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ABSTRACT

The conventional methods for diagnosing pathological conditions of the
tympanic membrane (TM) and other abnormalities require measuring its motion while
responding to acoustic excitatio@urrent methodologies for characterizing the
motion of the TM are sually limited to either average acoustic estimates (admittance
or reflectance) or singlpoint mobility measurements, neither of which is sufficient to
characterize the detailed mechanical response of the TM to sound. Furthermore,
while acoustic and sigrpoint measurements are useful for the diagnosis of some
middleear disorderghey are not useful in others. Measurements of the motion of the
entire TM surface can provide more information than these other techniques and may
be superior for the diags of pathology.In this Thesis, the development of an
optoelectronic holographic otoscoffEHO) systemfor characterization of
nanometer scale motions in TMspiesented The OEHO systernan provide fuH
field-of-view information of the sounthduceddisplacements of the entire surface of
the TM at video rates, allowing rapid quantitative analysis of the mechanical response
of normal or pathological TMs.

Preliminary measurements of TM motion in cadaveric animals helped
constrain the optical design paneters for the OEHO, includirtge following image
contrastyesolution depth of field DOF), laser power, working distanbetween the
interferometer and TM, magnification, and field of viewD{/). Specialized imaging
software was used in selectingdasynthesizinghe varioussomponents. Several
prototypes were constructed and characterized. The present configuraton has
resolutionof 57.0line pairs/mm,DOF of 5 mm,FOV of 103 10 mn?, and a 473 nm

laser with illumination power of 15 mW.



The OEHO system includes a computer controlled digital camera, a fiber optic
subsystem for transmission and modulation of laser light, and an optomechanical
system for illumination and observation of the TM. The OEHO system is capable of
operating in twanodes.A dime-a v e r a g e prd@cessed a @deo rates, was used
to characterize the frequency dependence of TM displacements as tone frequency was
swept from 500 Hz to 25 kHZA &oubleexposuré mode was used at
frequencies to measure, inlffield-of-view, displacements of the TM surface with
nanometeresolution.

The OEHO system has been designed, fabricatetkvaluated, and is
currently beingevaluated in a medicaésearch environment smldress basic science
guestions regarding TMuhction. Representativeime-averagedolographic and
stroboscopic interferometrgsults in posmortem and live samples dnereinshown,

and the potentialtilization discussed.
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OBJECTIVE

The objective of this Thesis is the developmerd cdmpactfull -field-of-
view opbelectronic, higkspeedneasurement system for otology applications. The
measurement system is basedaaoptodectronic holographic otoscope (OEHO)
which enables measurements of shape and deformafioasiometr scaleresolution
in tympanic membranes (TMs)his Thesis wildemonstra the effectiveness of the
OEHO;validate the optomechanical design and the measurements provided by the

OEHO, and present new data for different species.

XVi



1. INTRODUCTION

Recent advares in medical technology have given medical professionals
increasingly accurate tool$n all aspects of theedicalfields, sophisticated
equipmentis being used for everything from making diagnoses to performing
surgeries.Currently, knowledge of bottine functionality of the middle ear and
related hearing conditions is expanding as a result of these new technologies. In
particular, the tympanic membrane (Th4)being examined more quantitatively than
ever before

TheTM, which plays an important role in the transmission of sound into the
cochleais a tissue separating the external earat from the middle ear cavity
[Rosowskj 1996] Experimental measurements and theoretical analysis have been
done to study the struceLim, 1970, 1995 mechanical propertidsunneland
Laszlg 1978; Fay et al., 200%jnhd acoustic functiofTonndorfand Khanna, 1970;
Rosowskiet al., 1986pf the TM.

The efficiency of sound coupling through the TM can be hindered by changes
to theTM through trauma or middiear diseases. By measurithg deformation of
the TMwith various acoustic stimuli, the degree of hearing loss can be determined.

Most present day middle ear diagnostic procedures are based on acoustic
measurements that sertee mobility of the entire TM, e.gmulti or single frequency
tympanometry Shankset al., 198; Margoliset al., 1999 ear canal reflectance or
power absorptiondeefeet al., 1993; Feeney et al., 2003; Alletral., 208], and
static pressure inducemriations in sound pressuadaet al., 1989 However,

singlepoint laser viborometer measurements of the mobility of the umbo in the TM



have also been used as diagnostic aids in the chinibdr et al., 200Vhittemoreet
al., 2004 Rosowskiet al., 2008

All of these clinic measurements have weaknesses. The acoustic
measurements depend on the sound pressure at the TM and represent the average
mobility of the entire TM. The singlpoint laser vibrometry measurements are much
more localizd, which may lead tasuperior ability to distinguish ossicular disorders
[Rosowskiet al., 2008, but are relatively insensitive to TM disorders at locations
other than the umbo. Fdikld-of-view measurements of the TM mobility may be
superior to ehier of the present techniques in that they will quaritié/motion of the
entiresurface of the TM. Optoelectronic holography, which has been successfully
tested in many applications and environmsgiiRryputniewiczet al.,2007 in this
regard has showthe capability to provide the desired information on the state of the
tympanic membrane.

Holographic methodologies have baesedin the pasto enable fuHfield-of-
view measurements of the vibrating patterns of the surfaitee®Ms, but there are
only a few lolographic studiesvhich descrile the motion of the entire mammalian
TM within a limited frequency range (0.1 ~ 8 kH¥Yada et al.2002; Khannand
Tonndorf 1972; Tonndorf and Khanna971.

Currently,the most detailed description of the matiaf the TM comefrom
time-averaged holograms measured in anirfldtennaand Tonndorf1972]and
humancadavergTonndorfand Khannal973. These data provide good qualitative
descriptions of the magnitude of sounduced motions of the TM surface.

However, the published dataing these techniques are few. Therefemme

fundamental questions of TM functions have not been answered.



In this Thesis, the sounshduced motion of the TM surface frostmortem
preparations from three mammalian speaes, chinchilla(including one live
chinchillg) and humarcadaverswere measured using aptoelectronic holographic
otoscopgOEHO) system.

The OEHO systenwhich is designed for fieldsf-view on the order of 10
mm in diameteruses a solid state laser (wavelength 473 nm) and is operated in
t wo modes:aveThea edtdinmpid useg foragpid igentification of
resonant frequencies and corresponding mode shapes of vibration of Jé&unbtes)
and Pryputniewicz1996} dobbéeexposurémodeis used for determination of
the magnitude and phase of displacements over the entire TM swifaceinometer
resolution[Furlong et al., 2007]

As with the development of any system, at some point it becomes necessary to
demonstrate its integrityAn understood geometry with characteristics or qualities
that were predictable was necessary to compare and draw conclusions with the
experimental redts that could be derived. Because tympanic membrane geometry is
complex the performance of the system was evaluated with a simplified circular plate
employing finite element and analytical methaas well aexperimental data.

Additionally, describedherein are the advances in the design, fabrication,
characterizationand use of a compact, stable Q&Blystem currently in use in

medical research environments.



2. BACKGROUND

2.1. Anatomy of the ear
Anatomically, the mammalian ear can be divided into threetional parts as
shown in Fig2.1 the outer (external) ear, the middle ear and the inner ear. The
external ear which consists of auricle or pinna (the visible part of the ear) and the
external auditory canal collects sound waves and trantmitsto the middle ear
The middle ear is a space filled with air teatapsulatethe three middle ear
bonegossiclesand the middlear muscless presented in Fig-2 The first bone,
the hammer (malleus), is connected to the anvil (incus), which in turn is connected to
the stirrup (stapes). The middle ear is attached to the back of the nose (nasopharynx)
by the Eustachian tube. In the same way that the outera@agjgparatus of hearing,
so isthe middle ear Namely, the sound energy coming from the outer ear causes the
TM to vibrate. The tympanic membrane transforms acoustic energy to mechanical
energyin the form of ossicular motion. The stapes converts nmécdleenergy to
acoustic energy within the inner ear.
The inner ear contains the semicircular carthksvestibule for balance, and
the cochlea for hearing. The inner ear i
Signals sent from outside are receivgdte inner eg which then interacts
neurologically with thérainvia the vibrationomi cr oscopi ¢ 6hairsodo (
with varied lengtht hat are attached to sensory celll
an orderly fashion along the lengthtbé auditory inner eawhere those that respond
to lower frequencies are farther from the stapes. This tonotopic mapping tléows

coding of sound frequency and the perception of pitch.
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Fig. 2.1. Anatomy of the human ear: The cross sectiohushan ear showing
divisions of the outer, middle, and inner efafskipedia 2009.

(a) (b)

Fig. 2.2. Middle ear ossiclega) chain of ossicles and thégaments(b)
the three bonesnalleus(M) incus(l) and stapeéS) [Csillag, 200%.



2.1.1. The tympanic membrane
Thetympanic membranis a semitransparent, thin, cone shap@embrane

which istheboundary between the outer ancldle ears aspresented in Fig..3.

SUPERIOR

Annulus Pars Flaccida

=4
>
{ c Malleus =
| : — "
w m
=
\ ; Umbo =
\ o g
\ a
INFERIOR
(a) (b)

Fig. 2.3. Structure of thdaumantympanic membranga) normal tympanic
membrane&s seen through an otoscg@undmaret al.,2009,
(b) schematic of aight tympanic membrané&undberg200§.

TheTM is composegdstructurally, of three layers. The latefat outside)
layer isa skirlike epidernis, the medialor inside)layer is mucosalting much like
the lining of the mouth and nosén betweens afiber rich connectie layer,called
thelamina proprigSanneet al.,2003. The diameter aheTM is 510 mm, and the
depth of cone is about 1.5n{mirckx and DecraemeR00(J. The exterior edge of
the TM, namedheannulus or the annularing, consists of a fibrous and cartilaginous
tissue that is both thicker and stiffer than tést of the membrarf&undberg, 2008

The TM is betweeB5 and 140nicrometers thickKuyperset al., 2008 it is thinnest



in the central parts of the posterosupequadrant and thickest in the vicinity et
inferior part of the annulus. The triangular extension at the superior part of the TM is
the flexiblepars flaccida Theflaccida is about 10% of the area of the TM, and
moves independently from the balance of the TM dhegpars tensathat is tightly
coupled to the ossicular chgdi@undberg, 2008

Since TM has unique anatomical and physical features that are ideally suited
for the sound transmission in varying frequency ranges, it plays an important role in

the diagnosis of middle ear disorders

2.1.2. Medical techniques and proceduregor diagnosis

To diagnosenyunhealthy conditions of the middle ear, there are aduinit
number 6 differentmethods practiae Developed bygliniciang tympanometry
Fig. 2.4,is a measure of the mobility of the TM and middle ear and depends on the
status of the TM, the midddear air space and the ossicular ch&chubert, 1980
Mikoklai et al., 2008 Tympanometry is routinely used to help detect the presence of
fluid in the middleear and TM perforations, but is less useful in the diagnosis of
ossicular disorders.

Graphical representation of the relationship between air pressurerttrnal
canal tatheimpedance of the tympanic membrane #remiddle ear system can be
supplied by tympanometfiMikoklai et al., 2008]. In effect, impedance isiversely
related totemobility of the tympanic membrane; thisimsactuality whaphysicians
are testing when they determine the health of p a ttympanit ndesnbrane

[Schubert1980] Thephysics of transmitting soundmsuch like what happens when



a drum is struck: part of the sound is reflected while the other part is absorbed by the
instrument itself.

Likewise, when the tympanic membrane is hit byaund, some of the sound
waves are@bsorbed and sent to the inner ear by the ossielelg the remaining part

of the sound is reflected back.

loudspeaker

manometer

Fig. 2.4. The tympanometagonsists of @andheld probgo be insertedhto
the ear.The probas composed of three tubes containanipudspeaker, a
microphone, and a pump [Mikoklai et,&2008].

Abnor mal TM mobility is an indication
problem wth how sound is conducted to the inner ear sensory mechanism. A
6sensory6 or O6neural 6 hearing | oss descri
conversion of sound energy into electrical energy within the hair cells and the
conduction of these electricalrs®ry signals to the brain. The sensory or neural

hearing losses are differentiated from conductive pathologies via the use of



O0bocncenducti ond h e@mductiog testirg,ssbund is ptesentdd torthe
innerearvia a mechanical vibrator pled firmly on the skull. The borsonducted

sound is thoudito bypass the middle ear and stimulate the heaerdirectly. A

person with a loss of sensitivity to-@onducted sound and normal sensitivity to
boneconducted sound idu¢tthiovwugdhtheéear hmagel as 9
middle or externakar pathology.

Physicians induce different pressures in the ear canal and take measurements
with relation to available volumég8uid in the cochlea)Schubert, 1980].f the
recorded volumearefound tobe differentfrom that of the normal ear, then itvsry
likely that there is a problem in the middle gachubert, 1980].The type of pattern
detected can also help to determine what type of middle ear condition the patient has,
enabling physiians to begin determining the method of treatnii€atz, 1994] This
type ofanalysistogether with the use of an otoscopegvides the information
necessaryo make proper diagnesof specificearailments[Katz, 1994] This type
of testing requiresarious kinds of expertise andsagecommitment of time.

A non contact system that uses Laser Doppler Vibrometers (LDV) to map
tympanic response is the newest experimental method to test the tympanic membrane.
First, thedevice ascertains and reports the velocity of surfaces in a system and then
extracts relevant data for use by audiolodRzsowski et al., 20Q&astellini et al.,

2004. These measuremeritave been demonstrated to be sensitive to several
middle-ear pahologies including TM perforations and ossicular fixations and
interruptions When applied to a sample, the LDV supplies poipoint

information[Rosowski et al., 2008]LDV can be used to measure vibrations in order



to collect multipledatapointsa a ti me and recadvivewa omlgni
their data.
Used in combination with a Scanning Laser Vibrometer (SLV) to collect data
from multiple points on a sample simultaneously, points within a minute area for
example, to provide thewholeimag of t he s a[@gsteltnfetal.y esponse
1999.
There are other methods that have the capability to provide data on the TM
response to be used for further analysis. Holographic interferometry, as a hybrid
optical testing method, is helpful in ansity of sample deformation in ftfileld-of-
view [Furlong and Pryputniewicz, 199Burlonget al., 2002; Furlong et aR008;
Hulli et al., 2007 HernandezMontes et al., 2008 It must be remembered that single
point measurements are not sufficient tarelecterize the motion of the entire TM.
Special analysis equipment is requifedfull -field-of-view measurement
methodologie®f nanometeresolutionif comprehensive data about the tympanic
membrane is to be provided.
Optoelectronic holographic interferometry is one of the current areas of laser
related research capable of providing physicians with desired information on the
condition of tympanic membranes. Theoretical aspects of interferometry will be

addresseth thenext section

10



3. THEORY OF INTERFEROMETRY

3.1. Fundamentals of interferometry

Interferometry is a nogontact metrology technique thatcapable of
measuringbsolute shape and deformation based on the interference of thellight
waves of identical origigreate interference patterns at the observer (bright and dark
fringes) by following optical paths of different lengths, a result of the changing
distance to the objeit surface. Each fringe corresponds to a distance change equal to
one half the wavelenigtof the light[Kreis, 2005]

However,the coherence and monochromativity of light sources used in
standard interferometers prior to 1960 were gBoyputniewicz, 1996 As a result,
classical interferometry was limited to measurements of smakll@agjth differences
of optically polished andeflecting flat surfacefPryputniewicz, 1996

I n the earl y 19 e6lighbamplificationtbystimulated a d v en't
emission ofradiation(lase), holography permitted interferometry to overcome this
shortcoming without any alterations of the fundamental principles. The technique,
based on the ability of a hologram to record the phase and amplitude of any wave,
was developed by Stetson and Poyaelld is known as hologpaic interferometry
[Holophile, Inc., 2008]

Holographic interferometry revolutionized nondestructive evaluation
techniques and went on to become one of the naajuevements in optics at the turn
of the last centurjKreis, 2005]. Hologrgohic interferometrydemands that the same
medium be used to record an object from diffeqgositions The interferencef the
reconstructiorfrom multiple exposures of the object is created by the diffraction

patterns; these produce fringe patterns on the reconstructed surface, which indicate the
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movement of the object during the test peridtie interferometriprocedure has a
measurement range that depends on the number of fringes that can be resolved by the
CCD camera. Using a high resolution C&&meraanda highly reflective object,
out-of-plane measurements can have a range of approximately 0 to 50 pum, with a
resolution on the order of a few nanometers or biteis, 2005].

The basis of holographic interferometry, that is, the theories of wave
propagation and interference, can be exydivisavis holographic interferometry.
It is vital that the basic element of electromagnetic wave propagation and interference
be understood before presenting the theoretical aspects of hologram interferometry.

This will be addressed now.

3.1.1. Electromagnetic wave propagation
The study of the interaction of light waves as they intersecanather in
some mediuncomprises the foundation optical interferometryHecht, 1989.
Light is an electromagnetic wave which can be explained in tefias electric field
componentO) and a magnetic field compondiit). These two fields are
perpendicular to each other, and the composed wa@antl6 travels in the

direction ofOx ¢ as it can be seen in Fig.1

Electric Field

irection

Magnetic Field

Fig. 3.1 Electromagnetiavave propagationomposed of perpendicular electric and
magnetic fields in the-y plane.
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In holography, the devess used to record images are only sensiovae
electric field componentin fact, it is the timeveragedntensityof theelectric field
squared which is detect@dobinsonand Reid 1993 Vest, 1979.

From the Maxwell equations we get the intensity as

"G 1 OVOOPQ (3.1)
wherel is the intensityj, is the electric permittivity of the medium in which the wave
propagates at velocity andQ’is thetime-average of the electriogfd squared. Thus
we only use proportionality between the squartheglectric field and the intensity

T O . (3.2)

Interference is the combinatioh two or more coherent light waves emitted
by the same source, which differ in the direction to form a resultant wave. Light
waves are subject tbe superposition principle For exampléf two waves overlap

the resilting fields is the vectasum of the two original fields

0=q + 0. (3.3)
The corresponding intensity due to these fields is then
"= 6020 3RO 6RO+ 2 ¢80 t Q0 (3.4)
For simplicity |l etds assume t hmet both

direction. The equations for the electric field vecl@rand’Q, can be written

respectively as,

Q =0,c08] 0 Q¢ , (3.5)

and

Q =0,c08] 0 Q¢ +0 (3.6)
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whered; and0, are the vector amplitudés,is its circular carrier frequencyiis the
. . 2 . :
time, k is the wave numbe@), and” is the relative phase between two waves.

Finally, combining equation3.4, 3.5, and3.6 the intensity of two overlapping electric

fields canbefoundto be

G- 67+ 05+ 20,0,co0s Qé Q& 1 . (3.7)

3.1.2. The sensitivity vector, the fringelocusfunction, and the displacement
vector
In addition tothe description of the light fields, there are also three other
guantities the sensitivity vector, the displacement vector and the fringe locus
function, which are important due to the quantitative analysis of holographic
interferometry[ Pryputniewicz, 198-a, 1996 Pryputniewiczand Stetsor198(J. The
natureof the sensitivig vectors can be described with the help of Big, which

shows the illuminatiort; and the observatiok, vectorsof a random test object.

o
L

IRmdom Object

Tllumination
Source

Fig. 3.2 lllumination and observation geometry for holographic interferomefyy
'Y, and'Y, are the position vectors whaelt; and L, are the illumination and the
observation vectorsespectively. L is the gnsitivity vector
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In Fig 3.2, I Sillustrates the illumination source, e.g. lagers the
observation point, e.g. camera, detector, or simply an eyd snah randomly
selected point on the sample, whafe"Y, and'Y;, are the position vectors which
describe the spatial coordinates of these points.

These position vectors are dabed as

Vi = Vi@ Vi BU Y, Q € =12E (3.8)
where’y;, Y, and'Y are the Cartesian components of these vectors.

The illumination and observation vectd¥; and Lk, can be written
respectively in Cartesian components as,

L = 0@ 0,040 (3.9)
and

L) = 0,0 0y BU U, Q (3.10)

Correspondingly they can be expressed in terms of the position vectors depicted

Eq. 3.8as
L, =h" (3.11)
Yo M1
and
L, =2 % (3.12)
Y2 Yy

In the above equatiorgs Sindicates a magnitude of the quantity between the
vertical bars;Qis the magnitude of the propagation vectbgsand L, andit is

related to the wavelength) of the laser light

(3.13)
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Based on the results from Egd1 and3.12, the sensitivitwector L, which
specifies the direction of deformation to whcholographic setup will be most
sensitive, can be calculat@dippendix B)as the difference between the observation
vector L, and the illumination vectok,,

L=, L. (3.14)

The methods of holographic interferometry allow measurement range of
object displacements from a hundietb several hundreds of a wavelenfiheis,
2005; Vest, 1979]

As an object deforms as displace during the recording of a hologram, the
optical path length of the light reflected off the object chandé®se resulte phase
differencesarerecorded in the form of fringes. These fringes are described by a
fringe-locus function(q)corst ant values of which define
surface. The fringéocus function relates directly to the fringe ord@ry

qQ=2"n. (3.15)
Additionally, the fringelocus function can be related to the scalar product of the
sensitivityvector Lt with the displacement vectdras

q=Le. (3.16)

In this Thesis, the methods dbubleexposure holographgndtime-average
holography(discussed in sectionsl33 and3.1.4, respectively) were used to

investigate vibrations of the TMs
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3.1.3. Double-exposure holography

In optoelectronic holograpHyryputniewicz, 1996; Furlongnd
Pryputniewicz 1998 Hulli et al., 2007 information (mechanical deformations or
displacements) inalibleexposure investigations related to the optical path change
which can be extracted from the interference pattern of object and reference beams
having complex light field¥) and"©respectively as

©= 0, QN Whe + + (3.17)
and

O= 0, hp . (3.18

After the beam splitter and considering phase stepping, inté@sifythe
combined wavefronts as recorded by thé nideo frame can be described by

0= "Q+'0 O+ 0,

= 050 Whe + + + 0,2 @ Oy W + + +
0N @ |
= D:F+ D F+20:0, 681 % %p + 3, (3.19)

whered; ando,; are the amplitudes of the object and reference b&anis,the
randomly varying phase of the object beé&mnijs the phase of the reference beam
andge—is the known phase stentroduced between the framéeko facilitate double
exposure investigations, the argument of the periodic term &.Egjis modifed to
include the phase change due to deformations of the object of interest subjected to
specific loading and boundary conditions. This phase change is characterized by the

fringe locus functiorg as
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qan=2¢taw= L g0 L ad & aon
=Lao# ad, (3.20
where= @ ® is the interferometric fringe order at the knovéme coordinateslt is

the sensitivity vector, ardlis the displacement vector. Therefore, the intensity from

a deformed object can be described by the intensity distrib(igtn

ONE O+ O+ 20,0, 681 V%ot g + Pt (3.2)
whereY%is the random phase difference between two fidltts= %o %p, and’®
andQOrepresent the intensities of the object and reference beams, respectively. In Eq.
3.21, '@is assumed to remain constant and the> argumentareomitted for
clarity. Since it iy which carries information pertaining to meclcath
di spl acements and/ or deformations, the op
algorithm eliminate®/%.from the argument of the periodic function of the intensity
distributions given in Eg8.19and3.21by sequentiallyecordingfour frames wih an
introduction of a 90° phase shift between each frame. By solving the two sets of four
simultaneous equations yields an image which is intensity modulated by a periodic
function withq as the argument.

The optoelectronic holography operates inegiitiisplay or data mode
[Furlong andPryputniewicz 199§. In display mode, interference patterns are

observed at video rate speed and are modulated by a cosinusoidal function of the form
80.0; COS % , (3.22

whichis obtained by performing specific mathematical operations between frames
acquired at the undeformed and deformed states, described BylBEgad3.2],

respectively This mode is used for adjusting the optoelectronic holography system
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andfor qualitatve investigations Data mode is used for performing quantitative
investigations. In data mode, two images are generated: a cosinusoidal image,
O= 640,:20,%cos q , (3.23
and a sinusoidal image,
0 = 640:%0,%sin q , (3.249
which are processed simultaneously to produce quantitative results by computing and

displaying at video rates
q=tan ?! % , (3.29

Because oftte discontinuous nature of Eq. 3.28covery of the continuous
spatial phase distributiors wy w requires the application of the phase unwrapping
algorithmg[Kreis, 2005; Vest, 1979; Furlorg al., 2008] In themeasurements
presented in thisfiesis, doublexposure mode of the optoelectronic holography was

used for quantitative stroboscopic measoents.

3.1.4. Time-averaged holography
Time-averaged holography involves a single holographic recording of an
object undergoing a cycle vibration being constructeak. performing timeaveraged
holography or modal analysis of object of interest using opitveld@c holography, it
is necessary to take into consideration a time varying flioggs functiong; @wo
which is related to sinusoidally vibrating object under investigdfsypputniewicz,
1985, 1987, 1989. For this case, the intensity distritautican be represented by

using Eq3.21as
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PQ@O =DAd + DA
+
20; QWO; QW Y% + q; QRO + P+ . (3.22)
Since the CCD camera registers average intensity at the video rate
characterized by the periagg, the intensity that is observed is
1 orgp.

OCnw = i

Puwo W, (3.23
and using phase stepping, the resulting intensity distribution far-thdrame is of
the form

R GO ="Pad + DA

+
20; WO, QW Y%RW +3—=0 q; QW , (3.29
whered q; w® is known as the characteristic function that modulates the
interference of two fields due to the motion of the object.

Equation3.24has four unknown® @ w , D ww , whose amplitudes are
b aw andd, @w respectivelyY% 6w, andg; QW . The OEHO6s vide
processing algorithm eliminat®8sfrom the argument of thatensity function given
by Eq. 324. The aim of the analysis is to determinew w which relates directly to
displacements of the object.

In order to solvdor q; wyw of a vibrating object, four sequential frames are
recorded with a 90° phase shift between each frame. This proceduye shown by
the following sebf equations:

"Q = O+ D+ 20:0; cos Y%+ 0° U qp , (3.25)

"Q = "Q-i- "Q'F 268 6] CcoSs y%g"‘ 900 6 qc‘) y (326

20



"R = O+ D 20:0; cos Y%+ 180° U q , (3.27)

Q=P+ D 20:0; cos Y%+ 270° U q . (3.29

Evaluating Eq$8.25t0 3.28 yields an image which has an intensity modulated
by a periodic function witly as the argument.

Fortime-averaged holography, the OEH can work either in display or data
modes. In the display mode, interference patterns are observed at video rate and are
modulated by a function of the form

40:0, 9 qo S (3.29

This mode is used for adjusting the OEH syspamameterand for qualitative
investigations.These parameters include

1 beam ratio, which must be characterized and set in order to maxiomizast
and to avoid optical saturation of the CCD cameaa becalculated as

6i = (OQ ,,g (00

It is suggested that the beam ratio for holographic

N .

interferometry is 1:1, but can be increased if it is necessary to reduce the
exposure time [Vest, 1979].
1 phase steps obtained by calibration and usedatoquire accurate intensity
patterns@ wow .
The datamode isused to process the images quantitatively. In the data mode,
additional images of the form
16900 2 q, (3.30
are generated for quantitative processing and extractiqg.of
Equations3.29and3.30indicatethat the display and data images are

proportional to the characteristic function and to the square root of characteristic
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function, respectively. For the case of sinusoidal vibrations ehriod much

shorter than the video framing tigt@echaracteristic function is determined by
0t @O =0 Qq; W , (3.3)

where( q; ww is the zero order Bessel function of the first kind defiriime

location of centers of dark frges seen ding reconstruction.
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4. IMPLEMENTATION OF OPTOELECTRONIC HOLOGRAPHIC
OTOSCOPE SYSTEM

The OEHOsystemin this Thesis whichis used for fullfield-of-view

measurement of nanometer scale motwiBMs excited by sound in live human ears

FG
f:\:\ﬂ}\n) )
h)
BS—  —
Mp | !
AOM
FA
M

FS

is depicted irFig. 4.1

LD
[
FA| |t

Fig. 4.1. Schematic of the OEHO system: TM is the sample under investigation; OH
is the otoscope head containing an interferometer and imaging optics; FS is the fiber
optic subsystem containing a laser, beam splitting optics, anetéafsieer
components to provide an object beam (OB) and reference beam (RB); OH and FS are
controlled by the image processing computer (IP). SSismtegrated sound source,
andMP is the microphoneFG is the frequency generator which provides the timing
inputto the AOM driver (AOMD).

The developmentsom this projectre based on optoelectronic methodologies
that make use of miniaturized components in an otoscope configuration. The system
consists of a high speed image processing comfiewith advanced control
sdtware, a fiber optic subsystefRS), and an otoscope head subsys(éi).

Integrated in the otoscope headiisound sourd&S)and microphonéMP) to
generate and measure sound stimuli under control of thEHPOEHO systems
capable of operating in timeveraged and doubkxposure modes. The time

averaged mode is used for rapid identification of resonant frequenciéseand
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corresponding mode shapes of vibratimsamples.Doubleexposuranode is used
for determinatio of the magnitude and phase of nanometer scale motions of the entire

surface of the TMs lteveen two states of deformation.

4.1 Fiber optic subsystem
The fiber optic subsystefS) used for transmission and modulation of laser

light is shown in Fig4.2

AOM

MP BS

LD

RB

(a) (b)

Fig. 4.2 Fiber opticsubsystem: (a3chematianodeldepicting the major components
(b) CAD modeldepicting the major componentnd €) fabricated subsystem.
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In biological sarples, light interaction effectsuch as reflection, refraction, and
absorptionwill diminish the quality of the fringes contrast, which minimizes the
accuracy of phase measurements. In order to overcome this, suitable methodologies
that will allow improvingthe phase measurements through the enhancement of fringe
contrastavere investigated. iberent light sources, specifically different
wavelengths and powers in combination with specific coating substarecebased
on nanoparticlewere considered. For this Thesmetlight source wachosen as
solid state lasgLD) with anoperational wavelength of 473 nm and a power of 15
mW, andsamplesverecoated with white paint

As shown in Fig. 4.2a, the output of the laser is directed through an acousto
optic modulator(AOM) and through the beam split{@®S), which splits the light into
areference bearfRB) andanobject illumination beanfOB) with an80:20 power
ratio. The @ is directed tamirror (M) and RB is directed tanothermirror
mounted onto piezoelectric modulat@k4PM) to generate the required additional
phase. Botllbeams are coupledto single mode fibers ugy laserto-fiber coupler

assembliegFA).

4.2 Otoscope head subsystem

The optomechanical design was carried out with commercially available
software [OSLO, 20053s seemn Fig 4.3 bytaking into account the TM anatomy
and the results of preliminary holographic measurements of TM displacements in

several animal species.
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Cemented
Doublet

cch
Fig. 4.3. Ray tracing using commeially available softwareSo:Object to front

principal point distanceSi: Rear principal point to image distan&OF: Depth of
field.

The OH subsysternouses a compact interferometer, a high speed CCD camera,
andan imaging systerfiS) which includes amchromatic lens and an aperture, and
hascharacteristic dimensions of 100 x 6020 mnf.

Manyinnovative, accurat@and commercially available lens systemsufse
with camera®r thehuman eydave been designed as a result of research in optics
All the information collected by the system comes through the lengtder to use a
commercially available lens fohe OEHO systemspecificparameters of the lens
were needed.

Commercially available lenses specify the lens focal leriyjttheF/#, which
is a ratio between the lens focal length and diameter. Witk thh@snumbers we can
calculate mmerical aperturdield of view, and magnification of themage.

The rumerical aperture is a dimensionless number, always less than 1, that
describes the angular acceptance of rays of light in an optical element. The following
equations define the relatisimp betweerF/#, diameter D) and focal lengthf}

[Hecht, 1989]

"QO# = o (4.2)
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"O# = — (4.2)

2008’
00 = Sin—, (43)
1_1,1
Ez_ .‘¥ + "Yé (4'4)

whereNAand g arethe numerical aperture and the angle of inciderespectively.

The correct lenselectioncandiminishimageprocessing requirements and
improve system performanc&he effects of a badly chosen lens cannot be corrected
by software aloneThe lensselection(correct lens focal lengthy dependent on the
field-of-view, pixel size of the CCD chiffji 550 = 6.7 X 6.7* & 2), regionof-interest
('YO'G= 800 x 800 Qi ), magnification and theobjectdistance &) of the system
The S is the distance from the lens to the ohjadtich must beasshort agpossible
(~90 mm) so that the system canlé®s expensivandmorecompact.

The requirednagnification(MAG) can be calculated by the ratio between the
imagesizeandtheoriginal dimensions of the obje¢t10 mm diameter for the TM)

where the imagsize can be evaluatedth the pixel size of the chip aROI.

0.500. (45)

Substituting Eq. (4.5) into Eq. (4.4), and solvingfiorve get:

000

F ol ¥ (4.6)

Therefore, we need a lens with focal length of approximately 30 Rigure4 .4
shows the schematic of the field of view calculation for the casersor witra 6.7
um? pixel size(psceo), theobjectand an achromatic lens witlof 30 mm. TherFOV

can be foundhs
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‘Bo= 266 Gz 222 0 1064 (4.7)

2¢Q

200000
... 500000

NV | Sensor g ! !000
/o\ g . 10 mm

O &

Fig. 4.4. Diagram of the imaging system: (a) parameters of the imaging system taken
into account for the optical desighrOV: Field of view,f: Focal lengthROI: Region
of interest (b) targeFOV of 10x10 mm.

To produce the optimal optical configurati@m assortment of lenses with

various properties wasstedas shown immable 4.1.

Table 41. Lensestested

Company Part # Lens type | Diameter Focallength
(mm) (mm)

Ross Optical| L-AOC315/110 | Achromatic | 21 40

Ross Optical| L-AOC129/110 | Achromatic | 18.5 31
OptoSigma | 026-0450 Achromatic | 20 30.60

Melles Griot | 01LA0428 Achromatic | 17.5 31

Melles Griot | 01LA0783 Achromatic | 25 25
THORLABS | AC127-019A1 | Achromatic | 12.7 19
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Table 41. Lenses testedqcontinued)

THORLABS | AC127-025A1 | Achromatic | 12.7 25
THORLABS | AC127-050-A1 | Achromatic | 12.7 50
THORLABS | AC254030-A1 | Achromatic | 25.4 30
THORLABS | AC254035A1 | Achromatic | 25.4 35
Edmund NT32-719 Achromatic | 15 30
Optics

Edmund NT32-721 Achromatic | 20 40
Optics

Lambda PDA-19.1:030 | Achromatic | 19.1 30
Research

Selecting the proper lens fthre system requires makirggnumber ofchoices
such adens shapéd;/#, distortion, anti reflection coating, and co§thoosing the
right lens type is important in minimizing optical aberrations.

Lens aberrations can be classified into two categories: chromatic and
monochromatic Chromatic aberrations are erraaused byolor rays not traveling
at the same velocity through the medium of the lens. The index of refraction of a lens
material is a function of color. When using white light (that includes multiple ranges
of colors), the different color frequencia® separated while passing through the lens
and recombine at the fodaihgthof the lens to form the imageChromatic

aberrationgleteriorate the image by diminishing the corttcdghe color in the image
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[Hecht, 198]. As seenn Table 4.1, THORLABS £127030-A1 achromatic lens
which is designed to limit the effect of lens aberratiovesschosen due to its
dimensionsproperfocal length anda bettermodulation transfer functiofMTF),
Fig. 4.5, whichis a measurement of the lens' abilitytrnsfer contrast from the

object plane to the image plane at a specific resol{iidmund Optics, Inc., 2006]

1,00

0,80

0,60

MTF

0.40F

0.20F 1

U{ID | | 1 |

Spatial Frequency (Ip/mm)

Fig. 45. MTF evaluated from OSLO software

The Silicon Imaging S1280 monochrom€ameraLink camergsilicon
Imaging, 2008)was selected as the camera in théHOHor several important
reasons. The required resolution of the
x 1024 sensor is sufficient for this and future higher resolutfarecessary. A

6.7um pixel size gives the apal resolution necessary for observing objects of
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interest.

The c¢ame isamys0 fapes pedsecond at its full resolution, but offers
higher frame rates when using a smaller region of interest. At the 800x800 resolution,
the camera offers up to 80 frames per second which is sufficient for the project. As
opposed to many canee that only offer 8 or 1Bit image output, the S1280 offers
up to 12bit sampling, giving anuch higher dynamic range than 8 or 16bit
camera.Finally, the monochromtic version of the camera was selected because it is
preferred for measurementstbé laser beams in question.

A veryimportant feature of this camera is its global shutter. As opposed to a
rolling shutter, the globahsitter takes a fulframe image.Since some of the aspsct
of this project (such as stroboscopic mode) requir@maheous capture, a rolling
shutter would not be sufficient. Becaws®lling shutter is more common, the global
shutter was a major contributing factor into selecting the Silicon Imagiig&l
camera.

The aperture is used to limit the light enterihg imaging system as wel #o
control the depth of fieldDOF) for proper image focusing propertieSince lases
output such coherent beawrf light, when this beam illuminates an object, the
reflected light will interfere with itself as it is reflected off the surface of the object
creating speckles. These speckles create a random intensity pattern in front of the
object of interesandarehighly fluctuating. If the aperture of the lens is decreased,
the speckle size will increasé. was observed that the aperture diam@dgy should
beat leas mm in diameter in order to minimize the speckle efféctolographic
interferometry, te speckles affect the achievable resolution and accuracy of the

measurementhe size of each speckledsi r ect |y proportional
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wavelength,
Q= 1.22 j;“’ (4.6)

whereD, is thesize of the apertur&iis the image distance, apds the wavelength
of the laser light.

The OH is enabled with a miniaturized sound source for sample excitation and a
compact microphone for measurements of sound pres$heesound source is
driven by a frequency generatamd the acoustic pressure is recorded with a data
acquisition system.

As shown in Fig4.6a,the object illumination beam was coupled to the test
object via a speculurf®). An angled glass window at the back of the speculum
isolates the sound stimulusthin the speculum, allowing larger stillus sound
pressures at lowdrequencies.Theoutput of the OB is used to illuminate the sample
of interest while the imaging syst€(t®) collects the scattered wavefront from the
surface of the samplethe TMs. The image formed by the IS égembined with the
RB by means of the imaging beam spli{f8&1), anddirectedonto the CCDof the
camera.

Based on the optical design parameters and the synthesized optomechanical
configuration, the OH was fabricated, aswh in Fig. 46¢. Its opticaland imaging
properties aras follows field-of-view (FOV) of 10 mnf; depthof-field (DOF) of 5

mm; andmagnification of 0.X.
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Fig. 46. Otoscopéhead subsystem: (a) schematiodeldepicting the major
components(b) CAD models depicting the major componertsd (¢ fabricated
subsystem.
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Thesystenresolution wasestedwith a negative 195US Air Force (USAF)
glass targeby Edmund Opticdecaise of its surface quality amdaximum resolution
(group 7, element 6, i.e. 228Ip/mntjlere, negativendicatesinversion of the
background and baolors Figure 47 shows an example of a positive and a negative
target. In the case of a negative targite bar sets are openings, so the illumination
must come from behind the target in order for the observation system to capture an

image.

1951 USAF Resolution Target USAF 1951

Group
Numbers

Element - - Element 1
Numbers Numbers II I 1
_—
] 1 —
— =
—

2Z 1112 L (1K
E. H s

= III Illlllig ﬁ[loﬁfl"ger IIIE_E
5=l

6= Il |||—'~m s=m |l ="

Fig. 47. USAF 195]positive and negativiarget pattern
[Edmund Optics, Inc., 2006]

The target is separated into groups and elements. Each element within a group
corresponds to specific line pair (a set of a black line and a white line) per millimeter.

The specification table of the target can be sedéiign4 8.
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Number of Line Pairs / mm in USAF Resolving Power Test Target 1951
Group Number
Element -2 -1 0 1 2 3 4 5] 6 7
1 0.250 0.500 1.00 2.00 4.00 8.00 16.00 32.0 64.0 128.0
2 0.280 0.561 1.12 2.24 4.49 8.98 17.95 36.0 71.8 144.0
3 0.315 0.630 1.26 2.52 5.04 10.10 20.16 40.3 80.6 161.0
4 0.353 0.707 1.41 2.83 5.66 11.30 22.62 45.3 90.5 181.0
5 0.397 0.793 1.59 3.17 6.35 12.70 25.39 50.8 102.0 203.0
6 0.445 0.891 1.78 3.56 7.13 14.30 28.50 57.0 114.0 228.0
Image Format - 1/4 to 228 line pairs/mm Target

Fig. 48. Spedfication table for the USAF resolution target
[Edmund Optics, Inc., 2006]

Each group consists of six elements, which are progressively smaller by

. 2564
qi_ 2°0¢on + CXBH'EO 1/67

(4.7)

wherel, is the line length in millimeters for a given group and element [Glynn, 2002].
To get the resolution (the smallest feature that can be resolved by the imaging
system)of the OH subsysteifiiom the chart abovéhe negative 1951 USAF target
was recorded adepicted in Fig. 4.
Since the smallest line pair that we ¢adistinguisledis element 6 from
group 5 that corresponds to 57.0 Ip/nmsed Fig. A), where the resolution of the

imaging system is 17 um (1 over 5).0
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Number of Line Pairs / mm in USAF Resolving Power Test Target 1951
Group Number
Element 3 4 5 6 7

1 ' 8.00 16.00 32.0 64.0 128.0
2 " ' = 8.98 17.95 36.0 71.8 144.0
3 ". = 10.10 20.16 40.3 80.6 161.0

- <4 ”. . ..' . . ' . .

= . - 4
4 . W 130 2262 453 9.5  181.0

= =
5 12.70 25.39 50.8 102.0 203.0
6 14.30 28.50 114.0 228.0
pairs/mm Target

Fig. 4.9. Recorded USAF 195degative glass target wigroup5 outlined for
containing the smallest resolvalelement set [Edmund Optics, Inc., 2006].

The contrast rati¢C) of the full-field-of-view imageis calculated as

wherelnaxandlqgi, are the maximum and minimum interferogram intengitiyies
respectively.Of the variougechniquesd find the contrast of an imaghge line

profile methodbased on the intensity distribution of a lileused in this

investigation Though this technique can be perfagdto calculate contrast in an

image having random intensity profile, it is more reliable when used to calculate the
contrast of a known pattersuch as the USAF target. As explained before, the USAF
target has a sets ofldek and white lines that corresponds to a square wave profile

having perfect contrast (C = 1) for different spatial frequencies.
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Figure 410 demonstratetheline profile contrastalculationevaluated as
80.85%,indicating an excellent fringe contrastd, consequently high data quality
[Kreis, 2005] Figure4.10a shove an image of @E2 with a line across the bar set,
while Fig 4.10b shows the intensity profile of the line and its corresponding contrast

calculatechumerically usingMATLAB [MatLab7.0,2009.

(@)

(<]
i}
(=]

(b)

[N]
Q
(=]

@
=]

Intensity

=}
(=]

o
=)

L — 0 1 1 i 1 1 1
Imn—27 0 10 20 30 40 &0 60 70 80
Pixel Count

Fig. 4.10. Line profilecontrast calculation methdd) image ofG4E2showing a line
profile, (b) line intensity profile and contrast calculation

Like the body sizes of differeispecies of animals, the tympanic membrane of
various species also varies in size. Different figlfigiew are necessary to
accommodate these varying sizes. Therefore, the placement of the optics inside an
enclosure has to allow for a range of working distances for fields of view of varying
sizes. These limiting distances ultimately define the maximiowable size of the

enclosureas shown irmable4 2.
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Table 42. Working distance constraints.

Image distance Object distance Field of View
Si (mm) So(mm) FOV (mm)
29.7 96.2 11.2
30.4 89.8 10.0
34.3 78.9 8.5
38.9 69.9 6.7
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5. EVALUATION OF THE OPTOELECTRONIC HOLOGRAPHIC
OTOSCOPE SYSTEM

In order to evaluatthe performance of the OEHO system, it was necessary
that the device ghered images that were in fact representative of what was occurring
at the time the image was recorded. To do sopawRrgeometry with predictable
characteristics was essential to compare and draw conclusions with the experimental
results that were obtained.

Because the geometry of the tympanic membrane is extremely complitated
was simplifiedto a thin circular oppe foil (membrangwith a thickness of 0.0254
mm and a diameter of 10 mrmh commercially available sample has the advantage
over machined stock in that the thickness is very precise and the surface finish is
consistent.

The membrane wasecureddn a piebelectric shaker for sample excitatjon
Fig. 5.1 in a way that ensured uniform boundary conditions which resembled those in

the analytical and computational modes.

Fig. 51. A coatedcopperfoil mounted on to the piezoelectric shaker.
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To secure the foil (membrane) to the piezoelectric shaker, a device had to be
designed anduilt in steel such a way that the foil could be clamped down between
two surfaces.The basgin order to promote excitation was connected to the piezo.
This providel the surface that the foil was laid.ofhe top part with a 10 mm hoie
the middleis then placed on the foll

The membrane was investigated with the OH subsystem $et désigned
magnification of 0.X, FOV of 10 mm, and a region of intereRQI, of 800 x 800
pixels. In order tomaximizecontrasthe sample was coated with white paint &l
beam ratio betweelRB and OB was chosen to bd.2.

With the OEHO system running in the tirageraged mode and the migrane
excited in the range of2kHz, fundamental natural frequencies were identified
depicted in Fig. 5.2see p.41) The frequency,tarting withanamplitude of 10 volts,
was continuously increased from 100 Hz until the first mode of vibration was reached.
The amplitude was adjtesdin orderthat the deformations were in the range of the
OEHO system.Table 5.1showsthedata acquired for thirst 6 modes of vibration of
thecopper foilmembrane.Analysis of the interferogramsdicatescontrasiof 0.80,

which is suitable for quantitative analysis.

Table5.1. Membrane test data

Material Thickness fnm) Coating
Copper 0.0254 White Paint
\I\//ilgrda(zsogf Frequency (Hz) Amplitude (Volts)
1 2150 5.4
2 4100 7.7
3 4470 2.7
4 6600 2.8
5 6630 2.7
6 7290 2.3
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2150Hz 4100Hz 4470Hz

6600 Hz 6630 Hz 7290Hz

Fig. 52. Time-averaged interferograms of a test copper sample

5.1. Analytical results
For the purpose afnderstanithg the patterns within the Fig. 5.2, an analytical
model of a circular, homogeneous, isotrgpite membrang undergoingriee
vibrationwhich isclamped at the edges was developkedhis section, all of the
following assumptions and equatioisy( 6.1) throughEq. 6.16) were compiled
from derivations contained in the references McLachlan [1961] and Reddy [1999].
The egation of motion of an isotropiglatecan be describeas
O2n?W+TW RY?W+ RY?n2W =10 (5.1)
where Ois the flexural rigidity1 is the elastic modulusf the plate.The circular
frequency and the deformation equation of the plate are representedas
respectively.Also, R andR; aretheprincipaland rotary inetia of the plag¢in which
the rotary inertigR;) contributes little to the fundamental frequency so it can be

simplified from the equation of motion
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nt f40=0 (5.2)
where

Pl 2 Q

4=

(5.3)
Equation(5.2) can be factoredndthe solution can be achieved by
superimposing the solutions of the equations indicated (5.
20, +1 20, = 0, and 20, +71 20, = 0. (5.4)
The solution to Eq(5.2) is in the form of Fouriereries
wi,—=BRyw; 1 coste— B, @ i sing— (5.5)
By substituting Eq. (5.5) into Eq. (5.4)vesthe following identical equations for

Wg1 andwg ,:

12 W;;=0 (5.6)

and

T2 Wgpo=0 (5.7)
BothEqs( 5. 6) and (5.7) are in the form of
W1 =00 71 +0;Q T and,
Wi =0 T1 +QUg T (5.8)
where(} anddy are Bessel functions of the first and second kind respectively, and
correspondingly¢y andvu; are the modified Bessel functioabthe first and second
kind. 0;, 6;, 0;, andQ. are the coefficients used to determine the mode shapes by

applying the boundary conditions.

Hence, the general solution of Eq. (5.2) is
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wi,—= (5.9)
B2, 0:0 11 +8:@11 +6aTi +QU; 11 cosé—
+
B2, 6t 11 +6i@ Tl +6@ Tl + Q011 sing—

For solid circular plate, the terms including the modified Bessel funciigns,
andU;, are neglected as they would result in infinite values of deflection at the center
of the membrane. Additionally, assuming that the solution is symmetric, arg/ term
containingsin ¢ —are neglected as well. This results in the following equation as the
¢th term of Eq. (5.9)

W i,—= 0;0T1 +0;Q0 1 cose— (5.10)
Theboundary conditions for a clamped circular pleé@be considereds

I wg

w; =0 and = =0 ati = wfor any— (5.11)

Ti

and aplying these boundary conditions to Eq. (5.10) we obtain

Ol @f E{s::O
Er aBr O 0

where’ =1 i evaluated at = @and the prime represents differentiation with respect

(5.12)

toT i. Setting the determinant of the coefficient matrix in Eq. (5.12) to zero yields
the followingwhich is called the frequency equation

Q0 Qe[ +OF Gyl =0 (5.13)
The rootg can be approximated by using the asymptotic sérrethe Bessel

functions as

482 1 1 2882+17 3482 1 83:4+545:2+161.19 =
1+ =+ — + + n + E (5.14)
8— — 482 83 120-4

[ 4
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24 +¢

where—= forad 1, d isthe rank of the root ardis the order of the root.

Now, looking back at the definition pfin Eqn.(5.3), simple algebra can be used to
develop an equation foetermining the frequencies:

P 4, 7
2= (5.15)

Assuming that the membrane foundation is righd 0 and substituting withr )

results in the final equation for determining theginency of vibration

(5.16)

I
&l
ol

Moreover, by applying specific shape functions to the derived equations, the
shapes of the desired mockn be predicteds illustrated in Fig. 5.3For a detailed
representation of the MathCAD file used to generate these frequencies, refer to

[Dwyeretal., 2008.

Fig. 5.3. First mode of vibration obtained with MathCADwyer et al., 200B

5.2. Computational results

The finite element metho@FEM) was used to solve the problem of verifying

the consistency of the experimental results of an oscillating circular membrane. The
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finite element programAbaqus/CAE version 6.Was used to model the oscillating
membrangDwyer et al., 200B

A 3D ddormable solid with a diameter of 10 mm and a thickness0&53.
mm was made of the membrane. Thaterial property of theopperwith a density
of 8980 k g/ m3, MWodMus oftl® 66Pa and a Po43sAsonbs
solid, homogeneous section wasated and assigned to the entire membrane. A
boundary condition was placed on the circumference of the membrane constraining
movement in the x, y and z directions

Results were obtained for the first six modes of vibraéi®shown in Fig. 5.4
A deformed contour plobn each of these six modes was created. Both the frequency
and the shape of each individual mode were usegdligate the datarhich had been

obtained fromhe experimental and computational methods.

O

1876.6 Hz 3899.3Hz 3899.3Hz
6381.8Hz 6381.8Hz 7329.9Hz

Fig. 54. Finite element method results for natural frequencies of aapgersample
[Dwyer et al., 2008].
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5.3. Results comparisons

Theanalytical, computational, and experimental solutions (ACES)

methodologies werased to validate the OEHO systéRryputniewicz,1994b]. All

methods provided the shapes and frequencies for the first six modes of vibaation

beseen in Table 2.

Table5.2. First sixmode shapes and frequencies provided with ACES methodology

[Dwyer et al., 2008].

Mode Experimental Results Analytical Results Computational Result
Membrane | Copper foil : Copper membrane Deformable solid
Properties 1 0.0254 mm clamped at the edges circular membrane:

thick, 1 0.0254 mm thick
T 10 mm 1 10 mm diameter
diameter, 1 8960kg/m3
1 coated with density
white paint.
1 <
1830.6 Hz
2150 Hz 1876.6 Hz
2 i
4100Hz 3812.2 Hz 3899.3 Hz
3

4470 Hz

3812.2 Hz

3899.3 Hz
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Table5.2. First sixmode shapes and frequencies provided with ACES methodology
[Dwyer et al., 2008](continued)

Mode Experimental Results Analytical Results Computational Result
Membrane | Copper foil : Copper membrane clampeg Deformable solid
Properties 1 0.0254 mm at the edges circular membrane:

thick, T 0.0254 mm
T 10 mm thick
diameter, 1 10 mmdiameter
9 coated with 1 8960kg/m3
white paint. density
4 4
6256.3 Hz
6600 Hz 6381.8 Hz
5
y
6630 Hz 6256.3 Hz 6381.8 Hz
6

7290 Hz

7128.6 Hz

7329.9 Hz

computational and analytical was calculgtBavyer et al., 200B

As demonstrated in Table 5.3, the error between the experimental,
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Table 53. Experimental result percent erf@wyer et al., 200B

Mode Analytical Results Computational Results
1 17.45% 14.57%
2 7.55% 5.15%
3 17.26% 14.64%
4 5.49% 3.42%
5 5.97% 3.89%
6 2.26% 0.54%

At most, the experimental results deviate from the analytical result by 17.45
percent for the first mode and 14.64 percent for the third mode from computational
method.

Several sources can probably account for the error which occurred. First, both
the analytical and computational models wgnmeatly simplified. The force applied to
the foil, whichwasassumed to be a thin cylindrical slice with a zero displacement
boundary condition at the circumference, was ignor&tieinfluence of the uneven
pressure on the membrane was not taken into account while concluding the results.
Furthermorethe paint on the membrane migh$ohave been uneveas well as
having adde@xtraunaccounted mass to the membrane.

The error was minimized at higher modes with a minimum of 2.26 percent
with the analytical method and 0.54 percent with the computational method. Even
though there are some slight errors, the results indicate th@BH® system was

working as proposed.
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6. OPTOELECTRONIC HOLOGRAPHIC OTOSCOPE SYSTEM IN
MEDI CAL ENV IRONMENT

After the OEHO system was evaluatédyas deployedt the Masachusetts
Eye and Ear InfirmaryMEEI) so that it could be used and evaluated under medical

testingconditionsfor investigation and inspection of TMBSig.6.1

Fig. 6.1. OEHO system installation: (a) OEHO system at MEEbt(iycopehead
subsystem testing post mortem human temporal bone at MEEI; astdgcppehead
subsystem testing post mortem chinchilla at MEEI.

49



6.1. Experimental results in tympanic membrane

In MEEI, both ime-averaged holograpnd doubleexposure holography
measuements are being used ahtias been observed that the OEHO system has a
high mechanical stability while providing high quality images

Several different sample types were prepared for use with the OEHO system.
The test samples were acoustically eegtitising a speculum designed specifically to
direct sound at the test samples. Figure 6.2 illustrates theatiaraged holography
imagesof soundinduced TM displacements of a cadaveric human, a cadaveric
chinchilla, live chinchillaand cadaveric caity the frequeny range 0400 Hzto
25 kHz The sound intensities, noted as dB SPL, were chosen to produce a moderate
level of sound stimulation in each image

At the top of each column isallustrationdepicting the orientation of the
exposed'M surface(the gray area). The frequency of excitation increases from top
to bottom. The TM and manubrium are outlined in black, and the umbo is marked
AUO . The thick horizont al l'ine protrudin
chinchilla, and on the cat TMniages there is the shadow of the probe tube used to
measure the sound level of the stimulus.

Increasing displacements are indicated byctireesponding fringe densities
At frequencies less than 1 kHhe TM displacement patterns déisgmpled. These
displacements are characterized by one or two regions of maximal displacement.
These patterns are consistent with the previous results taken in 1972 from Tonndorf
and KhanndgTonndorf and Khanna, 1972At 4 kHz in cat and humaand rear

1 kHz in the chinchillathe TM displacement patterns ficomplex 0 lhesed t
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displacementare characterized by multiple regions of maximal displacement
separated by areas of small displacement.

When the frequency above 4 kHz in chinchilla and betwe8rand 20 kHz in
catand human, he fAor der edo plaasdisplacementsaten be seen.

characterizéd by many small areas of maximal displacement around the manubrium.

Cadaveric Cadaveric Live Cadaveric
Human Chinchilla Chinchilla Cat

Jp

&

Amerinr>

‘Anlerior

500 Hz, 79 dB SPL 500 Hz, 116 dB SPL

1k Hz, 105 dB SPL 1 kHz, 85 dB SPL

1.2 kHz, 124 dB SPL

4 kHz, 106 dB SPL 5 kHz, 102 dB SPL

4 kHz,116 dB SPL
e .

10 kHz, 115 dB SPL

15kHz, 108 dB SPL 15kHz, 109dB SPL

20 kHz, 115 dB SPL 25 kHz, 114 dB SPL 25 kHz 111 dB SPL 19 kHz, 130 dB SPL

Fig. 6.2. Time-averaged holograms measured in cadaveric humans, in cadaveric

chinchilla, in live chinchilla, and in cadaveric cat. The schematic on the top row

shows the area of the TM in gray, location of the malleus, the umbo and the probe
tube.
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Doubleexposue holography was used for quantitative measurements of the
displacements of TM withanometeresolution With introducing stroboscopic
illumination, any single hologram from the sample can be frozen at any point of its
vibrating cycle by illuminating thebject with short stroboscopic pulses, which can
be adjusted with the duty cycle of the stroboscopic qald® of the tonal excitation
period) synchronized with theelected phase of thvébration excitation, Fig6.3.
Stroboscopic illumination was tdined by means of an AOM placed in theeia
beam before BS, see Fig. 4.Yoltage pulses wer@plied to the AOM in synchrony
with the samplexcitation. These pulses were supplied by a frequency gen@f&tpr
which permitted adjustment of the dutycty of the stroboscopic pulse and its phase

with respect to the tonal excitation

e~y FN — Brocmily o — Exposum

AT Tonal
exicitation

Fig. 6.3. Synchronization of the illumination with the object excitation.

The holograms were processed using the phase stepping technique in order to
extract the phase map depicting the sample displacement. Moreover, Figs 6.4, 6.5 and

6.6 show the difference in human temporal bone displacement between two stimulus
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phase, bothni 2D and 3D, a500Hz, 800Hz, 4 kHz,12 kHz, 15 kHzand 20 kHz
respectively.

The colors changing between green and red code represents inward
displacements of TM surface where as the colors varying between green and purple
code is outward motions. h€ peakio-peak surfaceut of planedisplacement is on

the order oB0nm,120 nm,190nm, 150nm, 210nm, and60 nm, respectively.
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Z-axis, pm MIN

(b)
Fig. 6.4. Full-field-of-view stroboscopic holography measurements in human

temporal bone &00Hz, showing geakto-peak surfaceut of planadisplacement
on the order of @nm: (a)unwrapped phas&D plot); and (b) 3D plot.
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-0.11 pm
- 0409 Min
-0.24

- 0407 Max
.12

- 0.04 Mean
-0.13

- 002 Sigma
a.1

--0.00
--0.03
--0.05
--0.07
--0.10
--0.12
--0.15
--0.17
--0.19

--0.22

-—0.24

Z-axis, um MIN MAX

-0.24 0.12

(b)
Fig. 6.5. Fulifield-of-view stroboscopic holography measurements in human

temporal bone 800Hz, showing gpeakto-peak surfaceut of planadisplacement
on the order of 1@hm (a) unwrapped phase (2D plpgnd (b) 3D plot.
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Z-axis, pm MAX MEAN
-022 020 0.0

(b)

Fig. 6.6. Fublfield-of-view stroboscopic holography measurements in human
temporal bone at kHz, showinga peakto-peak surfaceut of planedisplacementn
the order of 16nm (a) unwrapped phase (2D plot); and (b) 3D plot.
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-0.15 um

-0.12 Min
-0.26

-0.09 Mox
Q.15

- 0.06 Mean
-0.11

- 0.0¢ Sigma
a.1/

- 0.01

--0.02

--0.04

--0.07

--0.10

-=0.12

--0.15

--0.18

--0.21

(b)

Fig. 6.7. Full-field-of-view stroboscopic holography measurements in human
temporal bone &2 kHz, showinga peakto-peak surfaceut of planadisplacement
on the order of 1Bnm (a) unwrapped phase (2D plpgnd (b)3D plot.
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Z~axis, pm

(b)
Fig. 68. Full-field-of-view stroboscopic holography measurements in human
temporal bone at5lkHz, showinga peakto-peak surfaceut of planedisplacement
on the order of 2ZInm (a) unwrapped phase (3iot); and (b) 3D plot.
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Z-axis, pm MAX
-0.13  0.06

(b)

Fig. 69. Fullfield-of-view stroboscopic holography measurements in human
temporal bone &0 kHz, showinga peakto-peak surfaceut of planedisplacement
on the order of @nt (a) unwrapped phase (2D plot); and (b) 3D plot.
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7. CONCLUSIONS AND FUTURE WORK

This Thesis has demonstrated the feasibility of the compact OEHO system for
characterization of sound inducethnometer scale deformatianghe TM.

The OEHO system, operatedtime-averaged and doubkxposure modes, has been
used to obtain measurements of TM behavior in three post mortem mammalian
species: cat, chinchilla (including one live chinchilla) and human. -Bwveeaged
holography used to determine the modes of vibnatif all the species; double
exposure holography was applied to hurteanporal bone to obtain quantitative full
field-of-view measurements of deformations widgmometeresolution.

To illustrate measurement capabilities of the system, we have shown
representative results of pestortem and live chinchilla TM at frequencies of up to
25 kHz. The observedibrationsinclude simple, complex and ordered displacement
patterns However, the significance of this has yet to be understood.

The physiology of dierent species and the preliminary holographic
measurements of TM motion were taken into account and dictated by the
optomechanical parameters of the OEHO system. The following parameters
characterize the OEHO configuratidrOV of 10 mm,DOF of 5 mm,MAG of 0.5X,

C of 0.8 obtained with the beam ratio of 1.2 aredolutionof 57.0lp/mm.

The significance of the measurements presented demonstrates the applicability
and validity of the OEHO systems. The most important fact was that the
measurements, as presented, showed that the behavior of the TM had not been

observed and quantified preusly especially at such high frequencies.
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Before being used in a medicasearch environmenttest was employed to
evaluate the image quality and resolution by using finite element analysis, analytical
and experimental solutions.

Further miniaturizatin of the OHsubsystentoy the use of MEMS technologies
and advanced software tools for optomechanical design, analysis and manufacturing
will continue. Challenges that are expected range from investigations on the
fundamentals of lasdo tissue interaain, to improve and develop higipeed digital
holographic algorithms.

Moreover, the OEHO system will be used to attempt answering fundamental
guestions related to the shape and function of the TM, the effects of raatdie
hearing capabilities, thefetts of perforations in TM, and the determination of

mechanical properties of the TM.
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Appendix A - MATLAB code for line profile contrast calculation

% The program bellow reads an image, investigates the intensity

profile

% across the image. Calculates the contrast of a line profile
% Also, if the image is too small, the program can crop a

% desire portion of the image and scale it up.

% %%%%

%read, display, and calculate the profile of a line in the image

clear all

[file, path] = uigetfile( 0** 0, 6Select the image to be analyze: 0);

J = imread([path file]);

% [X,map] = rgb2ind(J,255);
% J = ind2gray(X,map);

figure( ONumberTitle 6, o6off 6, 6Nameé, O&Profile of the image 0);
Jcrop = imcrop(J);

figure( ONumberTitle 6, o6off 6, 6Namé, O&Profile of the image 0);
Jresize = imresize(Jcrop,2);

% imagesc(Jresize), colormap(gray);
imshow(Jresize)

P1 = improfile;

%P2 = improfile;
%P3 = improfile;
%4 = improfile;
%5 = improfile;
%P6 = improfile;
%P7 = improfile;
%P8 = improfile;

%9 = improfile;
%10 = improfile;

% title(file)

% %%%%
%calculate contrast

Imax1 = max(P1);

Iminl = min(P1);

Cl=(Imaxl - Iminl)/(Imaxl + Iminl);

Imax2 = max(P2);
Imin2 = min(P2);

C2=(Imax2 - Imin2)/(Imax2 + Imin2);

Imax3 = max(P3);
Imin3 = min(P3);
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C3=(Imax3 - Imin3)/(Imax3 + Imin3);

Imax4 = max(P4);
Imind = min(P4);

C4 = (Imax4 Imind)/(Imax4 + Imin4);

Imax5 = max(P5);
Imin5 = min(P5);

C5 = (Imax5

Imin5)/(Imax5 + Imin5);

Imax6 = max(P6);
Imin6 = min(P6);

C6 = (Imax6

Imin6)/(Imax6 + Imin6);

Imax7 = max(P7);
Imin = min(P7);

C7=(Imax7 T Imin7)/(Imax7 + Imin7);
Imax8 = max(P8);

Imin8 = min(P8);

C8=(Imax8 1 Imin8)/(Imax8 + Imin8);

Imax9 = max(P9);
Imin9 =min(  P9);

C9=(Imax9 1 Imin9)/(Imax9 + Imin9);

Imax10 = max(P10);
Imin10 = min(P10);

C10 = (Imax10 T Imin10)/(Imax10 + Imin10);

Cavg = (C1 + C2 + C3)/3;

Cavg = (C1+C2+C3+C4+C5+C6+C7+C8+C9+C10)/10;

c=cC1

% %%%%

close all

figure(  'NumberTitle' , 'off , 'Name', 'Line profile average
contrast'  );

subplot(2,2,1)

% imshow(Jcrop)
imagesc(Jcrop), colormap(gray)
subplot(2,2,2)

plot(P1, "1, Clinewidth’ , 1);
hold on

plot(P2, 'ob' , ‘linewidth' , 1);
plot(P3, "g" , 'linewidth' . 1);
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hold off

xlabel(  'Pixel Count' )
ylabel( 'Intensity’ )
ylim([0 260]);

y = get(gca, 'vlim' ); mid = y(2)/2; del = y(2)/10 ;
X = get(gca, xlim"); mid2 = x(2)/2; del2 = x(2)/10;
&ext( mid2,mid,['C_| p_a v_g: ' num2str(Cavg)], ...

text(mid2,mid,[ 'C:’ num2str(C)],
'HorizontalAlignment' , 'right' ,
'‘BackgroundColor’ , ‘'white' , ‘linewidth’
grid on;
figure(3)
plot(P1, "-r, 'linewidth' , 1);

y = get(gca, 'ylim' ); mid = y(2)/2; del = y(2)/10 ;
X = get(gca, Xlim'); mid2 = x(2)/2; del2 = x(2)/10;

text(mid2,mid,[ 'Clpavag’ num2str(Cavg)],
'HorizontalAlignment' , 'right' ,
'‘BackgroundColor’ , 'white' , 'linewidth'
grid on;
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Appendix B - Matcadfile for determining the sensitivity vector for

OEHO system
Given:
nmm
i, J, k vectors, mm Position vector of illumination
i, j, k vectors, mm Position vector of observation
i, j, k vectors, mm Position vector object
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