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CHAPTER |

INTRODUCTION

EAR STRUCTURE AND FUNCTION

Contained within the temporal bones, two of the thirty-two bones makirtgeupkull,
the ear as an organ of hearing are divided into three parts: theeatyteniddle ear, and
inner ear (Figure 1.1). The outer ear contains mainly the eal @ad the outside area of
ear canal (pinna or auricle). Formed primarily of cartilatpe human pinna is in the
shape of superficial bumps and grooves, which vary from across theapopulhe ear
canal consists of cartilage containing glands and lined with hairshe rest of the canal
is bony, with a tight skin connecting to the outermost layer afrear. The middle ear
consists of Tympanic Membrane (TM) or eardrum, three small bwaresd ossicles and
the large cavity known as middle ear cavity or tympanum. The steuof middle ear is
a chain system terminates at one end with TM and another endtapts {One of the
three ossicles). More detail about middle ear will be discusséte next section. The
inner ear includes both the organ of hearing (the cochlea) and a mgasethat is
attuned to the effects of both gravity and motion (labyrinth or vesatitagparatus). The
hollow channels of the inner ear are filled with liquid, and contaseresory epithelium

that is studded with hair cells which function as sound sensor. [1,
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The outer ear collects sound and funnels the sounds toward the egéralalallowing
the sound pressure to excite the TM generating small motion arnimotBhe motion
and rotation of TM is then transmitted through the ossicles chaitise cochlea. The
sound pressure amplified through the ear and, in terrestrial anipaasised from the
medium of air into a liquid medium. The stimulated hair cellsdmghe cochlea then
transmit such sound pressure into impulses for nerves by bending “biattie(protein
filaments).

Outer Ear

Inner Ear

Middle Ear

Figure 1.1: Schematic of Ear Structure of Human.

STRUCTURE AND FUNCTION OF THE MIDDLE EAR

The middle ear is separated from the outer ear through TM whiglives the sound

waves collected by the outer ear and transfers sound vibrations nodtie ear three
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small ossicles (i.e., malleus, incus and stapes) and to the imng8]&de TM is a cone-
shape membrane with malleus connecting to it in the center, mgwarout one-third of
the area. The malleus has a long process (the manubrium, or handle)attathed to
the mobile portion of the eardrum. The incus is the bridge between aheus and

stapes. The stapes is the last bone that has a structwe fwadtplate connecting to
cochlea through the oval window with a structure named footplate (FigRyeThese

three ossicles are connected to each other as called osslailawith ligaments at the
joints. The tympanum is not an airtight cavity but with an eustachibe serving to

equalize the air pressure on both sides of the TM.

As is mentioned in the last section, the major function of the mehiles to provide an
effective and efficient way to deliver sound to the inner ear. firbe function of the
middle ear is to “amplify” the acoustic stimulus. Because the inner edraiha tissue are
denser than air, the pure air pressure would not be efficient enough to move thanftlids
the tissue. Therefore, if driven simply by air pressure, the ayd#tystem would lose
some of its sensitivity due to the impedance of the fluid and thetgtes of the inner
ear. Such difference in impedance between air and the fluids amelstistthe inner ear
requires a stronger stimulus to be propagated in the inner eanthanThe lever action
of the ossicular chain and the shape of the TM can compensate famg@dance

mismatch.

The difference between the effective area of the TM and tlaechrgtapes acts as one of

amplification of the sound pressure. For adult human, measurememistisit a total



area of 85 mmof the TM is stiffly connected to the malleus. On the other h&wedarea

of the stapes footplate about 3.2 mm which is considerably smaller than the effective
area of the TMConsider that if all the force exerted on the TM is transferred to the stapes
footplate, then the force per unit of area must be greater dbah@ate than the TM.
Such increase in pressure can partially overcome the impedamoatotis and the fluid

and tissue in the inner ear can be effectively stimulated [4].

The lever structure of the ossicles also plays a rolairsterring force from TM to the
stapes footplate. Because the lengths of the manubrium and neck oflteasnare
longer than the long process of the incus, the lever action of theulasssystem
increases the force impinged on the TM by a factor about 1t aftdpes. In addition,
the TM tends to buckle due to its conical shape, which causes tleaisnia move with
about twice the force. The actual pressure transformation deperfus foedquency of the
acoustic stimulus: generally more effective around about 2 kHzessdeffective at low
frequency and high frequency. That is why we have a lower séysib sound at low

and high frequencies.

Another function of the middle ear is to limit distortion. The mesdh the middle ear
serve as “calibrator”, reducing the chance that the acoustic sigrgifecantly distorted
by the middle ear processes. In the middle ear when vibratiargss, the pressure of the
ligaments may not be sufficient to hold the ossicles togethertéffueng to separation
can distort the transmitted signal at the joint if the contact pressuredetineeossicles is

smaller than the driving pressure during the vibration. The middieneiscles assist in



reducing the distortion at high levels, in that they work againstaonéher to press the

stapes against the incus, thus limiting the separation and therefore distortion.

Attic(Epitympanum)

Malleus
Incus

_. Footplate

Tympanic
Membrane

Round
Window

Figure 1.2: Schematic of Middle Ear Structure of Mammalsn{fiErnest S Campbell,

MD, FACS Scubadoc’s Diving Medicine Online)

TYMPANIC MEMBRANE
Tympanic membrane (TM) or eardrum is a thin membrane tharaegs the outer ear
from the middle ear located at the termination of the ear casdlnction is to transmit
sound from the air to the ossicles inside the middle ear. Lodkdngthe outer ear to
inner ear, the shape of TM is closed to cone, concave outward with E2@usipex,

tilting laterally at the top so as to sit in its annulus at an angle of abbtd &% ear canal



(Figure 1.2). The long process of malleus, the manubrium attaches T, located in
the middle-ear-side or medial side, from middle top to around therasnié/. The tip

of the contact between the manubrium and the TM is known as umbo.

For the convenience of demonstration, two views and four quadrantefaned. The
view looking from outer ear to inner ear is called lateral wewte the invert direction is
called medial view. Divided by umbo, the upper part of the TM igdablperior while
the lower part of the TM is called inferior. Divided by malleus, the frorttgfethe TM is

called anterior while the other part is called posterior (Fig 1.3 (a)).

__Malleus
/ superior superior \
o [
| inferior Posterior- |
\ i inferior
Umbo
(@) :

Figure: 1.3 (a) Schematic of the Four Quadrant of TM. (b) $E&Ye of TM in Medial

View. (Photographs courtesy of M. Mondain)

The TM is a fiberous composite structure with a cross sectinsisting of four distinct
layers and regions. The layer of TM on the lateral side lsccapidermal layer and the

most medial layer in the TM is called mucous layer.The outet hpaer is continuous



with the skin of the ear canal and the most medial layer isncanis with the mucusous
membrane of the middle ear. Two layers consisting with colfigers lay between the
epidermal layer and the mucous layer: a layer of radial fibers jubahte the skin layer,
and a layer of cencumfencial fibers between the radial and moeamabsrane layers. The
entire fiber network is sandwiched between epidermal layer andusudayer. For most
mamals, includeing human, cats, and guinea pigs, the radial curvatiuhe abne,
causing the radial fibers to bow outward toward the outer ear. These radial tfibeng@
the annular ring around thte periphery to the eardrum and to theusallithin the
interior of the TM. In the human eardrum, the radial fibers entesenalleus near the
umbo, providing a very strong attachment to the tympanic membaoatiee ossicular
chain. The attachment is much losser near the superior end of thénman as is

shownd in figure 1.4 [5].

(a) (b)
Figure. 1.4: Geometry of Fiberous Gridwork in TM. (a) and (b) shovgé&oeetry used

for the cat eardrum.Figure is from reference [5].
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MOTIVATIONS AND SCOPE OF STUDY

TM plays a critical role in the function of hearing by vibratiagd therefore, it is
necessary to measure its mechanical properties. While numersulisrhave been
reported for the mechanical properties, they were obtained frompé&kinsents cut form
TM. In this work, we measure the propertiasitro but with intact sample. One way for
such a full-field measurement of the mechanical propertiedosTo measure the static

properites i. e observing TM mechanical properties under quasi-static pressure.

In fact, rapid external atmospheric pressure changes of s&Raalften occur in every
day life. For example taking the elevator up in a 100 meter high lgugives rise to a
pressure change of about 1kPa. Static pressures in the middslbeacair without such
changes in exteral pressure. Dishoeck and later van den Bog have tsladwmegative

pressures in some cases down to -2 kPa are often found in normal peo@eebent

research on gas in the middle ear has shown both positive and negateergr
exceeding 1kPa upon persons awakening in morning. Therefore the msp&EciM

mechanical properties under static pressure shows actual values[6].



In order to make a full-field observation, a non-destructive measnt method was
used to obtain the mechanical stimulus as pressure. Meanwhilegth@mal response
in this research will be the volume displacement, which is a&dlpnechanical response
being used to correlate to the pressure in TM study. In the folloahagters a non-
destructive measurement method, fringe projection method, wititbeluced to achieve
the measurement of the volume displacement. FEM model will betbuilirther the

analysis the mechanical prosperities of TM by combining volumeladiement

measurement as well as simulation result.

Therefore, it will be the focus for this rearch to meaureudmmnt, and model the
mechanical properties of the guinea pig TM. In this work , the higstie properties of
the intact guinea pig eardrum are quantified in the form ofst&ain curve through
experimental , analytical , and numerical methods. The tafgbts reserch is to design
an method of combined experiments and simulations to obtain a molderelnd more
explanable form of mechanical properties description for theeehlit. This method and
the data from measurement can further the entire middle ear intpdeld provide

innovative means to dectect desease on TM.

Guinea Pig TM samples were used in this study. The reason foriip@smal TM is

because they are more easily available than human TM. There#tsen is that, for the
mammals the structures of middle ear and TM are very s{fidare 1.5), so that the
methology develped for measurement of mechanical properties foragpigiecan be

used for human TM.



Certain simplifying assumptions msut be made in order to comdtiai scope of this
work. First, the TM will be assumed consting of uniform matewaich is homogenious,
isotropic. As a result, the mechanical properties in this wodnigstimation over the
entire TM. Secondly, the material of the TM will be assumedb¢ohyperelastic.

Although studys have shown that material of TM exhibits viscaelashvior[7,8], the

aim of this work is to reveal the hardening effect of the tiMler the increase of
pressure exerted. Since time-dependent effect is not in intbggmrelastic model is
better to describe such strain-dependent phenomenon rather tharagiscoebdel. In a

word, these assumptions neither devalue the importance nor limiséf@ness of this
thesiss, as elastic models have been shown to yield fruidful usennedhanic analysis

for many years[9-12].

Human

Guinea pig
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Figure 1.5: Schematic of Different Kinds of Temporal Boneguife from R. Funnell’s

structure and function of the middle ear site.)

CHAPTER Il

BACKGROUND ON FRINGE PROJECTION

MOIRE TECHNIQUE

Moiré patterns are formed by superposition of two regular patteypically known as
the object pattern and the reference pattern. The most common tised isaan array of

parallel straight lines, which is commonly referred to as a gratingr@i1).

Based on the application of the moiré pattern, there are two kind®iod technique.
One is in plane moiré; another is out-of-plane moiré. The top twgamm Figure 2.1
show the interferometry of two sets of grating. The white bladk pattern, moiré
pattern, can be used to calculate the position difference betweematiygatings. Since

in plane moiré is not our interest, it will not be discussed hereyrtheiple to calculate
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the displacement field can be found in the work by M. Heredia [14].

The out-of- plane moiré can be used to calculate the out of planespini can be
applied as 3-D surface reconstruction. There are four types eaff quiane Moiré
methods, they are: Shadow Moiré, Reflection Moiré, Projection Moimd, Eringe

Projection as is shown in Figure 2.2- 2.3.

Shadow moiré is the oldest and simplest technique. As show in FAdi(ed, a master
grating of pitch p is placed just in front of the object, andusninated obliquely so that
is casts a shadow onto the surface. When the object is viewed thiheugtating from a

different direction, the interference between the grating argsh&dow produces a moiré

pattern that contains information about the shape of the object.

Reflection moiré (Figure 2.2(b)) has a similar mechanism, butgbeimen must have a
polished surface to act as a mirror. A large master gra&iptaced at a distance h. The
camera is set up behind a hole in the center of the object. A first imageeidalior the
unloaded object, so that the reflected image of point Q in the gratsegmsat point P on
the object. The object is deformed so that point P in the specimers nm\®, and
because the curvature has changed, the image reflected correspantts point Q’ in
the grating. A second exposure is taken, and superimposed on thedgstpnoducing a
moiré pattern in the double-exposure image, where the fringe addyecrelated to the

slope of the specimen plate.

12



In contrast with the shadow technique described in the previous sehtoptdjection
moiré method requires two different gratings. In the simplestigumation a grating is
imaged on the surface of the specimen by means of a pmgjéens, and another grating
is placed in front of the viewer. Alternatively, the projectadges can be produced by

interference of coherent light.

s
P i

P
Reference plane

1] Reference image Object image

BT

Contour fringes

Camera Projection unit

Figure 2.1: Moiré Patterns. Figure from reference [13].

13



Shadow Moiré

Light source I Camera

Grating

(@)

Reflection Moiré , Q

\ Unreformed

object

Deform Grating

object

(b)

Figure 2.2: Schematic of Shadow Moiré and Reflection Moiré.S@dow moiré (b)
Reflection moiré.
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Projection Moiré

Projector | Camera

Projected Viewing
grating grating
(a)
Fringe Projection
|
Projector I Camera
|
I | I
ﬁnt -
Projected
grating h
p
h 4 | | Reference
_________ plane
Projected
fringe P’

(b)
Figure 2.3: Schematic of Projection Moiré and Fringe Projection (a) Roojeabiré (b)
Fringe projection.
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FRINGE PROJECTION METHOD

The fringe projection technique used in this research also gmtajésting a grating onto
an object and viewing it from a different direction much like mgk projection moiré.
Indeed, both methods can be described by a single theory and the funtlamenta
expressions are very similar. The main difference is thatsttepe information is
measured directly from an image of the projected fringes instiegigwing through an

analyzer grating to produce a moiré pattern (Figure 2.3).

Such differential measurement of shape can also be achievethfyaudouble exposure
technique-to superimpose two images of the fringes projected ongpéicenen in the
initial state (.e. the reference image) and final state. the object image). This variation
of the technique can be used to measure absolute shape if atélas pised as reference,
where the fringes represent depth contours (Figure 2.1). The dogdusuee technique

takes advantage of the moiré effect, although without an analyzer grating.

The methods that use the moiré effect generally provide highetiwgnsecause only
the moiré pattern and not the grating lines needed to be resoltied tgmera, thus finer
gratings can be used. However, fringe projection has the advantage thatdbeu@pkess
complicated and there is no need for accurate matching of the tprgjead viewing
gratings, providing a very convenient technique for contouring objects. dnwibrik,
since the shape of TM is regular and the surface of TM is $moohsidering general

information of the entire TM, the volume displacement will be measufringe

16



projection is sufficient to satisfy the contouring of relativebarse objects. In fact, in
section 5 in this charter, it is shown that the measurement fpiareshape, the

sensitivity of fringe projection is sufficient high even in small scale

There are two main approaches to digital fringe patterrysisaintensity-based methods
and phase-extraction methods [15]. The intensity-based methodssasbased on the
image intensity distribution alone. By locating the fringe eentwhich represent surface
contours and assigning fringe order number, a full-field distributfodisplacement or
height can be determined. However, the drawback of such method @isb@n one
hand, the data is available only at the centers of the frinlgesgfore interpolation is
required to extract data at arbitrary point in the field of vi€éwn the other hand, in order
to determine the fringe order number, priori knowledge is requiredgtiogliish between

hills and valleys.

In contrast to intensity-based method, phase-extraction methods wenstimore recent
approach to the problem of digital fringe analysis. The aithege methods is to extract
the modulated phase that contains the information encoded in the fringen.pattis
approach is base on the mathematical description of the intensity distributi@nfohge

pattern as describe in section 3 in this chapter:

Hx,v) = Alx,v) + B(x,v)cos (2mfx+ ®(x)) (2.1)

whereA andB respectively represent the variation of background illumination ramgief

modulationf is the carrier frequency and the modulated pldasethe term related to the

17



physical property encoded in the fringe pattern. In order toaxdrdrom the equation
(2.1), temporal phase-shifting techniques are frequently used bgsnuashifts the
master grating with a suitable device. These techniques comlsieed phase-shifted
images recorded over a period of time to calculate the phasem@&im shortcoming of
such technique is the fact that data collection takes place @egioa of time and hence

unsuitable for transient application.

In contrast, a second group of techniques known as spatial phasegsaifible the
collection of data of shifting simultaneously. The phase can beegsed in frequency
domain using Fourier transform. The disadvantage of spatial phasagsisfthe very
involving of computer and the loss of resolution in the direction of the psiaife
because of the averaging over a fringe period. Meanwhile, thalsigehniques have

difficulty dealing with discontinuous patterns such as shapes with steps.

In this work, considering the regular geometry of the TM and #wpirement of
recording the entire surface information, the volume displacemeasepshifting on
singe image technique will be used. The further detail will Iseudised in the next

section.

THEORY OF 3-D PROFILE RECONSTRUCTION

In this section the theory of 3-D surface topography recongtruftr fringe projection

will be described. It is similar to projection moiré theory.

18



Considering both telecentric (i.e. viewing and observation at infiand non-telecentric
cases, a schematic diagram of the elements in a typical fsnoggrtion system is shown

in Figure 2.4. A master grating G with pitphis projected onto the object using lens
E’p-Ep. A camera records the images of the fringe pattern projectgo the object
through lensE’-E.. The camera is aligned perpendicular to the reference plaae at
distanceh while the projector is aligned at a distart@away from the camera. The
optical axes of the projector and camera lie on the plane ofighee fand intersect at
point O. The coordinate systemwyz was chosen with origin &, z on the camera axis,

on the plane of the figure andnormal to the figure. The reference plane is located at

z=0 plane.

If a telecentric projector is used (denotedEasn the figure), the gratings projected onto
the reference plane as fringe with constant pitch of frequfercy/p = cosa/p, If the
transmission function of the grating is sinusoidal, the intensitheirhage seen by the

camera can be described as

I(x,v)= %[l + cos (2mfx)) (2.2)

If Ep is at a finite distance i.e. in non-telecentric case, thgeénwd grating will be x

dependant which can be described as

I{x,y) = cos 2mf(x+ 55(x))) (2.3)
19



where

so(x) = (BC) (2.4)

whereB is the point that is projected onto the reference plane frotecetgric projector

and C is the counter point that is projected from a non-telecentric poojeEor

convenience, we can express light intensity as

I{x,y) = cos 2rfx+ Py(x)) (2.5)
where
@, (x) = 2nfs,(x) = 2nfBC (2.6)

For arbitrary surface, the gratings projected onto the surfaneHbavill be seen as point

D on the reference plan€he deformed grating can be described as

I{x,y) = A(x,v) + B(x,v)cos (2rtf (x+ s(x))) (2.7)
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whereA(x, v) andZ(x, v} are, respectively, the background and the modulation terms
that models an arbitrary distribution of reflectively ion the ocbgurface. Similarly, we

can simplify (2.7) as

I{x,v) = Alx,v) + B(x,y)cos (2nfx+ ®(x)) (2.8)
where
@(x) =2nfe(x) = 2nfBD (2.9)

Note thatE,HE . andCHD are similar triangles, therefore

(2.10)

And

D(x) _ Py(x)  AP(x)
2 f 2mf B 2o f

D=BD—-BC=
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(2.11)

Combining (2.10) and (2.11) and substitfiteve have

(2.12)

If the projection is telecentric i.e/h << 1 andp/d <= 1, (11) can be approximated as

hp A
d 29T

(2.13)

From equation (2.12) and (2.13) we can see that in order to extradtethbt

information, we have to obtain the phase tednsf both object image and reference

image. A phase measurement method using five step spatéttaig used to implement

the extraction can be express as

P

@ = arctan [ﬂ:rr_ ——) (2.14)

wherel. i=1,2,3,4,5 denote shifts of the image in the direction perpendicular to the
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fringes

4 I = I(i,j —int(p/2))
L =1I(i,j —int(p/4))

<

I, =1(i,j +int(p/4))

=1(i,j ) (2.15)

=)+ int(p/2))

wherep represents the pitch of the reference image while the abovessigns are
applied to both object and reference image. The pitch is calduta® 1-D FFT of all
rows of the reference image, by removing the DC component and angethgifirst peak

of all the rows.

As is shown in equations (2.8) and (2.14), the phase terms are apparapihed within

the interva]—=, ], and presentdr discontinuities at the end of the periods. Many phase
unwrapping technique are available to compensate the multiptesurtil a continue

phase map is obtained. A simple approach to the problem is to detect these jumps and add
appropriate multiples cir to the wrapped phase until it is made continuous. However,

the implementation of this simple method in reality can be prolierdae to the noise

and the singularities that may create false jumps. In two oe mdonensions, the
unwrapping process is path-dependent. The wrapping method we usedtiesis is the

quality bins algorithm, of which free unwrapping software is avalaish Dr. Eann
Petterson’s experimental mechanics website. The details ofutlegy bins unwrapping

algorithm can be found in reference [16].
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Figure 2.4:Schematic of Optical Configuration for the Fringe Projectionhdét The
figure is from reference [14].

24



CHAPTER IlI

PREVIOUS STUDIES ON MECHANICAL PROPERTIES OF TM

CUT-OFF-SAMPLE-BASED MEASUREMENT

The measurement of elastic modulus of TM by cut-off samplebeammack back to as
early as 1960. Von Békeésy first presented his bending test of gseciid tongue-shape
TM strip with Young’'s modulus of TM as 20 MPa [10]. Kirikae meaduitee Young’s
modulus of TM through longitudinal dynamic test on the TM strip wigoreed modulus

of 40 MPa [9]. Decraemer et al. conducted tension test and repooiadus of 23MPa
[11]. Cheng et al. reported the in-plane Young’s relaxation modulagwasction of both
time and stress on the TM specimens cut primarily along tbensferential direction of

a TM [17]. More previously, Luo provided a technique to measure the meahanic
properties of TM at high strain rates using a miniature sfgpkinson tension bar. The
TM samples were cut into strip for a dynamic loading up to hadf méwton. The results
are reported as 45.2-58.9 MPa in radial direction and 34.1-56.8 MPa in the

circumferential direction [3, 18].
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In that TM is an inhomogeneous structure with anisotropy in radiralimferential, and
through-thickness directions, methodology to characterize viscaelastaxation
modulus in different direction and location is more recently comeintéoest. Huang et
al. established methods for measuring linearly viscoelastic piepefthuman TM using
nanoindentation. Results were reported relaxation modulus of TM in bothsweell as
dry condition with emphasis on the measurement technique on the wehespektater
on, statistical form of properties was reported by Nitin et al. using nanoatienin four
guadrants of human TM. The results are compared between in-plaseireraent and
through-thickness measurement [8]. Although in use of the entiregRdvsamples were

cut off from temporal bone with removal of the malleus.

Generally, these cut-off-based measurements of mechanical pgepdriiM can be also
catalog based on the experimental approach: measurement undgéatiheand quasi-
static test (Von Békésy, 1960; Luo, 2008), or measurement with dgrtasti(Kirikae,

1960; Decraemer et al., 1980; cheng et al., 2007; Huang et al., 2008; Nitin et al., 2008).

No matter what kinds of catalog it is, each of the cut-offthasgeriment requires the
dissection of the TM from the temporal bone. The major drawbackshtathod is that
the cutting could compromise the eardrum’s structural integritya#tad its mechanical
properties. As discussed in chapter Il, the TM is composed of samgtvucture layers
with the epidermal layer continuous to the canal and the mucosaldagygnuous the
middle ear cavity. Thus the TM in reality is under certain typstrain when remaining

attach to the annular ring of the temporal bone. The bending of the radial cdileyen
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the lamina layer also indicates the pre-stress on the TM betittiag off. Meanwhile,
data in literature (Figure 3.1) has shown that, there is hardefiewy @hen the TM is
under high strain, revealing hyperelastic properties. The prefsgtdte of the TM in its
in vivo state as well as the hardening property of the materighb@sing the TM shows
that the cutting of the sample can do harm to the revealing @haneal properties of

the TM, and thus cut-off-based measurement has limitation in reliability to sderg.e

Load (mM)
o = o
%) =Y in

=
[

0.1

0 I 1 I
0 2000 4000 G000 8000

Displacemeant (nm}

Figure 3.1: Load-displacement Curves from Out-of-plane Nanoindentation Tlests. T

figure is from reference [8].

FULL-FIELD MEASUREMENT

Full-field measurements of TM constitute another approach fostigeating relatively
“macro” mechanical properties of the TM retained intat¢hiwmithe temporal bone. These

methods usually provide pressure as mechanical stimulus and the bbseofathe
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entire TM changes-for example, Shape, vibration mode, and volumecedis@at- as

mechanical response.

The early studies on the full-field mechanical observation of Meifle primarily in use
of tympanometry (a compacted apparatus consisting of tube microplomel source
and monometer) but the data of the displacement of the TM are hidgepeans on
tympanogram [19, 20]. There is no full field quantitative data ordéfermation of the
TM until 1990, Dirckx et al., presented static pressures measuremeinesh human
temporal bone using a non-contacting optical technique, phase shift topagraphy.
The full-field deformation of the TM under different quasi statetes was presented;
umbo displacement and rotation angle of manubrium was compared withwoitke[6].
Von Unge et al. later on analyzed mechanical changes in differgst gdathe TM in
their full-field study on gerbil TM under static pressure ‘&g using real-time
differential moiré interferometer [21]. Hysteresis effe@ts found in the displacement
under identical pressure gradients during the loading and the unloadisg. dieeir
further full-field TM study then moved on to the disease aismbs otitis media effusion
and the comparison the TM responses to static pressure with nmoaileus and
immobile malleus [22, 23]. In spite of full-field investigationTd in either topography
or middle ear cavity volume change, none of these work provided any pararoé

traditional mechanical properties such as modulus.

More recentlyjn vivo areal modulus (AM) of elasticity was measured, and the middle ear

mechanical function was modeled by Gaihede et al. [24]. Theyduded a method to
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measuren vivo volume displacement of human TM under pressure using tympanometry.
At the mean time, by comparing various clinical conditions, he foatdsecretary otitis
media with middle ear effusion results in significantly hyssex (Figure. 3.2). With an
analytic model of TM as a flat circle membrane befor@mheition, Gaihede was able to
provided mechanical properties in the form of average over the swragea modulus.

The in vivo estimates of Young's modulus was hence obtained and reported about a
factor 2-3 smaller than the data foumdvitro. Albeit as the first work that estimate
mechanical properties with full-field measurement mechanicgporese of TM, the
reliability of the estimation was compromised by the over-siregl TM model--as

discussed in chapter Il, in reality, the TM is a concave cone with’amhg.

The major shortcomings of the mentioned full-field investigation of iEMhat the
mechanical behaviors of TM are mostly described qualitatragher than quantitatively
in view of mechanical parameters. Despite the use in specladipplications such as
disease detection or modal analysis, the mechanical behavior ofaiiatblurry and the

data are generally difficult to be used for the intact middle ear model.

29



[ | | | |
o S U A A
_ I | | el
& [ | | | I s
X [ | | | o ol
§1__L__4___¢___HL4_L_
= [ I Partlv| 4 o |
g = o ]
5 [ | —7400% Jo
i A T
] Part lll| = o
2 | o020 | |
= [ & o [Partll | |
ST T
-~ 0
B g | | |
mz__@i_J___i___L___L_
[ | | | |
[ | | |
20 -10 0 10 20

TM volume displacement {mmgj

Figure 3.2: The Standardized Pressure-volume Relationship. The iBguoen reference

[24].

OTHER STUDY ON TM

As discussed in chapter Il, the function of the middle ear is dolve the acoustic
impedance mismatch between the air in the ear canal andutierflthe middle ear.
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Without this impedance matching, very little acoustic energy avbalabsorbed into the
cochlea. The first step in this process is the TM converting siwutite ear canal into
vibration of the ossicles. Many of researches have been fwcusderstanding how the

TM manages its task so successfully over a broad frequency range.

Hunter et al. used video otoscopy to closely inspect TM patholadyp#&oneered in
measurement of the transfer function of middle ear in 1997 [25hnSeisal. later on
measured the four response variables of sound transmission througludte @arr with

acoustic stimulation at the TM [26]. The relation between capigssure and the
impedance at the TM was shown. Gan et al. measure the human naddlansfer
Function using a double laser interferometry system. DisplacenoéntTM,

incudostapedial joint, and stapes footplate induced by sound pressureear tbanal

were simultaneously recorded in both amplitude and phase [27, 28].

In these studies, TM was considered as one of the functional compohé&mésmiddle

ear in compensating acoustic mismatch, where impedance anertfanstion of sound
pressure over frequency range were measured. However of dmameal properties of
TM alone could provide a better understanding of how the sound pressse w
transmitted from TM to ossicles. Therefore, measurement of anexi properties of

TM can be supplementary to sound transmission study for middle ear.
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CHAPTER IV

EXPERIMENTAL METHOD

SAMPLE PREPARATION

7 fresh-frozen, guinea pig temporal bone or bullas obtained through réltyvef
Oklahoma Health Sciences Center were used in this study. Befpeeiment, the stored
bullas were unfrozen by immersing the sample into 0.9 % salineosol@9% NalCl,
PH 5.6) for 30 minutes. The ear canals were opened with dental higd dp# to
expose the whole surface of TM. Special care was taken no tgdah®epithelial layer
which is continuous lining the external ear canal. A ventilating loblabout 3 mm
diameter was drilled into the middle ear for the exerting aresaorement of air pressure.
A PVC tube with 2 mm outside diameter was plugged into these antethe surface of
bulla was tightly sealed with Vinyl Ploysiloxane and super gtuprevent leakage from
eustachian tube. Since the surface of the guinea pig TM iducans in order to obtain
clear images of the fringe pattern, the TM was dyed wWwght reflecting material
(Chinese white ink) to give a good visual access to the CMOSragfigure. 4.1). To
prevent the risk of damaging the TM by the chemicals and fex tiee dehydration of
TM surface, almond oil was blended with the dying materials. SEmeples were then
checked for complete sealing by applying pressure loading 2@0tda and observing a

stable level of reading from monometer. The detail about preseadeng will be
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described in the next section.

Since vertically projection image of guinea pig TM on to a plane is closed tbpse ein

order to compare with the FEM model, and validated the reconstiuatithe TM, the
dimension of TM samples was measure with vernier caliper indiveations: Superior-
inferior direction and anterior- posterior direction. The data of7/tsamples is listed in

Table 4.1.

™

Figure 4.1Typical Guinea Pig Bulla Sample and Preparation. The tubes shown in the

image was used to apply and measure air pressure inside the bulla.
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Superior-inferior

Anterior-posterior

Sample Ear Diameter(mm) Diameter (mm)
GP6%8'2' Right 5.192 4.605
GP6%8'2' Left 5.134 4.222
Gpé?_S'S' Left 4.783 4.675
Gpi?_8'5' Left 5.084 4.349
Gpé?_S'S' Left 5.124 4.743
GP-08-5-| _.
4R Right 4.986 4.42

Gpi%S'S' Right 5.108 4.821

Table 4.1: Dimension of Bulla Samples.

projection system and the air pressure system.
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EXPERIMENTAL SETUP

Figure 4.2 shows a schematic drawing of the fringe projecgtnp and the pressure
loading system for the measurement of the mechanical prapeftguinea pig TM. The

experimental setup can be divided into three sections: the sample, hbkdringe

A custom-remodeled temporal bone holder for guinea pig bulla was upeovide two

degrees of freedom in rotation for the guinea pig bulla (Appendix A¢r Anounted on




the temporal bone holder, the direction of the guinea pig bulla cadjlsted to ensure
that the convexity of TM surface was perpendicular to the axiseofamera in the fringe
projection system. This alignment was required for the determmati the malleus
location in the FEM model construction through TM image. It alsblked sufficient and
even illumination from the fringe projector to the TM surface, redushallow of canal.
An assembly ofX, Y, and Z translation stage ( Velmex A60 series) held the temporal
bone holder providing three degrees of freedom translation to po#i@ispecimen

exactly within the field of the projected fringe as well as the fieldgeat of the camera.

A CMOS camera (XS-4 X-Stream Vision) was mounted on a slrgiccroscope (Carl
Zeiss OPMI-1B) with a 75% beam splitter (Carl Zeiss 75)ctwwhwas 250 mm
perpendicular away from the sample holder plane. A custom-mame fprojector was
located 88 mm away from the microscope and this provided an angle ehetwe
microscope-camera assembly and projector as about Fd@n equation 2.13 we can
see that, the combination of a fine grating and a small anglealjgngeroduces better
results than larger angles and coarser gratings for a gvehdf sensitivity. In [14], it
mentions that the distance of the instrument should be at leastrdereof magnitude
larger than the size of the object. In our experiment, guinea pig isudlbout 25 mm;
therefore such arrangement satisfies the telecentric condaidimat equation (2) can be

used.

The projector consists of a 100 W fiber optic lamp (Carl Zeigg) collimation lenses, a

grating and an object lens (Figure 4.4). The focus lens of thet ddjecis adjustable so
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that a sharp pattern with equal pitch for black and white ésngas projected onto the
reference plane and the object. The collimation lenses filtdigtitefrom the fiber optic
lamp so that the noise from light source is damped. The gratingsee were with a
square wave transmission profile called Ronchi rulings (Edmund Sc.w@ib.)pitch
density of 20 cycle/mm [29]. In order to satisfy sinusoidal tragsion profile condition
without more complexity, we purposefully allowed the camera toigbtlsi out of focus

when taking the image, after a sharp focus distance was determined [30].

The air pressure system was composed of a syringe, a U tube nenanck a 3-way
stopcock air regulator. The air pressure was generated by mdwngidton of the
syringe, while the pressure level was control by combining the meteorand the air
regulator: once the air pressure reached required level, thkat@gwas closed and the
pressure level was maintained. The air pressure was conduithe@®WC tube with
Christmas-tree-shape connector to ensure airtight condition Wwketlte in the guinea

pig bulla was connected to it.
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] ™ ﬁé Camera

Guinea Pig Bullla [ |
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\U 'I:Gbekg\/lonometer
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L
/

Fringe Projector

Figure 4.2: Schematic of the Experimental Apparatus. On thetaghthe custom-made
fringe projector includes: projection lenses, Pgratings G, collimation lens CL,
Experiment setup and fiber optic lamg.. On the right bottom are the microscope and
the camera. On the right hand side is the sample holder onatisation stage with

sample connected to the air pressure source and the U-tube monometer.

Figure 4.3: Experimental Setup.
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Figure 4.4:. Custom-made fringe rojector consists of: projectioseke R, gratingsG,

collimation lensCL, Experiment setupand fiber optic lamfh..

EXPERIMENTAL PREPARATION

(a) Calibration for The Arrangement Parameters

In equation 2.4, it has shown that the depth map is related to setqmement
parameters:, andd while these parameters, practically are difficult to diyecteasured.
A calibration by analyzing a surface of known geometry was trs remove the need for
making direct measurements of these parameters [31]. Aeflatence, an aluminum
plate with glossy paint, was position in front of the specimen, agdeal perpendicular
to the viewing axis of the camera using the alignment la@emted on the camera. A

reflection mirror was mounted at the end of the plate to teflex laser beam. The
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orientation of the plate is adjusted so that the reflected beammed back at the laser
source to ensure the correct alignment, and the plate was fixgosition. The fringe

projector is switched on to collect the reference image.

A calibration cone with known geometry (height and diameter) vitesheed to the
reference plate and second image is recorded. The size of theiscaeéected to

approximately match that of the features of interest in the sample.

The two images were processed to extract and unwrapped the modculase map
using the processing algorithms described in chapter Ill. By congpthe phase map
with the known geometry, the andh can be determined. Figure 4.5 shows the cone and
the reference plate used for calibration. The cone has a height wih2 Beight and a
width of 6mm width, mounted on the reference plane, an aluminum plate wi

galvanization paint.
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Figure 4.5: Calibration Cone for Obtaining Arrangement Parameters.

(b) Validation of the Fringe Projection Setup

In order to validate the height measurement of the fringe projecetup, another
validation cone with 2.5 mm height and 6.25 mm diameter was meastiresl Sgstem

with the same procedure as in the previous section and the identi@agement
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parameter from the calibration. An average error of 0.2% waswvauker the z direction
and an average error of 0.72% was observed in radial directionne. gfigure 4.6

shows a typical reconstruction image of the validation cone.

The validation shows that the miniature fringe projection systembie to achieve a

reliable resolution and accuracy for small object as guinea pig TM.
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Figure 4.6Typical Reconstruction the Validation Cone.

(c). Image Preprocessing

Although the guinea pig TM was fully exposed from the ear cahal, cbntinuity
between the epithermal layer and the canal skin requires the remafitivegannular ring
and its bony boundary. With optimal arrangement, the shadow of theceamsitilll affect

the quality of the image by uneven illumination and thus induce er®@irsce only the
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phase is of interest, a normalization procedure was applied to eifypackground

illumination and the modulated illumination (see equation 2.1) [31].

1. Divide the intensity map in M X Nx blocks. The block size should be larger
than the pitch so as not to distort the signal, but sufficiently small to follow the
variation of the amplitude and the background terms. An empiricaégsipn
that provide good results in practice wslg{ N} =min(1,5, {M, N}/60),
wherep is the pitch of the fringes anill, N the image size.

2. Estimate the back ground tesn: (i) calculate the average of each block, to
estimate the background term at its center, and (ii) finaosh polynomial
function through the calculated values to extrapolate them andatenrer
smooth map of the background the same size of the original image,
A =extrapolate (mean (blockp)).

3. Estimate the modulation terB: (i) subtract the calculated background map
A" from the original intensity map (i) calculate the difference between the
minimum and maximum value of each block, and (iii) extrapolate as dbove
yield a smooth map of modulationg. B =extrapolate(max(blockis( A))-
min(blocks(- A"))).

4. Compute the normalized the image by removing the two terms prvious
calculated from the original intensity mage N= (I- A')/B".

5. Re-scale the normalized image to the desired range of iyigysitally O-
255).

6. Apply a smoothing filter to remove noise from the image, usiather the
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median or the mean filter.
The effect of this normalization algorithm can be seen in figufeand the program

of the algorithm can be seen in appendix B.

180 T T T
160 — izl
140+ ==
120+ =
100 - =
a0 -

B0 —

0 \ I I I \
i 100 200 300 400 500 B00

18 T T T

16 —

14 -

12 -

g -

0.6 =

0.4 =

02 | I L L |
] 100 200 300 400 500 500

(b)

43



Figure 4.7: Normalization for Image Preprocessing. (a). Imadengfe projected on a
flat plane. Picture on the left hand side shows the original iyreagkon the right hand
side shows the image after normalization (b). The plots onsityeprofiles along a line
in (a). The plot on the top shows the original intensity distributionlevthe plot on the

bottom shows the intensity after normalization.

EXPERIMENT PROCEDURE

As is shown in Figure 4.2, the prepared guinea pig bullas samptessecurely mounted
on the temporal bone holder. The tubes as described in the previous seete
connected to a 3 way stopcock which has three direction connection diuficbls. A
syringe to add pressure to the sample and a U- tube monometeasane pressure were

connected to the stopcock.

Each specimen was preconditioned through applying pressure g 4yicles prior to

testing in order to allow it to reach a steady state in nmchlabehavior. The setup was
used to apply gradually increasing pressure reaching about 10thieh,isva pressure
level much lower than the maximum pressure used in testing foméasurement of

Young's modulus.

Step increases in pressure were applied from 0 to 1kPa inside theniibl stopcock
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closed for each step ensuring that a constant pressure was meaintd8oth positive
pressure (pumping air into bulla) and negative pressure (vacuumifigraibulla) were
applied to the samples. The samples were applied positive middpeessures in the

order 0.2, 0.25, 0.3, 0.5, 0.6, 0.75, 0.8, and 1 kPa then released with reverse order to
OkPa. The TM was then vacuumed up with negative middle-ear pressuhes same

order up to 1kPa and released with reverse order to OkPa, which vsdeced as one

cycle. For each sample, at least four cycles were tesigdh® average was used for
analysis. The pressure values used in this experiment cover Hseingreange normally

encountered in dalily life.

The fringe projection system consistently projected fringes rpatteto the guinea pig
TM (figure 4.8 (b)) and recorded the images of normal stadeirmages of under all the
pressure states, storing with a PC. Preprocessing was apgpliedch image using the
normalization algorithm and then wrapped phase maps of TM surfaceshiained by
using algorithm in chapter Il. The reconstruction of all theseasasf was then achieved
by unwrapping these wrapped phase maps with free demodulation softizan
Pitterson, Experimental Mechanics website). The depth maps ofdrivple obtained
from fringe projection reconstruction were exported as matdoegspond to pixels in
images (figure 4.8 (a)). The TM boundary and the malleus locatva determined by
observation of input image. The useless background information were cutafthe
useful data on TM were used to calculate the volume displacemertnyaring the

under-pressure state with initial state.
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Figure 4.8:(a) Reconstruction of TM surface. Started from right top in counter-clock
wise, respectively is TM under pressure of OkPa, 200Pa, 500Pa, anqdkFa1 under

projected fringes correspond to the reconstructed surface.

CALCULATION OF VOLUME DISPLACEMENT

In order to obtain the full-field description of the TM’s mechanm@lperties, pressure-

volume displacement curve has to been extracted from the depth nvagll @5 the
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applied pressure history. Dirckx et al. presented a method to ¢aldh volume
displacement in [32]. In this paper, a simpler way was used tonotitai volume
displacement. We assume that each pixel in the reconstructionichegtl represents a
cuboid with depth different from normal case as high and pixelasizength. Thus the

volume displacement can be simple calculated by the volume of all these cuboids.

Figure 4.9-4.10 shows the pressure-volume displacement curves ofgin@ea pig
samples, while figure 4.11 shows the average pressure volumecdmplat plot of all
the 7 samples. The two graphs were separated by the date the szsepled. From the
figures, a clear hardening effect can be seen especidiigtatpressure above 500 Pa.
Therefore, hyperelastic model should be used to describe the mechanicalymbpbt

under high level pressure.
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Figure 4.9Typical Pressure-volume Displacement Plot of Guinea Pig TM.
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Figure 4.10Typical Pressure-volume Displacement Plot of Guinea Pig TM.
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Figure 4.11Average Pressure-volume Displacement Plot of 7 Guinea Pig TMs.
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CHAPTER V

FINITE ELEMENT MODEL OF GUINEA PIG TYMPANIC MEMBRANE

INVERSE PROBLEM FOR ABSTRACTIN MECHANICAL
PROPERTIES OF TM

Since trend of volume displacements versus pressures of TM shawsning

phenomenon, in order to analyze such hyperelastic effect, acdiggerelastic model,

Ogden model was used to describe the mechanical properties. dfFiEMconstitute law

of uniaxial mode of the Ogden model is as follows [33]:

where =;; is

strain,T,, is stress,, (i = 1,2,3) are the principle stretchs. and o, are

mechanical properties of hyperelastic material respegtiiel our analysis, N was

chosen as 2. In order to determine mechanical propgriiadc; an inverse problem

solving approach is used by allowing the finite element methotYFimulated TM

deformation data to correlate with the measured values. The preceddescribed as

follows:

1. Some initial values were chosen fprandu; .

49



N

A FEM Neo-Hookeon model was built as is shown in Figure 5.3. In daoder
compare with experimental data. The out-of-plane (the plane glaralimage
plane of the camera) displacement of every node was obtained.

Displacement of nodes from 2 were interpolated to back ground gridding whose
intercepting point density is the same as pixel density of eszaptained in
experiment. Bilinear interpolation was used to implement the process [34, 35].
Calculated volume displacement based on out of plane displacementkof bac

ground gridding, using the same method that was used to calculateevol

displacement from experimental data by assuming volume changergf@xel

as cuboid.

5. Modified i, ando, of 1 and repeated 2 to 4 until the volume displacement from

simulation fit volume displacement from experimental data.

The simulation of the guinea pig TM under different air presdateswas implemented
using Abaqus 6.8. The compacted FEM software is able to providepesping of the
modeling, FEM computation and post-processing for computational visi@tizand
analysis. In this work, the output from the FEM computation in use iz-thesction
displacement in that it is the counterpart to the available infaymabtained from fringe
projection system. The step 3 and 4 are not accessible in Abaquhetalgorithm was
program with Visual Basis 6.0 to calculate the volume displacertiignire 5.1). It
should be note that, in order to save computational time, the correspondaaestsps
in the experiment was computed and analyzed simultaneously in slgeirtstead of

simulating one pressure step in one task. Meanwhile, the volume divglaic
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calculation program was designed to handle the whole loading sintldtaneously (See

appendix C).

. YD Calculator,

Eﬂlef path of result data fle - worksofabaqus\OUTFUTAN and P {11t izl
e

Location of .

FesuliBegining] 3 Location of Resull{end] 14

Enter path of coordinates |E:\warksafabaqus\.DLITF'UT'*.nate.th

of hodes here

Enter path of connectian of |E:'\worksofabaqus'\DUTF'UT'\connectinn.t:-:t
[ Mates

Enter image size 280 pixels
Enter object size 7 e

Calculate volume Yolume
dizplacerment Dizplacement
[ |
Copy

Figure 5.1: Interface of Program for Volume Displacement Calculation.

FINITE ELEMENT OF TM

A FEM model of guinea pig TM was needed for the estimatigordhm for the

measurement of mechanical properties. In order to obtain the ggoaiethe FEM
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model tailored to each particular guinea pig TM, reconstructedcudrofiles of sample
in initial state from fringe projection algorithm were usedwsdver, the geometry
information of guinea pig TM from the fringe projection algorith@swn form of matrix
of depth map and such type of data was unable to be applied to FEMt&eimutaorder
to transfer the matrix of depth map into the form of notes and atsme FEM
computation, Solidworks 9.0, a CAD software was used to build the FEM model. 20 lines
of data along the superior—inferior direction in the TM depth map welected. The
background data in these lines was setting to null number by cowpplae corresponded
locations in depth maps with that in the actual images. These nubensinwvere then
removed and input as special curves to Solidworks (See appendixd3e thrses then
were lofted into the feature as an intact TM (figure 5.2). Then23 kchosen were evenly
distributed over the depth map--such simplification was required iridbanany curves
could induce interpolation error in generation of the FEM model. Sintacswf guinea
pig TM was smooth, evenly chosen data means smoothing of the swifécie will not

compromise the reliability of the significantly.

Finally, the geometry of the model was modified at the edgbatoa clear and regular
boundary condition can be achieved. The location of the malleus in tinecB& was
determined by isolated malleus in the actual image of Tidpa An artificial malleus

was “merged” into the TM by setting the contact area betwealtems and TM as
material with mechanical properties of bone. In order to anallfz&f the samples with

one FE model, the dimension of the model was modified in two directions based on Table

1 for each sample: Superior-inferior and Anterior-posterior.
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The boundary conditions of the FE model were designed as to sinthéatactual
situation. The outer boundary of the TM was fixed for all degreeBeetiom. The
malleus was allowed to rotate and move out of z direction only. Adtih@uactual case,
malleus can function as a damping boundary condition, it was showthénatwas not
too much change for the movement of the soft tissue when charggngnalleus
boundary condition [36]. The mechanical property of malleus wae &t elastic with a
Young's modulus of 10 GPa. Since the difference between soft tissumaltelis is

huge, the precision of the number of that does not have too much affdébe t

displacement of soft tissue [37].

Figure 5.2: Extracted Curves for FEM Model Construction.
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(a) (b)

Figure 5.3: FEM model of TM (a).Medial view (b). Lateral view.
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CHAPTER VI

MECHANICAL PROPERTIES ANALYSIS OF TYMPANIC MEMBRANE

RECONSTRUCTION OF TM SURFACE UNDER PRESSURE

RESULTS OF HYPERELASTIC MEASUREMENT

Figure 6.1 shows the typical fitting of the pressure- volume atigphent curve between
FEM and experimental data. The curves were fitted with differeless than 10%
between FEM and experimental data so that an accurate hypeitglagas obtained.
Figure 6.2 shows the hyperelastic properties of guinea pig TM respgcinder positive
middle ear pressure and negative middle ear pressure. The mawimbeistrain in the
plot is the maximum strain in the TM FEM model when 1 kPa presgaseapplied. It
can be seen that the corresponded Young's modulus of guinea pig Tddingl &@0MPa
at maximum which is lower than human TM (0.02-0.04 GPa) and cat TM Th2
hyperelastic parameters for the 7 samples were listedalleT6.1 and Table 6.2

respectively under positive middle ear pressure and negative middle earqress
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Figure 6.1:A typical fitting between FM and experimental data for guinea pig TM
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Figure 6.2 Hyperelasticity of Guinea Pig TM
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Sample Ear | pd(MPa)| «al uw2(MPa)| a2
GP-08-

Right 0.48 9.82 8.92 -4.56
2-09
GP-08-

Left 0.41 10.48 9.3 -5.01
2-09
GP-08-

Left 0.48 9.52 9.27 -4.31
5-3L
GP-08-

Left 0.44 12.85 7.96 -5.62
5-1L
GP-08-

Left 0.59 8.23 8.5 -4.67
5-2L
GP-08-

Right 0.35 9.62 8.23 -4.33
5-4R
GP-08-

Right 0.41 9.88 9.01 -5.32
5-1R

Table 6.1 Hyperelastic Parameters of Guinea Pig TM under positive Middle EauRzess
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Sample Ear | pd(MPa)| «al uw2(MPa)| a2
GP-08-

Right 0.61 9.06 9.17 -4.43
2-09
GP-08-

Left 0.52 10.02 9.88 -5.21]
2-09
GP-08-

Left 0.61 9.12 9.46 -4.43
5-3L
GP-08-

Left 0.56 11.34 8.22 -5.45
5-1L
GP-08-

Left 0.59 8.03 8.75 -4.88
5-2L
GP-08-

Right 0.43 9.22 8.77 -4.54
5-4R
GP-08-

Right 0.49 9.78 9.4 -5.47
5-1R

Table 6.2:Hyperelastic Parameters of Guinea Pig TM under Negative Migdie

Pressure
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DISCUSSION AND CONCLUSION

(a). Deformation Analysis

In order to have a better understanding and clearer view of tberdgion of guinea pig
TM under different pressures and at different locations, crosemsgubfile was plotted
in two perpendicular directions: the superior-inferior direction antbrer-posterior
direction. Figure 6.3 shows the cross section profile of TM undéerelft pressure
levels. It can be seen that in the superior-inferior crossiogsecthe maximum
displacements roughly occur at the center and the displacemelutallyadecrease to
both anterior and posterior direction. Finally, the displacementhreato at the
boundary. This trend is similar in both anterior portion and posterior partitdre TM.
Meanwhile, in case of anterior-posterior section, the displacemesitibdtion
differentiates dramatically from superior-inferior situationheT displacements are
generally close to zero around the umbo and gradually increase taawmum points:
both are between the boundary and the umbo. In the radial directiompadteng these
two maxima, the displacement gradually decreases to zero thledbeundary is located.
This is can be explained as that due to the connection between teesnzald TM, the
stiffer properties of the malleus weaken the displacemetiteoffM. However, on the
posterior side close to umbo, there is a sudden displacement écfréas indicate that
the malleus under pressure more likely tend to rote rather than Bbhedstiffness
difference between TM and malleus was one reason while theresyim geometry of

TM (TM area is larger in posterior than anterior) and mall@msatso contribute to such
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a rotation when pressure is applied.

Inferior Superiof
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Figure 6.3:Pressurized shape for guinea pig TM. In the legend, the “cm”
indicated pressure in unit of water bar.(a) Superior-interiorsciection in
anterior. (b) Superior-interior cross section in posterior.(c) Aotgrdsterior
Cross section in posterior.

(b). Hardening Effect

The observed the pressure-volume displacement curves in figure 4.%diddte that
TM response is not elastic; the increase of response is non-bgeaith a positive
acceleration. Similar to rubber, TM becomes significant stifferloading increase,
showing some extend of hardening effect. Therefore for quami-shtdy of TM,

hyperelastic model is better than elastic model. The hymtielroperty of TM under
guasi-static loading can be further vilified through the mechanioglepties estimated by
the fitting experimental data with simulation data, shown in figh@ Since sound

impedance increase as the material stiffness increase elagimity of TM can affects
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the efficiency of the function of middle ear. This can probakjylan why the sudden
increase of middle ear pressure in some situations-such asddensrising elevator or

in a taking off plane- can lead to a transient loss of hearing [39].

Comparison between the positive middle ear pressure and negatie satigpressure
results in figure 4.11 also shows that the hardening effect of TM is maoiécsigt under
negative pressure then under positive pressure,the TM becomes much stiffer if
pressure level in ear canal is higher than middle ear. Thisoptenon can be explained
through the geometry of TM. TM is a concave to ear canal vebitwex to middle ear.
When pressure level is higher in ear canal, it tends to “enléingeTM by stretching the
circumferential collagen fibers. On the other hand, when pressuet is higher in
middle ear cavity, the air force the TM to “shrink” releassame tension and hence
offset some hardening effect from material property. Last rimit least, the radial
collagen fibers can also play a role in damping the hardeniegtefby that they are

originally bending toward ear canal with certain level of pre-stretch.

(c). Comparison with Literature

The Young’'s modulus obtained by fitting FEM data with experimesdgd in this work

is full-field mechanical property but an “effective” Young’'s modulieecause the

simulation was based on the assumption that TM consists of homogersstieic

material and the thickness as well as mechanical propeutyfem over the whole TM.
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In actual case, thickness over TM varies from location toitmt$40][41], and hence the

mechanical properties can also vary.

So far, there is not many Young’s modulus measured on animahvHiable data that
can be found are on rabbit about 30MPa [42] and some estimation dataatouwz0.1-
0.4 GPa[12]. For human TM, Young’s modules are reported in differentigitsai/on
Bekesy presented a data about 20MPa using the assumption of isairbgyestimate is
also an effective one [10]. Kirikae and Decraemer et al. estimate thg¥aonadulus of
human TM to be 40 MPa and 23 MPa, respectively [9,11]. Both involved uniaxial
tensile testing of strips cut from the TM. Our results showttiatyoung’s modulus of
Guinea pig TM is about 13.4- 18.2 MPa which is a bit lower than the abosting data
but in the same magnitude. Such difference can be generated fradifféinences in
species. Hence, in further work the same technique can be applladrian TM to
determine if our technique produces the same effective Young’s mddultee human

TM™.

Recent studies, indicated strong rate-dependence for organs sugdanasnts, skin,
muscle, stomach, liver, heart and lung at high strain rates (31{Bk However not
many investigations were made on such phenomenon in animal TM, adigpieciull-

field observation. In this work, we have not only shown that rate-depentappen on
animal TM, but also presented the hyper-elastic properties wiahiiM. The full-field
measurement indicates a hardening effect of guinea pig TM beng’'s modulus

increase as strained rate increase.
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(d). Hysteresis of Experimental Result

Figure 6.4 shows a typical guinea pig TM (GP-8-51L) under loadimjunloading air
pressure with the same experimental procedure discussed in Chaptarept that the
releasing steps was also included. The original shape of the 83vhat restored when
loads were removed. Such hysteresis effect indicates that qugné@d like many other
tissues, is viscoelastic. Therefore it is better to model the TM as \d@stioehaterial than
hyperelastic material if time-dependent phenomenon is consideredevieigwfor
viscoelastic testing, it usually requires a long time loadimyunloading process. On the
other hand, for full-field mechanical testing, the maintenance dhtaet bulla demands
that cadaver TM should not be exposed to the air for a long timeywigkethe TM will
dehydrate or even damaged. Even if creep loading is not recuneed,is still difficulty
to accurately measure the loading time- unlike other loadingyseedslay always exists.
Therefore, the full-field measurement of viscoelasticity Téfi remains a unsolved

challenge and is left to future work.
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Figure 6.4: Loading and Unloading Plot for Static Pressure Test

CONCLUSION

Full-field mechanical properties of guinea pig TM was achidweditting experimental
data with simulation results. Fringe projection technique wasifitgiduced to research
of TM. Although projection moiré has been used for observation of Thtabetion, the
fringe projection surpasses projection moiré in convenience of setupekatuility on
calibration without satisfying the resolution. The TM was modelsdhgperelastic
material instead of elastic material so that hardening tefe@vealed. Although using
viscoelastic model can more suitably depict the hysteresis pleeonof TM under
loading-unloading cycle, some unsolved difficulty hinders the viscoelastalysis.
Consider that hyperelastic model already can satisfy theresment of quasi-static loads,

the full-field viscoelasticity study of TM will be future warFEM model was built with
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combined fringe projection reconstruction and CAD soft ware. Compataditional
FEM model built with CT scan or artificial middle ear model, tedel in this work are

more detail and able to use for real-time measurement.

Section profile of the TM deformation under different pressure loadiag observed
with fringe projection reconstruction. It was found that due to asynorgeometry of
TM and malleus itself, the malleus under high pressure is hkedg to rotate than to
translate. Hyperelasticity of guinea TM under positive middilepgessure and negative
middle ear pressure was compared. It shows that hardening effédM is more
significant when it under high canal ear pressure than high méddi@ressure, which
can due to two factors: the concave geometry of TM and thagewllfiber alignment in
its grid work. The estimated moduli were obtained in range from- 1384 MPa.

Comparing to the existed data in literature, they are in the same magnitude.

Since middle ear structure of guinea pig is almost identicabfiauman, the research on
guinea pig TM sheds light on the further human middle ear resedrclihe future,
attempt can be move on to miniaturized fringe projection systesingie apparatus,
based on whichin vivo measurement mechanical properties of TM will be achievable.
Meanwhile, although dynamic test in frequency range is not abimpgEment with
pressure loading, there is still significance in observing Tikbanter ultra-high pressure
until it bursts. High- speed camera can be induced in this kindudf.sThe only
difficulty is from the sensitivity of pressure measuremenhigh speed. Other loading

can also be attempted to estimate the viscoelasticity gfféivexample, indentation on
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TM can also provide full-field measurement of mechanical prasrtand and this

technique has never been used for viscoelasticity test yet [43].
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APPENDIX A

DAFT OF CUSTOM-MADE TEMPORAL BONE FOR GUINEA PIG
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APPENDIX B

COMPUTER PROGRAM FOR NORMALIZATION FOR FRINGE PROJECTION

PREPROCESSING
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%%%% %% %% %% %% % %% %% %% %% %%
%Normalization for background illumination%

%%%0%%%%% %% %% %% %% %% %% % %%

%Step 1. Divide image into blocks.
[M,N]=size(D);
m=min([1.5*P,M/60,N/60])
m=max(P+1,m);
n=min([1.5*P,M/60,N/60]);

num=fix(N/m);

%%
%Step 2. Estimation the background term.
for i=1:num

A(i))=mean(I(m*i-9:m*i));
end
A(num+1)=mean(l(m*num+21:end));
p=polyfit([m/2+0.5:m:num*m-m/2+0.5,mod(N,m)/2+0.5+num*m],A,3);
f=polyval(p,1:N);
plot([m/2+0.5:m:num*m-m/2+0.5,mod(N,m)/2+0.5+num*m],A);
hold,;
plot(f,'r");

fA=polyval(p,1:N);
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%%
%Step 3. Estimation the modulation term.
for i=1:num
tmp=A(i);
B(i)=max(l(m*i-9:m*i)-tmp)-min(I(m*i-9:m*i)-tmp);
end
B(num+1)=max(l(m*num+1:end)-A(num+1))-min(I(m*num+21:end)-A(num+1));
p=polyfit([m/2+0.5:m:num*m-m/2+0.5,mod(N,m)/2+0.5+num*m],B, 3);
fB=polyval(p,1:N);
%%
%Step 4. Removing the two terms.
NI=(I-fA)./fB;
%%
%Step 5. Re-scale the normalized image.
if min(NI<0
NI=NI-min(NI);
end
%%
%Smooth the image
h=[1,1,1];
h=h/3;

J=conv(NI,h)
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APPENDIX C

VB PROGRAM FOR CALCULATION OF VOLUME DISPLACEMENT
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Private Sub cmdCopy_Click()
With Clipboard
End With
Dim buf As String
Dim i As Long
Fori=0 To Listl.ListCount - 1
buf = buf + List1.List(i)
buf = buf + vbCrLf
Next
Clipboard.Clear
Clipboard.SetText buf

End Sub

Private Sub Commandl_Click()
Listl.Clear

Dim data(), note() As Double

'Read results from Abagus output'

Dim s() As String, j As Long, temp(), tmp2(), tmp4() As String
Dim LocRe As Integer

Dim ss() As String
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Open Textl.Text For Input As #1
s = Split(StrConv(InputB(LOF(1), 1), vbUnicode), vbCrLf)

Close #1

tmpl = Split(s(3), " ")
Dim k As Integer
k=1

b = UBound(tmp1)

Fori=0 To UBound(tmp1l)

If tmpl(i) = "N:" Then
ReDim Preserve tmp2(Kk)
tmp2(k) = tmpl1(i + 1)
k=k+1

End If

Next

locB = Text6.Text

locE = Text8.Text
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For LocRe =locB To locE

tmp3 = Split(s(LocRe), " ")

k=1

For i =17 To UBound(tmp3)

If tmp3(i) <> " Then
ReDim Preserve tmp4(Kk)
tmp4(k) = tmp3(i)
k=k+1

End If

Next

'Read connections from Abagus output'

Open Text2.Text For Input As #1

ss = Split(StrConv(InputB(LOF(1), 1), vbUnicode), vbCrLf)
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Close #1

ReDim note(UBound(ss), 4)

Fori=0 To UBound(ss) - 1

temp5 = Split(ss(i), ",")

Forj=0To 3

note(i + 1, j) = CDbI(Trim(temp5())))

Next

Next

For i =0 To UBound(note, 1)

note(i, 3) =0

Next

Fori=1Tok-1

note(tmp2(i), 3) = tmp4(i)
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Next

Open Text7.Text For Input As #1

ss = Split(StrConv(InputB(LOF(1), 1), vbUnicode), vbCrLf)

Close #1

ReDim con(UBound(ss), 4)

Fori=0 To UBound(ss) - 1

temp6 = Split(ss(i), ",")

Forj=0To 3

con(i + 1, j) = CDbI(Trim(temp6())))

Next

Next
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'Find points inside elements
"Limit searching area

Const n = 380

| = Text5.Text
r = Round(l / n, 6)

Dim Pixel(n, n) As Double

Fori=1Ton

Forj=1Ton

Pixel(i, ) = 0

Next

Next

Fori=1 To UBound(con, 1)
Maxx = note(con(i, 1), 1)
minx = note(con(i, 1), 1)
Maxy = note(con(i, 1), 2)
miny = note(con(i, 1), 2)
Forj=2To 3

If note(con(i, j), 1) > Maxx Then Maxx = note(con(i, j), 1)
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If note(con(i, j), 1) < minx Then minx = note(con(i, j), 1)
If note(con(i, j), 2) > Maxy Then Maxy = note(con(i, j), 2)
If note(con(i, j), 2) < miny Then miny = note(con(i, j), 2)
Next
For j = Int(minx /r) - 1 To Int(Maxx / r)
For k = Int(miny /r) - 1 To Int(Maxy / r)
'Interpolation for pixels inside elements
X1 = note(con(i, 1), 1)
X2 = note(con(i, 2), 1)
X3 = note(con(i, 3), 1)
Xp=j*r
Y1 = note(con(i, 1), 2)
Y2 = note(con(i, 2), 2)
Y3 = note(con(i, 3), 2)

Yp=k*r

s1 = Abs((Xp - X3) * (Y2 - Y3) - (Yp - Y3) * (X2 - X3))
S2 = Abs((X1 - X3) * (Yp - Y3) - (Y1 - Y3) * (Xp - X3))
S3 = Abs((X1 - Xp) * (Y2 - Yp) - (Y1 - Yp) * (X2 - Xp))

St = Abs((X1 - X3) * (Y2 - Y3) - (Y1 - Y3) * (X2 - X3))

'If Round(St, 7) = Round(S1 + S2 + S3, 7) Then
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If St <=s1 + S2 + S3 Then

N1=1-j*r/note(con(i, 2), 1) - k *r * (note(con(i, 2), 1) - note(con(i, 3),
1)) / note(con(i, 2), 1) / note(con(i, 3), 2)

N2 = (-k * r * note(con(i, 3), 1) +j * r * note(con(i, 3), 2)) / note(con(i, 2), 1)
/ note(con(i, 3), 2)

N3 =k * r / note(con(i, 3), 2)

nn =N1+ N2 + N3

Pixel(j, k) = N1 * note(con(i, 1), 3) + N2 * note(con(i, 2), 3) + N3 *

note(con(i, 3), 3)

End If

Next

Next

Next

Fori=1Ton
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Forj=1Ton

VD = VD + Pixel(i, j) * r ~ 2

Next

Next

Listl.AddIltem VD

Next LocRe

Open "Output.txt" For Output As #1

Fori=0To (lockE - locB + 1)

Print #1, List1.List(i)

"Print #1, vbCrLf

Next i
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Close #1

End Sub
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APPENDIX D

PROGRAM FOR FEM MODEL CONSTRUCTION IN SOLIDWORKS9.0 MICRO
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Vhkkkkkkkkkkkkkhkkhkkkhkkkhkkkx

‘This is the main program

S———

Dim swApp As Object

Dim Part As Object

Dim SelMgr As Object

Dim boolstatus As Boolean

Dim longstatus As Long, longwarnings As Long
Dim Feature As Object

Sub main()

UserForm.Show

End Sub

([ R R ERRERERRERRERERRNERRRRERRRRRNRERRERRNRERENRRNRERRERENRERRERENRERRNREDNR]
kkkkkkkkkkkhkkkhkkkkhkkkkhkkkhkkkkkx

*This is the program in the button *

kkkkkkkkkkkkkkkkkkkhkkkkkkkkkk

Private Sub CommandButton1_Click()

'Define some values
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Dim n As Long

n=10
m=380/n+1
r=7/(m-1)

Dim data() As Double

Dim border() As Integer

Dim s() As String, i As Long, j As Long, temp() As String
Dim SkN As String

Dim flag As Integer

'Import the data file
Open "C:\Documents and Settings\junfen\My Documents\New Foldetestar Input
As #1
s = Split(StrConv(InputB(LOF(1), 1), vbUnicode), vbCrLf)
Close #1
ReDim data(m, m)
ReDim border(2, m)
Fori=1Tom

temp = Split(s(i - 1))

Forj=1Tom

data(i, j) = CDbl(temp(j - 1))
Next

Next
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'‘Compress the data size
'Fori=1Tom
Forj=1Tom
data(i, j) = dataT(n/m)*i-(n/m)+ 1, (n/m)*j-(n/m) +1)
Next

'Next

'Find the object
Fori=1Tom
j=1
flag =0
Do While (j <= m And flag < 2)
If data(i, j) <> 0 And flag = 0 Then
flag=1
border(1, i) =
End If
If data(i, ) =0 And flag = 1 Then
flag =2
border(2, i) = j
End If
i=i+1

Loop
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Next

‘Solidwork anouncements

Set swApp = Application.SldWorks
Set Part = swApp.ActiveDoc

Set SelMgr = Part.SelectionManager

swApp.ActiveDoc.ActiveView.FrameState = 1

'Plot Lines
Fori=1Tom
Part.InsertCurveFileBegin
For j = border(1, i) To border(2,1) - 1
Part.InsertCurveFilePoint (i- 1) *r, (j - 1) * r, data(i, j)
Next
Part.InsertCurveFileEnd

Next

‘Contour the surface
Fori=1Tom

SKkN = Trim("Curve") + Trim(i)

boolstatus = Part.Extension.SelectBylD2(SkN, "REFERENCECURVESI) (i r,
border(1, i), data(i, 1), True, 0, Nothing, 0)

Next
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Part.ClearSelection2 True
boolstatus = Part.Extension.SelectByID2("Curvel”, "REFERENCECURME®,
data(l1, 1), False, 1, Nothing, 0)
Fori=2Tom

SKN = Trim("Curve") + Trim(i)

boolstatus = Part.Extension.SelectByID2(SkN, "REFERENCECURVESL) (i r,
border(1, i), data(i, 1), True, 1, Nothing, 0)

Next

Part.InsertLoftRefSurface2 False, True, False, 1, 6, 6

End Sub

Private Sub UserForm_Click()

End Sub
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