as “laser 17, while the
other laser beam, “laser 2", is refracted in 90rdedyy the beam-splitter and travels
perpendicular to laser 1. This means that lasea® éhphase change of one-half a
wavelength since the reflection or refraction & furface of a beam-splitter with a
lower refractive index will cause a phase shiftamehile laser 1 has a constant phase
change since the speed of light is slower whes fassing through the beam-splitter
that has a greater refraction index of vacuum, #msl will cause a phase shift
proportional to the distance of the laser travetethe beam-splitter. After laser 2 is
refracted by the beam-splitter, a mirror refle¢tsThe mirror is placed 45 degree to
the emitting laser light, so the reflected lasas Ziow parallel to laser 1. This also
gives a phase change of one-half a wavelengtrsty & This is because the medium
behind the mirror (glass) has a higher refractivédek than the medium the light is
traveling in (air). Laser 1 goes directly throudje second beam-splitter and reaches
the optical sensor that is connected to the spmcanalyzer with an optical fiber.
Laser 2 that is reflected by the first mirror wbk reflected again by another mirror
placed right next to the second beam-splitter.&Serl 2 will be reflected again by 90
degree, which means there is another one-half &le@agth phase change. And the
reflected laser 2 will go into the second beamtgpli After the refraction in the
second beam-splitter, which brings a one-half wavgth phase change for laser 2,
both of the laser lights are incident on the sedmemin-splitter and interfere with each
other. Adding up all these phase changes, we s¢ehth total difference between the

two paths is that laser 1 has gone through albfiteeal devices with a constant phase
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change proportional to the distance that laseretealvin the beams-splitter, while
laser 2 has a total phase change of one-half alereytl after all the refraction in the
beam splitter and reflection from the mirrors. Tfere, there will be a complete

destructive interference when these two lasers rasmombined at the second
beam-splitter. An optical sensor then detects tlimase interference. All the

information is then transmitted to a spectrum arely The wavelength and the
intensity level are illustrated on the spectrumd #me data are recorded. However,
there are several assumptions we made in this whgdtem, one is that any
absorption of the laser power caused by the bedittesr mirrors is neglected, and

the environmental factors including temperature dmuanidity are neglected for

simplicity.

In our measurement system, we placed our tgesample, which is an acoustic
speaker, in the way where laser 1 propagates, bigfiteen the two beam-splitters. A
solid beam is attached to the surface of the spsakembrane. Therefore, when the
speaker is vibrating under an input electrical aigthe membrane forces the beam to
vibrate at the same frequency as the speaker. tfhigevibrating beam blocks the way
that lasers 1 travels repeatedly. This will resalian intensity level change in the
optical sensor that is detected by the optical @easd the spectrum analyzer reads

the data simultaneously.
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Figure 3: Diagram of optical frequency measurensgatem
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4. 3 Principles of Optical detection

In our vibration frequency measurement system, rdimaous light is divided
into two paths. One light propagates through tteation speaker side, and the other
light propagates through the optical phase shifsig with two mirrors. The two
light beams are recombined using a beam-splittdrdetected by an optical sensor
connected to a spectrum analyzer.

The electric fields of the light beam passing ginathrough the two splitters can
be expressed as
E, = Aexp(jot) Equation 19
where wis the angular frequency of the light beam.
For the other light beam that travels in the dédfgrpath can be expressed as

E, = Bexp[j(at + 6+ ¢)] Equation 20
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wheredis the phase shift due to the optical length déifiere between the two paths,
and ¢is the phase shift caused by the vibration of theaker. Phase shif¢ is
expressed by

¢ = ¢, cosQdt, Equation 21

where Q is the angular frequency of the piezoelectric afiion.

The detected signal is
| =K(E, +E,)(E, +E,)

= K(A? + B?) + 2KABcos@ + ¢). Equation 22
As we can see from (4), the first term indicates EC component and the second
term shows the modulated AC component due to thation of the speaker.
It is obvious that the signal componeht depends on the optical path differen@e
Let us assume a case wheafle- 7 /2, and K=1 for simplicity, therefore) can be
written as
| =V + 2ABsing =V + 2ABsin(g, cosQt). Equation 23
where V represents the constant DC value. The @idaispart of Equation. 17 can be
expanded by using the theory of Taylor series,v@adan find out that the amount of
phase shift caused by the vibration of the spemkeery small so only the first term
of the Taylor series is significant, and therefove,can simplify Equation. 17 as:

| =V + 2ABg¢, cCOsQt. Equation 24

Equation 6 also indicates that the signal amplitisdproportional to the phase shift

amplitude? . This is mainly because the phase shift amplitfdés proportional to

the vibration amplitude.
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CHAPTER S

RESULTSAND CONCLUSION

This work is the first step toward a final resead€MMEMS piezoelectric hearing
aid. As an initial study, the basic structure ¢tAr-5H based piezoelectric transducer
is determined and the physical performance of sudavice was investigated. Further,
we looked into the thermal effect of the transdumed we extend our work to the
thermoelastic damping in MEMS mirrors. For the satlour future work, we also

developed a frequency measurement system usingpbgéavices.

5.1 Results
A. Piezoelectric transducer

An implantable middle ear MEMS piezoelectric tramsel is designed for
patients who suffer from a lacking of sufficientsiteency to transmit mechanical
vibrations between the tympanic membrane and théwwndow.

First, we fully investigate the basic performanta piece of PZT-5H cantilever.
A simulation of the PZT-5H is analyzed with diffatethickness to examine the
physical vibration properties of the cantilever.elia the confined space in the middle
ear, the top surface of the cantilever is limited 8x1.8 mrf, this surface area can
exactly cover the whole incus. We then try différgmckness of the PZT-5H from 0.4
pm to 1.2 um to see the vibration deflection dédfexe at the tip of the cantilever. In
this simulation, we applied a sound pressure ofa20R the top surface of the
cantilever. The applied pressure induce the caetiléo vibrate, and generates a
voltage difference from the top and bottom. Fromrisult data presented in Table 11,

we can conclude that with a certain surface abteacantilever has a small deflection

-35-



at the tip when the thickness of the cantilevdaige rather than small. Mechanically
speaking, this can be simply explained as incrgasie thickness of the cantilever
beam will bring down the flexibility of the strueki However, with three other
components in our MEMS piezoelectric transducels ttonclusion may not hold
since composite material is not so straight forwand has a much more complex

situation compared to single layer materials.

Table 11: Deformation at the tip of a PZT-5H cawdr beam responds to an

increasing thickness with a fixed surface 1.8x1.8mm

Thickness (um) 0.4 0.6 0.8 1 1.2

Deformation at the tip (um) 88.75 13.04 5.99 3.00 .751

For our final design, we use Si@s our base substrate. Above the base, we have
the PZT-5H material sandwiched between two layéedwoninum. The whole device
is fixed at one end on the incus as a cantilevamb&\Ve applied various thicknesses
for the piezoelectric material to see the geometigct on the vibration performance.
The simulation work is done in COMSOL. The surfatéhe device is meshed in 324
elements, each elements is a 0.1x0.frsguare. The mesh elements we are using on

the thickness are 0.1mm. The results are listédguare 4.
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Figure 4: Deflection of a piezoelectric cantilever
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We can conclude from Figure 4 that over the thisknaf 10um barely gives any
deflection at the tip of the cantilever. In otheords, such a sound pressure is not
enough to generate vibration to the cantileveraAsnsequence, few electrons can be
produced. We can also find that the cantilever,ctiias a total thickness of 1.8um
has a comparable large deflection of 6 um. It h& & substrate of 0.6um, two
Aluminum layers, each has a thickness of 0.3um,R465H layer of 0.6um thick,
Smaller thickness than that does provide largeted&bn, but considering the
fabrication complexity that brings, it is unnecegs@r going smaller thickness than
1.8um. This size can be perfectly fits into any huaim ear canal, and there is plenty

of room for other components to be added onto éwecd for future improvement.
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Figure 5: Deformation shape of a 1800x1800x1.8RHAT-5H based transducer

under the sound pressure of 2¥1a
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B. Convergence Tests of ther moelastic damping

We first performed a parametric analysis on theaféf the element number on
the accuracy of the beam results. The commercidkfelement code Abaqus CAE
was used. A simply supported beam was divided antmumber of elements in the
longitudinal direction and the natural frequencyresonance was computed using a
generalized eigenfrequency analysis.

The beam size used was |ix0.lumx1um. The computational result is shown
in Fig. 6. Apparently it is seen that the resorfegtjuency becomes asymptotic when
the element number increases. In comparison tothkeretical solution of the
undamped resonant frequency, the finite elementteeare sufficiently accurate when
the element number is greater than around ten. Hewan element number less than
five could result in an appreciable inaccuracyhi@ s$olution. In practice, ten elements
along the length should be considered as the mmimeguirement for the beam
problem under investigation. On the other hand, mamy elements will make the

computation cumbersome and should be avoided.
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Figure 6: Convergence test showing the relationsatgveen the resonant frequency
and the finite element number for the first undadhpwdes of a simply supported
beam.
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Four distinct MEMS mirror designs are shown in Fgwvere then analyzed and
compared to each other. The material used for bohmirrors and the beams are
polysilicon, which has widely been used in the nfacwring of
surface-micromachined devices. For each of the fiesigns, multiple resonant
modes could be excited and the different modesespand to different resonant
frequencies as well as Q values (as shown in TEBleNot all of the modes, however,
are important in engineering practice (e.g, songhdr order modes are difficult to
excite in real applications). In the current stuag, focus on the first dominant mode
(namely, the mode of the lowest resonant frequeaniy) The information for higher

order modes can be inferred from the results ofithemode.
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Figure 7: Four different MEMS mirror models

wled

Kles

15

_ Model A Model B
- 1085elements 1070elements
Model C Model D
714elements ~ 1021elements

-41 -




In all the four models, the peripheral beams coteteto the central mirror are
assumed fixed at the end; the mirror in the midsli#ee to vibrate. Both the beams
and the mirror have the same thickness. The euléndce is considered to be
thermally insulated and the initial temperatureasto 300K.

In this part of the study, we first investigatee #iffect of the mirror size on the
resonant frequency. From the results shown in &ig) we found that the resonant
frequencies in the presence of thermoelastic dagnfeinall the models were close to
the frequencies of the undamped modes. The realsits show that the frequency
drops when the mirror size increases. This is me#uwe device can be approximated
as an equivalent spring-mass system in which tresnmereases with the mirror size.
Although the equivalent spring constant also chamgéh the mirror size at the same
time, the effect of the mass will dominate, leadin@ lower resonant frequency.

In addition to the mirror size, there are sevetAkep geometric factors that were
taken into consideration. One of these is the beaith. In the present study, we used
model A to investigate the relationship between theam width and the
eigenfrequency of the model. The result in Fig.)) $faows that the eigenfrequency
increases with the beam width. This can be explhagain by considering the entire
device as an equivalent spring-mass system. Areaser of the beam width will
increase the equivalent spring constant, and tberehise the resonant frequency. In
view of this, the MEMS mirror should be designedairway such that the beams’
width is sufficiently large to avoid any possiblgustural resonance with external
vibrations.

Model B is a design with four beams connected ® dbrners of the central
mirror at an inclined angle. The results in Fig.(a@)0show that the frequency

decreases with the mirror size. We also investdytte frequency as a function of the
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included angle between the beam and the mirrorurBigll(a) shows that the
frequency decreases with the angle. It can be exguaas follows: when the angle
increases, the distance between the equivalent ceater and the fixed point of the
beam increases and makes the spring system maibldleThis will result in a
reduced spring constant and therefore the resoinegtiency is raised. We next
investigated model C. Again, the resonant frequelsxyeases with the mirror size, as
shown in Fig. 12(a). The impact of the beam thisknis shown in Fig. 13(a), from
which we can see that the frequency changes watb#&am thickness nearly along a
straight line. This is consistent with the fundamaérbeam theory, in which the
predicted frequency is linearly dependent on tharbéhickness. In model D, there is
nothing unusual for the relationship between tlegdency and the mirror size (Fig.
14(a)). However, Fig. 15(a) shows that the resoffi@guency increases with the
beam spacing, although this change is much snthberthe changes caused by other
factors. (In fact, for both damped and undampedetspdhe maximum change in the

resonant frequency is less than 5%.)
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Figure 8: Frequency (a) and quality factor (b)wsctions of the mirror size in

model A.
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Figure 9: Frequency (a) and quality factor (b)wasctions of the beam width in

model A.
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Figure 10: Frequency (a) and quality factor (bjustions of the mirror size in

model B.
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Figure 11: Frequency (a) and quality factor (bjustions of the angle between two
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Figure 12: Frequency (a) and quality factor (bjustions of the mirror size in
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Figure 13: Frequency (a) and quality factor (bjusctions of the beam thickness in
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Figure 14: Frequency (a) and quality factor (bjusstions of the mirror size in

model D.
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Figure 15: Frequency (a) and quality factor (bjussctions of the beam spacing in

model D.
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Quality factor is a major measurement to the enehggipation. In fact, the
magnitude of the energy loss largely relies on factors, which are the resonant
frequency and the structure’s thermal relaxatioretconstant. The thermal relaxation
time constant is the effective time that the mataequires to relax after an applied
constant stress or strain. Therefore, the effecthefmoelastic dissipation, which
consequently leads to the damping, is most proreximden the vibration frequency
is close to the thermal relaxation frequency. Thpdct of geometric changes on the
Q value has been studied for all four models.

In our study, we applied different mirror sizesdach model to compute the
quality factor. Among all the mirror sizes beingeastigated for Model A (Fig. 8(b)),
it has been found that the |88x9Qumx2um mirror size has the largest quality factor
(1.98x105) among all the variable geometries. Tieans that this mirror size has the
least energy loss induced by thermoelastic damgognparing the quality factor to
the resonant frequency reveals that there is mob@otonic relationship between the
quality factor and the frequency. In fact, when tkal part of the eigenfrequency
decreases, the imaginary part of the eigenfrequeauald decrease more rapidly than
the real part, which leads to an increase of thedityufactor. The quality factors of
model B and D increase with the mirror size as showFigs. 10(b) and 14(b). By
comparing the quality factor of model B with otlmodels of the same parameters, it
is easy to find that model B has the largest quddittor. In fact, Model B with a
mirror size of 100mx10Qumx2um has the higher Q value (~4.8x105) among all the
four designs A through D. For model C, the quafdagtor does not exhibit linear
changes (Fig. 12(b)). Among all the results obthifee Model C, the quality factor
corresponding to the mirror size |8B68x85umx2um is the greatest. However, this

value is much smaller than model A or model B.

-52-



In Model A, the Q value was obtained by varying ieam width. According to
the results, it has been found that the mirror w&itiwide beam has a much smaller Q
value than the one with a narrow beam (as shoviiign9(b)). This is consistent with
the results reported in the literature showing thatquality factor decreases with the
elastic modulus. In model B, the included angleveen the beam and the mirror was
varied in the analysis and the significant charigake quality factor can be seen in
Fig. 11(b). The Q value reaches the highest poimnthe angle is 90 degree. In
Model C, the effect of the beam thickness was itigated. The quality factor has a
relatively large value when the device is thin, dnel value decreases rapidly when
the thickness is increased (as shown in Fig. 130m)the other hand, in Model D the
quality factor decreases when the spacing betweenatljacent beams is increased
(as shown in Fig. 15(b)). Again these results carexplained by approximating the
device as an equivalent single beam system and atreyconsistent with both the

analytical and numerical results reported in ttexditure.

C. Frequency measurement results

Our measurement method is based on the experimdatal read from the
spectrum analyzer. Basically, the optical sensteale the two laser lights coming out
from the second beam splitter. The interferenci@de two lasers causes an intensity
level change that is detected by the optical sefi$mn, all the information, including
the wavelength, the intensity, is transmitted t® $ippectrum analyzer with an optical
fiber. The optical waveform is shown on the speutanalyzer.

We first examined our measurement system withouttesting sample (Fig.16).
As we can see from the spectrum, the central wagtiethat we detected from the

spectrum analyzer is at 1265.78nm. This is almeitet the wavelength of our laser
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light source, which means that the central frequestiown on the spectrum in the
second harmonic wavelength of the laser. This m®m@inear optical process in the
spectrum analyzer. The photons detected from thieabgensor are combined with a
nonlinear material, and form new photos with twiice energy. This means the newly
formed photon has doubles the frequency and halfwhvelength of the initial
photons. This method provides an easier detecfitimosecond harmonic wavelength
and doubling the frequency makes the laser moieieif. In this spectrum, the
reference level is set to be -73.01dBm, and thsigety is -85.03dBm. The span of
the spectrum is 20Hz, from 1255.781nm to 1275.78lasnwe can see, without any
testing sample in the system, the intensity lewsected is -77.563dBm. This gives
the power level of the laser source since we asdiner® is no absorption in the
optical devices.

Using the same method, we tested a set of diffenguit signals and checked our
experimental result with the result from a beampges. Table 3 illustrates both the
experimental result and the theoretical result @ intensity level with different
vibration frequency. Due to the limitation of oystizal device, our measurement the
highest frequency we can accurately measure i® @pkHz. However, we find that
our system can provide a relatively accurate measent with 7.7% error at most.
The error is mainly caused by the absorption ofdpical device, which makes the
experimental result a little bit smaller than theedretical result. During the
measurement, we locked the reference intensityl levebe -73.01dBm, and the
sensitivity is set to -85.03dBm. All the observisgectrums are set to have a span of
20Hz, from approximately 1255nm to 1275nm, since ttentral frequency is
estimated to be 1265.6nm, which is the second haioneavelength of the laser

source.
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Figure 16: Spectrum of optical frequency measurersgstem with no testing

sample
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Table 12: Theoretical and experimental result ténsity level vs. vibration

frequency
Vibration
Frequency 0 200 400| 600 800 1000 1200 1500 1800 2Pp0O
(Hz)
Intensity
-776| -79.8| -79.8 -79.5| -69.1| -69.8| -69.8| -69.3| -70.1| -70.5
(Experimental)
Intensity
-776| -776| -77.6-77.6|-65.1|-65.1|-65.1| -67.1| -65.1| -65.1
(Theoretical)
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We also examined the wavelength detected by theabsensor (Fig. 17). As we
expected, the wavelength is approximately twiceuhlele of the laser source. This
has been explained as the second harmonic wavkleagsed by the spectrum. It is
obvious to find that the wavelength is 1265.821nrthie range from 0 Hz to 500 Hz,
and the wavelength changes to 1265.841nm whernreéhedncy reaches 600 Hz and
higher. This can be caused by many reasons. Fon@&aone of the reasons might be
unstable connection between the attached beamhandembrane. The beam vibrates
with its own resonant frequency may influence theole vibrating system. Other
factors that cause this problem may include enwwemal influence, such as
temperature, and even the reflection from the apsensor may have a huge impact
on the accuracy of our measuring system. Howewerstodying the error of the
variance, we find that the error of the result ishim 0.001%, so these negative

factors can be completely neglected.
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Figure 17: Wavelength over vibration Frequency
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5.2 Conclusions

A set of parametric analyses has been performawéstigate physical vibration
of a MEMS piezoelectric transducer. The PZT-5H makeroperties are studied and
the material components of our final design arel wikebsen. From the simulation
result, we can conclude that increasing the sizéh@fdevice will leads to a smaller
deformation at the tip of the cantilever. Physicalbeaking, enlarge the size leads to
an increasing hardness of the structure, and iesétke device hard to bend. As we
have mentioned before, transducers for differempgaes requires different hardness
or softness. Since this transducer is applied arihg aids, it requires the cantilever to
generate a large deflection at the tip so it camhie ear ossicle hard. Our final model
is well designed based on the size of the humar<sanal. We tested the transducer
with a sound energy and observe its deflectionaesp to the loading condition. The
simulation result is obtained by using finite eletnemethod and as we can see that
this transducer produced a relatively large defhectwhich means that it can be
applied to hearing aid applications.

The energy dissipation induced by thermoelastic agin MEMS mirrors is
fully investigated. The impact of different desigrhemes was studied. Because of the
geometric complexity of the MEMS mirrors, the faiélement method was applied.
Based on the numerical results obtained from the &bstinct designs, it has been
found that the resonant frequencies of the dampddiadamped modes are generally
very close. An increase of the central mirror sik lead to a decrease of resonant
frequency whereas the quality factor typically sases. On the other hand, an
increase of the thickness of the entire structuik ad to a higher resonant
frequency yet a lower quality factor. The beam isactlso plays an essential role:

increasing the beam width leads to higher frequdnatya lower quality factor.
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From the standpoint of minimizing energy loss dadhermoelastic damping,
Model B with a mirror size of 1QOnx10Qumx2um and an included angle of 90°
between the peripheral beam and the central mestbibits the highest Q value and is
therefore the best design among the four modelsgbeivestigated. However, in
practice various factors may be considered simetiasly: for example, the
optimization of the configuration with the greateflection range might have a
higher priority than the consideration of energgsiamption.

The techniques used in this work can be readilgreded to solve thermoelastic
damping problems involved in more complex geomstritHowever, the
computational time increases considerably with dbegrees of freedom, especially
when the damping is coupled with other physicalcpsses such as electrostatic
deformation. Development of reduced-order modelschvis part of our future work,
is therefore essential to enhance the numeridaleity in the computation.

Furthermore, we described an optical system forratibn frequency
measurement with high accuracy. The frequency meamnt system is based on
Mach-Zehnder interferometer system, and it is usetest acoustic speaker with a
vibration frequency up to 2 kHz. Although the wasredth spectrum is shown in the
second harmonic wavelength of our laser source,irtensity level can be easily
detected simultaneously.

We examined our system by using a beam choppea aothparison of the result
from the testing speaker and a beam chopper isushied by its accuracy. Our
experimental result indicates that the spectrumnisity decreases with an increasing
vibration frequency of the speaker. Still, there arfew things to improve to optimize
our system. Further improvement will be focusingimproving the accuracy of the

experimental result by eliminating some negativeirenmental factors, and reduce
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the absorption of the signal power from optical ides. However, this highly
sensitive optical measurement system can stillr adfehigh accurate measurement

result and it is expected to help develop new hgaaid device.
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