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CHAPTER 1

INTR ODUCTION

1.1 Motiv ations: NIHL, HPDs, and the Failure of HPDs

1.1.1 Noise-induced hearing loss (NIHL)

Hearing is a serial of events in which a special organ inside the inner ear, known

as the \cochlea", is stimulated and through the hair cells of the organ of Corti in

the cochlea, the sound wave is changed into electrical signalswhich are carried to

the brain by the auditory nerve, wherethey are understood as sounds.Exposureto

harmful soundscausesdamageto the sensitive hair cellsof the cochlea aswell as the

hearingnerve and thus causeshearingloss[1], [2]. Noise-inducedhearingloss(NIHL)

has been an important issuefor many decades.The level of damageto hearing is

dependent on the intensity of sound, duration of exposure, repeated exposureand

individual susceptibility.

Therearetwo typical harmful noises:loud continuous/intermittent noiseand loud

impact/impulse noise. Continuous noiseexposuresabove 85 dB(A) are considered

to be a hazard and above 115 dB(A) are not permissible for any length of time.

Table 1.1 lists the permissiblenoise exposuresto di�erent level of continuous and

intermittent noiseaccordingto the Occupational Safety and Health Administration

(OSHA). For impact or impulse noiseexposure,such as a gunshot or explosion,the

peak soundpressurelevel must not exceed140dB(A).

NIHL is divided into three categories:acoustictrauma, nosie-inducedtemporary

threshold shift (NITTS), and noise-inducedpermanent threshold shift (NIPTS).

Acoustic trauma is usually causedby a single exposureor relatively few exposures

at very high sound levels. For example, an explosion may rupture the eardrum,

damagethe ossicles,and destroy the auditory sensorycells. Usually acoustictrauma

results in somedegreeof permanent hearing loss. NITTS results in an elevation of

hearing levels following noiseexposure. The temporary threshold shift is reversible

and largely disappears16 to 48 h after exposure. NIPTS results in a nonreversible

threshold shift which remainsthroughout a lifetime. Permanent threshold shifts may

1



Table 1.1 Permissiblecontinuousand intermittent noiseexposures

SoundPressureLevel (SPL) PermissibleTime

80 dB(A) 32 h

85 dB(A) 16 h

90 dB(A) 8 h

95 dB(A) 4 h

100dB(A) 2 h

105dB(A) 1 h

110dB(A) 30 min

115dB(A) 15 min

120dB(A) 7.5 min

125dB(A) 3.8 min

130dB(A) 1.9 min

result from acoustictrauma or may be producedby the cumulative e�ect of repeated

noiseexposuresover periods of many years[3].

1.1.2 Hearing protection devices (HPDs)

Hearing protection device (HPD) is a personal safety product that is worn to

reducethe harmful auditory or annoying subjective e�ects of sound ( [4], p. 967).

Basically, HPDs canbedivided into two types: passive and active. Passive protectors

give a constant attenuation of the external sound levels, such as ear mu�s, ear

plugs and helmets, which are the conventional HPDs. These passive HPDs are

valued for their relatively high attenuation (10 to 45 dB) of the external sound

levels over a broad frequencyrange. However, the conventional passive HPDs are

ine�ectiv e at low frequenciesand against impact/impulse noise. Active HPDs are

modi�ed conventional HPDs with incorporating electronicssystem. There are two

types of active HPDs: active sound transmissionHPDs and active noise reduction

(ANR) HPDs. Active sound transmissionHPDs o�er a viable alternative for usein

intermittent noises,especially thosewith impulse-typeor short-duration on-segments;

however, the e�ectivit y of these HPDs can be compromisedin continuous, high-

level noise. ANR HPDs, which are basedon the principle of destructive interference

2



to cancel noise, are most e�ective against repetitiv e or continuous noisesthat are

relatively invariant in spectrum or level. They are e�ective and limited to the

reduction of low-frequency noise below about 1 kHz, with maximum attenuation

of 20 - 25 dB occurring below 300Hz [3{6].

1.1.3 Failure of the curren t HPDs

It has beenreported that when individuals are exposedto severe noiseenviron-

ments, such asthat generatedby aircraft enginesand military weaponsthat approach

and even exceeda sound pressurelevel (SPL) of 150 dB, even if they wear passive

hearingprotection equipment, they may be subject to hearingdamage.Furthermore,

NIHL at low frequencies(125 Hz and less)are even more challenging.

For the normal hearing process, air-borne acoustic signals enter the human

ear through the auditory canal, and arrive at the organ of Corti where they are

transduced. The failure of conventional passive protection equipment thus brings up

a reasonablequestion: besidesthe normal acoustic propagation path through the

auditory canal to the organ of Corti, are there any alternative acousticpropagation

paths existing to the organ of Corti?

Therefore, in order to improve the current hearing protections, there is a desire

to understand the human hearing process,speci�cally the propagation pathways of

the sound to reach the cochlea. The overall goal of this research is to develop a

computational �nite-element model of a detailed human head, as well as its torso

and arms, if necessary, based on real human data, and conduct acoustic �nite-

element analysis(FEA) on the computational model to track an air-borne incident

acoustic wave propagated around, into, and in the human head. This acoustic

propagation model will serve as a valuable tool to understand the acoustic wave

propagation around, into, and inside the human head, and speci�cally to identify

di�erent pathways that the acousticwave energyhastaken to reach the cochlea, and

furthermore to evaluate thesepathways in terms of the acousticpressurelevel that

reach the cochlea through each pathway.

3



1.2 Background: Human Ear and the Path ways to the
Cochlea

1.2.1 Human ear

The human ear (Figure 1.1 [1]) consistsof the outer ear (pinna and auditory

canal), the air-�lled middle ear (three bones: malleus, incus, and stapes), and the

liquid-�lled inner ear (labyrinth). The eardrum (tympanic membrane) separatesthe

outer and middle ears. Acoustic signals entering the auditory canal perturb the

eardrum connectedto the middle ear's malleus. The malleus communicates to the

stapes through the incus. The stapes is connectedto the oval window membrane

structure that separatesthe middle ear from the inner ear. The three middle ear

bones(ossicles)work in concert to impedancetransform the airborne acousticsignal

from the outer earto the liquid-�lled inner ear. The inner earconsistsof the vestibule,

the semicircularcanals,and the cochlea. The vestibuleconnectswith the middle ear

through two openings,the oval window and the round window. Both of thesewindows

are sealedto prevent the escape of the liquid �lling the inner ear; the oval window

by the stapesand its support, and the latter by a thin membrane. With thesetwo

exceptions,the entire inner ear is surroundedby bone.

Figure 1.1 Sketch of the ear [1].

The cochlea is a tube of roughly circular crosssection,wound in the shape of a

snail shell, divided into three chambers (scalavestibuli, scalamedia, scalatympani).

Figure 1.2 shows a crosssection of one of the turns of the cochlea [1]. The bony
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ledgeprojects from the central portion of the shell-like structure into the liquid-�lled

tube and carriesthe auditory nerve. At the termination of the bony ledgethe nerve

�b ers enter the basilar membrane. Attached to the top of the basilar membrane is

the organ of Corti that contains four rows of hair cells. The wholecochlea is located

in a cavit y in the petrous temporal boneof the skull.

Figure 1.2 Crosssectionof the cochlea duct [1].

1.2.2 The conduction path ways to the cochlea

Normal air conduction (AC) pathway. The air conduction pathway is a well-

studied and admitted major pathway to the cochlea. For the normal hearingprocess,

air-borne acousticsignalsenter through the ear canal to the eardrum. The eardrum
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vibrates and causesthe three small bonesof the middle ear to vibrate. The acoustic

stimulation results from movement of the stapesfootplate into and out of the scala

vestibuli chamber at the oval window. A compressive wave travels through two and

one-halfturns of the scalavestibuli of the cochlea to its apex. The compressive wave

is then reversedby the round window membraneand energyis sent back through the

two and one-half turns of the scalatympani. The action of the inward movement of

the stapesfootplate movesthe pressure-releaseround window membrane outward, a

180o phasedi�erence betweenthe oval and round windows. The travelingcompression

wavesendsa correspondingwave motion alongthe basilarmembranewhich lies in the

scalamedia. Thesemotions 
ex the hair cellsof the organ of Corti, thereby exciting

the nerve endingsattached to the hair cells into producing electrical impulseswhich

are carried to the brain, wherethey are understood assounds[1,7].

Bone conduction (BC) pathways.Other than the normal air conductionpathway,

researchers alsobelieved that the boneconduction pathways alsocontributed to the

cochlearesponse.The boneconductionpathways are largely unknown although a few

boneconduction pathways have beenproposed. It is proposedthat when the skull is

subjected to vibrations causedby the acoustic �eld surrounding the head, there are

two modesof bone conduction: inertial and compressionalbone conduction. In the

inertial modeof boneconduction,a relativemotion is setup (1) betweenthe temporal

boneand the ossicularchain, and (2) betweenthe cochlear shelland the cochlear 
uid

content. The former results in the displacement of the stapeswhich leadsto cochlear

stimulation in much the sameway as that by air-conducted sound, and the latter

causesthe cochlear 
uid displacement which inducesthe displacement of the basilar

membrane, exciting the cochlea. In the compressionalmode of bone conduction,

the skull vibrations are propagated to the temporal bone and causedistortion of

the cochlear shell and thus cause
uid displacements in and out of the cochlear

windows, exciting the cochlea with the basilar membrane displacement [8{11]. It

wasstated that inertial e�ects dominate low-frequencyboneconduction hearingand

compressionale�ects dominate high-frequencyboneconduction hearing [8].

In addition to these osseousmechanism above, recently some research work

showed evidence that there is another possible conduction pathway for cochlear

excitation that is non-osseous.The skull bonevibrations are hypothesizedto induce

audio-frequencysound pressuresin the brain and cerebrospinal 
uid, which are
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conducted to the 
uids of inner ear through 
uid channels (e.g., vestibular and

cochlear aqueducts,perineural and perivascularchannels)[12{14].

There are also other various possiblesecondarypathways of bone conduction.

Someof them are [9], [10]:

1. The vibrations of the skull may radiate sound into the surrounding air, and

someof this soundmay �nd its way into the external ear canal. Alternativ ely,

the vibrations may pass to the walls of the meatus and here produce aerial

waves. In either casethe soundthereafter acts on the drum membrane like any

other aerial stimulus, namedthe osseotympanic route.

2. The vibrations may passto the walls of the tympanic cavit y and setup wavesin

its contained air. Thesewavesact on the tympanic membrane more e�ectively

than thosewavesthat enter the round window directly in the normal ear.

3. The movements communicatedto the walls of the externalmeatusand tympanic

cavit y may move the tympanic membrane through its annulus or move the

ossicles,especially the incus, through their suspensions.

4. Another form of inertia stimulation is based on the idea that as the skull

moves, the lower jaw remainsrelatively stationary and e�ectively producesan

alternating compressionof the external auditory meatus.

Thesesecondarypathways are either not evaluated or lack quantitativ e support,

and are consideredto be of minor importance. In a word, the mechanismsof bone

conduction are quite complexand still needfurther study.

The �nal cochlea response. Although the stimulation mode of bone conducted

stimulation can be very di�erent from air conductedstimulation, the �nal inner ear

responsein bone conduction is initiated by the sametransduction mechanism as in

air conduction [10], [15], [16]. Thus, the �nal stimulus transferred to the cochlea is

a vectorial integration of all the conduction pathways, including the air conduction

pathway, di�erent bone conduction pathways and any other potential alternative

pathways. Its excitation will depend on the vectorial summation of all pathways,

depending on their relative magnitudesand phases.It is possiblethat each of these

pathways is more e�ective at di�erent frequencies[9], [10], [13].
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Figure 1.3 The four paths by which sound reaches the inner ear when hearing
protection devices((a) earplug; (b) earmu� ) are worn [3].

Sound transmission to the occluded ear with HPDs. When the ear canal of an

individual is blocked by a HPD, the AC and BC pathways discussedin the previous

sectionsaremodi�ed. Soundmay reach the inner earalongthe four distinct pathways

as shown in Figure 1.3 [3]:

1. Air leaks (A): For maximum protection, the earplugsmust make a tight seal

with the canaland the earmu�s must take a tight sealwith the sideof the head.

If the inserts are not accurately �t the contours of the ear canal and earmu�

cushionsare not accurately �t the areassurrounding the external ear, air leaks

happen. Air leakscan typically reducethe attenuation by 5-15dB over a broad
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frequencyrange,varying with the sizeof the air leak and with frequency. The

primary reduction is at low frequencies.

2. Vibration of the HPD (B): Due to the 
exibilit y of the earcanal 
esh, earplugs

can vibrate in a pistonlike manner within the ear canal. This limits their low

frequencyattenuation. The earcupsof earmu�s can vibrate against the head

as a mass/spring system,with an e�ective sti�ness governed by the 
exibilit y

of the mu� cushionand the 
esh surrounding the ear, aswell asthe air volume

entrapped under the cup. For ear mu�s, premolded inserts and foam inserts

theselimits of attenuation at 125 Hz are approximately 25 dB, 30 dB and 40

dB, respectively.

3. Transmission through the material of the HPD (C): Sound is transmitted

through the HPD materials. This reduction in attenuation is usually more

signi�cant for earmu�s than earplugsbecauseof the much larger surfaceareas

involved with earmu�s, which normally is signi�cant only at frequenciesabove

1000Hz.

4. Bone conduction (D): HPDs are designedto e�ectively block sound by air

conduction pathways, not the bone conduction pathways. Bone conduction

may becomea signi�cant factor for the protected ear

There are several possiblereasonswhy conventional HPDs fail under severenoisy

circumstancesand for certain frequencies: (1) the noise exposure may exceedthe

protection o�ered by HPDs, either becauseof insu�cien t attenuation of HPDs or

the reduction in attenuation due to path 1, 2, and 3 described above; (2) the bone

conductionpathways areenhancedrelative to the unoccludedearat frequenciesbelow

2 kHz, which is known as \o cclusion e�ect" [3], [7], [17]; and (3) other alternative

pathways may becomea signi�cant factor for the protected ear.

1.3 Approac h: Acoustic Finite-Elemen t Analysis (FEA) on
Human Head Mo del

1.3.1 Pros and cons of �nite-elemen t analysis (FEA)

The human head is an inhomogeneousscatterer (bone, fat, soft tissueswithin

the skull) with multiple openings(ears, eyes,nose,mouth), irregular geometry, and
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variouscoatings(skin layer, hairs). The analysisof acousticwave propagationaround

and in the human head requires a 
exible analysis tool capable of representing

the complex geometrieswith propagation speed and density variations as well as

frequency-dependent attenuation mechanisms. As a result, over the past decades

many computer-based,numerical formulations have been developed in an e�ort to

extend the analytical wave equationsto more complexmodeling con�gurations both

in the time and frequencydomains.

Among the many integral and di�erential formulations, the �nite-element method

(FEM) hasproved to be more versatile in terms of accounting for density variations,

even within the scattering centers, as well as modeling anisotropic and absorption

phenomena.Therefore,the complicatedgeometryof the human headcanbemodeled

in detail in FEA. FEA is capable of calculating strains, stresses,deformations

in a solid structure, and pressureand particle velocity in a 
uid. In FEA, the

computational domainis divided into discretevolumes,calledelements. Each element

is assigneda size and a constitutive behavior that describe the material acoustic

properties to which the element belongs[18].

However, FEA su�ers from the inabilit y to dealwith open �eld problemsbecause

it doesnot implicitly imposethe radiation boundary condition. One of the solutions

is to usean arti�cial outer boundary and an absorbingboundary condition (ABC) is

applied to this contour such that the scatteredwave appearsonly outgoing through

the boundary and arti�cial re
ections due to the domain truncation are minimized

[19].

Furthermore, FEA is preferred over experiments on manikins or humans for a

number of reasons. First and foremost, with FEA it is possible to seeresponses

that are di�cult or impossible to characterize experimentally. With FEA it is

expected that phenomenawill be recognizedthat might otherwise be missed,and

that questionswill be discovered that might not have beenwith experiments alone.

\What-if " typesof analysiscanbedonereadily, and the approach and the study focus

can be further re�ned as more is learned about the problem from the simulations.

If experiments are appropriate in future work, then FEA will help design the

experiments, either on manikins or human subjects.
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1.3.2 Acoustic �nite-elemen t analysis in ANSYS

The acoustic analysisavailable in ANSYS (ANSYS, Inc., Canonsburg,PA), an

industry standard used for FEA, can model the 
uid-solid structures and study

the pressuredistribution in the 
uid and the vibration of structures at di�erent

frequencies.With a well-built FEA model and a properly validated code, it is possible

to track an air-borne incident acoustic wave to the cochlea, to identify di�erent

propagation pathways, and furthermore to evaluate thesepathways in terms of the

acousticpressurelevels that reach the cochlea through each pathway. All the studies

in this work are conductedusing the ANSYS acousticFEA module.

1.4 Organization of This Thesis

This thesis presents the research accomplishedat the Bioacoustics Research

Laboratory located at the University of Illinois at Urbana-Champaign to develop

computational acoustic wave propagation model of the human head. This work is

supported by US/AF OSR (award number F49620-03-1-0188).

Chapter 2 describesthe �nite-element formulas usedin ANSYS acousticanalysis

andsomebasictheoretical solutionsof soundpressuredistribution for soundscattered

by simple geometriessuch as the 2D cylinder and 3D sphere. Chapter 3 describes

the �nite-element harmonic analysis on somesimple models such as the 2D rigid

cylinder, 2D rigid and elastic shell cylinder, 3D rigid sphere,and 3D elastic sphere.

Chapter 4 describesthe �nite-element transient analysison simple geometrymodels

such as the 2D cylinder and 3D sphere.Chapter 5 describes the FEA conductedon

a simpli�ed human head model developed with a complete digital image database

of a human head. Both 2D and 3D scenariosare studied. Chapter 6 introducesthe

methodologiesusedto reconstructwavefronts and trace the acousticpropagationpath

basedon the computedresults in the �nite-element analysis. Finally, the summaryof

what hasbeenaccomplishedand suggestionsfor future work arepresented in Chapter

7.
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CHAPTER 2

THEORETICAL FUND AMENT ALS

This chapter describes the �nite-element formulation of the wave equation used

in ANSYS and the theoretical solutions for the scatteredand transmitted �elds by

simple geometriessuch as the 2D cylinder and 3D sphere.

2.1 Finite-Elemen t Form ulas in ANSYS

In acoustical 
uid-structure interaction problems,both the acousticwave equa-

tion and the structural dynamicsequation needto be coupledto each other.

In deriving the discretized acoustic wave equation, there are some necessary

assumptions[1], [20]:

� The 
uid is compressible,but only relatively smallpressurechangeswith respect

to the meanpressureare allowed.

� The 
uid is inviscid (no viscousdissipation).

� There is no mean
o w of the 
uid.

� The meandensity and meanequilibrium pressureare uniform throughout the


uid.

� No gyroscopicor Coriolis nonlinearities are included in a structural analysis

The acousticwave equation is given by

1
c2

@2P
@t2

� r 2P = 0 (2.1)

where

c = speedof soundin 
uid medium (
q

k
� 0

)

� 0 = mean
uid density

k = bulk modulus of 
uid
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P = P(x; y; z; t), acousticpressure

t = time

The discretizedwave equation is written in �nite-element matrix notation by

[M P
e ]f •Peg + [K P

e ]f Peg = 0 (2.2)

where

[M P
e ] = 1

c2

R
vol f N gf N gT d(vol) = 
uid massmatrix

[K P
e ] =

R
vol f BgT f Bgd(vol) = 
uid sti�ness matrix

[B ] = f Lgf N gT

f N g = element shape function for pressure

f Lg = r () ; f Lg = r � ()

f Peg = nodal pressurevector

vol = volume of domain

In the 
uid-structure interaction problem, a natural boundary condition along

the interface needsto be included. For the simplifying assumptionsmade, the 
uid

momentum equationsyield the following relationshipbetweenthe pressuregradient of

the 
uid and the normal accelerationof the structure at the 
uid-structure interface:

f ng � fr Pg = � � 0f ng �
@2f ug

@t2
(2.3)

where

f ug = displacement vector of the structure at the interface

f ng = unit normal at the 
uid boundary

Including the 
uid-structure interfacecondition to the wave equationand writing

it in �nite-element matrix notation, Equation (2.2) becomes

[M P
e ]f •Peg + [K P

e ]f Peg + � 0[Re]T f •ueg = 0 (2.4)

where

� 0[Re] = � 0

R
Sf N gf N gT f N

0
gT dS = 
uid-structure coupling massmatrix

f N
0
g = element shape functions to discretizedthe displacement components ux ,

uy and uz (obtained from the structural element)

f ueg = f uxeg; f uyeg; f uzeg = nodal displacement component vectors

S = surfacewherethe derivative of pressurenormal to the surfaceis applied (a

natural boundary condition)
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In order to account for the dissipation of energydue to damping, if any, present

at the 
uid boundary, a dissipation term is addedto Equation (2.4):

[M P
e ]f •Peg + [CP

e ]f _Peg + [K P
e ]f Peg + � 0[Re]T f •ueg = 0 (2.5)

where

[CP
e ] = �

c

R
Sf N gf N T gd(S) = 
uid damping matrix

� = boundary absorption coe�cien t

f _Peg = f @Pe
@t g

In order to account for the 
uid-structure interaction, the 
uid pressureload

acting at the 
uid-structure interface, F pr
e , is added to the structural dynamic

equation and gives

[Me]f •ueg + [Ce]f _ueg + [K e]f ueg = f Feg + f F pr
e g (2.6)

where

f F pr
e g = [Re]f Peg = the 
uid pressureload vector at the interface.

Equations(2.5) and (2.6) describe the �nite-element discretizedequationsfor the


uid-structure interaction problem and are written in assembled form as
"

[Me] [0]

[M f s] [M P
e ]

# (
f •ueg

f •Peg

)

+

"
[Ce] [0]

[0] [CP
e ]

# (
f _ueg

f _Peg

)

+

"
[K e] [K f s]

[0] [K P
e ]

# (
f ueg

f Peg

)

=

(
f Feg

f 0g

)

(2.7)

where

[M f s] = � 0[Re]T

[K f s] = � [Re]

2.2 Theoretical Solutions for the Acoustic Sound Field
around the Cylinder and Sphere Scatterer

This sectionsummarizesthe theoretical solutions for calculating the sound �eld

around the solid cylinder and spherescatterersbasedon [21{24].
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2.2.1 Solid cylinder scatterers

The following equationscompute the scattering, by a solid cylinder of radius a,

of a plane wave traveling in a direction perpendicular to the cylinder's axis (Figure

2.1). The cylinder is made of solid material which support shearwaves in addition

to compressionalwaves[22], [23].

pinc = P0eik 3(r cos� � ct) = P0

1X

m=0

"m im cos(m� )Jm (k3r )]e� i! t (2.8)

psca =
1X

m=0

Am cos(m� )[Jm (k3r ) + iN m (k3r )]e� i! t (2.9)

Am = � "m P0im+1 e� i
 m sin(
 m ) (2.10)

where
 m , the phase-shiftangleof the nth scatteredwave, is de�ned by

tan 
 m = tan � m (k3a)
tan � m + tan � m (k3a)
tan � m + tan � m (k3a)

(2.11)

The intermediate scattering phaseanglesare de�ned by

Figure 2.1 Cylindrical coordinate system.

tan(� m (ka)) =
� Jm (ka)
Nm (ka)

(2.12)
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tan(� m (ka)) = ka
� J

0

m (ka)
Jm (ka)

(2.13)

tan(� m (ka)) = ka
� N

0

m (ka)
Nm (ka)

(2.14)

The angle� m , which is a measureof the boundary impedanceat the surfaceof the

scatterer, is given by

tan(� m ) = (� � 3=� 1) tan(� m (k1a; � )) (2.15)

where

tan(� m (k1a; � )) =
� (k2a)2

2

k1aJ
0
m (k1a)

k1aJ 0
m (k1a)� Jm (k1a)

� 2m2Jm (k2a)
m2Jm (k2a)� k2aJ 0

m (k2a)+( k2a)2 J 00
m (k2a)

�
1� 2� (k1a)2 [Jm (k1a)� J 00

m (k1a)]

k1aJ 0
m (k1a)� Jm (k1a)

+ 2m2 [k2aJ 0
m (k2a)� Jm (k2a)]

m2Jm (k2a)� k2aJ 0
m (k2a)+( k2 a)2J 00

m (k2a)

(2.16)

Hence,the total pressureat the surfaceof the cylinder at an angle� from the x-axis

is simply the sum of the incident wave and the scatteredwave:

ptotal = pinc + psca (2.17)

For rigid, immovable cylinders, the phase-shiftangle 
 m is simpli�ed as [22]

tan 
 0 = �
J1(ka)
N1(ka)

; tan 
 m =
Jm� 1(ka) � Jm+1 (ka)
Nm+1 (ka) � Nm� 1(ka)

(2.18)

which is the sameas the solution by Morse [22]. In this casethe total pressureat

the surfaceof the cylinder at an angle � is [22]

ptotal = pinc + psca =
4P0

� ka
e� i! t

1X

m=0

cos(m� )
Em

ei [� 
 m +( � m=2)] (2.19)

whereEm is the radiation amplitude for a cylinder, de�ned as:

E0 �
q

8
2� ka Em> 0 �

q
2

� ka ka � m + 1=2

E0 � 4
� ka Em> 0 � m!

2�

�
2

ka

� m+1
ka � m + 1=2

(2.20)

16



2.2.2 Scattering by solid spheres

This section gives the equationsused to compute the scattering of an incident

plane wave by a solid sphereof radius a (Figure 2.2). The sphereis made of solid

materials which support shearwavesin addition to compressionalwaves[22], [23].

The expressionfor an incident plane wave traveling along the + z axis is

pinc = P0eik 3 (r cos� � ct) = P0

1X

m=0

(2m + 1)im Pm (cos� )j m (k3r )e� i! t (2.21)

Figure 2.2 Sphericalcoordinate system.

The expressionfor the wave scatteredfrom the sphereof radius a centered at the

polar origin is

psca = � P0

1X

m=0

(2m + 1)ime� i
 m sin� m Pm (cos� )[j m (k3r ) + in m (k3r )]e� i! t (2.22)

where
 m , the phase-shiftangleof the nth scatteredwave, is de�ned by

tan 
 m = tan � m (k3a)
tan � m + tan � m (k3a)
tan � m + tan � m (k3a)

(2.23)

The intermediate scattering phase-anglesare de�ned by

tan(� m (ka)) =
� j m (ka)
j m (ka)

(2.24)

17



tan(� m (ka)) = ka
� j

0

m (ka)
j m (ka)

(2.25)

tan(� m (ka)) = ka
� n

0

m (ka)
nm (ka)

(2.26)

The angle� m , which is a measureof the boundary impedanceat the surfaceof the

scatterer, is given by

tan(� m ) = (� � 3=� 1) tan(� m (k1a; � ) (2.27)

where

tan(� m (k1a; � )) =
� (k2a)2

2

k1aj
0
m (k1a)

k1aj 0
m (k1a)� j m (k1a)

� 2(m2 + m)j m (k2a)
(m2 + m� 2)j m (k2a)+( k2a)2 j 00

m (k2a)
�

1� 2� (k1a)2 [j m (k1a)� j 00
m (k1a)]

k1aj 0
m (k1a)� j m (k1a)

+ 2(m2+ m)[k2aj 0
m (k2a)� j m (k2a)]

(m2+ m� 2)j m (k2a)+( k2 a)2 j 00
m (k2a)

(2.28)

Hence,the total pressureat the surfaceof the cylinder at an angle� from the x-axis

is simply the sum of the incident wave and the scatteredwave:

ptotal = pinc + psca (2.29)

The total pressureat a point on the spherewith an angle� from the polar axis turns

out to be [22]

pa = P0

1X

m=0

(2m + 1))im Pm (cos� )[j m (k3r ) �
1
2

(1 + Rm )hm (k3r )] (2.30)

where

Rm = re
ection coe�cien t, de�ned by 1 + Rm = 2 j
0
m (k3a)+ i� m j m (k3a)

h0
m (k3a)+ i� m hm (k3a)

� m = e�ective admittance, de�ned by � m = i � 3c3
� 1c1

h
j

0
m (k1a)

j m (k1a)

i

For rigid, immovable sphereswith size small comparedwith the wavelength, a

simpler solution for the total pressureat an angle� from the polar axis turns out to

be [22]

pa = (pinc + psca)r = a

= P0(k3a)� 2
P 1

m+0
2m+1

B m
Pm (cos� )e� i (
 m � � m=2� ! t )

� (1 + 3
2 ik 3acos� )P0e� i! t k3a � 1

(2.31)
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CHAPTER 3

HARMONIC A COUSTIC FINITE-ELEMENT ANAL YSIS
ON SIMPLE GEOMETR Y MODELS

In this chapter and in Chapter 4, the feasibility of acoustic FEA in ANSYS is

evaluated on somewell-understood geometry models such as spheresand 2D solid

andshellcylindersin both frequency-domainand time-domain, i.e., harmonicanalysis

and transient analysis.

Harmonicanalysisrequiresfewer computerresourcesand hassu�cien t theoretical

solutions to comparewith the computational results. Thus, it servesasa good start

to help develop the code properly to carry out �nite-element analysisin ANSYS. In

this chapter, the generalbasicprocedurefor ANSYS acousticanalysisis described in

detail. Then harmonicanalysison varioussimplegeometrymodelsis conducted. The

computation resultsarecomparedwith the theoretical solutions,and good agreement

is obtained.

3.1 Basic Pro cedure for an Acoustic Analysis in ANSYS

In general,an ANSYS acousticanalysisconsistsof three main steps:

1. Build the model.

2. Apply loadsand obtain the solution.

3. Review the results.

3.1.1 Build the model

The ultimate purpose of an FEA is to recreate mathematically the behavior

of an actual physical system. In other words, the analysis must be an accurate

mathematical model of a physical prototype. This model comprisesall the nodes,

elements, material properties,real constants, boundaryconditions,and other features

usedto represent the physical system. Thus, model generationin this discussionwill
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mean the processof de�ning the geometriccon�guration of the model's nodesand

elements. There are three approachesfor model generation:

1. Creating a geometrymodel within ANSYS: Describe the geometricboundaries

of the model, establishcontrols over the sizeand desiredshape of the elements,

and then instruct the ANSYS program to generateall the nodesand elements

automatically.

2. Using direct generation: Determine the location of every node and the size,

shape, and connectivity of every element prior to de�ning theseentities in the

ANSYS model.

3. Importing a model createdin a computer-aideddesign(CAD) system.

Solid modeling is generally more appropriate for large or complex models,

especially 3D models of solid volumes. As a complex model like human head is

involved, solid modeling is chosenas the main approach for model generationin this

work.

Model generationis a very important step for conducting an analysis. A number

of decisionsneed to be made to determine how to mathematically simulate the

physical system: What are the objectives of the analysis? How much detail will

be included in the model? What kinds of elements should be use? How dense

should the �nite-element meshbe? In general,model generationattempts to balance

computational expense(CPU time, etc.) against precisionand accuracyof results.

A good FEA model shouldbe ablenot only to mathematically represent the physical

systemas accurateas possiblebut also to avoid unnecessarycomputational cost as

much aspossible.The generationof di�erent FEA modelsin variouscasestudieswill

be described in detail throughout the thesis.

3.1.2 Apply loads and obtain the solution

The main goal of an FEA is to examinehow a structure or component responds

to certain loading conditions. Therefore,specifying the proper loading conditions is

also a key step in the analysis. The loading conditions in this discussionnot only

include the applied external load, such as a harmonic (sinusoidal varying) load for

harmonic analysisand a time-dependent (not necessarilysinusoidal varying) load for

transient analysis,but alsoinclude certain boundary conditions, such aszerodegrees
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of freedom (DOFs) constraints for rigid solid components. Here the term rigid is

de�ned as immovable.

In the solution phaseof the analysis, the computer takes over and solves the

simultaneous set of equations that the �nite-element method generates. Several

methods of solving the systemof simultaneousequationsare available in the ANSYS

program: sparsedirect solver, frontal direct solver, Jacobi conjugategradient (JCG)

solver, incomplete Cholesky conjugate gradient (ICCG) solver, and preconditioned

conjugategradient (PCG) solver. JCG, ICCG, and PCG solversare iterativ e solvers.

Direct solvers (such as the frontal and sparsedirect solvers) provide robustnessand

produce very accurate solutions. Frontal solver is for smaller model size (DOFs

� 50 000) while sparsesolver is for larger model size (10 000 � DOFs � 500 000

DOFs). A JCG solver (iterativ esolver) is preferredfor single-�eld problems(thermal,

magnetics,acoustics,and multi-physics) with model size of 50 000 to 1 000 000+

DOFs. An ICCG solver (iterativ e solver) is usedmore in multiphysics applications

and handles models that are harder to converge in other iterativ e solvers (nearly

inde�nite matrices). It can handle models of 50 000 to 1 000 000+ DOFs. A PCG

solver (iterativ e solver) is especially well suited for large models with solid elements

and recommendedfor structural analysis.

The problem in the present research is a coupled-�eld acousticproblem. There

are no explicit recommendationsin ANSYS manual regarding choosing the solver

for this type of problem. Basedon a review of the literature [18], [25], two solvers,

sparsesolver and ICCG solver, are possibly suitable for the present research. Both

solvers demand large memory and can handle unsymmetrical matrices. A sparse

solver is more preferred becauseit is more robust and accurate, especially when

iterativ e solvers are slow to converge for ill-conditioned matrices, such as poorly

shaped elements which surly exist in our model. Furthermore, both solvers are

checked using the 2D rigid cylinder model. Sparsesolver givesmore accurateresults

when comparingwith the theoretical solution. Therefore,sparsesolver is usedin all

the analysisin this work.

3.1.3 Review the results

The results include nodal DOF values, which form the primary solution, and

derived values,which form the element solution. In harmonic acousticanalysis the

pressuredistribution in the 
uid/structure model is calculated due to a harmonic
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(sinusoidalvarying) load while in transient acousticanalysisthe pressuredistribution

in the 
uid/structure model is calculatedat each time step due to a time-dependent

load (not necessarilysinusoidal varying).

3.2 Tw o-Dimensional Rigid Cylinder

In this section, acoustic analysis is conductedon a rigid solid circular cylinder

under the incidenceof an air-borne plane wave. The model generationis described

in detail as a prototype examplefor all the casestudieson simple geometries.

3.2.1 Mo del developmen t

Figure 3.1shows the discretizedFEA model for 2D cylinder developed in ANSYS.

Figure 3.1 FEA model for 2D rigid circular cylinder.

Geometry description. The completecomputational domain is a circular region

�lled with air. The target cylinder is submerged in air at the center of the

computational domain which is recommendedby ANSYS. A second-orderabsorbing

boundary condition is appliedon the domain boundary to simulate the in�nite space.

The circular shape for the computation domain is mandatory in ANSYS for applying

the absorbingboundary condition. The incident acousticplane wave is excited at a
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plane parallel to the cylinder's axis and travels in a direction perpendicular to the

cylinder's axis (Figure 3.1).

One questionthat arisesin this step is whereto put the absorbingboundary and

the incident wave. ANSYS recommendsthat the enclosedcircular boundary is placed

at a distanceof at least 0:2� from the boundary of any structure submergedin the


uid, where� = c=f is the dominant wavelengthof the pressurewave. In this speci�c

case,the propagation of a plane wave is simulated. Generally, the larger the domain

is, the closerto the plane wave condition is, and the more accuratethe solution will

be. However, larger computation domain also meanslarger meshedmodel and thus

higher computational cost. Therefore, the only way to determine the appropriate

model is to perform analysisusingdi�erent parametersand comparethe resultswith

known accurate analytical solutions. The models that give more accurate results

are preferredover the models that give lessaccurateresults. For the models of the

sameaccuracy, smaller sizemodel is preferredover the larger sizemodel in order to

minimizing the computation cost.

Mesh generation. Mesh generation is also called the domain discretization. In

this step, the geometrydomain developed previously is subdivided into a number of

small subdomains,which are usually referredas elements. Each element has certain

shape and number of nodes,dependingon the property of the analysis. For example,

the elements areoften short line segments for a 1D domainand usually small triangles

and rectanglesfor the 2D domain; a linear line element has two nodes, whereasa

linear triangular element has three nodes. Nodesand elements are the basicentities

that the mesh consistsof. The discretization of the domain is perhaps the most

important step in any �nite element analysis becausethe generatedmesh a�ects

the computer storagerequirements, the computation time, and the accuracyof the

numerical results. In ANSYS, the procedure for generating a mesh of nodes and

elements consistsof three main steps:

1. Set the element attributes.

2. Set meshcontrols (size,shape etc.).

3. Generatethe mesh.
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Before generating a mesh of nodes and elements, the appropriate element

attributes are de�ned for di�erent components in the model. In this model, three

typesof elements are usedas following:

1. Solid cylinder

� Element type: PLANE42, 2D 4-node structural solid (Figure 3.2)

� Element description: PLANE42 is usedfor 2D modelingof solidstructures.

The element has four nodeswith two DOFs at each node: translations in

the nodal x and y directions. The element has plasticity, creep,swelling,

stresssti�ening, large de
ection, and large strain capabilities.

Figure 3.2 Two-dimensionalfour-node structural solid element PLANE42.

� Element material proprieties: The solid cylinder is madeof homogeneous

skull-like materials. The human skull's material propertiesare assignedto

this element: density: 1412kg/m 3; Young's modulus: 6.5 GPa; Poisson's

ratio: 0.22;compressive wave speed:2292.5m/s; shearwave speed: 1373.5

m/s [26].

2. Surrounding medium

� Element type: FLUID 29, 2D acoustic
uid (Figure 3.3)

� Element description: In ANSYS, FLUID29 is the only onechoiceto model

2D acoustic 
uid �elds. This 2D four-node acoustic 
uid element is used

to meshthe surrounding air medium. The element has four corner nodes
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with four DOFs per node: translations in the nodal x, y directions and

pressure.The translations, however, are applicableonly at nodesthat are

on the interface. For irregular shapes,the triangle option is used.

Figure 3.3 Two-dimensionalfour-node acoustic
uid element FLUID29.

� Element material properties: The material properties of air are assigned

to this element: speed: 340m/s; density: 1.2 kg/m 3.

3. Absorbing boundary

� Element type: FLUID129, 2D in�nite acoustic(Figure 3.4)

Figure 3.4 Two-dimensionalin�nite acousticelement FLUID129.

� Element description: FLUID129 is a companionelement to the previous

2D acoustic
uid element, FLUID29. It is usedasan envelope to a model
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made of the 2D acoustic 
uid �nite elements. It simulates the absorbing

e�ects of a 
uid domain that extendsto in�nit y beyond the boundary of

the �nite element domain. A second-orderabsorbingboundary condition

is realizedusing this element so that an outgoing pressurewave reaching

the boundaryof the model is \absorbed" with minimal re
ections back into

the 
uid domain. In this case,the element is usedto model the boundary

of 2D 
uid regions,and assuch, it is a line element. It hastwo nodeswith

onepressuredegreeof freedomper node. The absorbingboundary meshes

are generatedalong all the nodeslocated on the absorbingboundary.

After de�ning the element attributes, the next step is to determinethe appropri-

ate meshdensity. In a FEA, there are no de�nitiv e rules other than somegeneral

guidelines to decide the mesh density to obtain reasonablygood results. For all

wave propagation models, the mesh should be �ne enoughto resolve the wave. A

generalguideline is to have at least 20 elements per wavelength along the direction

of the wave [18], [19]. An initial analysis is �rst performed using a meshbasedon

the generalguidelinesand the results of this preliminary analysis is comparedwith

known analytical solutions. If the discrepancybetween known analytical solutions

and calculated results is too great, the meshesare re�ned. Keep re�ning meshes

until the re�nement gives nearly identical accurate results. When the two meshes

give nearly the sameaccurateresults, then the coarsermodel is preferredconsidering

that the computation cost is less. In this casestudy after a few preliminary analyses,

20 elements per air wavelength are usedfor all the regionsin the model, and good

agreement is obtained between the calculated results and theoretical solutions, as

shown in Section3.2.4.

3.2.2 Apply the loads and obtain the solutions

A harmonic analysis, by de�nition, assumesthat the applied load varies

harmonically (sinusoidally) with time. To completelyspecify a harmonic load, three

piecesof information are required: the amplitude, the phaseangle, and the forcing

frequency. Figure 3.5 shows the incident plane wave with frequencyof 3 kHz, phase

angleof 0o and amplitude of 1 Pa.

3.2.3 Summarize the parameters

Here is a list of the parametersusedin 2D rigid cylinder model:
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Figure 3.5 Incident acousticplane wave (f = 3 kHz).

f = 3 kHz

cair = 340m/s

Cylinder: � cyl inder = 1412kg/m 3, E = 6.5 GPa; � = 0.50

Air: � air = 340=3000= 0:113m, � air = 1.2 kg/m 3

a = 0:4� air = 0:0452m

BOUND = a + 0:9� air = 0:1473m

' inc = 0o;

X inc = � (a + 0:5� air ) = � 0:1020m

Pinc = 1 Pa

DPW = 20

3.2.4 Compare the simulation results and the theoretical solution

Scattering by a 2D in�nite rigid, immovable cylinder is a well-studied caseand

theoretical results are available (refer to Section 2.2). When a plane wave strikes

the rigid cylinder in its path, in addition to the undisturbed plane wave there

is a scattered wave, spreading out from the cylinder in all directions, distorting

and interfering with the plane wave, which results in the total acoustic �eld. The

FEA simulation results for the total acoustic �eld are comparedwith the analytical
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solutions given in Section2.2.1, and good agreement is found. Both the simulation

results and the analytical solution for the total pressuredistribution on the cylinder

surfaceand along the + x axis are plotted in Figure 3.6. The corresponding cylinder

coordinate systemis illustrated in Figure 3.7, where � is the angle betweenthe + x

axis and the observation position vector, measuredcounterclockwise.
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Figure 3.6 The rigid cylinder (a = 0:4� ) simulation results vs. analytical solutions.
Top: total acousticpressureon cylinder surfaceBottom: total acousticpressurealong
+ x axis.

Figure 3.7 The corresponding cylinder coordinate system.
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3.3 Tw o-Dimensional Shell Cylinder

3.3.1 FEA model description

In this casestudy, a 2D shell cylinder structure is submergedin air medium. The

geometryand other parametersusedin the FEA model (Figure 3.8) are asfollowing:

f = 3 kHz;

Interior medium: water (c = 1500m/s, � = 1000kg/m 3)

Outer medium: air (c = 340m/s, � = 1:2 kg/m 3, � air = 340=3000= 0:113m)

Shell: thickness= 0:15� air , � shel l = 1412kg/m 3, E = 6:5 GPa, � = 0.50

a = 0:4� air = 0:0452m

BOUND = a + 0:9� air = 0:1473m

' inc = 0o

X inc = � (a + 0:5� air ) = � 0:1020m

Pinc = 1 Pa

DPW = 20

Figure 3.8 FEA model for 2D rigid shell cylinder.

3.3.2 Tw o-dimensional rigid shell cylinder

A 2D in�nite rigid, immovable shell cylinder has the sameboundary conditions

alongthe outer shellsurfaceasthat of a 2D in�nite rigid, immovablecylinder. In both
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Figure 3.9 The rigid shell simulation results vs.analytical solutions. Top: total
acousticpressureon shell surface;Bottom: total acousticpressurealong + x axis.

cases,the incident wave doesnot propagateinto the inside of the cylinder and thus

the sound pressuredistribution solely dependson the sizeof the cylinder scatterer.

Using the formula given in Section 2.2.1, the simulation results are comparedwith

the analytical solutionsfor the total pressuredistribution on the cylinder surfaceand

alongthe + x axis. Both areplotted in Figure 3.9. The coordinate systemis the same

as in Figure 3.7.

3.3.3 Tw o-dimensional elastic shell cylinder

In the previouscase,the shell cylinder is rigid, immovable; that is, soundwaves

are not allowed to penetratethe scatterer. However, the human headis not perfectly

rigid; thus, it allows sound waves to propagate into and through it, which is a


uid-solid-
uid structure. To simulate the 
uid-solid-
uid structure, the target shell

cylinder in this study is madeof elastic material with the properties of human skull

and the inside of the shell is �lled with water. The FEA model for elastic shell

cylinder is the sameas the rigid shell cylinder as in Figure 3.8 except that the shell

cylinder is assignedwith di�erent material propertiesand freeto have displacements.

Table 3.1 lists the material properties usedfor the shell cylinders.

Other parametersusedin the FEA model are the following:
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Table 3.1 Material properties for the shell cylinder

Model Density Young'smodulus Poisson'sratio cl cs

(kg=m3) (Pa) (m/s) (m/s)

Rigid Shell 1412 6.5e9 0.50 Inf 1238.7

Elastic Shell #1 1412 6.5e9 0.22 2009.8 1373.5

Elastic Shell #2 2000 2e8 0.05 1585.4 218.2

Elastic Shell #3 1900 14e9 0.43 4019.6 1605.1

f = 3 kHz

Interior medium: Water (c = 1500m/s, � = 1000kg/m 3)

Outer medium: Air (c = 340m/s, � = 1:2 kg/m 3, � air = 340=3000= 0:113m)

Shell: thickness= 0:15� air

a = 0:4� air = 0:0452m

BOUND = a + 0:9� air = 0:1473m

' inc = 0o

X inc = � (a + 0:5� air ) = � 0:1020m

Pinc = 1 Pa

DPW = 20

Harmonic analysis is conducted on three elastic shell cylinders with di�erent

acoustic properties as listed in Table 3.1. The pressurecontour for each caseis

plotted in Figure 3.10together with the rigid shell cylinder casedescribed in Section

3.3.2. In the rigid shell cylinder case(Figure 3.10(a)), the sound pressureinside of

the shell is uniformly zero, which demonstratesthe soundwave doesnot propagate

into the rigid shell. In the elastic shell cylinder cases,the force on the shell cylinder

appliedby the incident soundwavecausesthe deformationof the elasticshelland thus

the penetration of the sound wave into the elastic shell. Furthermore, under same

level of incidenceelastic shell cylinder #3 (Figure 3.10(d)) hasthe least deformation

(represented by DMX) due to the large Poissonratio, and on the contrary elastic

shell cylinder #2 (Figure 3.10(c)) has the largest deformation.
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(a) Rigid shell (b) Elastic shell 1

(c) Elastic shell 2 (d) Elastic shell 3

Figure 3.10The pressurecontours for rigid and elastic shell cylinders.

3.4 Three-Dimensional Rigid Sphere

In the 3D scenario, the �nite-element harmonic analysis is carried out on the

simplestgeometry: the sphere.The 3D spherecasestudy is of considerablepractical

importance becausemany scattering objects are more or lessspherical. In this case

study, a rigid, immovable sphereof radius a, centered at the origin, is submergedin

the air medium. Building a 3D FEA model is very similar to building a 2D FEA

model as described in Section2.2.2except that 3D elements are usedinstead of 2D

elements. A few 3D elements widely usedin 3D acousticFEA are described next.
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3.4.1 Three-dimensional elements

1. SOLID45: 3D eight-node structural solid. This element (Figure 3.11) is used

for the 3D modeling of solid structures. The element has eight nodes with

three DOFs at each node: translations in the nodal x, y, and z directions. The

element has plasticity, creep, swelling, stresssti�ening, large de
ection, and

large strain capabilities.

JI
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O
P

M

K
Z

Y
X

Figure 3.11Three-dimensionaleight-node structural element SOLID45.

2. SOLID 92: 3D 10-node tetrahedral structural. This element (Figure 3.12) has

10 nodes(including midsidenodes)with three DOFs at each node: translation

in the nodal x, y and z directions. It has a quadratic displacement and the

curved shape with the midside node makes this element well suited to model

irregular shapes,such as the human head.

3. FLUID30: 3D acoustic
uid. This element is the only onechoice to model the

3D acoustic 
uid �eld. The element has eight corner nodes with four DOFs

per node: translations in the nodal x, y, and z directions and pressure. The

translations, however, are applicable only at nodes that are on the interface.

For irregular shapes,the tetrahedral option is usedas in Figure 3.13.

4. FLUID130: 3D in�nite acoustic. This element is a companionelement to the

previous 3D acoustic 
uid element FLUID30. It is used as an envelope to a

model madeof the 3D acoustic
uid �nite elements. It simulates the absorbing

e�ects of a 
uid domain that extendsto in�nit y beyond the boundary of the
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Figure 3.12Three-dimensional10-node tetrahedral structural element SOLID92.

Figure 3.13Three-dimensionaleight-node tetrahedral 
uid element FLUID30.

�nite element domain. A second-orderabsorbingboundarycondition is realized

using this element so that an outgoing pressurewave reaching the boundary of

the model is \absorbed" with minimal re
ections back into the 
uid domain.

In this casethe element is usedto model the boundary of 3D 
uid regionsand

assuch, it is a plane surfaceelement (Figure 3.14). It has four nodeswith one

pressureDOF per node.

3.4.2 Three-dimensional rigid sphere model

Figure 3.15(a)showsthe FEA model for the 3D rigid spherecase;and (b) givesan

illustration of the crosssectionview. In this FEA model, 3D rigid spheremeshesare

completelymadeof SOLID45, the air mediumdomain meshesaremadeof FLUID30,

and element FLUID130 is used for the absorbing boundary. Following is a list of
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Figure 3.14Three-dimensionalin�nite acousticelement FLUID130.

the parameters,including element material properties assignedto di�erent elements.

Notice that the meshsizeis 10 elements per wavelengthwhich is lower than required.

This is dueto the element limitation of the current ANSYSResearch/F aculty/Student

Version.

Parameters:

f = 3 kHz

Sphere:� spher e = 1412kg/m 3, E = 6:5 GPa, � = 0:22

Air: c = 340m/s, � = 1:2 kg/m 3, � air = 340=3000= 0:113m

a = 0:4� air = 0:0452m

BOUND = a + 0:9� air = 0:1473m

' inc = 0o

X inc = � (a + 0:5� air ) = � 0:1020m

Pinc = 1 Pa

DPW = 10

3.4.3 Review the results

Scatteringby 3D rigid sphereis alsoa well-studiedcaseand theoretical resultsare

available. Becausethe incident wave approachesalong the + z axis, which is the axis
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Figure 3.15(a) Rigid sphereFEA model with the incident waveappliedon the circular
crossface(shown as the line in �gure.) (b) Illustration of the crosssectionview.

of � in the sphericalcoordinates,there is no dependenceon � . Therefore,it is logical

to review the computational resultsof the pressuredistribution alongoneconstant- �

crosssection. In Figure 3.16, the ANSYS simulation results of the distribution-in-

angle (� ) of the total pressure�eld on the spheresurfaceat � = 90o are compared

with the analytical solutions in Section2.2.2. Furthermore, the total pressurealong

+z axis is also comparedwith the theoretical solutions. Over all averageerror of

about 13%is found. As expected,the accuracyin 3D scaleis impaired by the coarse
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meshes(DPW = 10) due to the current ANSYS license limits on the number of

elements and nodes.
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Figure 3.16 The rigid spheresimulation results vs. analytical solutions. Top: total
acousticpressureon spheresurface;Bottom: total acousticpressurealong + z axis.

3.5 Three-Dimensional Nonrigid Sphere

For the perfectly rigid case the propagated wave does not enter the object.

However, the real objects are usually nonrigid. Therefore, harmonic analysis

procedure is conducted using a 3D nonrigid sphere in this casestudy. This case

is of considerablepractical importance becausemay scattering objects are more or

lessspherical. The FEA model for the 3D elastic sphereis the sameas the rigid

spherecaseas in Figure 3.15, except that di�erent material properties are assigned

to the elements for the sphere. Here the nonrigid sphere'sdensity and speed are

assumedto be twice thoseof air. The air-borne incident harmonic wave propagates

in the + x axis direction.

Parameters:

f = 3 kHz

Sphere:cspher e = 680m/s, � spher e = 2:4 kg/m 3

Air: c = 340m/s, � = 1:2 kg/m 3, � air = 340=3000= 0:113m
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a = 0:4� air = 0:0452m

BOUND = a + 0:9� air = 0:1473m

' inc = 0o

X inc = � (a + 0:5� air ) = � 0:1020m

Pinc = 1 Pa

DPW = 10

Scattering by 3D elastic sphere is also a well-studied case, and theoretical

results are available. In Figure 3.17, the ANSYS simulation results of the pressure

distribution on the elastic spheresurfaceare comparedwith the analytical solutions

in Section 2.2.2. When the propagating wave meets the nonrigid spherical target,

acousticpressureis distributed around the sphericalsurface,and alsoenters into the

sphere.Reasonableagreements are found.
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Figure 3.17The elastic spheresimulation results vs. analytical solutions. Top: total
acousticpressureon spheresurface;Bottom: total acousticpressurealong + z axis.

3.6 Summary

In this chapter, the ANSYS generalharmonic analysisprocedureis introduced.

The air-borneacousticwave (sinusoidplanewave) is incident on the geometricmodels

such as2D rigid cylinders,2D rigid/elastic shellcylinders,and 3D water spheres.The
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computational solutionsof acousticpressuredistribution agreeswell with the analytic

solutions.
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CHAPTER 4

TRANSIENT A COUSTIC FINITE-ELEMENT ANAL YSIS
ON SIMPLE GEOMETR Y MODELS

In this chapter, the feasibility of acousticFEA in ANSYS is evaluated on some

well-understood geometrymodelssuch asspheresand 2D solid and shell cylinders in

the time-domain, i.e., transient analysis.

Transient analysisis moremeaningfulfor the hearingprotection project compared

with harmonicanalysisbecausein the real environment most severehearingdamages

are causedby time varying noisesrather than continuous noises[2]. It is the main

interest of the current research to understandhow the human headreactsto the time

varying noise.

Transient analysis simulates the time-varying pulse propagation scenario and

is more involved than a harmonic analysis becauseit requires more computer

resourcesand more of our resources,in terms of the \engineering" time involved.

To save a signi�cant amount of these resources,preliminary studies are conducted

to understand further the physics of the problem for validation purposes,that is,

analyzing a simpler model provides better insight into the problem at minimal cost.

In this chapter, the basic procedurefor a transient acousticanalysis in ANSYS

is introduced and then several casestudies using simple geometry models such as

cylinders and spheresare described.

4.1 Acoustic Transien t Analysis in ANSYS

Conducting an acoustictransient analysisin ANSYS follows the basicprocedure

for an acousticanalysisdescribed in Section3.1 and di�ers from a harmonic analysis

in the following aspects:

1. A transient analysis, by de�nition, involves loads that are functions of time.

To specify such loads, the load-versus-timecurve is divided into suitable load

steps. For each load step, both load valuesand time valuesare speci�ed.
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2. The �nite-element discretizedequationsare solved at discretetime points. The

Newmark time integration method [27] is usedto solve the equationsat those

time points. The accuracyof the transient dynamicsolution directly dependson

the integration time step(ITS), which is the time increment betweensuccessive

time points: the smaller the time step, the higher the temporal accuracy.

However a time step sizethat is too small will wastecomputer resources.

To help develop the correct code for an acoustic transient analysis,several case

studiesare conductedin both two and three dimensions.

4.2 Acoustic Wave Propagation in Homogeneous Air Medium

A completeacousticmodel for the propagationof an air-bornesoundwaveinto the

human head involvesdi�erent media with di�erent acousticpropagation properties.

Table 4.1 lists the properties for di�erent materials involved in the future air-head

model [28{30]. Among all of them, sound speed in air is the lowest and thus

the wavelength in air is the shortest. Therefore, for the FEA model, the smallest

elements usedare basedon propagation in air. In the other words, to achieve good

computation resolution for the mixed-property model, the optimal parametersfor

simulating propagation in air are determined.

In this casestudy, one-cyclesinusoid wave with the center frequencyof 3 kHz is

propagated in homogeneouslosslessair medium in a 2D scenario. It serves as the

simplest example for conducting an acoustic transient analysis and helps �nd the

optimized parametersfor more complicatedanalyseslater. Furthermore, this 2D air

transient analysisis evaluated to determinewhether the computation domain space

introducesartifacts.

4.2.1 Mo del generation

A simple geometrymodel in Figure 4.1 is usedthat is similar to the 2D cylinder

harmonic analysismodel exceptthat the 2D cylinder is air. The locationsA (� 0:9� ,

0), B (� 0:65� , 0), C (0:4� , 0), H (0, 0:4� ) (in Figure 4.1) denotewherethe acoustic

pressurewaveformsare plotted in the next sectionto evaluate the parametersDPW

(division per wavelength), LSS (load step size), ITS (integration time step), and

BOUND (FEA absorbingboundary). Here is a list of the other parameters:

f = 3 kHz
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Table 4.1 Acoustic properties of di�erent media and tissues

Material Speedof Sound Density
(m/s) (kg/m 3)

Air 340 1.2
Water 1500 000
Soft tissues 1520-1580 980-1010
Lipid-based tissues 1400-1490 920-940
Collagen-basedtissues 1600-1700 1020-1100
Aqueoushumor 1002-1006 1500
Vitreous humor 1090 1530
Blood 1580 1040-1090
Brain-grey 1532-1550 1039
Brain-white 1532-1550 1043
Skull-compact inner and outer tables 2600-3100 1900
Skull-spongy diploe 2200-2500 1000
Long bone-outer layer 2600-3100 1900
Long bone-inner layer 1700-2000 1100
Teeth 3500-4000 2200

Figure 4.1 FEA model for soundpropagation in air.
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T = 1=f = 0.33ms

cair = 340m/s

Air: � air = 340=3000= 0:113m; � air = 1:2 kg/m 3

X inc = � (0:9� air ) = � 0:1020m

Pinc = 1 Pa

Computational length = 3 T

4.2.2 Apply the loads and review the results

Di�eren t from the harmonic analysis, one-cyclesinusoid wave with the center

frequencyof 3 kHz (Figure 4.2) is excitedat the incident plane insteadof a harmonic

wave, and propagatesin the + x direction. The load is applied with certain LSS,

1/20 T in Figure 4.2, and ramped between adjacent load steps. LSS and ITS

(especially ITS) are two unique parameters for transient analysis only, and they

play an important role in the temporal accuracy. Intuitiv ely the smaller the LSS,

the better the load-versus-timecurve is resolved; the smaller the ITS, the higher the

temporal resolution. However, an ITS that is too small will wastecomputer resources

and exceedinglysmall numberscan causenumerical di�culties. To choosea suitable

value for ITS, there are a few guidelines( [18], \T ransient Dynamic Analysis"):
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Figure 4.2 The incident one-cyclesinusoid wave, center frequencyat 3 kHz.

1. Resolve the responsefrequency: For the Newmark time integration scheme,it

hasbeenfound that usingapproximately 20points per cycleof the frequencyof
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interest results in a reasonablyaccuratesolution. That is, if f is the frequency

(in cycles/time), the ITS is given by ITS = 1/20 T.

2. Resolve the applied load-versus-time curve: The time step should be small

enough to \follo w" the loading function. ITS should be no bigger than the

smallestLSS to follow the loads.

3. Resolve the wavepropagation: The time stepshouldbesmall enoughto capture

the wave as it travels through the elements, i.e., ITS � T/DPW, where T =

1/ f , f is the center frequency of the incident pulse wave, and DPW is the

number of the elements per wavelength.

Sameasthe harmonic analysis,DPW a�ects the spatial resolution, and BOUND

a�ects the degreeof the incident wave's distortion along the circular boundary of the

computation domain becausethe incidenceplane is located left of the center plane

in the computation domain. In general,the meshmust be �ne enoughto resolve the

largest dominant frequency. A generalguideline is to have at least 20 elements per

wavelength along the propagation direction, that is, DPW = 20 ( [18], \Mo deling

and Meshing Guide"). The acousticabsorbingboundary should be located at least

0.2� from the target object ( [18], \Coupled-Field Analysis Guide").

Table 4.2 Transient analysisof the propagation in air medium

Test BOUND (a+) DPW LSS/T ITS/T
1 0:9� 10 1/20 1/20
2 0:9� 10 1/40 1/40
3 0:9� 20 1/20 1/20
4 0:9� 20 1/20 1/40
5 0:9� 20 1/40 1/40
6 0:9� 20 1/60 1/60
7 0:9� 30 1/60 1/60
8 1:4� 20 1/20 1/20
9 1:4� 20 1/20 1/60
10 1:4� 20 1/60 1/60

Ten combinations of DPW, LLS, ITS, and BOUND (Table 4.2) are evaluated

in Figures 4.3 and 4.4. The pressurewaveforms at four locations, A, B, C, and H,

which are indicated in Figure 4.1,areplotted. It wasobserved that, in general,larger
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BOUND greatly enhancesthe computational accuracy(Test 8 � 10 vs. Test 1 � 7)

while larger DPW and smaller ITS and LLS yield insigni�cant improvements. For

future transient-analysis cases,DPW = 20, ITS = T/20, and LLS = T/20 will be

consideredto be su�cien t and BOUND will be further evaluated in next section.
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Figure 4.3 Soundpropagation in air: Acoustic pressurevs. time, Test 1 � 6.
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Figure 4.4 Soundpropagation in air: Acoustic pressurevs. time, Test 7 � 10.

4.3 Transien t Analysis on Tw o-Dimensional Elastic Shell
Cylinder

4.3.1 FEA model for two-dimensional elastic shell cylinder

A transient analysis on a 2D elastic cylinder shell is evaluated that includes

property valuesof typical tissue (Table 4.1). Figure 4.5 shows the 2D soft (elastic)

shell geometry usedin the simulations. In this casestudy, the e�ect of BOUND is

further evaluated in object spacesof di�erent sizes.Here is a list of the parameters

usedin this casestudy:

f = 3 kHz

Interior medium: Water (c = 1500m/s, � = 1000kg/m 3)

Outer medium: Air (c = 340m/s, � = 1:2 kg/m 3, � air = 340=3000= 0:113m)
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Figure 4.5 FEA model for 2D elastic shell cylinder.

Soft Shell: thickness= 0:15� air , c = 2800m/s, � = 1900kg/m 3

' inc = 0o

Pinc = 1 Pa

DPW = 30

LSS= ITS = 1/30 T

Computational length = 5 T

BOUND = variable

X inc = variable

4.3.2 Review the results

Two 2D cylinder shell tests were carried out with di�erent FEA absorbing

boundary on the sametarget object (Table 4.3).

Table 4.3 Small 2D Shell Transient Analysis

Parameters Test 1 Test 2

Shell inner radius (a) 0:1� air 0:1� air

Shell thickness(d) 0:025� air 0:025� air

BOUND a + d + 0:5� air a + d + 2:5� air

Incident wave position � (a + d + 0:2� air ) � (a + d + 1:2� air )

DistancebetweenB and E (Figure 4.5) 0:57� air 2:56� air
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Figure 4.6 shows x-axis acousticpressurewaveformsat locationsA, B, C, and D

(Figure 4.5). The circular shape of the absorbingboundary causesdistortion of the

propagatedwave along the boundary, and thus inducesadditional arti�cial incident

waves along non + x axis direction. When the absorbingboundary is positioned at

a greater distance from the object, lessundesirableinterferencereaches the target

object in the samecomputational length scale. The distance between B and E (E

is at the absorbing boundary; Figure 4.5) in Table 4.3 provides a rough estimate

of the shortest possibletime required for the interferencewave to reach B from the

absorbingboundary. Comparing the �rst period of the pressurewaveform at B, the

waveform in Test 2 is more symmetric than in Test 1. A reasonableexplanation

is that it requiresabout 0.5 T for the interferencewave at E to reach B in Test 1

whereasit requiresabout 2.5 T in Test 2. It is also suspected that the signi�cant

variation of the pressurewaveformshapeat C in Test1 at about 1 T after the incident

wave reachesC is due to the interferencewave from the absorbingboundary reaching

the target shell cylinder by that time. In Test 2, this interferenceis smaller, but

still present, becauseit takes longer for the interfering wavesat a further absorbing

boundary location to reach the shell cylinder.

(a) Test 1 (b) Test 2

Figure 4.6 Acoustic pressurewaveformsin Test 1 (a) and Test 2 (b).

To further demonstratethis observation, two large 2D shell cylinder tests were

carried out with di�erent FEA absorbing boundary (Table 4.4). In Test 3, the

absorbingboundary is located the samedistance from the shell cylinder as in Test
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1. And in Test 4, the absorbingboundary is moved further away than in Test 3 but

not as far as in Test 2.

Table 4.4 Large 2D Shell Transient Analysis

Parameters Test 3 Test 4

Shell inner radius (a) 0:58� air 0:58� air

Shell thickness(d) 0:09� air 0:09� air

BOUND a + d + 0:5� air a + d + 1:0� air

Incident wave position � (a + d + 0:2� air ) � (a + d + 0:4� air )

DistancebetweenB and E (Figure 4.5) 0:81� air 1:34� air

Figure 4.7 shows x-axis acousticpressurewaveformsat locationsA, B, C, and D

(Figure 4.5). In Test 4, an abnormal peak pressureamplitude occurs at C about 1

T after the incident wave reaches this position, which is not observed in the other

tests. Again it is very likely due to the interfering wavescoming from the absorbing

boundary. Similar to the previoussmall shell cylinder case,moresymmetric pressure

waveforms for the �rst period are found in Tests 3 and 4. In both Tests 3 and 4,

signi�cant variations of the pressurewaveform shape at B, C, and D are observed

about 1 T after the incident wave reachesthat position, which implies the absorbing

boundary is not su�cien tly further away from the shell cylinder.

(a) Test 3 (b) Test 4

Figure 4.7 Acoustic pressurewaveformsin Test 3 (a) and Test 4 (b).
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Based on the observations above, it is concluded that in our studies, FEA

absorbing boundary has a signi�cant impact on the computation accuracy and

larger BOUND is preferredto decreasethe interferencedue to the circular absorbing

boundary and to better simulate the incident plane wave.

4.4 Transien t Analysis on Tw o-Dimensional Rigid Cylinder

In this casestudy, transient analysisis conductedusing a 2D rigid cylinder and

di�erent visualization methods of the FEA results are evaluated.

4.4.1 FEA model for two-dimensional rigid cylinder

Using the sameFEA model in Section3.2 (Figure 4.8), a one-cyclesinusoid wave

as in Figure 4.2 is applied at the incident plane.

Figure 4.8 FEA model for transient analysison 2D rigid cylinder.

Here is a list of the parametersusedin this casestudy:

f = 3 kHz and 125Hz

T = 1=f ;

Cylinder: � cyl inder = 1412kg/m 3; E = 6:5 GPa; � = 0:22

Air: cair = 340m/s; � air = 1:2 kg/m 3

a = 0:4� air ;f =3 kH z = 0.0452m

BOUND = a + 0:9� air
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' inc = 0o

X inc = � (a + 0:5� air )

Pinc = 1 Pa

DPW = 20

LSS= ITS = 1/20 T

Computational length = 3 T

4.4.2 Visualize the results

Scienti�c visualization using computer techniques has long been recognizedas

an extremely powerful method for conveying information, becauseit allows for the

quick interpretation and comprehensionof complexphenomena.In acoustics,contour

plots [31], still pictures and movies producedusing schlieren photography [32], and

computer animations generatedin Mathematica [33] and MATLAB [34] have been

used for visualizing the propagation of sound waves. Here, the FEA results are

visualizedin two ways:

1. The acousticpressureat speci�c locations is plotted along the time axis. Five

locations are chosenas indicated in Figure 4.8. They are: A (� 0:9� , 0), B

(� 0:65� , 0), C (� 0:4� , 0), D (0:4� , 0), and E (0, 0:4� ). The computedpressure

data as a function of time are loaded to and plotted in MATLAB (Figure

4.9). Two caseswith di�erent center frequency(f = 125 Hz and f = 3 kHz)
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Figure 4.9 Transient analysison 2D rigid cylinder: Acoustic pressurevs.time.
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are studied. It is found that in the 125-Hz case, the incident wave travels

nearly undistorted while signi�cant scattering exists in the 3-kHz case. The

observations agreewith the theoretical explanation: The target cylinder size

is the samefor both cases(a = 0:4� air ;f =3 kH z = 0.0452m). Therefore in the

125-Hzcase,the scatter sizeis signi�cantly small comparingto the wavelength

and thus the scattering by the scatter is negligible. On the other hand, in the

3-kHzcase,the scattersizeis comparableto the wavelengthand thussigni�cant

scattering by the cylinder is observed.

2. Capture the pressurecontour plot at each time step and play the frames

continuously, an animation movie can be generated to show the complete

propagationprocessof the incident wave. Figures4.10and 4.11shows selected

eight framesof the animation movie at time stepof 5, 10,15,20,25,30,40,and

50 respectively (center frequencyis 3 kHz). With this technique, the temporal

behavior of the wave propagation is clearly conveyed.

4.5 Transien t Analysis on Three-Dimensional Water Sphere

4.5.1 FEA model for watersphere

In this casestudy, transient analysisis conductedon a 3D sphereof water that is

submergedin air medium. The geometryof the model is illustrated in Figure 4.12.

The parametersusedin the FEA model are as the following:

f = 3 kHz

Watersphere:c = 1500m/s, � = 1000kg/m 3

Air: c = 340m/s, � = 1:2 kg/m 3, � air = 340=3000= 0:113m

a = 0:4� air = 0:0452m

BOUND = a + 0:9� air = 0:1473m

' inc = 0o

X inc = � (a + 0:5� air ) = � 0:1020m

Pinc = 1 Pa

DPW = 20

LSS= ITS = 1/20 T

Computational length = 3 T
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(a) Time step = 5 (b) Time step = 10

(c) Time step = 15 (d) Time step = 20

Figure 4.10 Transient analysis on 2D rigid cylinder: Pressuredistribution at time
step 5, 10, 15, and 20 (f = 3 kHz).

4.5.2 Review the results

The acoustic pressurewaveforms at four selectedlocations (Figure 4.12) are

plotted in Figure 4.13. The �v e locations are indicated in Figure 4.12. They are: A

(0, 0, � 0:9� ), B (0, 0, � 0:4� ), C (0, 0, 0), and D (0, 0, 0:4� ). A is located on the

incident plane, B and D are located on the surfaceof the sphere,and C is at the

center of the sphere. From the pressurewaveforms, it is determined that about 0.5

T is required for the incident wave to travel from A to B whereasthe travel time is

about 0.1 T from B to C. Thesetravel time estimatesagreewith theory and thus

validatesthe temporal accuracyof the FEA. Furthermore, the instantaneousacoustic

intensity was calculatedbasedon the FEA acousticpressuredata from
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(a) Time step = 25 (b) Time step = 30

(c) Time step = 40 (d) Time step = 50

Figure 4.11Transient analysison 2D rigid cylinder: Pressuredistribution at di�erent
time step 25, 30, 40, and 50 (f = 3 kHz).

I A =
p(t)2

� air cair
; I C =

p(t)2

� water cwater
(4.1)

wherep(t) are the peak valuesof the acousticpressureat their respective locations.

The instantaneousacousticintensity lossfrom air to water was estimated from

LossdB = 10log10
I peak;C

I peak;A
(4.2)

From the FEA data (Figure 4.13)), the intensity loss from air to water was

estimated to be 34 dB, a reasonablevalue relative to a theoretical loss estimate

(33 dB) for normal incidenceat a planar air-water boundary.
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Figure 4.12Geometry illustration for 3D waterspheremodel.
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Figure 4.13Acoustic pressurewaveformsfor the water spherecaseat locationsA, B,
C, and D (Figure 4.12), f = 3 kHz.

4.6 Summary

In this chapter, the ANSYS generaltransient analysisprocedureis introduced.

The air-borneacousticwave (one-cyclesinewave) is incident on the geometricmodels

such as 2D homogeneousair medium, 2D rigid cylinders, 2D elastic shell cylinders,
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and 3D water spheres. A group of parametersinvolved in FEA transient analysis,

DPW, LLS, ITS, and BOUND, are evaluated. Furthermore, the visualization

techniquesare exploredto capture the temporal behavior of the transient processes.
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CHAPTER 5

FINITE-ELEMENT ANAL YSIS ON HUMAN HEAD

In this chapter, both a 2D and a 3D FEA humanheadmodelsaredevelopedbased

on a completedigital image dataset of a normal adult male human head. Acoustic

FEA analysisis carried out on thesemodels.

5.1 Digital Image Dataset of Human Head

The goal of this program is to develop an acoustic propagation model that

tracks an air-born acoustic wave that is incident on the human head. Thus a

human head model built with real human head data is required for �nite-element

analysis. One of the sourcesfor real human head data is digital image dataset in

di�erent modes, such as magnetic resonanceimages(MRI), computed tomography

(CT) images,and anatomical images. There are a few human head image datasets

available. For example, National Library of Medicine's (NLM's) Visible Human

Project (http:www.nlm.nih.govpubsfactsheetsvisible human.html) providescomplete

image dataset for both male and female human body. The Visible Human Male

dataset consists of MRI, CT, and anatomical images. Axial MRI images of the

head were obtained at 4 mm intervals. The MRI imagesare 256 pixel by 256 pixel

resolution with each pixel having 12 bits of gray scale resolution. The CT data

consistsof axial CT scansof the entire body taken at 1-mm intervals at a resolution

of 512pixels by 512pixels with each pixel madeup of 12 bits of grey tone. The axial

anatomical imagesare 2048pixels by 1216pixels, with each pixel de�ned by 24 bits

of color. The anatomicalcrosssectionsareat 1-mm intervals to coincidewith the CT

axial images. There are 1871cross-sectionsfor both CT and anatomy. The Visible

Human Femaledatasethasthe samecharacteristicsas the The Visible Human Male

with oneexception,the axial anatomical imageswereobtained at 0.33-mmintervals.

Figure 5.1 shows onesampleimageof the male human headfor each mode.

Basedon these2D human headimages,it is possibleto reconstructa detailed 3D
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(a) MRI mode (b) CT mode

(c) Anatomical mode

Figure 5.1 Two-dimensionalmedical imagesof a male human head.

volumemodel for the humanhead. This processincludesorganizingthe 2D image�les

into three-dimensions,using color thresholding to segment di�erent objects within

the headvolume, such as brain, skin, etc., and generatinga headobject map. Then

the next challengingstepis to convert the model to a solid model in a format that can

be imported into ANSYS, i.e., IGES (initial graphicsexchangespeci�cation) format.

Developing 3D FEA human head model basedon 2D raster image datasetswill be

described in details later in Section5.3. Here �rst a simpli�ed 2D human headFEA

model is developed basedon the raster image.
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5.2 Analysis on Tw o-Dimensional Human Head

Starting with a contour slice of the 3D human head anatomic image dataset, a

simpli�ed 2D human head FEA model is developed to study the wave propagation

into and through the headin 2D scenario.

5.2.1 Tw o-dimensional human head modeling

Figure 5.2(a) shows one trimmed slice from the anatomic image dataset. The

problem is simpli�ed by consideringthe headto consistof two main parts: skull and

brain. The headsizeis approximately 15:01 cm � 20.03cm. The 2D headgeometry

model is developed in the following stepswhich are illustrated in Figure 5.2:

1. Trace the outer contour of the human headusing an edgedetection technique

in Matlab's imageprocessingtoolbox (Figure 5.2(b)).

2. The outer contour of human head is converted into IGES format in software

MAYA and then imported into ANSYS.

3. Basedon the headcontour geometry, a skull inner surfaceis createdby simply

scalingthe outer surfacewith 1 cm thickness(Figure 5.2(c)).

Figure 5.2 Develop two-dimensional geometry model of human head based on
anatomic image: (a) original 2D anatomic image, (b) 2D contour of human head,
and (c) a simpli�ed 2D human headwith skull,
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5.2.2 The complete human head computation model

The development of a FEA model for 2D humanheadfollowsthe basicprocedures

described in Section 3.1. The simple 2D human head is placed in a circular region

�lled with homogeneouslosslessair. A cycle of sinusoid acoustic wave or an plane

wavewith certain center frequencyis propagatingalongthe x axis. Di�eren t elements

areusedto meshdi�erent region(air, skull, andbrain) and the correspondingmaterial

properties are assignedto theseelements. The basiccompletecomputational model

for 2D human headis in Figure 5.3. The material properties usedin the FEA model

are as follows:

Outer medium: air (cair = 340m/s, � air = 1:2 kg/m 3)

Inner medium: brain (cbrain = 1500m/s, � brain = 1000kg/m 3)

Human skull: � skul l = 1412kg/m 3, E = 6:5 GPa, � = 0:22, compressive wave

speed= 2292.5m/s, shearwave speed= 1373.5m/s

Figure 5.3 Two-dimensionalFEA human headmodel.

Here assumethe brain is water-like 
uid and the property valuesfor skull come

from Saurenand Classens[26].

The other parametersusedare the following:

f = 3 kHz

T = 1=f = 0:33 ms
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lambdaair = cair =f

Headsize: � 15:8 cm � 20.2cm

X inc = � (0:75 m +0:5� air )

' inc = 0o

Pinc = 1 Pa

BOUND = 0:75m +0:9� air

DPW = 20

5.2.3 Transien t acoustic analysis on two-dimensional human head

A seriesof acousticanalyseswith the incident pulsewave at di�erent frequency

and di�erent incident angle are conducted on the 2D FEA human head. The

parametersfor each test are listed in Table 5.1.

Table5.1 Frequencyand incident angleusedin transient analysison 2D human head

Test Frequency Incident Angle

1 125Hz 0o

2 125Hz 45o

3 1 kHz 0o

4 1 kHz 45o

5 3 kHz 0o

6 3 kHz 45o

7 10 kHz 0o

8 10 kHz 45o

For all tests except Tests 7 and 8, the following general guidelines based on

previousexperienceare followed to develop the FEA model:

1. The incident wave (X inc ) is 0.5 � air away from the target.

2. The absorbingboundary (BOUND) is 0.9 � air away from the target.

3. The meshdensity (DPW) is 20 elements per wavelength in air.

4. The load step size(LSS) is 1/20 T, whereT = 1/ f .

5. The integration step size(ITS) is 1/20 T, whereT = 1/ f .
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Figure 5.4 Two-dimensionalFEA human headmodel for Test 8 in Table 5.1.

Figure 5.3 shows the FEA model for Test 5, with an incident wave at 3 kHz and

an incident angle of 0o. In Tests 7 and 8, the position of incident wave and the

absorbingboundary are adjusted to be 1.6 � air and 3.5 � air , respectively, away from

the target due to the small � air at 10 kHz. Figure 5.4 shows the FEA model for

Test 8 in Table 5.1, with an incident wave of 10 kHz and an incident angle of 45o.

Comparing with other models, the FEA model for higher frequencyinvolves larger

numbers of elements and thus higher computation cost.

5.2.4 Simulation observations

The simulation results from di�erent tests as listed in Table 5.1 are comparedto

investigatethe e�ects of incident frequenciesand incident angles.Four representativ e

locationsin the 2D FEA human head(Figure 5.5) arechosento comparethe pressure

and intensity responseunder di�erent incidencefrequencyand angle. PositionsC and

F are alongthe skull inner surfaceand positionsA and H are about 2 mm away from

the skull outer surfacein the air medium.

Figure 5.6 plots the acoustic pressureand instantaneousintensity distributions

at the four positions (A, C, F, and H) in Test 6 (f = 3 kHz, � inc = 45o). Here the

instantaneousintensity is calculatedusing:
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Figure 5.5 Four positions along inner and outer skull surface.
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I A;H =
p(t)2

� air cair
; I C;F =

p(t)2

� brain cbrain
(5.1)

where p(t) is the acoustic pressure,� is the 
uid density and c is the 
uid sound

speed.

Validation of the processis accomplishedby estimating the acousticintensity loss

acrossthe skull from the instantaneousacousticpressurewaveformson each side of

the skull (one location in air and the other location in water). The acoustic loss

acrossthe skull was estimated from

dB = 10log(
I peak;brain

P 2
inc

�air cair

) (5.2)

The acoustic loss acrossthe skull analysis is conducted for all the eight tests

in Table 5.1. The estimation results are listed in Table 5.2, and the instantaneous

intensity distribution at positions (A, C, F, and H) are plotted in Figures 5.7 and

5.8. For all the eight tests, the acousticlossacrossthe skull is estimated to be 19 �

29 dB, reasonablyconsistent with theoretical estimates(33 dB) consideringthis is a

2D analysis.

Table 5.2 Acoustic lossacrossthe skull for Test 1-8

Test Frequency Incident Angle Acoustic Lossacrossthe Skull

1 125Hz 0o 23.62dB

2 125Hz 45o 24.62dB

3 1 kHz 0o 26.31dB

4 1 kHz 45o 26.67dB

5 3 kHz 0o 26.32dB

6 3 kHz 45o 28.73dB

7 10 kHz 0o 24.89dB

8 10 kHz 45o 19.26dB

Comparing the odd number tests and the even number tests, it is observed

that it takes longer for the incident wave to propagate to the four locations in the

oblique incidence(� inc = 45o) than in the normal incidence(� inc = 0o), which canbe
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Figure 5.7 Acoustic instantaneousintensity at A, C, F, and H in Test 1 � 4.
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Figure 5.8 Acoustic instantaneousintensity at A, C, F, and H in Test 5 � 8.
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explained by the distance di�erence from the four locations to the incident plane

for di�erent incident angles. It is also observed that the incident angle a�ects the

instantaneousintensity level at the four locations although not signi�cantly.

It is also observed that at 125 Hz, the acoustic intensity level doesnot drop as

signi�cantly as in higher frequenciesafter passingthrough the head(A vs. H). The

explanation is that, at 125 Hz, the wavelength in air is 2.72 m (radius of the head

is about 9 cm) and ka is 0.21, in other words, the obstacleis very small compared

with the wavelength of the incident wave, thus brings negligible interferencewave

to the incident wave. Furthermore, at 125 Hz and 10 kHz, the larger instantaneous

intensity level is observed inside of the head (C and F). Although it is lack of the

physical explanation to this phenomenonat this stage, it agreeswith the 125Hz-

observation in reality asaddressedby the Air Forceresearchersin Chapter 1 and the

greater threshold shift phenomenonproducedby the higher frequencynoise[3]. All

the observations suggestus the incidencefrequencyplays an important role in noise

induced hearing loss.

5.3 Analysis on a Simple Three-Dimensional Human Head

Basedon the previous experience,a simple 3D ANSYS FEA model is further

developedbasedon the raster imagesof human headfor conductingacousticanalysis.

The �nite-element analysisfollows the basicproceduredescribed in Chapter 3 and 4.

The real challengefor this study is to develop the 3D human headFEA model from

the images,which thus will be the focusof this section.

5.3.1 Dev elop the geometry model

As mentioned earlier, a geometry model in ANSYS refers to a geometric

description of the object. There are two stepsin this task: build a 3D human head

geometricmodel outside of ANSYS and then import the model into ANSYS.

Build 3D model. ANSYS usesvector data format (such asIGES �les) to describe

geometries. Two possible approaches were proposed to build a 3D human head

geometricmodel with vector description:

1. Convert a human headdigital raster imagedataset into a vector format �le.

2. Usea 3D scannerto measurereal human headgeometryand save it in a vector

format �le.
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Attempts have beenmadeusing both approaches. The �rst approach was �nally

chosenmainly becausethe humanheaddigital raster imagedatasetincludescomplete

information of the human head,whereasthe 3D scanneronly givesthe outline shape

of the human head. Studying a complete human head is the �nal goal and thus

approach onehasbeenchosen.

A commercialsoftwarepackage(Analyze, Mayo Clinic, Rochester,MN) is usedin

approach 1. Analyze organizessetsof 2D medical imagesinto 3D volumesfor further

analysis. Starting from a 2D imagedatasets,the following stepsare implemented in

Analyze to build a solid human headmodel:

1. Organizethe 2D image�les into 3D volume.

2. Use color thresholding to segment di�erent objects within the head volume,

such as brain, skin, etc. A headobject map is generatedin this step.

3. Usesurfacemodeling to convert volumetric (voxel) data into a set of geometric

constructs as a stack of connected,planar line segments (contours). Applying

surfacemodeling on di�erent objects separatelywill o�er a compactdescription

of the object's surface.

4. Save the stack of surfacecontours of the separateobjects to �les in .igesformat.

The �rst two steps are very tedious and time consuming. To save time, an

available 3D MRI human head dataset in Analyze tutorial is used instead of the

NLM dataset for now becausethis dataset has already been stacked together as a

3D volume of full human head with a simple object map of brain, skin, ventricle,

lenticular, and caudate. This model contains MRI imagesof horizontal 2D slicecuts

in 1-mm vertical intervals. The following is the detailed information of this human

headdataset:

Width = 176mm

Height = 236mm

Depth = 187mm

Bits Per Pixel = 8

Bytes Per Pixel = 1

Bytes Per Image = 41 536
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Pixels Per Image = 41 536

Voxels Per Volume = 7 767232

Maximum Data Value = 255

Minimum Data Value = 0

Voxel Depth = 1 mm

Voxel Height = 1 mm

Voxel Width = 1 mm

To keep it simple at the beginning, the �rst 3D human head is a simple model

that doesnot contain any inside details. Therefore, the intensity of the pixel along

the skin surfaceis chosenas the referencethreshold value to extract the outer head

contour. The contour is extracted along pixels with sameintensity values on the

xy (transverse) plane on every single slice of 2D imagesand then all contours are

stacked along the z direction. Figure 5.9 shows the extracted contour on slice 78

and slice 110. The extracted contours are saved to .iges �les. In the .iges format,

the extracted contours are represented by points and lines. The points correspond to

the extracted voxels basedon the referencethreshold values. The lines describe the

connectivity betweenpoints. The dimensionsareexpressedin millimeter becausethe

original voxel sizein the MRI imagesis 1 mm � 1 mm � 1 mm.

Figure 5.9 Extracted contours on slice 78 and slice 110 on xy (transverse)plane in
Analyze.
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Import 3D model. The geometricmodel of a simple human head in .igesformat

is imported into ANSYS directly. Figure 5.10 shows the original model after being

imported into ANSYS (in yz view plane). This model consistsof 184 slicesof head

contours (on xy plane) stacking together and contains a large number of points

(O(105)). Therefore, this model is further simpli�ed in the following steps while

maintaining the original outer geometry.

Figure 5.10The raw headmodel imported into ANSYS from Analyze.

1. The raw model in Figure 5.10 contains all the 187 slices. By choosing one

sliceout of every four sliceswhile keepingall the slicesaround local areaswith

complicatedgeometry (e.g., eyes,ears,noses),the number of slicesis reduced

in Figure 5.11.

2. For each slice, erasethe details internal to the outer head contour (Figure

5.12(b) to (c):

3. For each slice,curve �t the points to get a smooth andsimpli�ed contour (Figure

5.12(c) to (d)).

4. Further simplify somelocal areas,such as the areasaround ears. To keepthe

model simple, holes in the ears, nosesand eyes areasare �lled, for example,

earsin Figure 5.13.
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Figure 5.11A simpli�ed headafter step 1.

Figure 5.12An examplefor slicesimpli�cation (Slice110): (a) original MRI image,(b)
contour after thresholding, (c) outer contour only, and (d) smoothed outer contour.
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Figure 5.13 Another example for slice simpli�cation (Slice 78): (a) original MRI
image,(b) contour after thresholding,(c) outer contour with internal details partially
cleaned,and (d) smoothed outer contour with holes�lled.

5. Generateheadsurfaceareasby \skinning" a surfacethrough speci�ed guiding

lines, i.e., the �tted contour curves. These lines which are generatedin the

previous step act as a set of \ribs" over which a surfaceis \stretched." The

head surfacesare divided into several areasto get smoother surfaces(Figure

5.14).

6. Delete all original points and lines and de�ne the volume surroundedby the

surfaceareasas the solid human head.

The number of entities (points, lines, areas, volumes) now has been greatly

reducedfrom O(105) to O(10) while maintaining the original geometry. It should

be addressedthat this headmodel doesnot include any details inside of the human

head,and thus, is an unrealistic realization of the human head.
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Figure 5.14 A head volume enveloped by the head surfaces: (a) sagittal view, and
(b) oblique view.

5.3.2 Dev elop the FEA model

A complete computational model consists of the 3D human head, the outer

medium surrounding the head and the sound wave source. Figure 5.15 shows the

completecomputational model observed from the -y axis. The human headis located

in the center of a sphericaldomain �lled with homogeneouslosslessair. In the current

model, the absorbing boundary is located about 0.9� from the human head. The

incident sound sourceis located about 0.5� to the left of the head and propagates

along the + x axis. Thesenumbers are chosenbasedon the previous experiencein

3D harmonic and transient analysison spheres.The material internal to the outer

3D headsurfacewas constructedof skull material properties to demonstratethat it

was feasibleto quantify the soundpressureamplitude at a location within the head

relative to the air-borne soundpressureamplitude.

The irregular head geometry brings extra complexity to the meshing which is

already di�cult for 3D scenariodue to the limits on the element number and node

number of the current ANSYS research version. The meshquality profoundly a�ects

the computation accuracy and speed; therefore, an appropriate combination of all

the meshingfactors (element shape, size, straight- or curved-edge,linear or higher
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Figure 5.15The completecomputational model for 3D human head.

order, etc.) should be carefully chosen. The following mesh combination for the

�nite-element model is used:

1. Human head

� Element type: Solid92,3D 10-node tetrahedral structural solid element.

� Element material properties: It is assumedthat the head is made of

homogeneousskull-like materials. Human skull material properties [26]

are assignedto this element: density: 1412kg/m 3; Young's modulus: 6.5

GPa; Poisson'sratio: 0.22; compressive wave speed: 2292.5m/s; shear

wave speed: 1373.5m/s.

� Element size: The shape of the real human head is far from a regular

geometry shape. Some regions of the head volume are easy to divide

into regular shapesand thus easily meshableparts, and other regionsare

geometrically complex. Thus, di�erent meshsizesare used for di�erent

regionsof the human headto avoid poor meshqualities and unsuccessful

meshing. Densermeshesare usedfor thosehigh-gradient regionssuch as

the noseand ears to capture details while for other lesscritical regions,

such as the interior head, which is away from the skull boundary, coarse
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meshesare used. SmartSizing controlled by the SMRTSIZE command

in ANSYS is used here to create reasonably shaped elements during

automatic meshgeneration. This speci�c meshingmethod �rst computes

estimatedelement edgelengths for all lines in the areasor volumesbeing

meshedand the edgelengths on theselines are then re�ned for curvature

and proximit y of featuresin the geometry. Figure 5.16shows the meshed

human head.

Figure 5.16Human headmeshedwith SOLID92 using SmartSizingin ANSYS.

2. Surrounding medium

� Element type: Fluid 30, 3D acoustic
uid element.

� Element material properties: It is assumedthat the headis surroundedby

homogeneousand losslessair. The material properties of air are assigned

to this element: speed: 340m/s; density: 1.2 kg/m 3.

� Element size: Again the SMRTSIZE function in ANSYS is used to get

high quality mesheswhich can capture the complicated geometry shape

along the air-head interface. Figure 5.17shows the surfacemesheson the

air sphereboundary.
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Figure 5.17Surrounding 
uid medium meshedwith FLUID30.

3. Absorbing boundary

� Element type: Fluid 130,3D in�nite acousticelement.

� Element material properties: The material properties of air are assigned

to this element: speed: 340m/s; density: 1.2 kg/m 3.

� Element Size: The absorbingboundary meshesaregeneratedalongall the

nodes located on the absorbing boundary. It satis�es 10 elements every

wavelength.

5.3.3 Three-dimensional transien t analysis

After discretizing the 3D computational model with a simple human head

submergedin the air medium, transient acoustic analysesare conducted. The

parametersusedare as follows:

f = 3 kHz

T = 1=f = 0:33 ms

Outer medium (air): c = 340m/s, � = 1.2 kg/m 3, � air = 340=3000= 0:113m

Head: � = 1412kg/m 3, Young'smodulus = 6.5 GPa, Poisson'sratio = 0.22,

compressive wave speed= 2292.5m/s, shearwave speed= 1373.5m/s

Headdiameter: � 0:18 m
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Absorbing boundary radius (BOUND) = 0:09 m +0:9� air = 0:1920m;

X inc = � (0:09 m +0:5� air ) = � 0:1467m

� inc = 0o

Pinc = 1 Pa

LSS= ITS = 1/20 T

Computation length = 10 T = 3.3 ms

To includethe couplingbetweenthe 
uid and structure, a 
uid-structure interface

(FSI) constraint is applied at the 
uid element faceson the human head surface

(Figure 5.18). This interfacecouplesthe structural motion and 
uid pressureat the

interfaceand thus producesunsymmetrical element matrices.

Figure 5.18Apply FSI 
ag on the human headsurface.

A one-cyclepulsewave with a center frequencyof 3 kHz is excited on the nodes

located on a plane perpendicular to the x axis (as indicated in Figure 5.15). The

pulsewave propagatesalong + x axis.

In the current model, the head is completely made of skull material and it is

subjected to displacement and deformation under the incidenceof the acousticwave.

Figure 5.19shows the acousticpressuredistribution on the headsurfaceat time step

1, 9, 14, 18, 25, and 29, respectively (step size = 1/20 T). The incident wave is

excited on the plane which is 0:5� away from the headalong -x axis. Therefore, it
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Figure 5.19 Acoustic pressure distribution on the three-dimensional rigid head
surface.

takesabout 10 time stepsto reach the headand then propagateinto the head. For

the human head case,there are no theoretical solutions or experimental results for

the completepressuredistribution on the headsurface.Thesepressurecontour plots

78



are the possibletools for visualization in the 3D scenarioalthough they do not convey

any information inside of the head.

Admittedly this is an unrealistic realization of the head but one that can

be evaluated in three dimensionsand allows for the evaluation quantitativ ely of

propagation into skull material. Acoustic pressurewaveformswereobtained at three

locations(Figure 5.20). Location A on the incident plane, location B on the interface

of air-head and location C on the other inside of human head. The instantaneous

acousticintensity peak(Eq. (4.1); Section4.5) in air wasdeterminedto be about 2.7

mW/m 2 and the acoustic intensity in the skull bone was about 1.24 � W/m 2. The

acousticloss(Eq. (4.2); Section4.5) acrossthe 3D skull model surfacewasestimated

to be approximately 32 dB, quite consistent with theoretical estimates(33 dB).

Figure 5.20Acoustic pressurewaveformsat three selectedlocations for the 3D FEA
human headmodel.

5.4 Summary

In this chapter, a simpli�ed 2D FEA human head model was constructedbased

on the NIH human head digital raster image dataset. Transient (one-cycle sine
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wave) analyseswereperformedat four frequencies(0.125,1, 3, and 10 kHz) and two

incident angles(0o: toward the right side, and 45o: approximately toward the right

cheek). Instantaneousacousticpressurewaveformswere recordedat 4 locations: at

approximately the left and right ear locationsnear each sideof the skull. Validation

of the processwas accomplishedby estimating the acoustic intensity lossacrossthe

skull from the instantaneousacoustic pressurewaveforms on each side of the skull

(one location in air and the other location in water). Furthermore, an unrealistic 3D

human headmodel was constructedto servesas a preliminary attempt to develop a

3D human head model basedon real human head image dataset and then conduct

acousticanalysison the developed 3D headmodel.
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CHAPTER 6

PR OPA GA TION PATH EVALUA TION BASED ON FEA
RESUL TS

In previouschapters, it wasdemonstratedthat it is feasibleto develop a 3D FEA

human model basedon real digital image databaseand conduct ANSYS acoustic

analysis on the model to propagate an air-borne acoustic wave around and into

the human head. The pressure/intensity waveforms were plotted and compared

which provide quantitativ e information. In order to better represent a 3D process

graphically or quantitativ ely or both, a ray tracing approach to represent graphically

and quantitativ ely a 3D transient processhas been developed using a hemisphere

model, for which the theoretical solutionsare available for validation purposes.

6.1 In tro duction to Ray Tracing

Ray tracing is a commonprocedureby which wave propagation is displayed. For

example, in the study of optics, rays are used to depict the path or paths taken

as a light wave travels through a lens. However, in optics, the eikonal equation

can be solved becausethe wavelength is assumedto be zero so that propagation

laws can be formulated in terms of geometry. This is also the casefor geometric

acousticsand is often usedto solve acousticpropagation problemsin the ocean[1].

However, for the caseof an acoustic wave that has a wavelength comparable to

the object onto which it is incident, the full wave equation must be solved because

di�raction needsto be included as part of the analysis [35]. Therefore, ray paths

needto be deducedfrom the propagatedacousticwavefront. The transient ANSYS

FEA procedureyields data from which the propagatedacousticwavefront has been

deduced. From the propagated acoustic wavefront, rays have been calculated by

taking the normal components of the wavefront surfaceas a function of time. The

transient FEA procedureyields data as a function of time steps, thus allowing the

wavefront to be animated as a function of time. Also, from thesedata, as long as
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the time steps are su�cien tly small, ray paths can be calculated. Further, after

the ray paths have beencalculated, the acousticenergycan be determinedfrom the

density (number of ray paths that intersecta unit volume)of ray paths in a particular

volume [36].

6.2 Hemisphere FEA Mo del

In this study, a hemisphereis submergedin a homogeneouslossless
uid medium

and is under the incidenceof a one-cyclesinusoid wave. The hemisphereand outer

medium are made of 
uid with di�erent sound speed but with the samedensity.

The shearwave is not supported in this caseto minimize the problem complexity.

Element sizeof 1/20 wavelength is usedand time step sizeof 1/100 period is used.

Figure 6.1 shows the computational model. The parametersusedare:

f = 3 kHz

T = 1=f = 0:33 ms

Half-sphereradius a = 0.09m

Outer medium (air): c = 340m/s, � = 1:2 kg/m 3

Hemisphere:c = 1540m/s, � = 1:2 kg/m 3

� = couter medium =f

X inc = � (a + 0:5� )

' inc = 0o

Pinc = 1 Pa

BOUND = a + 0:9�

ITS = 1/100 T

Computation length = 2 T

6.3 Wavefron t Reconstruction via Time-Domain Correlation

Following the basic procedure for transient analysis the FEA model is solved.

The pressuredistribution is calculatedat each time step at each node in the model,

and thus, the completepressurewaveform of the computation length is available for

each node. Basedon the computednodal solution, the wavefront is reconstructedvia

time-domain correlation technique.
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Figure 6.1 A simple hemisphereFEA model.

The time-domain correlation technique can be conceptually viewed in the

following way: Assumingthe 
uid mediumis homogeneousandat rest, the wavefronts

move along the propagation direction with the speed of sound of the medium. At

time t = 0, a cycle of sine wave is excited at the incident plane x inc , and at time

t = t0 + N � 4 t, the wave is propagatedto a new position x, whereN is the time

step and 4 t is the time step size,4 t = T=100in this case.The wavefront is de�ned

as \any moving surface along which a waveform feature is being simultaneously

received" ( [35], p. 371). According to this de�nition, the nodes at which the

incident wave arrivesat the sametime step N form the wavefront at that time step.

To �nd out at which time step the incident wave arrives at a node, the computed

FEA pressurewaveform is comparedwith a referencewaveform, which is shifted by

t = t0 + N � 4 t; 0 � N � L from the incident waveform (Figure 6.2), whereL is the

total number of time step computed,L = 200 in this case.Each referencewaveform

represents the waveform that the incident wave travelsto after a time period of N 4 t.

The degreeof similarity betweenthe computedwaveform and the referencewaveform

is assessedfrom the correlation of the two waveforms. If the waveformsat two nodes

are maximally correlatedto the samereferencewaveform which is shifted in time by

t = t0 + N � 4 t from the incident wave, the wavefront reaches thesetwo nodesat
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the sametime step N . As in Figure 6.3 the correlation coe�cien ts for two nodesare

plotted versustime shift of the referencewaveform. The waveform for both nodesare

maximally correlated to the referencewaveform shifted by 674 t from the incident

waveform. Therefore,the wavefront reachesthesetwo nodesat time step 67.

0 50 100 150 200 250
�1.5

�1

�0.5

0

0.5

1

1.5

P
re

ss
ur

e 
(P

a)

Node A
Ref�wave 1
Ref�wave 2
Ref�wave 3
Node B

time / d t (d t = 1/100 T)

Figure 6.2 Pressurewaveforms at two arbitrary nodes and the referencepressure
waveforms.

Using this technique, the nodes on the samewavefront are found at each time

step. By 3D interpolation of the position of these nodes the wavefront surface is

reconstructed.To excludethe errorscausedby the sphericalabsorbingboundary, the

wavefront reconstruction region is further limited to a local center region as framed

in Figure 6.1 (X inc � x � 0, -0.1 m � y � 0.1m, -0.1m � z � 0.1 m). Furthermore,

only the �rst 100time stepsaresimulated to excludethe re
ected wave from the other

surfaceof the hemisphere.Figure 6.4shows the wavefront surfacereconstructedfrom

the FEA data at di�erent time step. To keepthe �gure readable,only wavefronts at

selectedtime stepsare shown.

6.4 Ray Tracing

Assuming that the time step size is small enough (1/100 T in this case), ray

paths from one wavefront are along the normal direction of the wavefront surface,

and reach the next wavefront without changing directions. Continuously connecting
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Figure 6.4 Reconstructedwavefront via time-domain correlation technique.
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the ray paths from wavefront to wavefront, the completeray paths are traced. The

reconstructedray paths in this study are plotted from two di�erent anglesof view in

Figures6.5.

(a): 3D view (b): X -Z view

Figure 6.5 Ray paths in di�erent view.

6.5 Metho d Evaluation

The ray paths originated in air and propagated into the hemisphere. Knowing

the sound speed in the two di�erent medium and the size of hemisphere,the ray

tracing can be solved using theoretical solutions. Before the sound wave reaches

the hemisphere,the ray is parallel to the propagation direction, + x axis in this

case.When the ray hits the hemisphere,the direction of the transmitted ray can be

calculatedusing the Snell's law:
c1

sin� i
=

c2

sin� t
(6.1)

wherec1 is the sound speedin the outer medium and c2 is the sound speedin the

hemisphere.
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Figure 6.6plots selectedray paths both calculatedtheoretically and traced based

on the FEA solution. Comparingthe simulation resultsand the theoretical solutions,

0:7o � 10o di�erence is found for low-angle incidence. As the angle of incidence

onto the hemisphereincreased,the ray path directions into the hemispherebecome

progressively greater than the theoretical calculation.

Figure 6.6 Ray paths for Hsph-3model.

Thereareseveral possiblereasonsfor this problem. First, di�raction phenomenon

could exist because,in this casestudy, the wavelength in air is 11.3 cm and ka is

5.0 (radius of the hemisphereis 9 cm) basedon a center frequency of 3 kHz but

the frequencycontent of the one-cyclewave is much broader. To test the di�raction

hypothesis, the transient ANSYS FEA procedureat 10 kHz is performed using the

samehemisphere. However, at the high frequencyof 10 kHz, the current ANSYS

version limits on elements/no desnumber are hit and a very coarsemeshingis used

in the FEA model that greatly compromisedthe computation accuracy.

Secondly, computational errors existing in both the 3D FEA and wavefront

reconstruction process could also be causing the disagreement. As for FEA

analysis, computational errors have been found in previous 3D validation studies

(Section 3.4, 3.5). As for the ray tracing procedure,currently only the FEA nodal

solutions are used, and thus the discontinuity between adjacent elements caused
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by the gradient acrosselements is not addressed,which produces inaccuracy in

wavefront reconstruction. The computational errors in the FEA analysisare further

accumulated when the FEA solutionsare usedin the ray tracing process.

6.6 Summary

In this chapter, a ray tracing approach is developed and evaluated to graphically

and quantitativ ely represent a 3D transient process. Disagreement with the

theoretical calcualationis found, and the reasonsthat could causethe disagreement is

analyzed,which suggestsfurther evaluation and improvement on the current method

are needed.
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CHAPTER 7

DISCUSSION

In this chapter, the work presented in this thesis is summarizedand then the

recommendationsregarding further development are provided.

7.1 Summary of the Curren t Work

Scienti�c researchers have shown great interest in noise-inducedhearing loss

(NIHL) for more than half century. Peopleactively seeke�cien t hearing protective

devices(HPDs) to prevent NIHL. The existenceof NIHL even with HPDs implies

that alternative propagation paths to the organ of Corti may exist other than the

normal acousticpropagation path through the auditory canal to the organ of Corti.

This project aims at studying the propagation of an airborne incident acousticwave

aroundand in the humanheadusing�nite-element analysis(FEA), which canserveas

a computational tool to elucidate the acousticwave propagationaround, into and in

the human head. Speci�cally, the model then determinestwo features: (1) alternate

acoustic propagation paths to the cochlear shell that exist besidesthe normal air-

borne acousticpropagation path (eardrum-ossicalpath) through the auditory canal

to the cochlea and (2) quantify the sound pressureamplitude in the cochlear shell

relative to the air-borne soundpressureamplitude.

Signi�cant progresshasbeenmadetoward accomplishingthe goalsof this project.

The ANSYS FEA generalprocessingcode (ANSYS, Inc., Canonsburg,PA) for both

harmonic and transient solutions has beenvalidated using well-understood 2D and

3D models. Harmonic(continuous-wave) validation studieswereconductedfor (1) 2D

rigid cylinders, (2) 3D rigid spheresand (3) 3D elastic spheres.Transient (one-cycle

sinewave) validation studieswereconductedfor (1) 2D rigid cylinders, (2) 2D elastic

shell cylinders, and (3) 3D water spheres.For all of the validation studies, either a

harmonicor transient acousticplanewave wasinitiated in air. The air-borneacoustic

wave was incident on the geometric model that was either rigid, elastic or water.
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Water is an ideal 
uid for this study becauseit has acousticpropagation properties

similar to those of brain and other soft tissues. In all cases,the computational

solutions of acousticpressuredistribution agreedwell with the analytic solutions of

acousticpressuredistribution.

The transient FE analysesof the 2D NIH human head (National Library of

Medicine's Visible Human Project, National Institutes of Health, Bethesda, MD)

have beenconstructed,simpli�ed and veri�ed. The male anatomic datasetwasused.

The anatomic datasetconsistsof 0.33-mm-widetransversesectionsof the head,with

each section2048pixels by 1216pixels and each pixel 8-bit RGB scale.A simpli�ed

2D human head analysis was conductedusing one of the 0.33-mm-widetransverse

sections.A simpli�ed 2D human headanalysiswasconductedusingoneof the 4-mm-

wide transversesections. The �rst challenge(computational, not scienti�c) was to

convert the NIH human headdigital raster imagedataset into a vector format �le for

import to ANSYS that usesIGES-format vector data. Then the outer surfaceof the

headwassegmented to yield only the headcontour. Skull wasmodeledasa 1-cm-thick

layer immediately inside the human headcontour. The interior region was modeled

aswater. Transient (one-cyclesinewave) analyseswereperformedat four frequencies

(0.125,1, 3, and 10kHz) and two incident angles(0o: towards the right side,and 45o:

approximately towards the right cheek). Instantaneousacousticpressurewaveforms

were recordedat four locations: at approximately the left and right ear locations

neareach sideof the skull. Validation of the processwasaccomplishedby estimating

the acoustic intensity lossacrossthe skull from the instantaneousacousticpressure

waveforms on each side of the skull (one location in air and the other location in

water). The acoustic lossacrossthe 2D skull was estimated from the FEA data to

be approximately 26 dB, reasonablyconsistent with theoretical estimates(33 dB).

The transient FE analysesof a 3D human headmodel derived from a 3D Analyze

MRI head model (Mayo Clinic, Rochester, MN) has also beendemonstrated. The

Analyze human head was constructed of skull material properties to demonstrate

that it was feasibleto quantify the sound pressureamplitude at a location within

the head relative to the air-borne sound pressureamplitude. The Analyze human

head model contains a large number of points (O(105)). Therefore, this model was

segmented and simpli�ed (O(10)) while maintaining the original outer geometry;the

head was modeled as skull material. Admittedly this is an unrealistic realization
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of the head but one that can be evaluated in three dimensionsand allows for the

evaluation quantitativ ely of propagation into skull material. A transient (3-kHz one-

cycle) sine wave was incident from air onto the simpler human head model. The

acousticlossacrossthe 3D skull model surfacewas estimatedfrom the FEA data to

be approximately 32 dB, quite consistent with theoretical estimates(33 dB).

A ray tracing approach to represent graphically and quantitativ ely a 3D transient

processhas beendeveloped. The full wave equation is solved in the �nite-element

analysisand from the computedresults the propagatedacousticwavefront has been

deducedfrom a time-domain correlation technique. From the propagatedacoustic

wavefront, rays have been calculated by taking the normal components of the

wavefront surfaceas a function of time. With the assumption that the time steps

are su�cien tly small, ray paths are calculated. The ray tracing approach has been

evaluated using a 9-cm-radius hemisphereof known propagation speeds. The ray

paths originated in air and propagatedinto the hemisphere.For low-angleincidence,

the ray path directions into the hemispherewere consistent with those calculated

from Snell's law. However, as the angleof incidenceonto the hemisphereincreased,

the ray path directions into the hemispherebecameprogressively greater from those

expectedfrom a Snell's law calculation.

In summary, we have (1) validated �nite-element analysis(FEA) generalprocess-

ing code for both harmonic and transient solutions, (2) constructed, simpli�ed and

veri�ed transient FEA analysesof the 2D NIH human head, (3) demonstratedFEA

analysisof the 3D Analyze human head, and (4) developed a ray tracing approach

to graphically and quantitativ ely represent a 3D transient process.

7.2 Challenges and Suggestions for Future Work

Through the studies that have been done, a lot of challengesare observed in

various areasand thus bring the extensionof this project.

7.2.1 Mo deling of a detailed three-dimensional human head

In the previouswork described in Chapter 5, it hasbeendemonstratedthat it is

possibleto segment the contour of human headand develop a simple3D headmodel

basedon 2D MRI imagesusing Analyze, a software distributed by Mayo Clinic. In

the next stageof building a detailedheadmodel, the three typesof NLM human head
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data (MRI, CT, and anatomic) from the samesubject will be used. Di�eren t objects

in the head can be developed separatelyusing one of the three typesof imagesand

then combined into a complete3D headmodel with careful alignment. For example,

CT imageswill be usedto develop the skull bone model, MRI imageswill be used

to develop the skin and brain model, and anatomic imageswill be usedto develop

the detailed auditory system. Overall, it is expected to result in even larger model

containing spatially decimated points from processingthe original medical images.

Furthermore, it will beevenmoredi�cult than beforeto managethe decimatedmodel

into a manageablesurfacesand volumesfor FEA while retaining a good geometric

representation. Therefore, the development of a complete and realistic 3D human

headFEA model basedon the headmedical imagedatasetwill be a very challenging

but must-do task in the future. It involves both advanced image-processingand

solid modeling techniques. Preliminary e�orts have been made towards this goal

with the aid of a sophisticatedsoftware for 3D visualization and volume modeling,

AMIRA. AMIRA not only providesmoreadvancedfeaturesrequiredfor visualization,

segmentation and volume modeling of 3D medical image data than Analyze, but

also is able to generatea corresponding volumetric tetrahedral grids suitable for

advanced 3D �nite-element simulations. In addition, the quality of the resulting

mesh,according to measurescommon in �nite element analysis, can be controlled.

So far the author hassuccessfullyimported a set of surfacemeshesof a human skull

bone generatedin AMIRA to ANSYS (Figure 7.1) through format conversion in

AUTODESK (an AutoCad product). However, moremodeling work still needsto be

donebeforeconducting FEA on this model.

7.2.2 Impro ve the computational accuracy

The accuracy and precision of the FEA are directly depending on the mesh

qualities of the FEA model. In general,the element sizeof 1/20 of the wavelength

(�= 20) in the corresponding medium is the minimum requirement to resolve the

wave propagation in the corresponding material. The current NCSA ANSYS license

(Version 8.0, university advanced) has the node limit of 128 000 and the element

limit of 128000. In the 3D scenario,such ascasestudiesin Section3.4, 3.5, 4.5, and

5.3, it is found that the element and node limits of ANSYS are easily exceededand

the basicmeshrequirements for acousticanalysiscan not be satis�ed. This physical

challengedegradedthe computational accuracyas founded in Section 3.4 and 3.5.
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Figure 7.1 Preliminary human skull model generatedusing AMIRA.

Therefore,to improve the computational accuracy, an advancedANSYS versionwith

higher limits on the number of nodesand elements is required.

In order to understandbetter the physical requirements to conduct �nite-element

analysis on 3D human head in ANSYS, the computational cost is estimated on a

simple sphericalheadFEA models(Figure 7.2) at di�erent incident frequencieswith

di�erent parametersin Table 7.1. The initiate plane wave location is at least 0:5�

away from the head, where � is the acousticwavelength in air. The distancer � a

(distancebetweenthe headand the absorbingboundary) is at least1� . For purposes

of estimating computational costs,the radius of the heada is �xed at 9 cm; there are

two cases(A1 and A2; seeTable 7.1), however, for which the headis not included in

the computational domain. Linear tetrahedral elements are usedin all the models.

All the estimations are conducted on NCSAs IBM p690 computer system using a

singleprocessoron a time-sharedbasiswith other users.The p690systemhaseleven

32-processornodesavailable for batch jobs with processorspeedof 1.3 GHz, 7 nodes

with 64 GB memory and 4 nodeswith 256GB memory. The current memory limit

for a singleANSYS batch job is 8 GB.

As shown in Table7.1, the element and node limits of the current ANSYS version

are easily exceededfor all the models with �= 20 requirements. In the future work,
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Figure 7.2 The schematic drawing of a simple 3D sphericalheadmodel

Table 7.1 Computational cost estimates

Case f T � a r � a Elem. # of # of Comp. Memory CPU
(kHz) (ms) (cm) (cm) (� ) size in elems nodes time (GB) time

air (� ) (103) (103) (T) (hr)
A1 3 0.33 11 0 2 1/10 � 100 � 20 1 � 0.8 � 4
A2 3 0.33 11 0 2 1/20 � 800 � 160 1 � 6.4 � 32
B1 3 0.33 11 9 1 1/10 � 120 � 60 1 � 1 � 5
B2 3 0.33 11 9 1 1/20 � 640 � 150 1 � 5 � 25
C 10 0.1 3.4 9 2.5 1/20 � 6000 � 1200 1 � 60 � 300
D 6 0.17 5.7 9 1.5 1/20 � 3000 � 600 1 � 30 � 150
E 1 0.1 34 9 1 1/20 � 600 � 120 1 � 4 � 20
F 0.1 10 3.4 m 9 2 1/20 � 800 � 140 1 � 6 � 30
G 0.01 100 34 m 9 2 1/20 � 1200 � 200 1 � 10 � 50

even larger models with larger computational cost are expected for the following

reasons. (1) Mesh sizesof �= 20 should be regardedas minimally necessaryrather

than a su�cien t condition. If a �ner mesh size like �= 400 is required, then the

numbers of elements and nodeswould increaseat least by 23 times for frequencies

lessthan about 1 kHz and more than 8 times for higher frequencies.(2) When more

spatial details, such as skull, soft tissue, the ear, etc., are included in the head, a

�ner meshand thus moreelements and nodeswill be neededfor the headregion. For
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example, the skull has varying thickness,and thus a meshsizeof 1 cm will be not

�ne enoughfor the thinnest temporal region. Furthermore, higher-orderelements will

be usedto provide more accuratemodeling of components with complicatedshape,

which will increasethe numbersof nodes. Approximately O(106) elements and nodes

or possiblymorewill beneededfor the human headregiononly. (3) The computation

time will be longer than 1 T, which is usedin the Table 1 estimates.Approximately,

elements and nodesof up to O(108), memory of up to O(102) in GB, and CPU time

of up to O(103) in hours are expected in the future research.

Therefore,an ANSYS licensewith unlimited elements and nodesis necessaryfor

the future research on a more detailed head. The parallel processingcapability is

alsouseful for the very high and very low frequencycases.

7.2.3 Computer visualization of the simulation results

Computer visualization is a very important task to interpret and comprehend

the complex wave propagation around and into the human head. In this project,

pressure/intensity-time waveforms have been a main method for visualization in

both 2D scenarioand 3D scenario,and contour plots and animation movies madein

ANSYS are alsousedfor visualization in 2D scenario.Furthermore, the propagation

path evaluation was developed mainly for 3D visualizations. However, the path

evaluation methodology still needsa lot of improvement and further application in

the human head case. The possiblereasonscausingthe problemswere analyzedin

Section6.5.

In the future, unlimited licenseof ANSYS is neededto improve the computation

accuracy. In the ray tracing process,element data could be included to evaluate

the acousticwave propagation paths in addition to the nodal solutions. Wavefront

contours can be determined by linear interpolation within each element from the

nodal values,which are averagedat a node whenever two or more elements connect

to the same node. By including the element connectivity information, hopefully

the discontinuity betweenadjacent elements can be minimized, and thereby improve

the wavefront reconstruction and ray tracing. In addition, the importance of the

time-step size and element size for ray tracing has not been fully evaluated and

improvements are possiblethrough careful choiceof theseparameters.

It is suggestedthat the improved ray tracing method should �rst be tested using

planar surfacesas a function of incident angle,which is a well-studied phenomenon,
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and then be further applied to hemispherecases,and ultimately to the human head

study.

7.2.4 Validation of the FEA model

In the future, there are two possibleway to validate the developed 3D human

headFEA model.

First, there is ampleliterature on the vibration characteristicsof the head[37{39],

and the ANSYS analysis can determine the vibration characteristics of the head

model. It is reasonableto assurethat the model matchesthe literature structurally.

Second, various subject testings are feasible through cautious experimental

design. The REAT (real-earattenuation at threshold) tests can be usedto establish

a bone conduction threshold for subjects, and ABR (auditory brainstem recording)

tests can be used to relate force levels at various skull locations subjects to bone

conduction. The FEA model can be usedto predict intensity levels for air conducted

sound in a sound �eld that producedby applying point force levels at speci�c skull

locations to elicit ABR bone conduction responses. Then, a bone oscillator will be

usedto replicate the force and elicit the ABR, which can then be related to sound

pressurelevel (SPL).

When disagreements between the FEA results and the experimental data,

improvements could be made at the following areas: (1) enhancethe spatial and

temporal resolution of the FEA model to improve the computational accuracy; (2)

update the FEA model to maximally match the real subject test environment by

eliminating someof the initial assumptions,for example,including the nonlinearities

into the model; and (3) modify subject test procedurecorrespondingly if it reaches

the limits for the FEA model to match subject test environment.
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