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FOREWORD

New materials and technological developments in electronics and computers have
changed all of the industries, as well as the world itself. Therefore the types and
usages areas eénsors have been spread over a wide variety of applications.

In this thesis, the finite element based development stages of -afstia¢eart liquid

level sensor have been performed, while a novel liquid level sensor design using
laser optics technologyased on Whisperingallery mode has been presented with
the precise experimental results achieved.
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A NOVEL LIQUID LEVEL SENSOR DESIGN USING LASER OPTICS
TECHNOLOGY

SUMMARY

The discovery of new materialnd the technological developmeimselectronics

have changed the whole industry d@hd world Todaysensorarebeingusednearly

in every application of aeration, space, naval, automotive, civil, mechanical,
industrial, electronics and computer engineering as well as advanced medicine,
medical sciences and many other areaslled toinnovations and advancésevery
processwvhen used

The study has started withhé need of highly sensitive, compact liquid level
measurement sensor which can be used gvammable medium. To provide the
demand, the positive and negative features and aspects of the current sensors, the
literature and similastudies have been investigatéd fir st, a validultrasonicliquid

level sensor has been analyzed to meet the requirements by improving its
characteristics. For improving and solving the problems otthent sensorfinite

element analysibas been @rformed until reaching a new model, which can be used

to build the initialproduction prototypesAlthough consideation of the results has
shown that to meet afif the targetsa new andhighly sensitiveiquid levels sensor

has to be developed, whishould be the next step of the study.

When looking through the techniques of the liquid level detection, it has been seen

that there is a wide variety of detection meth@tsme of them are: sensors working
mechanically with Ar ctevemsemsers agneticiliqudi pl e,
level indicators, liquid level sensors using ultrasound and lambda waves to measure

the flight time of the waves, Nuclear level switches using low level radiations
emitted by radioactive sources, and various optical detentethodsIin some of the

optic applications, optic sensors are located at top or bottom level according to liquid
existence and some of the fiber optic based systems measure the liquid level by the
change of the refractive index.

Other than these, whemuestigatingsome othercommon sensors, capacitive
pressure measurement systems based on principle that measures the pressure change
between the capasitor plates, strain gage systems which measure the pressure by
shape changefyad cell type systems amilezoelectric pressure rasuring systems

has been evaluated

These systems usually have sensifiygtoblems. As an examplejtrasonic liquid

| evel systems in automotive applvaluegti ons
while most of the precisgressure measurement sensors are sensitive to measure 50

100 kpa.

The theory of this study was found many years ago when it was seen that sound
waves in whispering tone bounce along the circular gall@rgt Paul's Cathedral
with very little loss andthis phenomenon wasamed as Whispering Gallery Mode
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(WGM). Today WGM theory has been introduced into modern electronics, and as a
result it has become an advanced theory including optical physics and electronics. In
modern WGM applications when laser light comes into the microsphere in its
contact pointwith the tapered film, the light undergoes total internal reflections in
the sphere. Aér repeated total internal reflections at the curved boundary, the
electromagnetic field can close on itself amdesonance occurs on the light signal
going to the photodiode

More importantlythese resonances change whenrthés a change on threfracive

index or geometry. The resonance frequencssft with the changes of the
microsphere size and/or the optical properties of the surrounding medium. One of the
biggest advantages tiie WGMtheory is thatery smallvalues such as TN can

be detecte by using this method.

For evaluating the possibility ofleveloping ahigly sensitivenovel liquid level
sensorusing WGM phenomenon Southern Methodist University Microsensors lab.
has been visited. After many meetings and discussibhas beerconsidered that a
new kind of highly sensitive liquid level sensor can be developed by using the WGM
phenomenonin the Micro sensors lab. facilities of Southern Methodist University
where the experiments of the novel sensor have been performed

The novel sensorshows thathe dependence of WGM shifts to liquid levels can be
assumed as perfectly linear all the measurement range without being affected by the
amount of liquid in the container. Ra change in liquid pressuresults as high as

3,12 pm WGM sifts, which have been observed during the liquid level experiments.
When the axis have been switched, it can be estimated that the valuasging
between M33-0,053 mm of water level per pm WGM shift of the Laser Spectrum,
again with a perfect lineatorrelation It has also been calculated that the total
uncertainityof the experimentss assumed to baroundN 112%, which might be
improved with the usage of equipments with higher accuracy.

Also nother advantage relies on the WGM phenomenon, in whisimovel sensor
can be worked in any environment without being affected by the availability of
flammable liquids and gasses etc.

As a result of this study novel hightech lasefoptic technology based liquid level
measuremergensorhas been designed which can be useautomotive aerspace
& aviation industriesmedicine defense, civil engineering, andany other fields
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LAZER OPTKK TEKNOLOJKSK KLE YENK BKR S|

¥ZET

El ektroni k ve bilgiscjaylkhrgeleikek hell er i ndeke
kekf. be¢eten endgegstri kol l aréné dejiktird
deji ktirmeye de devam et mektedir. Géng¢g me
uzay -al ékmal ar éndan, gna lhian e a itrepaadl axne
m¢hendislijin kullanél déjée her alana gi
metodl ar é kol ayl akt @&r makl a kal maméck, a
il erl emel ere yol a- méekter.

Bu -al ékmaya y¢ksek haatslsaaysé cyée toer tsaanhli apr, d ayn
-al ekxabil ecek yeni bir Séve seviye sens
karkeél ayabil mek i cin mevcut sens®°rl erin
l iterat¢rde benzeri - al e Kk madsanik birisaviyee | e n mi
sens®°r ¢ndeki sorunl aré -°9zebil mek adéna
-alekxma il k i mal at prototipler:i cretilip
Ancak bu -al ékma sonucunda i stée ngenr dhlads¢ésja¢
i -in tamamen yeni bir séveé seviye sens°r
geli ktirme akamal aré planlanmék ve daha

sonu-larla fikrin dojrulanmaseé sajl anmeécxk:
Teknijin bilinatnéldeEerfwemuwuma s2 seviyesi

-ekKi tli ol duju g°zlemlenmi«ktir. Bunl ar de
ol arak séveéelarén kaldéerma kuvvetini O] -
sistemleri, manyeti kld$ewaispyai kndielsatvler |lear
dal gal ageélni kgisd¢gjrkel eri ne g°re mesafeyi ° 1 -
éEkémaseé ile n¢gkleer séeveéelarén seviyesini
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El de edilen dejerler fiziksel ol arak 1inc
gaz baséncé deneyl eri ndse kba yIma |pam ésneav i syeel e
sévé basénceée deneylerinde ise 3,12 pm
ul akél abil eceji go°r ¢l mektedir. Bir bakka
Séveée seviyesi °]1 --gm@5 Immeélyiller dap sriOmP8Si
|l aser spektrumunda 1 pméli k kaymaya nede
gerekir ki sonu-lar yine m¢gkemmel e yakeén
Bu sonu-1lara ek ol arak hata hesabényapeéel.
% N1, 1®eébney d¢zenejindeki 1$18,vIe3 7b oxead it yed |é&¢
dojruluk dejerl eri el de edi |l mi ktir. Bur a
gaz baseéence, gerekse de sévée seviyesi °
basén-«kt ¢¢dEhegrin ¢retici ver ilerine bakéel
sahip oldukl arédeér. Dol ayéséyla ileride
daha yéksek dojruluj a sahlp eki pmanl ar &

dejerl erininjdahtaahdra ni yeidlielkneeckt edi r .

Bu -al ekmanén sonucundi&, sanamot iveed ema vuax
savunma Ssanayi ne, ve benzeri -ok -exitli
yapabilecek lazeo pt i k t eknol oj i si temredndi lyapyaeni
basén- sens®°rg¢ tasaréme, mlane@ysel sonu-|I :
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1. INTRODUCTION

In today's world, electronics are developing much faster than anything, which
enables us talevelop better systemsna control them precisely. Technological
developments are affeaag every industry one by one, therefore senswesbeing
used nearly in every application of aeration, space, naval, automotive, civil,
mechanical, industrial, elechics and computer engineering as well as advanced

medicine, medical sciences and many other areas.

Thereare many sensors controllitige mechanicadystemsThis study is focused on
specific techniques fdrquid level measuring. For example oil lews#@nsorused in
automotiveindustryhas a critical importance due to the fact that it controls the oil
levels and warns the driver for dangerously low levEitherwise oil loss without

detection maycau® extensive damage.

Although there are many differempplicationsfor liquid level measuringtwo of

them are the most commaoechniques. There is a wired resistive sensor which works
with the principle of resistance difference. When the current passes the resistance, it
creates a voltage, which is diféent than the reference, or in other words it measures
the difference in output and input voltages due to changing oil levels. But the main
problem of the sensor is it is not capable of making any precise meastgethen

best it can reach ¥ nfm of liquid height difference.

The second type of sensoras ultrasound transmitting onehich works with the

sonar pinciple; the sensor sends ultoasc waves from the mounted locatiomsich

is the bottom of the sump, and when the sound waves reatijuitesurface, they

reflect back to the sensor. When the sensor gets the reflected waves the sofware
justcalculates the distance out of the time of wave mmaitieg in the liquid. Thigs a

better technologg hi gher preci son of N 2mm.

To improve serisvity, cooperative studies have been started with one of the main
sensor developers in the industry, Hella GmbH. Hella uses the ultrasmiple in

their sensors, and théyave a sensor which is being mountethe bottom of the oil



sump, whichhas beenredesigned to worlkasideoil with higher precisionMany
studies have been perfned with Hella, and develop@newsensor by using Finite
Element Aalysis. After making numerous analysis on the current sensor, a new
design was developed. The newsijn was safe under engine vibrations, to keep
stress and strain levelery much below of tensile limits of the material. Also, when
analyzing according to fatigue conditions, tfev seasor has been designad safe

as the current one. The main problesasthe restrictions of the manufacturer about
keeping the damping cap design sameebe able not taffect the ultrasonic wave
propagationsDevelopment studies performed on the sensor exclutdimglamping
cap, therefore there is no way to improve ety of the sensor

When considering these issuesmany different techniges used in the industry
analyzed one bye ondhere are many different types of approaches to sensors
detecting the validity and level of the ligsidthere aresensors workingwith
archimedes' principl€2], sensors using transmittal of lambda way#3], sensors
using ultrasound waveis aero spacepplications 10, and even optical methods
deteding the validity of the liquidusing the changes in the refractive indep&s[5],

and etc.

There isanother method, called the Whispering Gallgiyde, which has been
founded theoretically many years ago, bitt has been started using in
advanceclectronics by using laser optics just a few years[ag@3]. This method,

has beemnvestigated in detail and used for developing a novel liquid level sensor.

1.1 Purpose of the Thesis

The main objective of this study ® developa novelliquid level sensqgrwith high
precision andsafety against explosion to be able to operate in nddfgrent fields

of industry For this aim, by using laser optics technology based on Whispering
gallery mode phenomenon, a unique liquid level sensor has been built, which has

precise measurement results, and can also work under flammable liquid cendition

1.2 Background

Thefirst studies aboutWhispering Gallery Mode (WGM) theonyas started almost

a century ago with the work of Lord Rayleigh, who studied propagation of



soundvaves over a curved gallery surfacdarlier researchers haveund that
microresonatorsised in WGMhave extremely high quality facto{®) in the optical
domain f3].

In a related studyMicrospherical (56 00 e m di amet er ) gl ass
factors excessing 1dvalues have been demonstrated, and Q factors as hit'as
are, in principle, possiblel4].

In recent times whispering gallery modes have found new fame with the
development of nanroptics. In the modern version ofVehispering Gallery Mode

laser light is coupled into a circular waveguide, such as a glassWhen the light
strikes the boundary of the ring at a grazing angle néfiected back into the ring.

The light wave can make many trips around the ring before it is absorbed, but only
frequencies of light that fit perfectly into the circumferent¢he ring can do so. If

the circumference is a whole number of wavelengths, the light waves superimpose
perfectly each trip around.

This perfect match between the frequency and the circumference is called a

resonance, or whisperirggallery mode.

Whispeing gallery modes occur at particular resonant wavelengths of light for a
given droplet size At these wavelengths, the light undergoes total internal reflection
at the particle surface and becomes trapped within the pahicéer wordsWGM
occurswhen light travels in a dielectrimedium of circular geometrie$he droplet
behaves like a lovioss optical cavity with the light circulating for timescales on the
order of nanosecond46].

Whispering Gallery Modes of dielectric microspheres have attracted interest with
proposed applications in a wide range of areas due to the high optical quality factors

that they can exhibit.

In mechanical sensing application, the dielectric microspheawptisally coupled to

a single mode fiber which carries light from a tunable laser and serves as an
input/output port for the microsphere. When the microsphere comes into contact with
an exposed section of the fiber core, its optical resonances are dbsgtramely
narrow (with very high Q values) and thus are highly sensitive to any change in the
morphology of the sphere (shape, size, or refractive index) . Moreover, the resonance



frequencies will shift with the changes of the microsphere size and/aptical

properties of the surrounding medium.

A study about geometrical theory of whispering gallery modes indicates that,
axisymmetric dielectric bodies have very high qudiégtors, when sphere and torus
shapes have been examined by Richtmyer. Howéveas been seen that in the case
of simplest axisymmetric geometry, different from ideal sphere or cylinder, no closed
analytical solution has been found. While the microspheres in the theory of WGMs,

are well established drallows precise calculatisri4].

In the literature, there are many WGM based measurement techniques, which have
been proposed for biological applications, especially detection of various molecules,
mechanical sensing including temperature, force, pressure, acceleratiosheea

stress, magnetic fieletcwhich will be discussed further in detail



2. SENSORS

Sensors are sential components oélectronic control systems. Sensors are defined

as fdevices that transform (or transduc
acceleration into output signals (usually electrical) that seniapags for control

sy s t.e&marsing in the late 1970syicroprocessebasedengine control modules

were phased in to satisfy federal emissions regulations. These systems required new
sensors such as MAP (manifold absolute pressure), air temperature, and-gakaust
stoichiometric akfuel-ratio operating poinsensors. Today the need for sensors is
evolving and progressively growing. For example, in engine control applications, the
number of sensors used will increase from approximately 10 in 1995, to more than
30in 2010 8.

Computer controlled systems contally monitor the operating conditicof today's
mechanical system$&ensors convert temperature, pressure, speed, position and other
data into either digital or analog electrical signals. The computathe sensor data

to control different systemsthrough te use of actuatorswhich is an

electromechanical device such as a relay, solenoid or motor.

2.1 Sensor Types
In general,there are three main categorgsensor$35]:
2.1.1Switch sensors

2.1.1.1Phototransistor

A phototransistor is a transistor that astivated or turned on by light. When
combined with a LED and a rotating slotted wheel in a vehicle speed sensor, a

phototransistor can supply vehicle speed data to a conifbier

2.1.1.2Reedswitches

The reed switch is an electrical switch actuated by thel film an external

permanent magnet or electromagnet placed in close proxifiitig field causes the



reeds to become magnetic, the ends are attracted and the contacts either open or
close. Removal of the magnetic field allows the springy reeds to réstoo®ntacts

to their original state.
2.1.2Resistivesensors

2.1.2.1Thermistor

It is a type of resistor whose resistance varies significantly with temperature, more so
than in standard resistors. Thermistors are widely used as inrush current limiters,
temperature sesors, selfesetting overcurrent protectors, and setjulating heating

elements.

2.1.2.2Potentiometer

A potentiometer is a variable resistor that is commonly used as a sensor.lt is a
mechanical device whose resistance can be varied by the position of thielenova

contact on a fixed resistor. The movable contact slides across the resistor to vary the
resistance and as a result varies the voltage output of the potentiometer. The output
becomes higher or lower depending on whether the movable contact is near the

resistor's supply end or ground edd][

2.1.2.3Piezoresistive

A piezo resistive sensor is a resistor circuit constructed on a thin silicon wafer.
Physically flexing or distorting the wafer a small amount changes its resistance. This
type of sensor is usually ed as a pressure sensing device such as a manifold
pressure sensor, although it may also be used to measure force or flex in an object
such as the deceleration sensor located in the SRS air bag center sensor.

2.1.3Voltage generating sensors

2.1.3.1Piezoelectric

Piezd electricity is generated by pressure on certain crystals, such as quartz, which
will develop a potential difference, or voltage, on the crystal face. When the crystal

flexes or vibrates, an AC voltage is producgsl [



2.1.3.20xygen sensors

The oxygen sensolocated in the exhaust manifodd an enginesenses whether the
air-fuel ratio is rich or lean, and sends signals to the ECU which in turn makes minor
corrections to the amount of fuel being metered. This is necessary for thavétyree
catalytic convertetto function properly. There are two kinds of oxygen sensors:

Zirconiaoxygen sensaandTitania oxygen sensor

2.1.3.3Magnetic inductance

Magnetic inductance sensors consist of a coil of wire around an iron core plus a
permanent magnet. The magnet can be esta¢ionary or movable. If the magnet is
the moving member, as it passes the coil the magnetic lines of force cut through the
coil and a voltage is produced. Since the north and south poles of the magnet
alternate as they pass the coil, the voldgeolarity also alternates. As the speed of
the magnet rotating past the colil is increased a larger voltage is produced and the

frequency of the voltage polarity changes is increased.






3. LEVEL MEASUREMENT SENSORS

Level is measured at the position of the irdeef between phases ljuid/gas,
solid/gas, orliquid/liquid, and where thelevel is simply a measure of height. It
defines the position of the interface, that is, the surface where the two phases meet

with respect to a reference point.

The level measumeent caneither be continuous or point values. Continuous level
sensors measure level within a specified range and determine the exact amount of
substance in a certain place, while péawel sensors only indicate whether the

substance is above or belowetsensing poinp].

Direct level measurement methods employ physical properties such as fluid motion

and buoyancy, as well as optical, thermal, and electrical propeR®s. [

Indirect level measurement involves converting measurements of some other
guantity, such as pressure to level by determining how much pressure is exerted over
a given area at a specific measuring point, the height of the substance above that

measurig point can also be determined.

3.1Level Sensor Types
Level sensors detect the léwaf substances thatdiv, including liquid, granular
materials, and powders.

When selecting a measuring device, it is important to consider the operating

parameters and the physical and chemical properties of the process materials.

There aremany different types of level sensorsummarized in the following

sections.



3.1.1Mechanical sensor

3.1.1.1Floating system

Floats work on the simple principle of placing a buoyant object with a specific
gravity intermediate between those of the process fluid and tklsgeeze vapor into

the tank, then attaching a mechanical device to read out its position. While the float
itself is a basic solution to the problem of locating a liquid's surface, reading a float's
position (i.e., making an actual level measurement) isptblematic. Early float
systems used mechanical components such as cables, tapes, pulleys, and gears to

communicate level. Today magreguipped floats are the most popular ty@3. [

3.1.1.2Buoyancy method

Buoyancy is an upward acting force exerted by adflihat opposes an object's

weight an it is based on Archimedebs princip

The mechanical level indicator consists of the immersion body with calibrated
measuring spring which transmits the change of level to the mechanical or electrical
indicator[27].

3.1.1.3Vibrating level systems

An electronic circuit excites the blade of probe to its resonant frequency, and when
material comes into contact with the blade, vibration is damped causing switching of
the relay. This device is suitable for control maximum lewélsolids and liquids in

many types of applications (e.g. foods, grains, granules, pellets, cement, powder)

3.1.2Hydrostatic pressure methods

Displacers, bubblers, and differentessure transmitters are all hydrostatic
measurement devices. Any change mpgerature will therefore cause a shift in the
liquid's specific gravity, as will changes in pressure that affect the specific gravity of

the vapor over the liquil].

3.1.2.1Bubbler systems

This technology is used in vessels that operate under atmospheric pressure. A dip
tube having its open end near the vessel bottom carries a purge gas into the tank. As
gas flows down to the dip tube's outlet, the pressure in the tube rises until it

1C



overcanes the hydrostatic pressure produced by the liquid level at the outlet. That
pressures monitored by a pressure transducer connected to th¢4ijpe

3.1.2.2Differential pressure level detectors

The differential pressure detector method of liquid lemeasurement uses a
detector connected to the bottom of the tank being monitored. The higher pressure,
caused by the fluid in the tank, is compared to a lower reference pressure (usually

atmospheric)38].

3.1.2.3Displacers

Displacers work on Archimedes' ptiple. The displacer's density is always greater
than that of the process fluid (it will sink in the process fluid), and it must extend
from the lowest level required to at least the highest level to be measured. As the
process fluid level rises, the colandisplaces a volume of fluid equal to the column's
crosssectional area multiplied by the process fluid level on the displacer. A buoyant
force equal to this displaced volume multiplied by the process fluid density pushes
upward on the displacer, reducitite force needed to support it against the pull of
gravity. The transducer, which is linked to the transmitter, monitors and relates this

change in force to level.
3.1.3Electrical methods

3.1.3.1Conductivity probes

The Conductivity Probe determines the ionic conteinan aqueous solution by
measuring its conductivityt consists of two maingsts: the anode (positivend the
cathode (negative). The probe is activated when a voltage is applied to the system.
This puts force onto the charged ions in the solution¢chvpushes them to either the

anode or cdtode depending on their chaf@®].

3.1.3.2Capacitanceprobes

A capacitor is formed when a level sensing electrode is installed in a vessel. The
metal rod of the electrode acts as one plate of the capacitor and the tank wall (or
reference electrode in a nometallic vessel) acts as the other plate. As level rises, th

air or gas normally surrounding the electrode is displaced by material having a

11



different dielectric constant. A change in the value of the capacitor takes place
because the dielectric between the plates has changed.

3.1.3.30ptical level switches

An optical level switch works by emitting a beam of infrared light within a prism and
measuring the amount of light received. When the measured fluid reaches the sensor
the amount of emitted light received drops thus triggering the contacts. As the sensor
is detectingthe state between material covering or not covering the prism it can be

used to detect the presence or absence of fluid thus preventing damage to pumps.

3.1.3.4Microwave level systems

Radar level measurement is based on measuring the transit time of high dgequen
(GHz) electromagnetic energy transmitted from an antenna at the top of the tank and
reflecting off the surface of the level medium; the higher the dielectric of the

medium, the stronger the reflection.

3.1.3.5Nuclear level systems

The nuclear level switch isaBed on the detection of radiations emitted by a
radioactive source. When radiation transmit through material it will be absorbed,

scattered or transmitted without any reaction.

3.1.3.6Ultrasonic level detectors

Ultrasonic level sensors measure the distance leeatitvee transducer and the surface
using the time required for an ultrasound pulse to travel from a transducerfligsidh

surface and back

3.2 Literature Review

In the literature, there are also many different techniques for measuring the liquid

levels. Someo f them are: Archi medesé6 principle,
techniques, radar, fiber optics etc.

In the study of Prune University, India [2], a cantilever beam is mounted into the

l' i quid tank, and Archi medesodgudpandload i pl e r i s ¢
cell measures the deflection. Generally these kind of easy to build basic type sensors

have low accuracies around %2, but this system has a lot better in add0r&es,

12



and still works in a wide temperature rang#c +80C. This sensas an example
for easy to build, cheap, easily calibrateable liquid level sensor.

Another method uses ultrasonic lambda waves was developed in Russia, 2002 with

the cooperation of Radio engineering and electronics instute of Russia,
Gazavtomatika companyfo Russi a and Mi | waukee Uni v
Computer departemt[18].

Principle of this study based on the changing characteristics of lambda waves in the
liquid environment. Lambda waves has advantage that they caontirue their
ways(or in othemways propogate) in such situations that acoustic waves do reflect
because of various obstacles.

There @ae a couple of uppdevel detector transducers, and lower level transducers.

The main principle is the difference of the wave characteriscits of lambdes in

the liquid and in the air are different, so by this differecence min and max levels can

be easily detected. Thi s s einascasrbewteenr k s we
40AC an(d7.+60AC

Another method developed and performed by NASA Langésgarch center and
Old Dominion University is called and ultrasonic level sensor for liquids working
under high pressurgll].

Liquid level sensors are generally make continious measurements under up to 1000
psi of pressure, but such situations like ithoxygen transfer to the rocket engine,

etc. needs high amounts of liquids to be transferred by high pressure around 6000
psi. For this aim, new argpecial sensors have begamerated.

The principle is basic, transducer send an ultrasonic wave, andgptogpwaves
are being reflectk from the liquid surface. The transiime can be easily converted

to distancgH=C.T/2) and the liquid level can be calculated by this equation.

Another method using ultrasonic wave propogation was developed in 2001 by
BFGoodrich airplane advanced sensors departm&@t [The importance and

difference of this study comes from the application field rather than the working
principle. In the airplane industry because the weights are very important, the

importance of this sty can be easily understood.
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The principle is the same with the study before, sending and collecting ultrasonic
waves, and finding the liquid levels according tee twave transfer time$he
difference comes from the importance of temperature differenbere a newly

landed airplane is aroundB0A Cwater/fuel on the ground is aroundAL®

With N1mm accuracy, measur ement error reduc
water into the tank. This sensor works well betwedd Gnd +7@ C

A totally different méhod is the usage of fiber optics in liquid level measurement
was performed by Gauhati University in 20@J. [

Fiber optic cables reflects the laser/light signal when in the air, but when the density
difference reduces, it transfers the laser light tolitpeéd environment, therefore

sensor detects the liquid environmastshown in Figure 3.1

Water

HEMISPHERICAL
FIBER TIP

Figure 3.1 : Fiber optical liquid level measurement experiment setup

One obstacle may be the dirt in the liquid, another can be the length of the fiber optic

cable wihch can reduce the light signal reponse. In ideal conditions, fiber optic cables

are capable of reaching 5 micron precision, with high accuracy and repeatability,

that no other sensor can match.

Another study made by Parma universiyltaly, 2005[5]. When in air, most of the

light rays reflect back, but when located water light rays continue their way,
therefore reflected signalsdéd decrease shows
That means witim the materials natural boundarie2GA Gle +70A T usage of

optical fibers are easy, accurate and inexpensive.
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4. OIL LEVEL SENSOR

Whenlooking at the current oil level sensors used in automotive industry, two main

OLS types appear:
A Wire resistance type level sensors
A Ultrasonic type level sensors

The sensor using resistance wire, are mainly reliable in statical measurements, but

are not capable of getting dynamic measurements.

A resistance wire which is designed to cover both the maximum and minimum liquid

levels is keated by sending a constant current through it. The voltage drop across the
wire depends on the amount of heat that is dissipated from the wire to the
surrounding medium. The voltage drop value is compared to values in -agook

table where voltagdrop vesus temperature is listed.

Ay

/

Figure 4.1 : Different types of resistance wire OLS [z
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Figure 4.2 : Resistance Wired LeveleBsor in its assembled position [z

When focused on the wultrasonic | evel
measuring the time framigetween transmitting and receiving of ultrasound wave.
The ultrasound wave reflects from the liquid surface, and returns back to the
receiver, and because if the speed of sound is known in the specific environment,
which is oil in this situation, so thesdance from receiver to the liquid surface can be

calculated easily.

Ultrasonic type level sensors have advantages in dynamic measurements,
nevertheless they are more complex and more expensive when compared to the
resistance wire type level sensors. Hoarewltrasonicsensors are not suitable for
using in every applicatiowWhen t he container vibrates
bulbles get formed in the liquid. Therefore, the soundwaves propagating from the
sensor reflects from tke bubbles insteadfaeflecting from the surface and cause

false signals.
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Figure 4.3 : The working principle of the ultrasonic level sens

4.1 Hella Oil Level Sensors

Oil-level sensors ensure that the engine oil does not become dangerously low without
being noticed. Current Hellasensors work according to the delay principle of
ultrasound waves in liquid mediuf22]. Ultrasound technology has already been
used successfully for years in different applications. The challenge for liquid level
measurement applications is in the speeaidaptation of wavelength and piak
characteristics as well as the choice of suitable structure and connection technology
[34].

------ Multi-Chip Modul (MCM)
~— punched frame

= === distance element

= === flange

- === backside plate

Figure4.4:The components of a spec
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The ultrasonic oil level sensor can measure the oil level continuously, i.e. both in the
dynamic and in the static range. It thus provides information about the oil level
within the whole period of engine operation, which can often be several hours in the

case of construction machinery, tractors and fork lift trucks.

Static measurement range
129 mm

Example of static oil minimum

Dynamic measurement range

Transition zone

Damping cup

Example of dynamic oil minimum

Figure 4.5 : Sketch ofultrasoniclevel sensor [33]
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4.2 Oil Level Sensor Design Concept & Fem Analysis

The current ultrasonic sensor has many problems including bubbling, sensitivity etc.
Therefore thetlarget of the Hella cooperated study was to work on the mechanical
design (material, sealing, mounting) and integrate the ultrasonic oil lensbrse

inside the liquid container.

In the FE analysis, the worst case scenari@misng an outside temperatue-404C,
while the temperature of the oil in the contained&XC. During the analysis, is
going to bepretened that there is not enough ail the containerto minimize the

danping effect

For FEM smulation, material properties have beassignd to sensor parts. A
composite of Polyamide and Glassfiber (PABB35) has been used for the main
body parts, while fixings areCuzZn39Pb3 and grounding is CuNilOFelMn
(APPENDIX A)

As expected, current design can withstand vibrations when the baseidg ocatsl
the sensing part is inside the oil pan.

Sensor manufacturer insisted on keeping the damping cap désigrefore after
making various analysist, has beeragreed to keefhe damping cagection, which
propagates the sound wavesasoew sensadesign has beeteveloped ashown in
Figure 4.6

Figure 4.6 : The new oil level sensor desig
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4.3 Meshing

The first part of the anaylsis is the meshing st&geh part of the sensor have been

meshed separetly, for having optimum element size.

After meshing, all of thesensorparts assembled by glueing operation. In glueing
operation, distance between the surfaces have been assigned to be lower than 0.25
mm.

Figure 4.7 : Meshing.

In the Figure 4.8 brown arrows demonstrate the "Surfagesurfacegluing”, which
bonds the solid bodies together.

2C



Constramnts were defined
as "Fixed"

"Gilumg” bonds between
the solwd bodics

Figure 4.8 : Gluing operation

4.4 Modal Analysis

The goal oimodal analysiss to determine the natural mode shapes and frequencies
of anobject or structure during free vibration. It is common to usédirnite element
method(FEM) to perform this analysis because, like other calculations using the
FEM, the object being analyzed can have arbitrary shape and the results of the
calculations are acceptable. The types of equations which arise from modal analysis

are those seen gigensystempg4].

The physical interpretation aheeigenvaluesindeigenvectorsvhich come from

solving the system are that they represent the frequencies and corresponding mode
shapes. Sometimes, the only desired modes are the lowest frequencies because they
can be the most prominent modes at which the object will vibrate, dominating all the
higherfrequency modes.

4.4.1Modal analysis results

By solving the model, the natural frequencies and the sitems values of each

mode have been found.The results of the modal analysis can be seen in Table 4.1.

According to the resulfsnodes 7,8,9 having the freencies 1635 Hz, 2187Hz, and
2413Hz have higher stress and strain values exceeding the material limits. But
because these frequencies are all over the testing limits according to DIN EN 60068

2-6, the new design is safe according to modal analysis.
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Table 4.1 :Displacementstrains of all modes

Load Case 1 : Number of Iterations = 9

Displacement (mm) Stress ( mN/ mn
Min
X Y z Magnitude | Von-Mises| Principal |MaxPrincipal | Max Shear

Mode 1 ,1.456e+000 Hz
Max 1.093e+000 4.554e001 5.137e+000 1.482e+001 2.616e+000 1.121e+000 2.542e+000 1.377e+00(
Min  -1.442e+001 -2.322e+000 -9.734e+000 1.799e001 4.679e004 -3.626e+000 -1.945e+000 2.588e004

Mode 2 ,2.303e001 Hz
Max 3.953e+000 1.944e+000 2.508e+000 1.138e+001 9.552e001 1.809e001 1.185e+000 5.213e001
Min -3.804e+000 -1.129e+001 -1.709e+000 4.182e001 1.497e005 -8.029e001 -1.715e001 7.821e006

Mode 3 ,4.8306001 Hz
Max  4.320e+000 3.877e+000 2.337e+000 7.462e+000 2.237e+000 2.408e+000 4.457e+000 1.161e+00(
Min  3.271e+000 -1.019e+000 -5.399e+000 4.122e+000 1.771e005 -1.940e+000 -6.088e001 1.008005

Mode 4 ,1.100e+000 Hz
Max 3.075e+000 9.187e+000 2.359¢+000 1.018e+001 2.057e+000 1.259e+000 2.804e+000 1.115e+000
Min _ -5.783e+000 -1.145¢+000 -6.669e+000 3.863e+000 1.779€004 -1.815+000 -6.019e001 9.967e005

Mode 5 ,1578e+000 Hz
Max 2.324e+000 1.709e+001 9.184e+000 1.767e+001 4.182e+000 2.432e+000 4.853e+000 2.329e+00(
Min  -4.456e+000 -2.895e+000 -3.438e+000 1.264e+000 4.969e004 -4.102e+000 -2.121e+000 2.805e004

Mode 6,3.160e+000 Hz
Max 5.013e+000 7.102e+000 -.108e001 1.329e+001 1.635e+000 8.248e001 2.228e+000 8.946€001
Min  -7.524e+000 -1.327e+001 -6.563€001 1.146e001 1.924e004 -3.150e+000 -1.361e+000 1.102e004

Mode 7 ,1.635e+003 Hz
Max 3.673e+000 4.716e001 1.146e+001 2.247e+001 1.549e+006 1.346e+006 2.520e+006 8.143e+005
Min  -2.237e+001 -4.544€001 -1.202e+001 2.242€002 2.537e+001 -2.883e+006 1.550e+006 1.437e+00]

Mode 8 ,2.187e+003 Hz
Max 5.794e+000 7.376e001 1.749e+001 1.840e+001 2.877e+006 3.308e+006 6.018e+006 1.468e+006
Min  -5.770e+000 -2.644e+000 -3.929e+000 1.535e001 2.439e+002 -3.612e+006 -1.459e+006 1.396e+002

Mode 9 ,2.413e+003 Hz
Max 7.191e001 2.481e+001 8.345e+000 2.538e+001 3.133e+00€ 6.241e+005 3.328e+006 1.673e+004
Min  -7.208e001 -9.215e+000 -1.320e+001 2.434€002 -9.336e+00: -3.260e+006 -1.010e+006 5.381e+007

Load Case 1 Summary
Max 5.794e+000 2.481e+001 1.749e+001 2.538e+001 3.133e+006 3.308e+006 6.018e+006 1.673e+00€
Min  -2.237e+001 -1.327e+001 -1.320e+001 2.242e002 1.497e005 -3.612e+006 -1.550e+006 7.821e+00¢

4.5 StressStrain Analysis

Thefrequency vs acceleration values obtained from thi&es¥eagen Automotive test
spec, according to DIN EN 600&86 which is accepted as an industry standart have

been used durindpe analysis.
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Table 4.2 :The frequencys. acceleration values

Frequenz (Hz) Amplitude der Beschleunigun

[ m/ s ] ]
100 100
150 150
200 200
240 200
255 150
440 150

Accelaration

2.05E+005

1.68E+005 \

1.32E+005

acceleration (mm/sec?)

9.50E+004
100.00 185.00 270.00 355.00 440.00

frequency (Hz)

Figure 4.9 : Frequency vsacceleratiorvalues.

Frequency vs. Acceleratiamsed in the analyzing software candaen in Table 4.2

and Figure 4.9
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feb28 : Solution | Result

Lood Case 1, Static Step |

Displacement - Nodal, Magnitude

in 't 0.000et00C, Mox : 3.673e-004, mm
Deformatiion : Displocement - Nodol

3.673e-004
= 3.367¢-004
— 3.06le-004
2.755¢e-004
— 2.448¢-004
2. 1422004
H 1.836e-004
= 1.530e-004
B [.2242-004

5 9.182¢-005

B 6.121e-005

I 3.061e-005
§:0000+000
<

Figure 4.10 : Displacementstrainandstresdigures at both temperature limits
40U C and +160U0 C).

4.5.1Stressstrain analysis results

According to the stresstrain analysis under test conditions, oil level sensor faces a
stress valuaunder0.21 MPa, which makes no deformasowhen compared with
Yield Stress & Ultimate Tensile Strength valugghe materials whiclhave values
betweernl50-200MPa.

When considering tlseresults, the design is completely safe.

4.6 Fatigue Analysis
To see the effects of the cycling loads, the model has been analyzed according to the
Fatigue conditions.

For this aim Fatigue Strength Coefficient, Fatigue Strength Exponent, Fatigue
Ductility Coefficient and Fatigue Ductility Exponent values have hasarted into

the materiatatabase.
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sim] @ Durability solutionl Result
Load Case |, lteration |
Fatigue Sofety Factor - Element-Nodal. Unaveraged. Scalor

Min @ 2.576e+001, Max : B.156e+005, Unitless
&

8.156e+005
! 2.6572+005
— 1.1472+005
— 4.951e+004
— 2.1372+004
— 9.225e+003
H 3.982e+003
= 1.718e+003
= 7.418e+002
= 3.202e+002

= 1.382e+002
I 5.967e+001
2%§7,6e+001

i
Figure 4.11 | Fatigue safety factdr Elementi Nodal.

4.6.1Fatigue analysis results

The expectedifetime is above 10736 cycles, and safety factors have minimum
values of 25.76 for fatigue and 2.796 for stitang\ccording to these findings,it can
be said thatthe new desing is absolutely safe according to fatigue properties under

cycling loading oftest conditions.

Although ths new ultrasound sensor design is safe, it is indifferent by means of
sensitivity and has similar problems with the current sensor. So it has been agreed
that a completely new sensor should be designed to get rid of thetqunoblems

and to reach higher sensitivity values.

For this aim, different sensor applications in the literature has been investigated and
finally a unique theory has been differentiated with high sensitivity and wide range

of applications.

This method with is named as Whispering Gallery Modall be evaluated in the

following sections in detail.
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5. WHISPERING GALLERY MODESTHEORY

5.1 Whispering Gallery Mode: Background/Development Stages

The whispering gallery is located in the dome of St Paul's Cathédwadion, and

has the curious property that if two people stand at opposite sides of the gallery, at a
distance of 42 meters, and one whispers into the wall of the dome, then the other
person can hear what is being said. Interestingly the effect does notifwane
speaks normally, giving the gallery its name. The reason for this strange effect is that
the sound bounces along the wall of the gallery with very little loss, and so can be
heard at a great distance. The reason it does not work if you speaklpaosnthat

the increased amplitude of the noise allows it to circulate the gallery multiple times,
and so the sounds all get mixed up and can no longer be heard properly. It can be
viewed that there is a narrow region near the edge of the dome whemauvbs
propagate most efficiently, and this is known as a 'whispering gallery mode' in
honour of gallery where it was discover@d||

The study of WGMs was started almost a century ago with the work of Lord
Rayleigh, who studied propagation of sound aveurved gallery surface. In 1909,
Debye derived equations for the resonant eigenfrequencies of free dielectric and
metallic spheres that naturally take into account WGMs. Generalized properties of
electromagnetic resonances in dielectric spheres werdywdiEussed afterwards,

with emphasis on the microwave, not optical, modes of the spheres.

The first observations of WGMs in optics can be attributed to -stdice WGM
lasers. Laser action was studied in Sm:CaF2 crystalline resonators. The size of the
resonators was in the millimeter range. In liquid resonators, WGMs were first
observed by elastic light scattering from spherical dielectric particles. It was
recognized that WGMs could help in measurements of spherical particle size, shape,
refractive index and temperature. Earlier researchers have been found that
Whispering gallery modes of micro spherical and other miesonators are known

to have extremely high quality factors (Q) in the optical domégh [
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Microspherical (566 00 & m d i a nsenaters With @ facioss £xcaseng?0
values have been demonstrated, and Q factors as high*aardQin principle,
possiblg44].

In recent times whispering gallery modes have found new fame with the
development of nanroptics. In the modern version af whispering gallery, laser

light is coupled into a circular waveguide, such as a glass ring. When the light strikes
the boundary of the ring at a grazing angle it is reflected back into the ring.

The light wave can make many trips around the ring ketois absorbed, but only
frequencies of light that fit perfectly into the circumference of the ring can do so. If
the circumference is a whole number of wavelengths, the light waves superimpose
perfectly each trip around.

This perfect match between thHeequency and the circumference is called a

resonance, or whisperirggallery mode.

Whispering gallery resonators always experience a certain amount of-keskesye

of the radiation from the confined mode. This leakage or radiation loss increases as
the diameter of the cavity is reduced (scaled by the wavelength). It also depends on
the refractive index contrast between the resonator material and the surrounding
medium. Whispering gallery loss is therefore controlled by appropriate selection of
the resoator diameter, the refractive index, and also the operational wavelength of
the lasef46].

Whispering gallery modes occur at particular resonant wavelengths of light for a
given droplet size At these wavelengths, the light undergoes total internalctedte

at the particle surface and becomes trapped within the particle. The droplet behaves
like a lowloss optical cavity with the light circulating for timescales on the order of

nanoseconds.

Whispering Gallery Modes of dielectric microspheres have attracted interest with
proposed applications in a wide range of areas due to the high optical quality factors
that they can exhibit. WGM occurs when light travels in a dielectric medium of
circular geometries. After repeated total internal reflections at the curved boundary,
the electromagnetic field can close on itself and give rise to resonances. If the
dielectric medium is a microsphere, one obtains a very small mode volume and high
finesse. In ader to couple light in or out of the microsphere, it is necessary to utilize
overlapping of the evanescent radiation field of WGMs with the evanescent field of a
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phasematched optical fiber or waveguide. Photons tunnel from the eroded optical

fiber to themicrosphere if their refractive indices are very close.

In mechanical sensing application, the dielectric microsphere is optically coupled to
a single mode fiber which carries light from a tunable laser and serves as an
input/output port for the microspree When the microsphere comes into contact with

an exposed section of the fiber core, its optical resonances are observed extremely
narrow (with very high Q values) and thus are highly sensitive to any change in the
morphology of the sphere (shape, siz®, refractive index) . An interesting
phenomenon in WGM is that the resonance peaks in the light intensity spectrum
curve is very sharp and the intervals between two successive peaks are very stable.
Moreover, the resonance frequencies will shift with ¢hanges of the microsphere

size and/or the optical properties of the surrounding medium.

Coupling of Light Into the Micro-Sphere

Microsphere

Single mode

Optical fiber
Tunable laser F }ed fiber photodiode

‘ 5 ‘Il :l'r ........ \I :l'(

@ |l '||.

= | 1

£ FSR Il

& l{' >

I': ] 1

1 ] —
Ay ha W

Figure 5.1 : WGM shifts.

WGM shifts have caused by the total internal reflections occured in the microsphere.
The laser light comes into the microsphere in its contact poitite tapered film,

and the light undergoes total internal reflections in the sphere.

52Geometrical Theory Of Whisperéng Galler

A study about geometrical theory of whispering gallery modes indicates that,
axisymmetric dielectric bodies have very hmghality-factors, when sphere and torus

shapes have been examined by Richtmyer.
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However after this study, it has been seen that in the case of simplest axisymmetric
geometry, different from ideal sphere or cylinder, no closed analytical solution has
been dbund. While the microspheres in the theory of WGMs, are well established and
allows precise calculation of eigenmodes, radiative losses and field distribution bo

analytically and numericallfs3] .

There are many studies regarding high Q WGM dielecisk cesonators53] and

cylindrical optical microcavity resonatorsq]

Figure 52 shows a Summary of the Most Commonly Used Whispering Gallery

Mode Resonant Cavity Geometries, along with the Materials Used to Fabricate Them

=" IS

and the Corresponding Quali@actors.

Geometry Microsphere [2] » Microtoroid [7] . Microdisk [5,7,39] » Microring [8,10,21]
Possible Silica Silica Silica, silicon, silicon Polymeric materials, silicon
material nitride, AlGaAs

Quality factor = >10° >108 | ~10°-107 ~10°-10°

Fabrication Reflow Lithography/ Lithography Lithography/

method reflow molding

Figure 5.2 : Most commonly used wgm resonant cavity geomeftag

5.3 Applications And Studies Based On Wgm Principles

In the literature, there are many studies regarding WGM phenomenon, a number of
WGM based measurement techniqgues have been proposed for biological
applications, especially detection of various molecules, mechanical sensing including
temperature, force, pgsure, acceleration, wall shear stress, magnetic field, etc.

5.3.1Microlasers

An early study in year 2000 indicates that an aipgléshed fiber coupler can be
implemented to couple an optical fiber to the microsphere to generate Whispering
Gallery Modes.49]

Another early study about microlasers in completed in 2001 indicates that, a novel
hybrid-fiber-taper based laser coupling configuration has been proposed, in which
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the microsphere has been coupled using a single fiber taper that was a combination
of 980-nm single mode fiber (SMF) and 158&h SMF[50].

5.3.20ptical switching

In an early study, a hig® nonlinear cylindrical microcavity resonator has been
proposed, and the transmission of an integrated optical waveguide close to a
microcavity has been measureddarelated to the resonances of the cylindrical

microcavity. Which can be accepted as a base to cauphonemenon [53].

Optical microsphere resonators are also attractive systems for both fundamental
physics research in the field of cavity quantalactrodynamics and for the use in
optoelectronic device$].

5.3.3Biosensor

A biosensor is an analytical device for the detection ohralytethat combines a
biological component with a phigechemical detector component. Optical
Biosensors provides the most comprehensive analysis of optical biosensors and
relevant technologies to date. There are some studies about optical biosensors based

on WGM principles.

One of studies about biosensordjieth uses disk shaped resonators, that has been
used for the detection of biological materials with high sensitivity. The principle of
the device depends on monitoring the change in transfer characteristics of the disk

resonator when biological materiaddlfonto its active are§51].

Another study related with optical biosensors shows that, the need for miniaturized
and sensitive instruments for baetecting has accelerated the development of
micrometerscale optical biosensors. According to the reseas; in biosensor
applications microspheres have some problems like lack of size control during
fabrication, and difficulty in integration with other optical components, but
microdisk shaped resonators can work successfully in biosensor applications.
Resarchers indicate that SiO2 microdisks with high Q factors and diameters ranged
from 4001200 micron and thicknesses of 1 and 15 microns have been fabricated on
Si substrates. Also since the fabrication process used in the study is compatible with
that in $andard microfabrication, the sensors can be easily integrated with other

electronic and optical components on a semiconductor] 88jp
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As a means of determining the sensitivity and feasibility of the microdisk structure as
a sensing device, -@ctor wascalculated and sensing performance was observed.
The optical resonances of the WGM modes in the disks were evidenced by dips in
the intensity and an increase in the temperature resulted in longer resonant
wavelengths. This effect is reversible; a decraaseemperature results in shorter
resonant wavelengtt4Q.

The results of an another study about biodetection show that silica resonators provide
the lowest material losses and highest Q factors. Also semiconductors such as silicon
have been used to ia Q factors of more than 500,000 [5] and polymeg
resonators have been used to achieve Q factor values of more than 108;@8D [
However, these Q factors are several orders of magnitude lower than for the silica
ultrahighQ microcavities, such amicrotoroids p] or microspheres [2], which reach

Q factor values ranging from 500 million to 10 billip46].

Another study about the HigQ WhisperingGallery Mode Sensor In Liquids shows

that optical biosensors are typically transducers that deteptésence of molecules

at a surface. The basic detection scheme is that binding of molecules to the micro
resonator surface induces an optical change proportional to the amount of bound
molecules, so in short researchers just measure the change on tlotedktca of

the resonator, such as Q factds][

The results of the study about detecting biomolecules optically shows that, it is

required to use micro fabricated glass surfaces with surface coatings to minimize
nonspecific binding, without changingetloptical properties of the sensor. According

to this study, Q factor factors of the WGM microspheres have values greater than
1010 in air, and greater than 109 in a variety of solvents, including methanol, H20

and phosphate buffered saline(PBS). In otherds WGM type optical biosensors

are extremely sensitive, nondestructive, and capable of sensing almost any kind of

molecule, chemical and pi®otic as well as biological4p]

5.3.4Micro sensors

A study about micraptical force sensor concept shows that WGMs can be excited
evanescently coupling light from a tunable diode laser using a tapered reingge
fiber, and applying a compressive force generates a change in both the shape and the

index ofrefraction of the sphere leading to a shift in WGM. By tracking these shifts,
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the force magnitude can be determined using solid silica as well as solid and hollow
Polymethylmethacrylate (PMMA) microsphere resonatdd.

Another paper investigates theasibility of a WGMbased microsensor for electric
field measurement. It has been found by the elastic deformation (strain) of a
dielectric material occurred under the force exerted by an electrostatic field. The
results of the analysis indicates that deten of electric fields as small as ~500V/m
may be possible using water filled, hollow solid polydimethylsiloxane (PDMS)
microspheres. The electric field sensitivities for solid spheres, on the other hand, are
significantly smaller, resulting that solid DRIS spheres work well for
electrostriction, which is the elastic deformation (strain) of a dielectric material under

the force exerted by an electrostatic figd§l

I n the study of lopoll o, Ayaz and ¥tg¢gen
on morgology dependent optical resonances of polymeric spheres, performance
characteristics of a force sensor concept based on the morphology dependent
resonance (MDR) shifts of micmaptical resonators have been investigated. It has

been stated that the micréspe sensors with diameters ranging between 300 and

950 microns may have force resolutions reachingNLOAccording to the study,

MDRs can be observed as sharp dips in the transmission spectrum with very high Q
factors. According to the study, when theaeances are extremely narrow, with very

high Q factors, they become highly sensitive to any change in the morphology of

the sphere. Therefore any instantaneous change in the morphology of the
microsphere will cause a shift in the resonance positiorwiltp for the precise
measurement of the mechanical effect.As an important result of this study shows that
decrease of bot h sphere di ameter and y

sensitivity.[4].

Anot her study which bel on gss shdaws that the ol | o,
mechanical modes of dielectric microspheres can be excited by simultaneously
imposing static and harmonic magnetic fields. Therefore by monitoring and tracking

WGM shifts, the detection of small magnetic fields is possildg [1

There ae some studies analyzing the effect of hydrostatic pressure on solid and
hollow microsphere optical resonators. The researchers have expressed that the
pressuranduced WGM shifts of hollow polymethyl methacrylate (PMMA)
microspheres were monitored, andurid that the effect of atmospheric pressure
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variations on silica resonators is negligible, but hydrostatic pressure may be effective
in the optical tuning of hollow polymer spheres, because of the higher sensitivity of

the hollow microspherd4.3].

In an another study about resonators shows that, when applications of whispering
gallery mode resonators in photonics and nonlinear optics have been investigated, it
has been seen that open dielectric resonators based on complete internal reflection
has become aalternative to the usual optical resonators. Modern dielectric optical
resonators have cylindrical, spherical, spheroidal/toroidal, ring, and other shapes and

topologies with various confining principlesg]

A method has been developed to fabricate nud® resonators with strong
whisperinggallerymode emission but with quality factors only up to 3000. The
microcylindrical or microcapillary dielectric resonators have generated significant
interest due to their small size and material compatibility wetacommunication
optical fibers §9]

5.3.5Solar cells

Light Absorption Enhancement In ThKim Solar Cells Using Whispering Gallery
Modes In Dielectric Nanospheres indicates that whispering gallery modes in
dielectric nanospheres can be used for the enhamtemhdight absorption (light
trapping) in thin film solar cells. When resonant dielectric spheres are in proximity to
a highindex photovoltaic absorber layer, incident light can be coupled into the high
index material and can increase light absorptiowttzer important benefit of this
structure for photovoltaic application is its spherical geometry that naturally accepts

light from large angles of incidend&.7]

5.4 Q Factor

In physics and engineering the quality factor or Q factor is a dimensiq@aesseter
that a higher Q indicates a lower rate of energy loss relative to tlesl sinergy of
the oscillator In ther words oscillators with high quality factors have low damping

so that they ring longer4$]

The quality factor ratio { / D/ ) can also be demonstrated as the fraction of resonant

wavelength () over width of the resonance wavelength/ ()[16]. As pointed
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above, AQuality Factoro is a measeare of
words, when the Q factor is high, then the determination of very small morphology

dependent shifts (WGM) of optical spheres become possible.

The very high quality factors Q of microspheres may be attributed to several factors.
One is that the dielectrimaterials for microspheres, fiber grade fused silica, have
ultra-low optical loss at the frequencies of the supported whispering gallery modes.
Another is that the surface of the sphere is specially fabricated to minimize the size
of any surface inhomogeities, e.g., on the order of a few A by processes such as

fire polishing; these can scatter photons out of the WG mode and decrease the Q.

Although Qvalues approaching material loss limits of h@ve been reported in the
Literature, calculations arekperimental results generally pointed values aroufid 10
10", and accepted as 1l WGM experiment$§12]

5.5Evanescent Field Phenomenon

The evanescent field is coupled, (bound) toEkettromagnetic Waver mode,
propagating inside the waveguide. It is a kind of surface wave, and thus in
Fiberoptics, the evanescent field may be used to praxadelingto another fiber.

[47]

In optics evanescentvave couplings a process by whicklectromagnetic wavese
transmitted from one medium to another by means of the evanescent, exponentially
decayingelectromagnetic fieldThat means Coupling is a process, that is usually
accomplished by placing two or more electromagnetic elements close together so that
the evanescent field generated by one element does not decay much before it reaches
the other edment48].
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Figure 5.3 : Coupling devices (a) Prismcoupler, (b) half block coupler, (c)
polished fiber coupler, and (d) fiber taper coupler [53].

(d)

5.6 Fiber Optic Coupler

A Fiber optic coupler is a device usedjptical fibersystems with one or more input
fibers and one or several output fibdright entering an input fiber ceappear at one

or more outputs and ifsower distributionpotentially depending on th&avelengh

and polarization Such couplers can be fabricated in different ways, for example by
thermally fusing fibers so that their cores get into intimate contact. If all involved
fibers are singlemode (supports only a single mode per Polarization direction for a
given wavelength), there are certain physical restrictions on the performance of the
coupler In particular, itis not possible to combine two or more inputs of the same
optical Frequency into one singb®larization output without significant excess
losses. However, such a restriction does not occur for different input wavelengths:
there are couplers which can dome two inputs at different wavelengths into one
output without exhibiting significant losses. Such couplers are used. Wavelength
sensitive couplers are used amlltiplexersin wavelengthdivision multiplexing
(WDM) telecom systems to combine several input channels with different

wavelengths, or to separate chann&l§] [
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5.7 Laser Physics

The word o6l aserdé is an acronym for |igh
radi ati on. It is worth noting that t he
wavelengths from soft-ray, through ultraviolet (UV) and visible to fenfrared (IR).

The two most important basic principles for laser science are the quantum nature of
light and a process called stimulated emission (both accredited to Einstein). The

guantum nature of light refers to light quantised into photons.

The laser s a light source that exhibits unique properties. Since the first
demonstration of a ruby laser by Maiman in 1960, there has been a phenomenal
development in the field of lasers. Lasers are used in thousands of applications in
every section of modern sotye including consumer electronics, information and
communications technology, entertainment, science and industry, the medical field
and defence. The laser triggered the photonics revolution and feuhéation of
modern photonicf49].

Lasers range isize from tiny diode lasers to large systems the size of a football
field. All of these have three basic properties in common, which separate lasers from

ordinary light sourcesnonochromaticity, directionality, coherence.

Conventionalight sources emitight consisting of a broad range of wavelengths (i.e.

colours); a laser, on the other hand, emits only a very narrow range of wavelengths.

Conventionalight sources, like a light bulb, emit light in all directions, while lasers
can emit light that spreads6 di ver ges 6) only very |little
laser beams eventually diverge as they move through space.

Some consider coherence to be the most fundamental property of laser light, i.e.

where all parts of the electromagnetic waves are in phase

A laser basically consists of three parts: a resonant optical cavity called the optical
resonator, a laser gain medium (also called active laser medium) and a pump source

to excite the particles in the gain medium.

The optical resonator consists of a&ast two mirrors between which the light
bounces up and down resonantly. In most cases, one or more mirrors are curved, so
that a resonant optical mode forms. This mode defines the laser beam. Modern

dielectric mirrors used in lasers typically have a ity of up to 99,9%.
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However, one of the end mirrors is usually only partially reflective, so that a portion
of the light is transmitted. This mirror is called the output

coupler. The transmitted part forms the laser output.

In order to operate, the ks requires a gain medium in the resonator, which
amplifies light and thus compensates for the loss through the output coupler. Lasers
are typically classified by the type of gain medium they employ (gas laserstatid

laser, dye laser, semiconductasér, etc.). The stimulated emission process takes

place in the gain medium.

The gain medium amplifies light of any direction. However, only the light that
bounces up and down between the resonator mirrors is amplified many times and
therefore reaches agdhi intensity. In a continuous wave (CW) laser, the gain in the
laser gain medium and the loss from the output coupler plus other losses are in
equilibrium. The fact that the photon energy has to match a given energy transition
makes the laser monochromat8ince the amplification process maintains the phase

and direction of the light, the laser output is directional and coherent.

The active particles in the laser gain medium need to be in a state of inversion for the
laser to operate. To reach this staguires some pumping process, which lifts them
into the required energy state. Typical pumping processes are electrical current in a
gas or semiconductor laser or optical pumping in a sttt o dye laser. Optical

pumping istypically achieved eithenbflash lamps or by another laser.

5.8 Theory And Equations

Geometric optics provides the simplest interpretation of the WGM. The laser light
from the optical fiber is coupled to the microsphere nearly tangentially, and
approaches the interior surface of thghexre beyond the critical angle, thereby
experiencing a total internal reflection along the interior surface of the microsphere.
Trapped inside the microsphere, the light circumnavigates the interior surface of the
sphere. A resonance is realized whentlighturns to its starting location in phase.

Thus, the approximate condition for resonandéd]is
¢t 6l (5.1)

] = vacuum wavelength of laser,
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No = refractive index ,
a = radius of sphere,
I = integer indicating the circumferential mode number.

Equation5.1 [4] is a first order approximation and holds for 1.. At resonance,
light experiences constructive interference in the sphere which is observed as dips in
the transmission spectrum through the optical fiber. A minute change in the size or
the refractive index of the microsphere will lead to a shift in theorrence

wavelength as

Q_ Q& Qw (5.2)

In a WGM-based force sensor concept, uniaxial force is applied on the sphere along
the polar direction (normal to the plane of light circulalidhrough two high
stiffness platesThe applied force induces a change in both the radius (strain effect)

and the refractive index (through mechanical stress) of the sphere.

The studies reported in 2008 by Southern Methodist University, Mechanical
Engineering Department , an analytical framework was developed for the force
sensors. Specifically, expressions were developed for WGM (Morphology dependent
resonances, WGM) shifts in sphere sensors due to force applied in the polar
direction. The analysiaccounts for both the strain and stress effects in determining
the WGM shifts. Usingthese expressions, a systemic analysis is carried out to
determine the sensitivity, resolution, an bandwidth limits of force sensors based on

WGM shifts of polymeric miavspheres.
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5.8.1Systemicanalysis

a) b)

Emg

<)

———— Initial resonance

— Resonance location
Ak with applied force

Figure 5.4 : a) Microsphere with applied force; (b) contact geometry;
transmission spectrum [4].

5.8.1.1Stress and strain in a solid dielectric microsphere

When a solid dielectric sphere of radahat is compressed by two pads made of
high stiffness material. The applied foffeavill lead to a mechanical stress field

inside the microsphere.

Microsphere

To load cell control

Microsphe [

B 1.0ad Cell

re Support

Micro- /V

To traverse control

Traverse

Optical Table —

Figure 5.5 : An experiment setup of a WGM force sensor (a), microsphere ¢
tapered fiber in detail (b) [14].
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It will also deform the sphere (strain), leading to a WGM shift, as depicted in
Fig.5.2(c). The deformation of the sphere can be obtained by solving the Navier

equation4]:
P Q

u = displacement of a given point within the sphere,
’ = Poisson ratio.
For a symmetric loading, the expresion is:

0 ' T p¢ ¢ T O " T 0 ATach (5.4)
r = radial coordinate,
A = polar coordinate,
Uy = radial component of displacement,
Pn = Legendre polynomial,

An Bn= constantsletermined by the boundary condition at the sphere surface.

For an elastic body along with the stresplacement relationship, the stress

distributions within the sphere are obtained as:

, ¢cO 0 ¢ p& €& ¢ i
6¢¢ pi 0 Alidn

A c' ' T t1l ¢ ¢l pO "T 0O o0 Aiad
- . . ~. ~AO0ATAO .
' 1 v T4O " O AlIX -
AA
A c' ' T 11T ¢ ¢ul pO "TO 0 Aiad
- . . ~. A0ATAO
' 1 v T&O " O AIAOT
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- - . - ‘ A0ATAO

A ' ' T ¢l p ¢cuO " 1 pi (5.5)

G = shear modulus of the sphere material.

Neglecting the friction at the contact point between the sphere and the plates, the
boundary conditions are

Pah m a 7,AT AN 2, A A
Ko mh An A A Aagh
i@ T om 7 “h (5.6)

where anglé defines the extent of the contact between the plate and the sphere.

The pressurp exerted by plates of infinite stiffness on the sphere is given by

(0 )@ . 5.7
¢ w
ao = the radius of contact area, as shown in Fig. 5.2(b).

It shoud also be noted that F in the formula, consisthyafrostatic pressuréimes
the area of the metal bo'® 0 9] (which is constantysed in the liquid

level experiments.

In order to obtain coefficients Aand B, in Egs. (5.4) and (5.5), the boundary
condition given in Eq. (5.6) has to be expanded in terms of the Legendre polynomial

in the following form:
. O 00 Efi (5.8)

Then the coefficient Kis obtained as:

.. . 0& A
@ 0 A= A AOER i e0f
¢ (5.9)

By satisfying the boundary condition, Eq. (5.6), for Egs. (5.5) and (5.8), coefficients
A, and B, are obtained as follows:
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Ca ¢ p&¢ & ¢ ¢ €& G p ¢

¢0¢ p&¢ €& ¢ ¢ &€& G p ¢

(5.10)

Once coefficients A and B, are obtained, strain (displacement ) and the stress fields
can be calculated by substituting Eq. (5.10) into Egs. (5.4) and (5.5), respectively.
5.8.1.2Force-induced WGM shift in a solid dielectric microsphere

For the solid microsphere, the last term in Eq. (5.2) can be calculated by evaluating
Eq. (4.4) ar=a and then dividing it by the sphere radaig!]:

( ¢ Tl a Tl ¢l T (5.11)
ck 1T o p I p n

>\
—
—))

Next determininghe effect of stress on refractive index perturbatiog/ngnin Eq.
(5.2). NeumaniMaxwell equations provide the relationship between stress and

refractive index as follows:

(5.12)

—_
—_
I

>
Beg

>
>

—_
—_
Beg

>
I+

>
>

# A # A A

—_—
—_—

Heren, ,n.,n, are the refractive indices in the direction of the three principle stresses
and ngr ,Ng. ,No. are those values for the unstressed material. CoefficiendsdC G
are the elastoptical constants of the material, and for both PMMA and PDMS,
C;1=C,. For PMMAC;=C,=C= 1 1 0 T YND anthfor PDMS this value 18;=C,=C=
T 75x10*° m?%N. Thus, for a spherical sensor, the fractional change in the
refractive index due tmechanical stress is reduced to

Qs € ‘ g g ‘ g £ ‘ g 0, ” 8 (5.13)

€ € € € 3
There are different kinds of sphere materials showing different responses to the

measurements.
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Table5.1s hows the different sphere materials

modulus, index of refraction and Elasiptical constant which all are related with

the WGM measurement results. (Below)

Table 5.1 : The different sphere materials and their specific values

Material Yo un g Poisson Density Index of Elasto-Optical
Modulus coef. ( k g/ 1 refraction constant
_ (Kpa) (m| / N)
Silica 73x1¢ 0.17 2200 1.467 C1=4.22x10"
— — 1
PMMA  3.18x16  0.35 11122% 1489 C1=C2=10x10
PDMS 31000 05 1050 1.375 C1:C2T01.75x10
PnHMA ) 1010 1.481 -

In the present WGM optical sensor, light is traveling in a plane that is normal to the
applied force. Thus, evaluating the appropriate expressions for stress in Eq. (5.5) at
¥O=7/2_andr=a, and introducing them into Eq. (5.13), the relative change in the

refractive index due to fordeis obtained af#]:

AE": (") (é| pTc
£ ce ¢ c&

ol 1 1@ (5.14)
)

Equations (5.11) and (5.14) represent the effect of strain and stress, respectively, on
the WGM shift of the solid dielectric sphere. Plugging these into Eq. (6}ptal
WGM shift is obtaineds:

A ( ¢ TS wtis ¢l 1 (5.15)
; -

Pressurés theforceper unitareaapplied in a directioperpendiculato the surface
of an object (P=F/A]63]. Equation(5.15) shows the change of total WGM shifts,
while Hn includes force (F) termhereforethe theory shows that theris a direct

proportion between the Force/Pressure applied on the sphere, and the WGHEkshifts

Q_  When the equations come toget@% becomes:
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(5.16)

o~ (e) .<b Y v A= P
g= ¢ p 0 Al 0 O wi Q¢ OEIQT
_ C € ¢’ ¢ p

¢ 1€ 1€ ¢ 1
€ pcgo
6¢e p€& o8 1T T T E,
0 T

In the formula above, PDMS spheres have elaptacal constant values as,

=B B8 X a 5.17
0 o] 0 o] px v pm O ( )

Shear Modulus

0 p Tt TIQAD & N
- = 0 ol 0QL W
P ¢ p T

values, and angfe , which defines the extent of the contact between the plate and

the sphere varies between 0 ahd

Therefore thigelationship indicatea directproportion between thexternalpressure
applied on the spherand WGM shifts which will be investigatedfurther by
experimetal methods.

5.8.2PDMS

PDMS is an elastomer that is a mixture of two components: a base and a curing
agent. By changing the ratio between the base and the curing agent, it is possible to
obtainelasi ¢ materials with Youngds modul us
(corresponding to a base -t@uring agent volume ratio of 60:1 and 10:1,

respectively).
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Figure 5.6 : A typical PDMS sphere

A typical PDMS sphere between 2600 micrometer can be seen above.$pleere
diameters can be arranged according to the type of measurement and required

sensitivity.

5.8.2.1PDMS sensor

Polydimethylsiloxane (PDMS) belongs to a group of polymeric organosilicon
compounds that are commonly referred to as silicones. PDMS is thewndesy
used silicorbased organic polymer, and is particularly known for its unusual flow

properties.

The PDMS microspheres were manufactured by dipping the tip of a silica fiber

inside a freshly mixed PDMS polymer pool. A number of PDMS microspheres were

manufactured using different mixture ratios, therdbyw vi ng di fferent You
moduli [36].

The Young modulus of a PDMS microsphere is substantially smaller than that of
PMMA sphere of the same diameter resulting in comparable sphere deformations at
much snaller force levels. Thus, determining the sensitivity of the PDMS force
sensors is a more challenging task; the Joaltl based measurement setup of would
not provide sufficient resolution for sensor calibration. Moreover, since the force
levels in thesecalibrations are (<16 N), even the aerodynamic forces due to air

currents (air drafts and natural convection) would have considerable adverse effect.

In order to account for the sphere deformation, a Hateact analysis was carried

out on the sphere®r a range of force values. Using this force versus deformation
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data and modeling the sphere as a linear spring system, the equivalent spring
constant kyherewas determined for each sphere size and PDMS mixture ratio used in
the experiments. Then, thquevalent spring constant of the beaphere system was

determined apt]:

P p . (5.17)
E E

P
=

Where the spring constant for the beam is

p oW (5.18)
E QT

Here,E is the Young modulud) is the diameter, ant is the length of thesilica

beam. The force exerted on the sphere is then calculated as

& E7h (5.19)

where U is the displacement of the tral
Michaelson interferometer signal:as

] W (5.20)

C
Here,li s an i nytisetlee avavelemgthdof tbe FBle, laser (632.8 nm). The
WGM shift dependence on the applied force for a solid PDMS microsphere of 910
em diameter with bast-curing agent volume ratio of 50: €10 kPa). The figure

indicates a strong agreement between the experiments and Eq. (5.15).
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6. EXPERIMENT AL METHOD

6.1 Sensor Design

Southern Methodist University Mechanical Engeer i ng Faculldby 6 s
has beenvisited to investigate their studi@sgardingWGM microsensorgor the
first time, andfor the second time it was revisited for a longer period of time

develop theactualnovel liquid level sensor

WGM based Micro Sensors technology is suitdblemany different applications,
thereforeafter studyingdeeplyon the theory, andhaking further discussions with
the researchers, maovel liquid level sensorbased on WGM principle has been
designedand successfuesultshave been achieved theexperiments.

[— Upper Cover Latex diaphragm

Metal B i Optical Fiber (Input)
S8

ctatboss L Optical Fiber (Output)
PDMS

Microsphere Screw Mechanizm

to adjust microsphere height

11— Plexiglass or Polycarbonate
casing of Sensor

Figure 6.1 : WGM sensor sketcfy].

Figure 6.2 : Sensor design
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