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. Abstract

Power ultrasonic surgical devices operating at low ultrasonic frequencigOQ2kHz)
have been shown to provide some advantages over reciprocating or manual devices il
removal of tissue. Despite opportunities for widespread applications in orthopesdad,
ophthalmicand general surgical procedures, the mechanisms of interaction between high
power ultrasound and human tissue is not well understood and little is known about the
effects and safety implications for power ultrasonics in human tissue. Therefore, the effect

of powerultrasonic devices on human tissue are investigatéds thesis

From the limited literature on this topite basic effects caused by high power ultrasound
on human tissuean be summarized tim three main categoriesnechanicalresponsg
thermal effect and acoustic caation. However,the relative contribution of each of these
remains unclearThus, this studyaimsto analy® these response and effectsof tissue
mimic materialssubjectto power ultrasonic excitation arnceinvestigatethe potential

to quantitivelycharacteris thepower ultrasonicdamageon tissue Due to the complexity

of the interaction between cutting surface with tissue, damagecaused bycutting
processwas not coveredBut the investigation of the damage byamulated ultrasound

energy in tissue was the main resedaghic in this thesis.

To substitute for human tissue, representative matesugls as Eglass filled epoxy resin
(ER), polyurethane foam (PUF) and transparent silicone elastomerw8i€) used in
experimental studies to simulatee behaviour otortical bone, cancellous bone and soft
tissue respectively.Their mechanical properties were characteriseing uniaxial
compression and tensile tegismeasurelastic modulus and dynamic nfamical analysis
(DMA) to study the viscoelastic behaviouFrequency and temperaturdependent
behaviour of tissue surrogatesderpower ultrasoni@xcitationweredeterminedisingthe
DMA data based orthe time/frequency temperature superposition pplec{TTS) The
parameters relevant to thermal properties, including thleconductivity and specific heat
capacitywere measuredisingthe heat flow method and differential scanning calorimetry
(DSC).

Ultrasonichorns weredesigned usinghe finite element (FE) methodhe performance of

the power ultrasonic system wieenexaminedusing experimental modal analysis (EMA)



with a laser Doppler vibrometer (LDV}o ensure thesystan met the experimental

requiremery.

To characterise the rpensesand effectsof tissue mimics subject to power ultrasonic
excitation, norrinvasive field measurements have been developed for the fast and
reproducible experimental assessment aftrasonc displacement, strain, stresnd
temperature fieldsAn ultra-high speed camerand an infrareqIR) camera were used
simultaneouslhyfor ER and PURplate sampledo obtainthe imagingdata whichprovided

the displacement andtrain fields with digital image correlation (DIC) technique and the
steadystate temperature distribution with thermal imagifige stresdield in atransparent
rectangular cubiod SE sampdering power ultrasonic loadingas mapped using laser
interferometemith acousteoptic effects.Due tothe absorption of IR light by transparent

SE, the temperature distribution of SE was not recorded by IR camera.

Numerical and analytical models wedevelopedto simulate the ultrasonic wave
propagationusing ABAQUS FE softwae package and Matmatica respectivelyThese
modelsincorporatedrequency dependent mechanical propeniethe mimic material$o
verify experimental results. The resultstbé models matched well witthe experimental
findings of ultrasonic displaceent, strain and stress field® assess the thermal effgeof
power ultrasound on the viscoelastic tissue mintiessrmemechanical FE modelsere
createdusing the PZFlex FE software packag&urthermore,FE models for thermal
analysis were parameteried in terms of dynamic modulus and acoustic damping
coefficient with frequency and temperature dependency for determination of the heat
generationandthermal conductivity and specific heat capadady characteriation ofthe
heat transfer. Th&E resultshave close correlation with measurement resultsy an IR

camera.

Based on the experimental and numerical studies, the damage of tissuekingmi
materials under power ultrasonicexcitation is related to accumulatios of cyclic
deformation and heatindNon-invasive fullfield surface displacement, strain, stress and
temperature measurements have the potential to be used to predict the damage of tisst
sample interacting with the power ultrasonic dewsc&his study has provided confidence

that the methdology canbe applied to studfissue samplesubject to excitations typical

of ultrasonic surgical devices, including those for orthopaedic bone cutting.
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1.Introduction

1.1 Research Background

1.1.1 Ultrasound

Ultrasoundwhere soundisse f i ned as @ enwirlgryatiinomntale waw
[1], is sound wavs having a frequencygreater than theangeof human hearing, generally
considered as frequencies over 20 kiizgyeneral, ultrasoniwavesvibrating oroscillating

along or parallel to their propagational directemereferred to asongitudinal wavegFig.

1.1). Transmission of longitudinal waves througlboupling medum produces alternating
regionsof compression and rarefaction, whicheate continuby varying densityin the
medium.The cycles of compression and rarefaction in ultrasound wavespesiive and
negative pressure stress, which work on the moleculesflygt pulling them together and

then pushing themapart Energy transported vialtrasound wavesesults in changes in
pressure ostress, temperature, density and particle displacement.

_

Fig. 1.1 A longitudinal wave show
There arevarious parameters to charactegisilltrasound, such asequency, amplitue,
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wavelength, speed, intensii;md powerDepending on thpower leve] ultrasoundcan be
divided into two broad categorielw power and high power.dw power ultrasound
usually in the range 0:10 W at a frequencytypically above 1MHz, is mainly used for
norrinvasive scas such as medical imagirfgr diagnosis ihedical ultrasonographynd

nondestructive testing (NDTsuch ascracktesting for materiad and structures.Low

power ultrasoundeavesno permanent physical change in the coupling iomad These
applicationsemployultrasoundo investigatdboundary changdn a mediumby ultrasonic
wave propagatiorand reflectionthrough the material The obtainedreflection signals
provide information about acousticnpedance changed boundariebetween dissimilar
materials, which caugbe ultrasonic waveo bereflected back to theeceiving transducer.
In high power ultrasonic applicatis, the frequencies aa¢thelower end oftheultrasonic
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spectrum typically, 20-100 kHz andvibration amplitudesange fromaround10 to 1®
pm. Physical effects produced the coupling solid, liquid ogaseous media change the
structue of the medium irreversibl§2]. To uilise and study theeffects of high power

ultrasound power ultrasonics istroduced.

1.1.2 Power Ultrasonics

Power Utrasonicss a research areehere lowfrequencyltrasonic vibrationgrom around
20 kHz up to a few hundred kiHand highpower, normallyin the range betweetens of
Watts and severalkiloWatts, are appliedto affect a desirable change in a material or
medium.In order to maximise theesiredeffect, high vibration amplitudeis normally
used in power ultrasonic applicatioria practical terms, typical amplitudes range from
about10 to 100 um [3]. The fundamental researcim power ultrasonics i$o identify,
model and characteristhe mechanisms afltrasoundinteraction with the mediunm a

particular application.

Generally, there are four main industrial applicas machining [4], welding[5], cleaning

[6] and cutting[7]. Power ultrasonic technigseare applied tothese existing processes to
improve energy transmission, reduce or eliminate the need for chemicdlg)caease
effectiveness and efficienciigh power ultrasoniclevices are alsausedin medicaland
clinical applications for example,to cut and coadate tissueSurgical techniques using
power ultrasonic devicesffer surgeons some important benefits, which will be discussed

in the next section.

A typical power ultrasonic system consists of a generator, a piezoelectric transducer, &
hornand aworking tip (Fig. 1.2). Thailtrasonicgenerator is used to drive the transducer.
Tuned atthe resonant frequencythe piezoelectric transducer converts electak to
mechanicalenergyand provides a meahical vibration along the axi#& horn usually
designed ina taper shape and tuned to the frequency of the transducer to amplify the
vibration amplitudejs attached tdahe transducer bg threaded jointA working tip, for
contacting cutting, odoading test sampless incorporatedvith thehorn.
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Fig. 1.2 Schematic configuration of generic power ultrasonic system

Several electric parts are incorporated in the ultrasonic generator siystkeminga wave
generatoranda power amplifie[8]. The ultrasonic generatas a highvoltage and high
frequency device, which isesponsible for transforming mains power supply from a
frequency of 50 or 60 Hz to a high frequency alternating voltage or cueauited by the
ultrasonic transducer3.he generatorsuppliesthe requiredelectrical signal to makée
transducer work efficiently at transforming electrical power into mechanical vibration

power.

Piezoelectric transduceareusedin power ultrasonic systesue to being more efficient,
having wider range frequency range and smaller size than magnetostrictive counterparts
The efficiency of piezoelectric transduseés over 90% andhey arestable over a broad
range of temperatuseThe piezoelectric transdeccproduces a high frequency mechanical
vibration through @zoelectric materials, such asystals and certain ceramic teaals.

These materialbave the abilityfo generag an alternatingmechanical stress in response to

an appliedalternatingvoltage.

The horn fixed to the transducer amplifies the mechanical vibration and catestite
energy into thevorking tip. Because the maximum amplitude of vibration provided by the
transdicer is usually insufficient for most power ultrasonic applicationsaa horn is
necessary t@act as an amplifierThe hornis tuned exactly to théransducer frequency
Horns aredesigned and manufacturgdvariousgeometric and material formis meet the

requirements of differergpplications.

In the applications ofultrasonic cutting, bladearerequired, whichoffer high precision
cuttingwith very little debris. Utrasonic bladscan be made in different shader plunge

and shear cuttirgy Generally,a cutting blade operatingt shear cutting mode is used in
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most surgical applicationsexcept ophthalmic surgery, in whigilunge cutting is more
appropriatdor the removal otataractg$9].

1.1.3 Power Ultrasonic Surgery

High power lowfrequency ultrasound has wide clinical applications from dental drilling to
tissue removal. The use of higlower lowfrequency ultrasound in surgery has been
available for several decades since the introduction of cavitational tissue dissection in 1972
[10] and coagulation in 199[11]. Power ultrasonic surgical units habeenwidely used

in many surgicalprocedures includingental[12], ophthalmic[13], orthopaedid14] and
neurosurgery[15] due to redued tissue damagegdecreasd operating times, fewer
instrument exchanges @more rapid healing. Moreover, whatlising ultrasonic engy

to cut and coagulate tissgenultaneously, power ultrasonstirgeryhasbeenreported to

achieve effective coagulation and safe cutting with relatively small thermal [HjéH38].

Operating in the Igh power and low frequend0-100 kHz), ultrasonic surgical devices

are used for biolagal tissue cutting, ablatioriragmentationand removalln ultrasonic
surgerytheseare achieved through tisairfaceapplication of high power ultrasad to the

tissue Although there are many research reports on the clinical effectiveness of ultrasonic
surgical devices, little attention has been given to the interaction of uitasmnces and
biological tissue, especially the responses of biological tissue to ultrasound exposure anc
ultrasonic wave or energy propagation through biological tissue. The power ultrasound
effects on biological tissue are poorly understood and the anextts of ultrasonic wave

interactionswith viscoelastic biological tissadavenot been clearly defined.

1.1.4 Effects of Power Ultrasound on Biological Tissue

Different effects can be induced by high power ultrasourttese effectsdepend on
compound acoust phenomenawhich, in turn,are caused by primary vibratoryputs.
Acoustic pressure causes cavitation and microstreaming in liquids, vibratory stress cause
heating and fatiguing in solidand ultrasonic acceleratiorauses surface instability at

liquid-liquid and liquidgas interfacefl9].

Fromthelimited literature the effects of ultrasound dissuecan be summarized intbree
dominant aspectsicoustic cavitation, thermal effes@nd mechanicatffects Most power

ultrasound applications rely ghesevibrationrinduced phenomena occurringthre tissue
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However,the relative contributiomof acoustic cavitation, thermal effs@nd mechanical
effectson tissue types remains unclg&0]. Thereforeto assess theffectsof ultrasonic

surgicaldevices on tissue, these contributoeed tdbe characteresd quantitatively.

However, obtaining reble information onthese effects in power ultrasonic surgical
applicatiors is problematic at present. Ca@ntional measurement methdus/e beemsed

to investigate the effects of ultrasonic cuttimigtissue bycomparison betweeultrasonic
surgical devices and traditional saws or scalpglvarying parameters, such as vibration
frequency, cutting force or ppication time. The researchhas focussed more on the
ultrasonic cutting abilityatherthan the interaction between ultrasonic surgical devices and
tissue A better and more detailed evaluation of the detiggue interaction is required.

1.1.5 Ultrasonic Field Characterisation

To provide a undestanding of theultrasonic effects in devicetissue interactionthe
ultrasonic field in tissue during ultrasonic loadimged tdbe characterised. Ultrasonic field

characterisatiors alsouseful forevaluatingultrasonic surgical instrumeperformance.

1.15.1 Surrogate Tissue Materials

The response of biological tissue to power ultrasound is variable due to the various
biological propertieslt is thereforenecessary to characterise the properties of tiksue
power ultrasonic applicatisnThe complex geometr availability and control®f living
tissueoften makdts useimpractical,as well asrery expensivdor laboratorybasedstudy.
Additionally, its ultrasoniccharacteristicsaare not currently well defined, especially for
transmission of high power andw frequencyultrasonicwaves Ideally, the creationof
suitable surrogate tissue materialsuld lve many of thecharacterisatiorchallenges

The mechanical, thermal aratoustic properties of swogate tissue materials can be
characterised usingarious tests to explain frequencynd temperature dependent

behavioudue to the intrinsic viscoelastic nature

1.1.5.2 Non-invasive Ultrasonic Field Measurements

To characterisguantitativelythe interaction between power ultrasound and tissue mimics,
experimetal work is requiredto measurailtrasound indued displacement, strain, stress

and temperature fields in the materials. These measured fields can be used to understar
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mechanical responses and thermal effects.The use of norAnvasive measurement
techniqus with high sensitivity and fine resolution offédne opportunity taassesshe full
field ultrasoniceffectson tissue Comparedo conventionaldisruptive measurements by
manipulation ofa probe to positiors within the material,a noninvasive technique

improvesreliability and accuracfor detection of ultrasonic fields

1.153 Numerical Models for Validation

To validate the experimental resultsymerical models can be creattx simulatethe
ultrasonic process iaurrogatetissue materialsAccuratenumericalsimulatiors including
finite element and analytical method#hich are adaptableto wide ranging design
parameter changecan bedevelopedo buid reliable predictive model§he modelsan

be compareavith the measuremesito evaluate the interaoth d ultrasound and tissue

1.154 Methods for Characterising Ultrasonic Field

If the power ultrasonic input and the properties of tissue mimics are knotimthe fult

field nonrinvasive measuremerasd the subsequent development of reliable finite element

andanalytical modelsncorporating the material propertiesrived from various testsan
beused as a platform to perforiurther evaluation of ultrasouneffectson tissueo allow
better understanding the performance of power ultrasonic surgical davicating or
vibrating tissueTherefore, this work aims at characteristhg effects of power ultrasonic

devices on surrogate tissue materials using experimental and numerical methods.

1.2 Aims and Contributions of the Thesis

1.2.1 Aims of the Thesis

1. To extensvely characterise the frequenandtemperaturelependent viscoelastic
behaviour of tissue mimicking materials farse in high power ultrasonic

applications.

2. To designa highpower ultrasonic systenncluding ultrasonic horg, usingfinite
element methag for applyingsufficient ultrasonic vibrationto tissue mimicking

materials
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3. To incorporatenorrinvasive measurement procedutiesthe characterisation of
high powerlow frequency ultrasonic stresstrain ad thermal field within elastic
and viscoelastic solids. The techniques can be usedrawide accurate spatial
strain,stress and thermal mappi withoutinvasive damage caused by insertion of

measurement sensor

4. To developfinite elementand analyticamodelswhich can be useful in provitg a
firm scientific basis for investigations of power ultrasound elastic and
viscoelastic solids and evaluation of the influence in thelime@ar materialsof

ultrasonic wave preagation

5. To performdamageanalyse®f tissue mimickingnaterialsduring power ultrasonic

excitationby assessing the theramechanical effects.

1.2.2 Contributions to the Research Fields

A comprehensive review of conventional measurement techniguagtrasonic cutting
tissue and theiuse in characterisingltrasonic cuttings presentedA literature review of
full-field noncontact measurements to examine the mechanical response of sgegimen
the area of fracture mechanics and materials is given, which seteehighlight some

research otthe behaviour of pecimens undempact loading

Power ultrasonic horns have been designed and manufacturée éxperimental study.

Their modal parameters are determined by experimental modal analysis. A novel triangular
slotted ultrasonic horn has been made, which doubles the wibramplitude from the
transducer and can provide a contact surface for mounting tissue mimic samples, having
larger contact area than the output surface of the transducer. Moreover, a test rig is
designedwith features of providinghigh vibration amplitude uniformity at the horn
contacting surface with samplesll horns are coordinated well with the commercial
ultrasonic piezoelectric transducer, whichmodelledusing finite element methotbr

validating its characteristics

The timéfrequency tempetare superposition principle has besmppliedto experimental
data froma dynamic mechanical analyser festimationof frequencyand temperature
dependent behaviour ofissue mimicking viscoelastic material$:urthermore, the

behaviourof the viscoelastic materials during ultrasonic loading has been experimentally
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characterisedo validate the assumption die time/frequency temperature superposition
principle Therefore, this validated principle provides a unique way of estimatingrialat
viscoelastic properties over time/frequenegriations which is applicable for power

ultrasonic vibration.

Experimental procedures for namvasive fullfield displacement,strain stressand
temperature measuremerdf ultrasonic fields in theviscoelasticsamples are described
and developed. These techniqaesbase on digital image correlation, thermograpic and
acousteoptic principles which utilisean ultra-high speed cameraninfrared camera and
a laser interferomet respectively to map ispplacementstrain stressand temperature
fields. Becauseconventional measuremesity probe position within the materiahnalter
the wave propagain within the materialsthese nosinvasive fultfield measurements

havethe potential for accurate power ultrasonic field measurements.

Finite elementodek for simulating ultrasonic wave propagation in the mate@aldtheir
thermemechanicabehaviourduring ultrasonic loadingpavebeen created. These models
feature accurateepresentation®f elastic andviscoelastic materials subject to power
ultrasonic excitation. They can be used as rapid virtual prototyping tools with reliable
knowledge of the transmission materials employearthermore,analytical moded are
presentedo analyse the ultrasonic wave propagatioelasticmaterials.The results from
theseanalytical moded are compared withthe results fronfinite elementmodels and
experimental studiet showthat experimental and numerical datarrebte well in this

application.

From the preminary work described in thisheésis, the fulfield norinvasive
measurement technigsiandthe numerical methods can be used as a solid basis for further

investigation into power ultrasonic tissue interaction.

1.3 Overview of the Thesis

The projecthasfive individual parts, including dynamics, materialgperimentsfinite
element analysjsand esultsand conclusions. The structure of the projectsisown as

follows:
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Chapter 2L iterature Review

This chapter presents a raewief ultrasound, especiallptroducingcommonindustrial and
clinical applications of high power ultrasound and the effettdtrasound on tissué&rom
this review, the thermal and mechanical interastioh power ultrasound with tissue
emerge as the main mechanssfar the efficacy of the applicatiorinvasive and non
invasive measurement techniques for characterisatiorthef power ultrasonic induced
effects are described, which highlight the relative riteeof noninvasive methosl for

quantifying high power ultrasonic fields.

Chapter 3:Power Ultrasonic System Design

This chapter describes tlhesign procedure of power ultrasonic components by the use of
finite element analysis for the ulsanic expernental preparationFirstly, a brief
introduction andinite element analysisf the piezoelectric transducer are described. The
finite elementmodel of he transducer demonstraielongitudinal modeat the resonance
frequency and show good match withx@erimental analysidNext, the theoreticalfjnite
elementmodellinginvestigation into the use of ultrasonic heimdeveloped andalidated

by experimental modal analysising a laserDopplervibrometer.The model accurale
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predics the performancef vibrating hors. Finally, a paver ultrasonic test rig is made
facilitate theloading of samples

Chapter 4Tissue Mimicking Materials

Following the introductionof tissue mimics, Chapter donsiders in greater detdihe
experimental characterisati of the viscoelastic behaviour of the materials during dynamic
loading. Firstly, the biological tissue properties greesented. Nextjssue surrogates are
manufacturecaindapplied and their general properties are revieamdisummarisedrom

the literature. Then,their mechanical and thermal propertieand frequencyand
temperature dependency are characterised by static mechanical, thermal and dynami
mechanical tests respectively. Finally, the experimentalidatsed to explain and model

thebehaviour othesetissue mimics under ultrasonic loading.

Chapter 5Non-invasive Field Measurement Techniques and Numerical Models

Since the experimental setip for ultrasonicloading of tissue mimicking materialsvas
successfyl norrinvasive field measurement techniques are developed to quantitatively
characterise the ultrasonic effects by measuring and calculating the displacement, strain
stress and thermal field&n experimental investigation combining the use of digital image
correlation andin ultra-high speed camera is described the accurate characterisation of
displacement and strain fields generatedthm power ultrasonic system in hard tissue
mimics. The experimental principde requiremerg and procedue are illustrated.The
detection of temperature increasecurring in the materials duringtrasoundexposure
using an infrared camera is presentedragher norcontact method to displagsually the
images of thermatadiation Thermemechanicaleffects are introduced to explain the
temperature rise of the materials during ultrasonic loadmgddition,the application of

the acoustaptic effect combined with laser interéenetry forstresdield quantification is
presented to characterise the power ultrasonic wamgagation in transparesbft tissue

mimics

Finally, chapter 5describes the creation of numerical modelsluding analytical and
finite element models. Thanalytical models created usiMathematica software provides
full-field displacement and strain maf$e displaement, strain and stress produdsd

steady state longitudal ultrasonic wave propagation imiscoelastic materials are
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calculatedusing the finite element software pagesABAQUS and PZFlex Due to the
different time scales in mechanical and thermal simulatiors hard to do a coupled
thermoemechanical analysis dhe power ultrasonic vibratiorof viscoelastic materialby
writing use subroutines with ABAQUSThereforethermal responses are obtained using
PZFlex by calculating thbeeat generatiodue to mechanical loss during ultrasonic loading
and heat transfer due to convectibfaterial properties assigdto numericalmodelsare

determinedrom the experimentatharacterisatiom chapter4.

Chapter 6Measurement of Ultrasonic Fields and Correlation with Numerical Models

This chapter presents theexperimental results of noninvasive ultrasonic field
measurements, which shaxcellent agreement with numerical simulations. The possible
ressons for the material behavioduring ultrasonic loading areliscussedand several
factors affecting field profiles are investigated. Furthermore, accurate mapping of the
mechanical and themhfieldscan be achieved through finite element medetated using
frequency and temperature dependent material data.

Chapter 7Conclusions and Future Work

It can therefore be stated that the accurate mappingower ultrasonicfields within
viscoelastic solidgan be achieved through rowasive measurements lycombinatian

of digital image correlation witlan ultra-high speed amera,thermal imaging technics

with an infrared cameraand acoust@ptic measurementith laser interferometry
Reliable finite element models for simulating ultrasonic mechanical and thermal responses
can be created with consideration of fireguency andemperature dependdoghaviour of

the viscoelastianaterials under ultrasonic loadinghe platform for chaacterising the
power ultrasonic effects on tissue can be built based on the experimental and numerica
studies. Finally, practical suggestions for furthering the knowledge in this fiid

proposed
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2. Literature Review

2.1 Historical Background

Ultrasound has begmresentin nature for millions of yearsvhereanimds such as whales
and dolphins uselltrasound for rangénding, target identification and communication

ove large distances by transmitting and receiving acoustic waves through water.

Felix Savart, a French physicist and medical doctor, designed the first ever ultrasonic
generator (working at up to 24 kHz), the & wvheel, in 1830[21, 22]. The Galton
whistle, which worked in the range 3 to 30 kHz, was invented in 1876, in an attempt to
investigate the audio threshold of animi@§]. Tuning foks, producing frequencies from

16 to 90 kHz, were developed by Koenig in 1824] for a more thorough study on the

limit of human hearing.

1880 marks a milestone in the history of ultrasonics when Pierre andJReglies Curie
discovered the piezoelectric eff¢2tl, 25]. The development of ultrasonics was stimulated

by the discovery of piezoelectricitipwever itremained a laboratory curiosity for several
decades afterards. In 1896, pioneering work on the theory of sound was published by
Lord Rayleigh, who defined fundamental discoveries in acoustics and optics. The researct
was fundamental to wave propagation and included atomization, surface (or Rayleigh)
waves, moleular relaxation, acoustic pressu@nd bubble collapse which all have

important influence within ultrasoni¢g1].

After the RMS Titanic collided with an iceberg midlantic on her maiden voyage, the
potential of using ultrasonics as a viable means for detecting submerged objects becam
apparent. The beginning of World War | gave further impetus to development of
underwater detection systemsing ultrasonics. Chilowski designed an ultrasonidadev

for the French navy in 1914ubit had weak acoustic intensity. Langevin then adapted
Chilowsk i 6s design to produce piezoelectric

ultrasonic intensities faajoint U.S., British and French ventur2g].

In the inter-war years, innovative work involving ultrasound continued with attention
turning away from large scale inspection within vast regions of the oceans to small scale
probing applications in specific regions of interest, sucla@dications inlaboratories,

factories and hospitals. Na@estructive testing was pioneered by Sokolov in 1920 who
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investigated the possibility of ultrasonic detection of flaws and voids within manufactured
components[27]. The potential of ultrasound in medicine as a diagnostic tool was

investigated independentin the U.S. and Japan byZ4&®

The destructive ability of ultrasoundas first noted by Langevin. Initial pulse echo
investigations at frequencies of 150 kHz were found to Kill fish that were insonated with
the ultrasonic bearf28]. Industrialprocesses using high intensitypmwer ultrasounthen

began.

2.2 Power Ultrasonic Applications

2.2.1 Power Ultrasonic Applications in Industry

Power ultrasound hasbn used in industry for materigdeocessingmetals, eramics and
plastics)for almost centuryand in medical applicatiorfer dental and surgical procedures
for more than half a centuf20]. Early power ultrasonic applicatioms industryincluded
machining, cleaningnetaland plastiavelding and solderinfR9].

Initially, material removal by ultrasonic energy was introduced by Wood and Loomis in
1927[30]. High frequency vibration was applied twi@rating toolfor removing material
from theworkpiece aided byfine abrasivegrains inslurry that flows freely between the
workpiece and the tool.[31]. The tool vibrates at a resonance frequency with low
amplitude, which provides a velocity the abrasive grains. Cyclic impacts of abrasive
particles produce stresses, which canggrochiping and erosion of the workpiesarface.
Ultrasonic machinindhas provedeffective for machininghard, brittle materialssuch as
alumina, ceramics and gla29)].

Ultrasonic cleaninglatedback to theearly 1950s Ultrasonic cleaners began being used in
industry in about 1950, and came into use in relatively inexpehsiuseholdappliances

in about 197(032]. In the ultrasoniccleaning processhe equipment, normally operating

in the range of 20 to 50 kHz, produces ultrasonic waves in the cleaning viloee
industrial components (metals,agbes,ceramicsand plastics were placed.Cavitation

occus when high frequency alternating pressure tears the liquid apart and leaves behinc
many microscopic voids which growo ta certain size, then collapse, causing high
instantaneous temperatures and pressiifas.implosion of cavitational bubbles removes

surface dirt and contaminants on the workpif2@.
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The ultrasonic metal welding process was in the stage of research and development b
1955. It found original acceptance in the semiconduattustry for welding of miniature
conductorsAfter that, the technique was used widely in many fields, such as automotive
engineeringand manufacturing processebhe main advantaged oltrasonic metal welds

are low heating andthus relatively low distotion. As the welding temperatures are
typically below the melting temperatures of the metal, the technique helps to avoid
brittleness and formation of high resistance intermetallic compounds in dissimilar metal
welds[29].

In the 1960s,the practical application of ultrasonic welding used for rigid plastues
developed A patent was awarded in 1965 to Robert Soloff and Seymour Linsley, who
contributed to the invention of ultrasonic weldij83]. Welding of plastics using
ultrasonics is typically usedor small parts in packaging, toys and many othdise
process involveshat ultrasonically induced heatelts the plastic workpieceprecisely at

the interfaceto join and bond them togethevithout indiscriminate heating of the

surrounding material.

The original work of ultrasonic soldering was done as early as afd6patents were
issued in Germany in 1938 and 1939]. Ultrasonic energy is used to solder materials to
form a joint in the process of ultrasonic soldering. It is fundamentally similar to ultrasonic
cleaning with cavitation in molten soldier eroding surface oxides and exposihg metal.

The difference olltrasonic soldering and welding flse presence or absenata filler

material

Fig. 2.1 schematically illustrates the ultrasonic material processing in machining, cleaning

and welding.
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Fig. 2.1 Ultrasonic materials processing (a) machining [35] (b) cleaning (c) welding [35]

With advancements in matesaltransduction methods and electronics, modern power
ultrasonic applications have expanded, spanning fditing, motors, food cutting,

sonochemistryand many others.

The drilling-cutting action of ultrasonics was observed by Wood and Loomis in 1927, but
it was not further exploited in thelfowing years until the issuef British Patent 602801

to Balamuh in 1948.Ultrasonic drills were produced by several equipment makers by the
early 1950s[36]. From 2008, ultrasonic drilling devices weredesigned and used by
NASA to bore through rock for a planetary exploratsith advantages otheir weight
saving miniaturisationand low axial load requireme87]. An ultrasonic driller is a
boring device, which utilise vibrations to hammer its bit through matetratsrporation

of torsional motion to the longitudinal ultrasonic vibration during drilling procebass
shownimproving cutting removal anthcreasedrate ofdrill penetration. Cardoni et al.
developed ultrasonic rock sampling devices by use of longituthrsibnal vibrationgFig.

2.2). The devices enhance drilling/coring performance during drilling and corirgydest
sandstond38]. The ultrasonic bit waslesigned for the attempt to generatambined

longitudinattorsional mode vibration.

Widely used in autdocusing lens systems in cameras, small ultrasonic motors provide
high holding torque withminimal noise, absencef electromagnetic interferencand

higher efficiency at low velocity compared with electromagnetic mot@9-41].
Ultrasonic motors are divided into two categories depending on the principle that generates
the energy to move the drive: a travelling wave motor and a standing wave Bpto
coupling longitudinal and torsional ultrasonic vibration, the standing wave motor uses one

rotor and two stators to produce larger output torque. Two stators generate two orthogona
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vibrations excited by a longitudinal transdudeérPZT) for longitudnal vibration and
torsional transducefT-PZT) for torsional vibrabn (Fig. 2.3)[42]. The surfaces of the
stators transfer the generated vibrations through friction forces to the rotor, which produces

the rotation.

Adjusting Ring Rotor
L-Mode l [
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Stator L-PZT T-PZT

L

T-Mode

Fig. 2.2 The architecture of an ultrasonic
drilling/coring system [38]

Fig. 2.3 Sketch of a longitudinal and
torsional motor [42]

Power ultraenic cutting systems revolutionised the food industry in 1990s by improving
cut quality and accuracywith minimal wastage of food materi§d3]. Ultrasonic food
cutting process involves a vibrating blade producing a nearly frictionless surface to which
food products do not stick nor deforiovey and Mason reviewed the ultrasonic cutting
technique inthe food industry, described the ultrasonic cutting process, driving machines
and knife blades, and discussed the benefits of ultrasonic food cutidig A
superposition of the cutting movement of a blade and the vibrational movement generatec
by ultrasound makes cutting of food with several advantages @8 reduced smearing,

low product lost, less deformation, less tendency to shatter for brittle products and being
able to handle sticky or brittle foods. It finds popular uses in cutting of fragile,
heterogeneoudfatty and sticky foodstuffs sticas cake, pastry, bakery productnd
cheeseg45]. An ultrasonic cutting system designed by Sonics & Materials, Inc. with a
guillotine blade to cut different kds of food, is shown in Fig. 2.p6].

Sonochemistry is when power ultrasound is applied as an energy source to provoke
chemical activity.ln 1927,Loomis first observed the chemical effects of ultraso(#d,
which derive principally fom acoustic cavitationDuring the 1950s and 1960s)any
studieson cavitationculminated ina relatively detailed understandiing sonochemistry

Although the field of sonochemistry lay fallow for nearly 60 ye#ns, renaissance of it
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occurred with commercial availability ofinexpensive and reliable power ultrasonic
generators in 1980sSonochemical reactisndo not generallytake placeduring the
ultrasonic irradiation of solids or solghs system, but occum liquids, wherecavitation
effeds can beproduced by high frequency alternating pres$dé. In Fig. 2.5,a titanium

rod vibrating at 20 kHz iges rise to a cloud of cavitating bubbles that emit flashes of light
and house an array of @mical reactioa[49]. Micro-bubbles g formed at the beginning

of cavitation and grow until they reaelcritical size, several times larger than their initial
size, before violently undergoing collapse. According to the generally more accepted hot
spot theory, the diffuse energy of the sound is concentrated in cigmiseful energy.
The high temperature and | ar ge wherebsbblesr e
collapse induce sonication of water iffland0 "Qadicals and the production of hydrogen
peroxide O U ) [50, 51]. Power ultrasound can contribute to electrochemistry and green

chemistry together with water and sewage treatirietht

Fig. 2.4 An ultrasonic food cutting system Fig. 2.5 Cavitating bubbles [49]

Other establishedndustrial applications of power ultrasoniceclude metal working
processes such &rming [53] anddrawing[54], degassing55] and homogenizing56).

The power ultrasonic metalworking processes have lots of advantages such as force
reduction, surface improvemerdnd cost effectiveess. The techniques of power
ultrasound make the applications of degassing and homogenizing reliable, of easy use an

energysaving.

2.2.2 Power Ultrasonic Applications in Medicine

Ultrasound is widely used in a variety of medical procedures including diagnosti

therapeutic and surgical procedures. Diagnostic ultrasoasmda nofinvasive tool in


http://www.hielscher.com/ultrasonics/technolo.htm?gclid=CIHD4ZSZu7UCFZTHtAodNQ8AcA#Ultrasonic_Homogenizing
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clinical medicine is now applied extensively to visuaéiton of muscles, tendons and
many internal organs to obtain their size, structure and to identify any ptadlesions

[57]. Due to the low power (<0-8 W/cnf) and high frequency (20 MHz), ultrasound
employed in diagnostic applications such as obstetric sonograggogrBultrasonography,

and Doppler echocardiography has no destructive effecteeoscanned biological tissue
Therapeutic applications of ultrasound in physiotherapy have been extensively used in
clinical practiceand other therapeutic applications of ultrasound includenteat of
tendon injuries, stimulation of bone repair, haemostasis and the targeted delivery of drugs
[58, 59]. Similar to diagnostic ultrasound, therapeutic utital in these applications are
high frequency andt low or intermediate intensity levelable 2.) and causes minimal
damage. In contrast, high power ultrasound in medicine tends to permanently affect the

biological tissue.

Table 2.1 General characteristics of ultrasound used for different therapeutic applications
[60]

Therapeutic Frequency| Intensity | Pressure
Applications (MHz) (Wicn?) | (MPa)
Physiotherapy 1-3 1 <0.5
Haemostasis 1-10 100-5000 5

Bone growth stimulation 1.5 0.03 0.05
Drug delivey Upto 2 Various 0.2-8

Lithotripsy hasbeen agrowing application of ultrasound since 19&1], for the physical
destruction of hardened nsessuch akidney stonesnd gallstonesThe utrasonic vaves
used in ithotripsy (frequency at 0.25 or 0.5 MH®(]), called highenergy shock waves,
are targeted at th&onesfrom outside the bodgausing them to fragment. The stones are
broken into tiny sandike pieces, which usually pass easily throutje ureters and
thecystic duct.Due to beingthe least invasivetone treatmentnethod it has become a
standard treatmef62].

High intensity focusediltrasound (HIFU)an application of ultrasound with aintensity

over 1000 W/cni and a frequency of 0:8.5 MHz, is a nofinvasive surgical technique

for the ablation of regions of target tisssiech astumours, without adversely affecting
healthy surrounding tissue. The first work to consider potential HIFU applications was
published in 194363, and demonstrated that focused ultrasound beams could produce
regions of highly localized biological effect. Fry et 4] used HIFUfor treatment of

Par kinsonds di s e a slanage osingdlRUe(Figl 2.6) dhcompask tw® S U €
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main processes: conversion of mechanical energy into heat and acoustic cavitation
Focusedultrasound beams from the concave oscillating piezoelectric transduaes
concentrated othe target tissue. As the woundbeamspropagatehrough thetissue,

part of ultrasonic energyis absorbedby tissueand converted tdieat. With focused
ultrasound beams very small focus can be achieved deep in tisssigsificant energy
deposition at the focusads to coagulative necrosiktissuecausing irreversible cell death.
Cavitation resuf in cell necrosis induced through andbination of mechanical streasd
thermal injury[65, 66]. The use of HIFU for treatment of cancer was first suggested by
Burov in 1956[67]. Now, itis widely used in various cancer therapadiver, prostate,
bladder, kidneyandbreast etd65, 66, 68]. From the clinical outcomes, HIFU has been
demonstrated to be effective in tumour ablation laash lower sideeffect profile tharthe

traditional surgery.

‘Lesion’ of Coagulative
Necrosis at Focus
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Tumour
Fig. 2.6 A schematic representation of HIFU lesion production [65]

Studies on the potential use of power ultrasonics in clinical proceduresasisdgft and

hard tissue cuttingor dissection and dentdlygiene procedures were firshdertaken
during the 1950$69, 70]. The power ultrasonic devices were used to cut, shatter or scale
hard tissue or to dissect and emulsify soft tissue in surgery. Conventional surgical
instruments for bone cutting such as busaws and chised, offer limited accuracy and
manoeuvrabily to surgeong71], and electresurgery for soft tissue dissection vaporizes
the tissue with excess heatngeation, which an damageadjacent tissug72]. Ultrasonic
surgical tools are safer and more effective than other instruments, becausgddise
control, accurate and high quality cutduced cutting forces, limitedebris, reduced

bleeding and avoidance sfirrounding tissue damage.
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2221 Dentistry

The use of ultrasound in dentistry is one of mestwidespread power ultrasonic surgical
applications. Power ultrasonic devices are capable of refining cavity prepafaBion
removing deposits from the tooth struct{ird] and assisting endodontic treatment such as
locating calcified canals, removal of intracanal obstructions aneerabpreparatiofi75].

An industrial ultrasonic drilling machine wéisst used to cut cavities in extracted teeth in
1952[76]. Based on pioneering work by Balamuyi#v], oral prophylaxis using ultrasound
was first reported by Zinner in 199%4], while Richman first introduced ultrasonics to
endodontics in 195[78].

The eary uses of an ultrasonic drill required an abrasive slurry of aluminium oxide to
assist the process of cutting or grinding enamel and dentine was reported bynPieshie

[79]. At tha time, due torelatively slow action and the absence d#ficeent suction
apparatus,ultrasonic cavity preparatiodid not competewith the more effective and
convenient high speaedrill [80]. The potential of ultrasind was exploited by Zinner as a
scaling instrument for the removal of dental plaque and calculus from the surface of teeth
[74]. By 1957, widely accepted dental use was established by Johnson et al. d&ao ma
ultrasonic scalin@s a rapid and simple alternatipgd, 82]. In endodontic themy, power
ultrasonic instrumestwerealso notrecognsed until Martin demonstratetheir ability in

the cleaning and preparation of root canals before filling and obtur@8ynCurrently,
although ultrasonic cleaning baths are available for the cleaning of dental instruments
before sterilization, the main use of power ultrasound in dentistry is for dental scaling to
remove calculus from teeth, root planning of teeth, and raonalctherapy[84-86]. A

modern ultrasonic dental scaling systieom Mectronis shown in Fig. 2.787].

Fig. 2.7 An ultrasonic dental scaling system from Mectron [87]
2.2.2.2 Soft Tissue cutting

For cutting and ablation of soft tissues, such as blood vessels, the acknowledgec
advantages of an ultrasonic surgical instrument are s&88ly precision[89 and



CHAPTER 2 LITERATURE REVIEW 21

improved haemostasj90] [20]. Especially in minimally invasive surgery, the technique of
ultrasonic dissecting without blood loss is of paramount importg@te There are two
main types of utasonic devices used for soft tissue cutting or ablation including ultrasonic
cavitatioral aspiratordor removing cataracts ithe eye and debulking solid tissues, and
ultrasonically activated dissecting and coagulation devices with sharper tips @pat&

kHz for directly cutting an@doagulatingissue in general or laparoscopic surgérj.

In 1967, Kelman reported the use of a combination of power ultrasound and aspiration for
fragmentation of human tissaedremovalof the fragmented particlesvhich is the first

study describingens phacoemulsification in cataract surggr§l. In 1978, Flamm et al.
studied the effects of ultrasound on cat brain and spinal cord tissue, and concluded tha
ultrasonic cutting was effective in fragnation of tissue with significant water content
[92]. In the 1980s,Wuchinich et aldeveloped lirasonic aspirata; which were suitable

for endoscopic surgefp@3] andextended the technology to the removal of tissue, such as
brain neoplasms and other tunms, previous} resistant to attack fromibration[94]. In

1994, Amaral developed an ultrasonically activated scalpel for laparoscopic usamsing
animal model and proved the efficacy of a haplatula blade oproducing bothcutting

and coagulation88]. Nowadays,an ultrasonic surgial system(Fig. 2.8) facilitates
difficult procedures minimises intraoperative blood lossauses minimal tissue injury,
improves intraoperative visualetion with absence of smokeeduces costfime and
intraoperative instrument exchand®g combininggrasping, cutting and coagulation into
one integratedool set, andis safe to both the surgeon and patiéltie popularityof
ultrasonic surgical systens growing Fig. 2.9illustrates the clinical proceduregth the
highest growth in the application of ultrasonic surgical systeeteeen2003 and2008

[95, 96].
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2.2.2.3 Bone Cutting

Ultrasonic surgical devices for cutting bone can be used for osteotomy, osteoplasty,
drilling, shaping, and smoothing of bones in a variety of surgical procednohsiing
general, ahopaedic, maxillofacial, oral, land, foot, neurosurgical, spine and
plasticfeconstructive surgery. The advantages of the ultrasonic device in bone cutting
include high precision cut, less damage to both soft and hard tissues, quicker recovery

times thantraditional saws or burs and safee.

Longitudinally vibrational cutting tools operating at high frequencylZ6kHz) for
biological materials were made and described by Vang dating back td 5% he first
ultrasonic cutting instrumennémed adJRSK 7N, designed by Loshilov) used in bone
surgery was reported by Gird[71]. The instrumenbperating at a frequency of -3
kHz with amplitude of 5@ was tested for transaction, rejoining and sawing of biological
tissue by Volkov and Shepeleva in 198%]. They concluded that orthopaedic procedures
could be facilitated with the help of ultrasonic cutting devices after conducting 311
operationg97]. Polyalov did cutting comparisotests on bone using the instrunsenith

and without superimposed ultrasonic vibration and found that ultrasonic vibration exciting
the instrumenin longitudinal resonantconditions could greatly increase the cutting rate
and reduce the applied pressuf88]. Sincethe 1980s, scientists havgeen deegloping
ultrasonic bone cutting instrumerdasd bone cutting systemeg. Fig. 2.10) These have
interchangeable tool tipeand anirrigation system to limit cutting temperature. The
advantages ofhese devices identifiethe successful us#rough studiesin small bone
cutting [99, 10Q include precise bone osteotonf{t4], reducedcutting damageto bone
[101, 102 and adjacent soft tissfi@02 103, reduced bleeding by promoting coagwati
[104 and ease ofise atthe surgical sitef105. The claimed liming factorof ultrasonic
bone surgery is that ihcreasesoperative timecompared tdraditional technique§105
109.
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Fig. 2.10 An ultrasonic bone cutting system by PIEZOSURGERY® medical, Mectron [107]
2.3 Power Ultrasonic Effects on Materials

2.3.1 Introduction

Physical effects can be created in vari¢adid, liquid and gashedia by ultrasonic waves.
Although physical laws governing the propagation of ultrasound can be used to describe
the effectsof ultrasound in the medi#he biophysical effects of power ultrasonic wave
nonlinear biological tisues are difficult to chaacteri®. The interaction between an
ultrasonic surgical device and biological tissue is poorly understood, although considerable
efforts have been made towarstsdying aspects such asechanical and thermal effects,

and the cutting ability of devic4081164].

2.3.1.1 Power Ultrasonic Effects of Solid, Liquid and Gas

Graff discussed thenajor physical effects of ultrasound on solids, liquids and gases
process applications of power ultrasonigsk When a vibrating toolis pressed against a
solid material physical effects ofurface and bulk stressingccur. The most coomon
surface stressing effect is thaft friction reduction between the vibrating surface and the
loadin drawing and rolling processeBulk stressing has been considered as the basis for
many power ultrasonic processes. The induced stress level entdne lrause of brittle
fracture in slurry drilling and enhance dislocation activity in certain forming. In welding of
plastics, where melting is found, it can be considered that the heating of material comes
from ultrasonic bulk stressin@he cavitation, reerred as the growth and collapse of small
bubbles in a liquid under the cyclic phases of rarefagtmmpression occurred during

ultrasonic vibrationjs the main physical phenomena associated with ultrasound in.liquid
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Acoustic streaming is another phemenonin ultrasonic interaction with liggd, which is

of lesser importance than cavitatidihe phenomenon of acoustic streammghe intense,

local circulation and vortex flow fields observed near the contacting surface of the
vibrating tool. These fietls can enhance the rates of heat and mass transfer in ultrasonic
processesA net radiation pressure was the main findiiog a power ultrasonictool
radiating into a gag?].

The mechanism of material removal in ultrasonic machining, well documented by Thoe et
al., was summarized as mechanical abrasion by direct hammering of abrasive particle:
againsta workpiece surface, micro chipping by impact of the free moving abrasive
paticles, cavitation effects from the abrasive slurry and chemical action associgted wi
the fluid employed. The effects of the abawechanism result in material removal by
shear andracture and displacement of the material atsiinéace byplastic defomationin

the ultrasonic machining procep4. Similar mechanisms were fodrin tissue removal

and damage using power ultrasonic desice

Humphrey reviewed the physical interactions betwekrasound and various fluids and
thesewere categorized into fundamental physical effects, ultrasonic heating, cavitation and
secondary effets. The fundamental physical effects due to wave propagation included
particle motion, energy deposition, transmission and reflection, and namprepagation.
Secondary effects involved radiation pressure and streaming. The main changes in a fluic

medum produced by ultrasonic propagation were outlined as heating and cayitaffhn

2.3.1.2 Power Ultrasonic Effects of Biological Tissues

The response of biological tissue to ultrasound is quite variable and depends on the

acoustic and biological propertieéthe tissueas well as location and function of the tissue

[119.

Power Ultrasonic Effects of Soft Tssue

Both mechanical action and cavitation at theofiphe ultrasonic surgical devidave been
suggested as the mechanism of fragmentation during cataract surgery by Ectfdfer
Rosenschein et al. developed an experimental ultrasonic angioplasty aledamncluded

that mechanisms of ultrasound in percutaneous ultrasonic angioplasty primarily included

direct mechanical effects and cavitatiobut theremay also be thermal effects and
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generation of mi@currents at the cellular levgl2(. Amaral found the mechanical and
thermal effectof an ultrasonically activated scalpelgholecystectomyn producinghe

best mix of both cutting and coagulation[88]. Bond and Cimino reported that the
mechanism in soft tissues is predominantly related to mechanical impact of direct shear,
pressure wave componerdad acoustic streaming13. It can befound that the main
effects of soft tissue to ultrasonic vibration amechanicaleffect, thermal effect and

acoustic cavitationwhile secondary effedhcludes streaming.

Power Ultrasonic Effects of Hard Tissue

Cimino and Bond described that the mechanism of bone andtisatee removal in
ultrasonic cutting applications cannot be the sama aseft tissue$110 111]. The effects

of ultrasonic vibrationin bone surgery involved meataal cutting, fatigue failure of
oskotome parts and high temperat(ivd]. Micro fracture along with mechanical jract

and shock wavem a fluid were also more likely to occur in the bone and hard tissue
removal in ultrasonic cutting applicatiof80]. Therefore, the main effects of ultrasonic
vibration of hard tissue are both mechanigadpact and wave propagatioahd thermal

effects.

Barnett et al. summarized thatechanical and cavitation effects amme independent
biological responseto ultrasonic exposurbut thatthe thermal effects time dependent.
However, the magnitude ofi¢ resulting effects dependent on the duration of exposure

for any mechanism onathreshold value has been exceeelf.

2.3.2 Direct Mechanical effects

Direct vibrating contact between the oscillating horn btade tip andbiological tissue
results in fragmentation arablation of materials into microscopic particléshe tissue is
not fragmented in one vibration cycle, repeated impacts may.dd@ro-damage may be
progressively induced in the tissue applying power ultrasonic vibratibrasonic vaves
can be delieredto the tissue by direct contact with thescillating horn oiblade tip[20].
Thereforethe mechanical interaction of the ultrasound withtis®uecan be considered as

producing ultrasonic wave propagation affi&ct of mechanical forces
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2.3.2.1 Ultrasonic Wave Propagation

Small amplitude ultrasoniwaves propagating through medis inear elastic waves result

in particle oscillations laout their equilibrium positianin ideal fluids and gases, only a
longitudinal mode exists, where particle displacements are parallel to the direction of
ultrasonic propagation. Elastic solids can acemdate transverse waves (where particle
displacements are perpendicular to the direction of propagation) as well as longitudinal

waves.

Biological tissues are viscoelastic solids, where both longitudinal and transverse waves cat
propagate. Howevesimilar to fluids, only longitudinal waves aref significance in soft
tissues because shear waves are highly attenuated at ultrasonic frequenclesd
tissuessuch as bone, both longitudinal and transverse waves should be congldé&red
121].

The equations ofongitudinal and sheawaves propagation in an isotropic linear elastic

solid can be obtained as following,

T o .
” . . "O :y' 2.1
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whereo6 denotes the elementary particle displacement vegtghulk modulus) andO

(shear modulus) amdastic constantandy denotes the Laplacian operator

If the crosssectional dimensions are much smaller than the wavelength, only a
longitudinal stress componeist considered along the propagation directioradaflender
bar (a bar whose crossectional area is considerably smaller than its Ilgngthe
mathematical expressions for the transmission of plane waves through inviscid fluid
medium are very similar to transmission of longitudinal waves along the Tinar.

governing differential equation is
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whereo is the longitudinal displacement of a particle in the bBadwis the particle

displacement at theeference orientation

Under the assumption that the crsgstional dimensions of the bar are much smaller than

the wavelength hie bngitudinal wave propagation velocifycan be obtained by
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If the crosssectional dimensions are comparable with wavéength, wave propagation

velocitiescorresponding to the case of longitudinal and shear wave modes are given by:
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where® is the longitudinal wave propagation velocidy,s the shear wave propagation

velocityand’ i s t he Po[i2§.sonds ratio

Equation2.5 has been used extensively to predict the elasticity of cortical (compact) bone
[124). It has also been suggested that in a cancellous bone a wave travels along eac

trabecula with the bar longitudinal wave veloditp5.

2.3.2.2 Effects of Mechanical Forces

Tissue fragmentation and ablation are related to the effects of mechanicalvibichs
include direct mechanical impast and shearing stres$l11l, 12€. For phace
emul si fication, it is thoughthatmmetr 6r e d &
higher frequency (40 kHzZ)an make the cutting smoothdan at a lower frequency (i.e.

20 kHz) [20]. In neurosurgerywith the help of power ultrasonic vibratiothe tisue
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fragmenting adbn occurswithout signifcant manually applied pressurgvhich can
minimise unwanted damage and the pulling and distortion of surroutidguwee[109. It

was observed by Cimino et al. that therntip peakto-peak displacement, which
influenced the applied pressure, was one of the most significant operating parameters
affectingthe rate of soft tissue fragmentatioBy adjusting the tip amplitude, the surgeon
could choose a sufficient level of fragmentatj@d(j. Khambay et al. recorded the applied
force during bone cutting bgn ultrasonic chisel and concluded that low force was a
contributor to optimum cutting with higprecision[112 113. The use of vibration forces

to create a O6micr oc hiBapmuthetd@l foe fisfue eemoval in  d e
dentistry[73]. In various soft tissues, the effect of mechanical forces in tissue ablation is
thought to be shear forces, which result from differencerceftevels across the boundary
between horsip and the surface of soft tissu¢®0]. Frog and Fill described that
ultrasonic penetration by high shearing stresses nearhtre tip can lead tdlow and
creation of a viscous fluid lay¢t27]. Further tissue disruption may be due to the induced
shear forces, particularly ihe presence oécoustic streaminghere forces will be greatly
magnfied [126)].

It is found that thenechanismof soft tissue removal for ultrasanapplicationsmainly
includes mechanical effects of direct sheand impactand ultrasonic wave components.
The mechanism in hard tissue is predominantly related to the mechanical impact and

micro-fracture induced by stress waves.

2.3.3 Thermal effects

Another effect observedh the power ultrasonic surgeiy ultrasonic heating, which is due

to the absorption othe ultrasound wave energyhd the mechanical frictionbetween an
ultrasonic surgical tip and tissudhermal effect aresignificant contributos to tissue
damagesuch agprotein denaturation and necrof2§]. Denaturation occurs wheproteins

in tissue and blood undergo areversible physical changs an elevated temperature of
more than @3 . Changes in protein folding arrangements occur when tissue is heated and
then denaturation happens when the heating is severe, causinglyiokage, changed
hydration levels and other properties chanpe3. Protein loses its tertiary structure,
enzymes are no longer able to support vital chemical reactions and cell death or necrosi

occurs[129. Denaturation and coagulation of the protein in sectioned tissue may be
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desirable in certain applications for closing vascular structures and haemostasis, supportin
the cutting process88].

In the process of ultrasonic surgery, an acoustic field is generated by iEsug
interaction. The lirasonic energy is transmitted across ¢batactingsurfaceof the tissue

and into the bulkand athermal effect is generated due to the ultrasonic enbkegyy
absorbed bythe biological tissue. Goldman et al. discussed energy absorption during
ultrasound propagation in tissue. The absorption coefficient of bone was found to be many
times greater than soft tissure their study[13(. In ultrasouneassisted lipoplasty, the
thermal effect by absorption of ultrasonic energy in fatty cells spreadurrounding
tissues which cabe infiltrated by liquids at ambient temperat{it81]. Humphrey[{117

gave expressions ta@lculate the ultrasonic heatinghe acoustic energy removed from the
ultrasonic wave by absorption is deposited in the tissue in the form of heat afjapate

unit mass,

n ¢ O 2.8

where'Gs the intensity of the wave at the measurement locations the absorption
coefficient of the tissue. When the wave propagates througbmegeneous media, its
intensity diminisheswith distance as a result of acoustic absorptidtenuation
coefficientf and absorption coefficient can be generally used interchangeably. The
ultrasonic wave, in the case of a harnoopliane wave, can be charactedsn terms of its

intensity
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where, is the stress/pressure amplitude of the wavs, the density andis the wave
velocity. As a result of the heat deposition, the temperétata point in the field initially

rises at a rate given by

T_"Y q §©)

o "8 2.10

whered is the specific heat capacity at constant pressure. Once the temperature of the

medium rises above the ambient value, a number of processes come into play that result i
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heat being transferred from warmer to cooler regions mainly by heat cammduthe
process can be described by

LY
"6 0@ 2.11
where'Qis the heat conductivity.

The dtrasonic cutting process isccompanied by high temperature on the cutting tool
surface, which is due to the generationfoftional heatbetween the tissue and the
vibrating tip It was observed by Brooks et al. that teenperature producedby power
ultrasonic devices penetrating the bone ramehigherthanthe temperatures generated by
high speeddrills [132. Koch et al. studied the temperature distributionsaft tissue
dissection usinga harmonic scalpel. le maximum temperature elevation was detected
near the bladd115. Amaral concluded that the energy produced abiigh power
ultrasonic dissection system in a laparoscopic application is frictional energy, proportional
to both the vibratiorirequency and the displacement of the instrumeriB&h. Klapper et

al. conducted orthopaedievision arthroplasty using ultrasonically driven tools. The
clinical studies indicated that the absorbed energy due to the friction at the interface of
ultrasonic tip and polymethylmecrylate (PMMA) cement and intermolecular friction
within the cement m@ntle alters the structure and mechanical properties of the cement in
contact with the surface of the working tool bit asaftens the cement. The fiien heat

can facilitate accelerated cement remoyaB3. Dominici et al. analy®d the heat
generationfor post removal in endodontics. The temperatunange produced by the
ultrasoundmay be enough to cause damage to the periodontal tissues and the main
temperature increase was observed at the contact sdifang ultrasonic vibration134).
Similarly, Nicoll and Peters found the increased temperature was mairthealentinal
surface during ultrasonic periodontal scaling procedurestro [135. Thermal mapping

of softtissues duringiltrasonic dissection was performed with an irdtathermal camera

by Emam and Cuschiefl14]. The results demonstrated that the frictional heat produced
during ultrasonic dissectioresults in histologic injury of tissues, whidepemls on the

power setting and activation tinoé the ultrasonic system
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2.3.4 Acoustic Cavitation

When the ultrasonic tip igibrating with sufficient amplitude and frequency, acoustic
cavitation occurs in tissue, typically in liggidnd soft tissue becausetbe large amount

of containedwater. The expansion and collapse of gas bubbles sgsulhe generation of
shock waves[20]. Within a reverberant environment, it is possible to initiate the
phenomenon of acoustic cavitation, because threshold conditions for the onset of cavitatior
are reached easily. Exceptionally high localized pressureseamaeratures are produced

due tothe formation and collapse of bubbles in aqueous tissue.

Propagation of the ultrasonic wave causes alternating compressionrefadtian cycles
within tissue. Cavitation occurs duririge rarefaction cycle, for exaple, when the tip is
retractedand the particles withinthe tissue are farther awalyom one another. If the
negative pressure exceeds the tensile strength of the liquid or tissue, the average distanc
between molecules reaches the critical molecular distamcessary to keep the tissue
intact, thetissue teas apart and bubbles can be formed. If the amplitude otiltin@sonic
waveis sufficient, bubbles in aqueous tissue will experience several rapid expansions to
reach a critical size, several times lardgem its initial size. Aer reaching the critical size

a violent collapse of bubbles ocsUyd36. Within the region of collapse, severitrme
effectscanoccur, such as an internal bubble temperature of 30@pkessure shockwave
emission reaching 6 GHA437] and a jet-like ejection with velocity up to 760000 m/s

[139.

Cavitational efiects in fat tissue resulin cell destruction and fat liquefaction during
ultrasoundassisted lipoplast{139. Coleman etlaconsidered the violent collapse of the
cavitation generated in lithotripsy as contributorto stone disintegration, as well as
contributing toundesirable biological effects such as tissue tra{tdd)]. Brock et al.

found that the jetting effect of the collapsing cavitation bubbles is responsible for the
breakdown of the tumour in brain tumour surgery using ultrasonic aspirafidd).
Theoretical models were proposed by Brujan for pressures generated in cavitation jets
when the bubble collapses close to biomaterials, resulting in fragmentation of dental tartar

or intraocular lensed.42.
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2.3.5 Other Effects

Other effects, such as acoustic streanjitit), 111] and radiation forc¢143, have been
investigated in the literature. Acoustic streaming i8gorous circulatory motion produced
by oscillating bubbles in a sound field and radiation force is a time avei@ge exerted
by an acoustic field on an object. Beeare not direct effectsout secondary physical
effects generated by an ultrasonic field in tis$tiz7]. Generally, although they can
contribute to tissue ablation and fragmentation, these secondary &ffeetacetissuein

a small scale producing small forceslanotions.

2.3.6 Summary

Although ultrasonic effects on tissue can be categorized into several aspects mentione
above, the relative contribution of each of these remains unclear during power ultrasonic
surgery. It require more detailed evaluation, predictivaodelling and experimental
investigation of the tip tissue interaction especially in the cases of -fnéatoire in hard
tissues, energy absorption by tissue during ultrasonic propagationthendamage

mechanism of cavitation.

2.4 Measurements of Ultrasonic Effects

Quantitative characteasions of power ultrasonic effects on tissue are required for
assessing the performance of ultrasonic surgical devibemy researchershave
investigated theeffect of mechanical forces from experimental work and obtained
parameters relating to the damage mechaiiski. These influential parameters include
ultrasonic power, horrgeometry, tip amplitude andip pressure[20]. Temperature
increass have beenestimated using thermocouples to determine the thermal damage
during ultrasonic surgical applicatiofklq. Thepower ultrasonithermal effecbn tissue

is relevant to tissue type, onset of damaging temperature, ultrasonic power setting, type o
horn tip used, length of application time and the effect of instrument pressure applied
during ultrasonic use. Ultrasonic cavitation bubbles have complex dynamic behaviours,
which have beerexperimentally studied by researchers using high speed caihédor
mathematic modelgl38. The cavitationn tissue caused by power ultrasowaré mainly

dependent on tissue water content, applied frequency and power, and tip amplitude.
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Apart from researchestudyingeffect of mechanical forces, thermeffect and acoustic
cavitation during ultrasonic surgeri is necessaryo studythe power ultrasonic wave
propagation in tissyewhich could cause severe damageside tissue.The stresdield
producedby wave propagatiom tissuecan influence its arption of ultrasonic energy
The heat produced by the ultrasonic enafygorptioncanalter the mechanical properties
of the tissueTherefore, the visuakdion of ultrasonic stress field and mapping of thermal
distribution in tssue are necessatty characteris the damage mechanismuring power

ultrasonicapplication

2.4.1 Visualisation Techniques of the Ultrasonic Field

Power ultrasonic field areextremely difficult to characteres as not only can mechanical
impacts cause damage to the measurenmsttumentation being used, but cavitational
bubbles can also destroy or scatter the acoustical signal under investigation. In particular
insertion or embedment of measurement instruments into tissuehaageits structure

and disturb the ultrasonic wa propagationThusmeasurementshouldbe obtained under
norrinvasive conditions. Conducting n@ontact optical measurements in tissue can be

used to identifystress distribution experienced during power ultrasonic applicqtids|.

Firstly, existing methods of experimental characterisation of ultrasonis fieddeviewed.
Secondly, noAnvasve optical methods for visuaiigy ultrasonic field are introduced.
These optical methods are helpful for understanding the physics of ultrasound wave

propagation and the interaction of ultrasound and tissue.

24.1.1 Hydrophones

Traditionally, the principal devices for field charactation of medical ultrasouhare
piezoelectric hydrophongsvhich operatebased on piezoelectricfetts that generatan
electrical signalvhen subjected to a pressure mipa Fibre optic hydrophonesne of the

first application of fibre optic sensing in the late 197046, are utilied to characterise
ultrasonic fields by measuring the phase change of the light travelling in an optical fibre
due to the strains developed in the fibre by the applied ultrasonic pressure. Thérefore,
types of hydrophone for measuring and evaluatingultrasonic wave emitted from an
ultrasonic probe in gases and fluids include piezoelectric ceramic hydrophones,
piezoelectric composites, piezoelectric polyvinylidene fluoride (PVDF) hydrophones and

fibre optic hydrophones.
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Piezoelectric Ceramic Hdrophones

A conventionalpiezaceramic hydrophone (Fig. 2.1tpnsists oflead zirconate titanate
(PZT) as an active piezoelectric element, a backing block and a matching layer. The
matching and backing layers are opsed to widen bandwidth and increase measergm
sensitivity [147]. Two electrodes aréeposited on opposite faceof the piezoelectric
elementto detect and sense the incident mechanical wave and generate the charge withil
the material. A visual representation of the acoustic waveform can be observed as a voltag

on an oscilloscope by amfitiation of the acquired electrical signal.

Electrical
connection
. Backing
Housing~y / mass
. . Electrodes
Piezoelectric

element Matching

layer

Fig. 2.11 Schematic of piezoelectric ceramic hydropone

The early use gbiezaceramic hydrophones was during World War I, by convoy escorts in
detecting Uboats,which greatly impactedn the effectiveness of submaririd<lg. The
hydrophone was designed to have features of relatimen-perturbationat higher
frequency, uniform frequency response over the bandwidth, maintaining reasonable
sensitivity and a good acoustic ingf@ce match to water. Howevehgtstiff and dense
piezoelectriclementalso has the disadvantagd poor acoustic coupling to water, limited
bandwidth and spurious modes dependamiphysical geometry145 149. Therefore,

new materials with improved piezoelectric properties beiderqualities for hydrophone
applicatons, obtained by introducing homogeneities into piezoelectric ceramisd

polymers have been investigated and tested.
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Piezoelectric @mposites

Typically, a piezoelectric composite is a combination of a piezoslens¢ramic as the
active phaseand a norpiezoelectric polymer as the passive phase to form a new
piezoelectric material[150. By changing the ceramic/polymer volume ratidbe
piezocomposite transduceran efficiently transmit acoustic energy into the medi
Compared with conventional monolithic dense materials, piezocomposites have potential
for increased bandwidth, lower acoustic impedarnigher piezoelectric constanend

higher electromechanical coupling-efiicients [15]]. The benefits of piezocomposites
make it a preferential choice for many hydrophone applications, particularly at lower

ultrasonic frequencies.

Coupled with matching layer and backing block technolopids] piezocomposites can

be fabrcated in various congévities such as0i3, 113, 22 and 33 architectures
Connectivity is defined as the number of dimensions through which the material is
continuous and the first digit refeto the piezoelectrically active phasemith reviewed
piezocomposites imltrasonic transducers on various arrangements of connectiaitobs

found 3 and2-2 connectivities are moresefulfor transducer applicatiod5Qq.

Since it was invented by NetheallBzompsiteahds Cr
been studied egnsively. Today,it is the major piezocompositeon the marketfor
ultrasonic transducers, actuators and sengl®d. It can be manufactured by a dicing
process of ceramic with a filleepoxy resinpolymer. In 23 compogies (Fig. 2.12), the
ceramic is cut orthogonally in the form of elongated pillars or rods, connected continuously
in only one direction, which were surrounded by the polymer matrix connected

continuously in 3 directiongl4y.

y / - -
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Fig. 2.12 Schematic of a 1-3 piezoelectric composite
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Although it has improved piezoelectric properties and better qualities thiae
piezoceramic hydrophonehe piezocomposite hydrophoradso perturls the ultrasonic
field when the hydrophoneis insated into the field. However, he problemcan be

overcome byhe useof an alternative piezoelectric polymer, polyvinylidene fluoride.
Polyvinylidene Fluoride (PVDF) Hydrophones

The polymer PVDF haa strong piezoelectric effect for pressure to voltage conversion,
which was discovered by Kawai in 196863. A small piece of piezoelectric PVDF film

can be attached amdectrically contactetb the surface o& hydrophone to work as the
pressure sensitive element of the measuring instrument. The maimagbsof a PVDF
hydrophone over a ceramic one are better acoustic impedance matching condition to wate
and tissue, smaller physical size, configuration in flexible probe and membrane types, flat
frequency response ovex wide frequency. lItis usedas afigold standard in the
characteriation of low intensity medical ultrasonic fields in wafé#5. Due to minimal
disturbance and diffraction effects to the investigated acoustic field, it can be used as ar
alternative in high power ultrasonic applications when used below the cavitational
threshold.

PVDF hydrophones can be constructesing either membrane or needle desi@Rig.

2.13. One design of PVDF membrane hydrophone is known as the -bopported
membrane approach. It consists of an annular frame with a diameter of 100 mm and a ¢
el thick sheet of PVDF stretched and mounted oifte frame. Gold or chromium
electrodes are vacuum deposited at the centre of the film surface to work as active
elements with diameters in the range ofD.2 mm[154]. Due tobeing thin compared to

the acoustic wavelength and vireg a matchedacoustic impedance with water, the
membrane has a negligible effect on an ultrasonic field under investigation. A typical
PVDF needle fdrophone has aactive element made &VDF film (500¢i diameter

and 15¢i thickness)mounted onto the end of leollow cylindrical tube, whichhas a
diameter of 60Qum andis filled with an acoustically absorbing material. The backing
material inside the hollow tube hashigher characteristic impedance than water and the
membrang154].
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Fig. 2.13 Schematic of (a) needle type (b) membrane types PVDF hydrophone

An important advantage of the membrane hydrophone theeprobe device is that the
connecting cable does not pass through the ultrasound field. Consequently, the hydrophon
neither perturbs the field nor adds to the received signal as a result of piezoelectric activity
in the cablg159. A needle hydrophone is more suitable for certain applicatiorntro

and measuring field distribution in confined spaddss] .

The main drawback of PVDF as a hydrophone is its susceptibility to noise. The
cavitational activity and temperature rises induced in power ultrasonic applications can

readily damage PVDF hydrophones.

Fibre Optic Hydrophones

A fibre optic hydrophone congssof light from a laser diode coupled into a glass fibre with
the end placed into the load medium. A fibre optic hydrophone is also referred to as a lase
optic probe hydrophone, in which the ultrasonic pressure wave modulates the refractive
index of thefluid in front of the tip of the fibre, leading to a change in reflectivity that can
be measured with a photodiode at the other end of the[fib#&. A more subtle design

has a thin polymer filndeposited onto the frowif the tip of the fibre to sendke acoustic
change. The photodiode detects the light reflected back along the core from the
polymer/medium boundary. This type of fiboptic hydrophone (Fig. 2.14) works on the
principle of interferometric detection of changes in the optical thicknfesgton polymer

film at the tip of the optical fibre sensor downldad?].
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Fig. 2.14 Schematic of a fibre optic polymer film hydrophone

Power ultrasonic field measurement by fim@tic hydrophones has the potential to
overcome some problems associated with conventional cergmeirocompositeand
PVDF hydrophones. A fibre optic hydrophone has small element size and significantly
higher sensitivity than others of comparable dimensions. In addhbeng capable of

resistance to bubble collapsemiay withstandtavitationactivity [157].

Summary

Although various hydrophones are available for ultrasofidd mapping, many
hydrophones suffer from a lack of uniform response over a wide range of frequencies
while still maintaining sensitivity, particularly below 200 kHz where power ultrasonic
applications operate. Furthermore, any measurement device muebuls enough to
withstand the vibratin associated with high power ultrasound measurement. To attain
increased levels of sensitivity, spatial resolution andineasiveness, hydrophone desce
are generally quite delicate and fragile in nature, whichlma easily damaged by power
ultrasoundThusthere islimited literature on the use of hydrophones for the measurement
of acoustic fields generated by high power applicat[d4§]. Finally, & hydrophones are
designed to be used in gases or fluid, theyparer for measuringultrasonic fields in
solids. Therefore, it is necessary to conduct the measurements usifgvasive

techniques.

2.4.1.2 Non-invasive Techniques

To remove the perturbation caused by a hydrophone, quantification of the ultrasonic field
can beperformed withouthe insertion of a sensor. Several optical methods are available to
provide information of ultrasonic fields without physical interaction, including Schlieren

photography, interferomgtand digital image correlationith an ultrahigh speed camera
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Schlieren Photography

In 1935, Raman andNath firstly proposed thaultrasonic waves behave like ghase
grating to a propagating light way&58. The phasegrating results from the fact that
ultrasonic waves produce a periodic density variation in the medium and thus a change ir
theoptical refractive indexf the mediumAs a traditional qualitative technique, Schlieren
imaging of ultrasonic waves produdi#® visualisation of ultrasonic fields in a transparent
medium, based on the detection of changes in the optical refractive index due to ultrasonic
wave induced variation of the density of the medium. The intensity of the diffraction
pattern is proportionao theintegral ofpressure along the light patAppropriate optics

can be used to allow the formation of an image of the phase gaatiagfilm or a video

array The video gray level intensityin an image is related tdhe pressure (acoustic

intensity) integrated over the light pafh59.

Schneiderand Shunglid a quantitative analysis of pulsed ultrasonic beam patterns using a
Schlierenoptical systembased on the principle of optical diffractiofhe results of
temporal average acoustic intensityer the light pattwere obtained which werein good
agreement with that obtained by the hydrophld®)]. Kudo et al. used Schlieren imaging

to monitor ultrasonically induced changes in refractive indéhe utrasound field was
visualid usinga CCD camera and simple imageprocessing method instead thfe
complexSchlierenoptical setup. Good agreement was found between the simple Schlieren

imaging measurement and simulat[@6q.

Schlieren imagig offers a fast, accuratdnon invasive detectioaf the whole pressure

field and is an alternative to hydrophone measuremedbowever, the technique has
limitation in accuracy for evaluating a 3D ultrasonic field because a 2D Schlieren image is
given by the integral of 3D pregre intensities. In additionud to its sensitivity to phase
distortion of light, the Schlieren method requiteigh quality optical elementsnd a
transparent mediunvhich prevents its operation with apaque load fluid or solid.

Interferometry

The principle of interferometry is based on the optical interference observed when two
coherent light beams, reference and measurement, are made to coincide onto a phot

detector.From the interference detected, the frequency and phase difference between the
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measurement and reference beam can be deterntieede, nterferometry can be used as
a measurement technique in quantify the phase alteration due to acoustic fields.

A laser Doppler viborometer is typically used to determine time variant velocity of a
reflective surface in motion by measuring the Doppler frequency shift of the reflected light
to provide displacement amplitude measurements through the use of a phase detector. Tt
laser vibrometer has beesedwith great success experimental modal analygswhich is

a widely used technique to determine the parameters of resonant vibration in terms of
modes of vibration, defined by natural frequency, mode shapes and damping factors.
Througha laser scanning procedurejaser vibrometer can be utéid tomap the mode
shapes of the whole resonant vibrating structure

In addition, the signal of a laser vibrometer is sensitive to the strain of a transparent
medium due to the acoustptic effect. Another use of a laser vibrometer is to measure the
average chage in refractive index through the width of theser beam. Through a
complete scan, the technique can provide a reasonably accurate spatial representation

acoustic intensity distribution

The use of acanninglaser vibroneter for sound measurementasyproposed by Zipser
andLindnerin 2000[27, 161]. The acoustic field of an ultrasertransducer in water was
mapped by Matteand Adlerusing a laser vibrometer based the acousteoptic effect

with a tomographic reconstruction of acousfuiic profiles[162. Henderson et al. utiksl

the acousteptic modulation of an optical path to measure the phase velocity and
attenuation of a longitudinal plane elastic wave in a transparent solid media,
polymethylmethacrylate (PMMA). The method provides averaged measurements inside
the object ot limited to the sample surface, which has the potential for use in acoustic

tomography of a transparent solid medili63.

This methodology also suffers from the same difficulties as Schlieren imaging as a
transparent medium is needed.tliie structure is notesonatingin a steady state, the
ultrasonic field is time dependent, thusedodata was not simultaneously collected during
the scanning proceduréhe fullfield transient displacement and pressure/stress cannot be

extracted usin@ laser vibrometer.
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Ultra-high Speed Gimera

Bondand Cimino[111]] investigated the interaction between the ultrasonic horn tip and the
surface of tissue using higipeed photography. Visual observations of thetisigue
interaction and separation were obtaineda study carried out by Simon et atavitation
bubblesin a HIFU application oftissue fragment were observed usihmgh speed
photography{164]. These results were applications of high speed photography in capturing
transient response of ultrasonic vibration. They did not use image processing analysis tc

investigate the ultrasonic field in the tissue.

There are many applicationssing ultrahigh gpeed camerawith digital image correlation

(DIC) technique, a kind ofimage processing analysisor visually measuring and
evaluating the higistrain rateimpact loading of structures and resonant vibrating
structure to track the deformation ofspecimes to impact loading ando study the
mechanical behaviour of specimens to dynamic loaddagthelat et al[165 studied the
response of nanorystallinecoated thiawalled cylinders subjected to high strain rate
torsional loading using an ulttdigh speed camera along with tdomensional DIC.
Tiwari et al.[166 used this technique to track deformation in a split Hopkinson pressure
bar during impact loading. Kirugulige et al. investigated dynamic crack growth behaviour
of a polymeric beam subjected to impact loadindb§ combined with a rotating mirror

type high speed digital camef&67]. These studies all focused on the high strain rate
behaviow of test pieces, but characterisations of high frequency cyclic loading have not
previously been reported. DIC has been used previously for vibration measurement by
Helfrick et al.[16§], in a study to determine the natural frequencies and mode shapes of a
dryercabinet panel. The measurements were in a low frequency range and the DIC result:
were compared with those obtained using a scanning laser Doppler vibrometer. As well as
successfily using DIC to record surface vibration responses, the authors of this study
noted that the highest measureable frequency is largely dictated by the camera used an
importantly, the vibrating structure must excite displacements that are larger timaistne

level of the measurements. Siebert e{ 9 carried ot experiments using a high speed
digital image correlation technique for vibration mode shape analysis at low harmonic
loading frequencies (59.9 and 36.5 Hz). Wang dt1&lJ applied high speed digital image
correlation technique to measursglacement responses of a complex car bonnet surface
under random excitation from 0 to 128 Hz for identifying modal properiiégse

vibration tests were not applications using ultrasonic frequenidiesefore, it is necessary
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to explore the possibiliteefor detection of power ultrasonic field using an uhigh speed
camera Images were recorded in a short time to capture the motion of the vibrating
structure. With the use of image processing technique, steady state or transient response

ultrasonicvibration can be characterised.

The ultrahigh speed cameralong with image processimgnalysiscan be used to study
both the steadgtate response and transient buifgl of vibration in a solidResults are
obtained for full field in a short timéHoweve, there are some disadvantagethim use of
this technique includingequirements of additional image processing prograugace

preparation of the test sampalad high intensity light.

2.4.2 Measurements of Temperature Field during Ultrasonic
Vibration

Thermal damage occurring in ultrasonic surgeag beerexperimentally characterised by

researchers using insertion of thermocouples or infrared thermography.

Huttula et al. measured root surface temperature changes when ultrasonic vibration wa:
applied b cemented endodontic posts by positioning thermocouples at locations on the
proximal root surfaces. A trend for higher temperatures was observed at thermocouples o
nortirrrigated teethlrrigation had a significant impact on minimisirige risk of thermia

injury to the surrounding periodontium and bone during post remoithl ultrasonics

[177].

Goldberg et al. conducted bone cement removal with use of an ultrasound device during
revision arthroplasty on cadaveric specimens. In their stutjypet thermocouples were
placed onlocations includinghe humeral cortex, the teps muscle and the radial nerve
around the ultrasonic cutting sites to measamperatureThey found the t@perature in

the humerus, the triceps and the radial nerve can reach to potentially dangerous levels
because cellular injury and necrokad beerestablished irthe tissueTo limit the thermal
damage, intermittent cold irrigation of the canal betweessgm of the ultrasonic device

wasapplied[11§.

In an attempt to prove the hypothesis tlzat ultrasonically activated scalpel provides a
system that is able tenhance sgery without damage, infrared video thermograplas

usedfor in vivo andin vitro research studieslemperature changes at and around the
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ultrasonic activated blade or thi@ of an electric cautery probe were investigated under
various conditionslt is concludedhat the risk otissuedamage is minimizety the use of

anultrasonic scalp€9]].

An infrared camera was used to record precise heat tissue mapping during ultrasonic
dissetionsin vivo on a pig model by Emam et @b investigatethe effect of ultrasonic
energy and the extent of residual tissue damage. They found that the regtions
temperature greater than 68 werelocated athe ultrasonic dissector shatft, ttimg jaw

and distances up to 25nmfrom the instrument action spot during-1® second action.

The thermal damagsouldbe reduced when a low level of power is set and actiondiche

not exceed secondat any one timgl14].

Reduction of thenal damage during ultrasit surgery isone ofthe main concesof
surgeons. Researchers measured thedmhpe elevation caused mechantal friction,
energy absorptioand cavitation. Studies of heat generation during absorption of ultrasonic
energyin ultrasound assisted surgery are lacking inliieeature Therefore this project

will focus on the study of thermal damage induced by absorption of ultrasonic energy. Due
to interaction of the ultrasonic vibrations and the thermocouples not onlyngausi
erroneous measurements of test specimen temperatures but also producing localize
heating in the specimen being monitored, the technique otowtactthermal imaging

was used in thistudy.



CHAPTER 3 POWER ULTRASONIC SYSTEM DESIGN 44

3. Power Ultrasonic System Design

This chapterintroduces the work that was done on thesignof the power ultrasonic
systemfor this project. There arigvo sectiors in thechapter introduction ofpiezoelectric
transducer andhe design of krasonic horns. In Sec. 3.1, a brief introduction of
piezoelectric transducers, with special emphasis on high power ultrasonic transducers is
given. Sec. 3.2 is related to the design of ultrasonic horns, which is based on finite elemen
cdculations (a modal analysis) of the designed resonance frequencies with corresponding
eigenmodes of the horns. Dynamic modal analysidissussed as the charactatisn
method tocheck experimentally the performance of ultrasonic horAstest rig was

designedo conduct the power ultrasonic vibration testkich isdiscussedn Sec. 3.2.

3.1 Piezoelectric Transducer

3.1.1 Introduction

One of the most important paris a powerultrasonic instrumentation system is the
transducer, which iapable ofconverting electrical energy to acoustic enerdgyr
generation of ultrasonic waveBhe two main typesf transducesused in power ultrasonic
applicatiors are the magnetostrictive and piezoelecttiansduces. The most commonly
used argiezoelectric transducers.

The active elementf the piezoelectridransducers basically a piece of polarised material
with electrodes attached to two of its opposite faddsen a voltag€Ve) is applied across

the material,some parts of the molecule are positively charged, while odinensegatively
charged thereforethe polarized molecules wiklign themselves with the electric field
generated by the voltage, resulting in induced dipoles within the material. The
rearrangment of the molecules will cause the material to undergo a mechanical
deformation Conversely, a voltage can be produced as a result of an imposed mechanica
stresg(F) on the polased material. These phenomena are known as the inverse and direct
piezoekctric effects(shown in Fig. 3.1, where the poling axis represents the direction of
piezoelectric effect)which arethe basicfunctionalprinciplesof piezoelectric transducers.

If a rapidly alternating voltage is applied, thbeezoelectriomaterial will vibrate at the same

frequency as thappliedvoltage,which results irthe production of ultrasonic vibration.



CHAPTER 3 POWER ULTRASONIC SYSTEM DESIGN 45

Direct
piezoelectric effect

e ——

sixe Buljod

Inverse
piezoelectric effect

Fig. 3.1 The direct and inverse piezoelectric effect [172]

Materials demonstrating the piezoelectric effects incluateiral materials such as quartz
and Rochelle salt or manutared piezocomposite, such as leadcamate ittanste and
barium ttanate. Originally used in devices such as the very early types of underwater
ranging equipment, quartz is not a particularly good material for power ultrasonic
applications due to its mecharligaroperties, it is a somewhat fragile and difficult to
machine Currently,the PZT isone ofthe most frequently employed piezoelectizamic
exhibiting better performancén power ultrasonic applicatiesn To manufacture the
piezoceramic, a suitable rfeelectric material, which is composed of a multitude of
randomly oriented crystals, is firstly fabricated into the desired shape and attached
electrodes. Then, a strong direct current field is applied when the material is heated to
Curie temperatureThis is the process of polarisation. The polatisn of the material
makes it into a piezoelectric ceramic with piezoelectric properties.

3.1.2 High Power Piezoelectric Transducers

Normally, piezoelectric transducers are designed to operate in a frequency range betwee
20-100 kHz to obtain higher output intensities in power ultrasonic application. Most
transducers are designed to be driven at a resonance frequency for maximisitignvibr

amplitudes and are generaliglf-wavelength units.
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The piezoelectric transducer is a combination of different parts and matéhalsnost
common type of piezoelectric transducer, calledangevin transducer, is assembled in a
sandwich form, in \wich piezoelectriccomponerd are embeddebetweenelectrodes and
pre-stressed bywo metals(front matchingmassand backig mas$ usinga central bolt
Langevintransducersare specially designed for high power ultrasonic applicataonr
mainly havetwo types of materials: piezoelectric materials repnéing the vibration

generatoand metad for thevibration transmitter.

For this high power applicationPZT-8, a hardpiezaeramic material with desirable
propertiesis used inthe piezoelectrictransducer. Ican withstanchigh electrical driving

and intensive mechanical laadt offers extremely high mechanical strengthjgh
resistance to depolarization under mechanical sttadg$, electromechanical coupling
factor andlow dielectric losesunder high electric excitationThe high Q@rie temperature

of around 30& is also suited for high voltage and high power genefdt6g. Several

ring shape PZ®B components are stacked in the Langevin transducer with a central pre
stressed bolt. The dimensions of these components are designed based on the outp
acoustic power required, the operating mode of vibration and the type ofuitanscodel.

The front and backmaterials arditanium alloys, which have high fatigue strength and
good acoustic propertieShese metals amesigned to guide most of generated vibration
towards theront mass rather than back mass achieving efficiensitnession of acoustic
energy from PZT ceramics.

The structure ofa Langevin transduceis shown in Fig. 3.2, in whichwo polarised
piezoceramicrings are sandwiched betweémnt matching mass and back ma3se
electrodes, used for applying tBecitation voltage, are attached between the rings and the
backing and matching layer3he polarisation directionsf the pair of therings are
opposite to enable parallel switching under simultaneous opposing electric fields by the
paralleled electrode3.he whole structure of the transducer is clamped by a bolt through
the centre of the assemblyhe central bolt is tightened to provide a precise amount of
compressionprevening the ring failure, reducingtransducer losseand stabilizing the
operating fequency which are important to the proper operation of the transduder.
polymeris used as the insulating material to insulate electrically the central bolt from the

rings. An ultrasonic horn or tool is fixed the transducer by a stud.
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Fig. 3.2 A Langevin transducer

3.1.3 Transducer Characterisation

The power ultrasonidransducerused in this studyvas designed and manufactured by
Sonic System Ltd, UKThe piezoceramic rings are made of PZTand the backing and
matching layers are titanium alloys, the electrodes are copper and the central bolt is steel
The tuned device operates in a longitudinabdm at the resonant frequency around 20 kHz.
To characterise thtransducer, the resonant frequency and the maximum output amplitude

weremeasuredvhen it was in harmonic excitation.

To obtainthe resonant and asesonant frequencies, using an impedance analyser is a
good method of measuring the specification of the transducer. The testondscted
using an Agilent 4294A preden impedance analyser (Fig.3B. which has sweeping
frequencyranging from 40 Hz to 110 MHz and resolution down to 1 mHz. In this
application, the sweeping frequency was set betw8eHz to 34 kHz with resolution of

5 Hz and theexperimentaimpedanceversusfrequerty diagram is shown in Fig. 48.in

which resonanand antiresonant frequencies are both illustrated.
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Fig. 3.3 Agilent 4294A precision Fig. 3.4 Resonant (f,) and anti-resonant (f,)

impedance analyser frequencies of the transducer
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The resonanfrequencyof the transducer in*llongitudinal mode obtained frothe testis
19.97 kHz, which is quite close to the desired frequency, 20 WKing a laser Doppler
vibrometer, he measured maximum peak to peak output amplitude of the transdi2er is

‘& which is not sufficient for this power ultrasonic application.

3.2 Design of Power Ultrasonic Horn

3.2.1 Introduction

Generally, ultrasonic energy generated Ipyezoelectridransducer is transmitted from the
transducer to the test piece by an ultrasémat in a power ultrasonic systerBue to he
transducer cannoexcite sufficient vibration amplitude to load the test sampthe
ultrasonic tools a key component of the ultrasosigstem acting as a vibration amplifier

by providing the necessary amplitudes of vibrations to induce desired effects on the test

sample.

The componen placed between thepiezoelectrictransducer andhe test sampldor
augmentingvibration amplitudess termed thehorn. The ultrasonic horn is commonly a
solid metal rod with a round transverse cross secttmmmonly used ultrasonic horns
driven at respance are designed in tapered shapes such as conical, catenoidal, exponentia
stepped, or more complex shaiEgy. 35), with the tiparea smallethan the base. These
horns decreasa crosssectional area tooncentratehe ultrasonic energy in the direction

of the loadto amplify the vibration.

(@) (b) () (d)

Fig. 3.5 Typical shapes of ultrasonic horns (a) conical (b) catenoidal or exponential (c)

stepped (d) complex

The construction of each part thfe hornis crucial for good performanc&enerally, to
drive longitudinal oscillation, the horn vibrates at longitudinal resonance frequleeacy

same as the transducer, whichyisically connected taéhe base (inputurface) of the horn
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using athreaded studThe tip (outpusuiface) of the horn isisuallyused for contact with

the sampleThe dimension of the base is restricted by the size of the transducerT$tack.
size ofthe tip depends on the dimensions of the test sample in contact with the horn
Although widely used and able to provide high ultrasonic amplitudes, the conventional
rodtype horns mentioned above suffer from an important limitation: they are incapable of
providing a large contact area to interface with the test sample. In this work, due to a large
crosssectional area of output fagequired a novelrodtype horn was designed and
manufactured with high magnification and large outpufface to transmitefficiently

ultrasonic energy into tissue mimicking materials.

3.2.2 Design of the Horn

Traditionally, the methods used for the horn design are based on the equilibrigm of
element under elastic forces and integration over the horn length to achieve resonance. T
applied excitation from the transducer can be effectively transmitted, when the designed
horn vibrates at or particularly close to its resonance frequerioy. horn should be
designed properly and manufactured accurately to achieve satisfied vibratiemission.

To ensure a reliable performance of the haayeral performance criterishould be
satisfied in the design dhe ultrasonic horincluding resonant frequency at close to the
operating frequency of the transducbigh vibration amplitudeof the operating mode,
isolation of the operating frequency from close 4tiamed modesand high amplitude

uniformity at output surface

3.2.2.1 Resonant Frequency

To effectively apply vibration on the test sample, the horn must be properly designed to
vibrate at orparticularly close to the transducer resonance frequeincyhe case of
longitudinal mode horn it is common to design the horn working at the first longitudinal
vibration mode where the highest amplitude can be obtairexiresonanc&equencyof

the han is mainly determined by the length of the hftid3. Normally, a horn is designed

to be a half-wavelengthin length When designing an ultrasonic hortine operating
frequencyof the transduer "Qcan be used to calculate thernlengtha If the horn has a

uniform cross section, it can be obtained by:
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uniform crosssectional horn, such as axponentialhorn the horn length of half

wavelength pattern can be calculated:

ol
'_|..
Q

wheret is the ratio of the output surface to the input surface raéfiosthe horn with
complex shapes, the equations cannot be utilised directly to calculate the exact overal
length. Thereforeto ensure the resonant frequency of the horn at close to the operating
frequency of the transduceiinite element analysiss nov usedfor the design of the

ultrasonic component.

There are several parameters to be considered in the design of the horn including outpu
face area, gain, tuning frequency and outuufiace uniformityof vibration amplitudeFor

an optimal operation an ultrasonic horn systertihe maximum crossectional dimension

of any partof the rod-type horn should beless thanabouta quartetwavelengthof the

corresponding longitudinal acousticwew¢g t he hor ndés [A@47nance

3.2.2.2 Vibration Amplitude

Vibration amplitude can be defined as the ptageak displacement dhe horn at its
output surfaceln somepower ultrasonicsystems, te amplitude is a dependent variable
related to the power applied to the system and gain fdttbe applied power is being set

and controlled, an alternative approach to improving vibration amplitude is investigated by
making the horn with high gairifhe gain of the horn can be defined as the ratio in

vibration amplitude between the output surface thiednput surface. Normally, the gain is
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dependent on the rate of change in cismgional area from the input surface to the output
surface. The horn pfile mainly affects the magnification. Therefore, modification of the
crosssectional area between the input and output surfaces of the horns leads to a change |

vibration amplitude and subsequently induces an alternation of the gain.

The modal frequencof a column depends on its length, while vibration amplitude and
gain are sensitive to width variation. It is possible to reduce the column widths whilst
maintaining the horn global dimensions by incorporating a number of slots in thé-bhorn.
this appication, requiring high vibration amplitudend large output surfacslotted rod

type horrs aredesigned andised, but these are prone to modal coupling at the operating

frequency

3.2.2.3 Frequency Separation

Modal frequency separation of the horn response ipoitant in examining the
performance of the horif.o avoid the coupling of the resonant frequency at the operating
frequency, it is necessary to maximise the spread between the tuned aéndetbmodal
frequencies of the horin this application, the harrequires a pure longitudinal vibration
mode with a good separation from torsional &eddingvibration modesilt is suggested

that the frequency separation should be at least 1 kHz from the longitudinal mode
frequency. Modal coupling at the operatingefjuency cannduce distortion in horn
movement, reduction of horn gain apdor uniformity of vibration amplitude at output
surfacelt is not easy to improve the frequency separation of the slottetypechorn due

to the inclusion of additional slots, which may lead to a reduction of the separation by any
change in dimensions of these slots. Finite element analysis can be dssijt@ horn

with good frequency separation.

3.2.24 Uniformity of Vibration Amplitude

In order to operate the horn effectively with higimplitude gain, high uniformity of
vibration amplitude should be achievatithe output surface of the horn. Twibration

amplitudeuniformity of the horn can defined as

- Y
YE QQET A :%o wp TIHT 3.4
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where™ and"Y are the maximum and minimuamplitudesof the ultrasonic vibration on
the horn outpusuirface. The vibration amplitudeuniformity requirements estimated to be
80%. To achieveuniform amplitude distribution on the output surface of the horn, finite

element analysis and optimum design can be used for the desamn ultrasonic horn

[176.

3.2.25 Design of a Slotted Rod-type Horn

The first consideration in the horn design is the geométrg.length ofa column,thefirst
attempt of the hornwas calculated usingequation 3.1, when the materigbropertiesand
desired resonant frequency were determifié@. resonant frequency of a column uniquely
depends on its lengthut vibration amplitude is sensitive to cressctional variation.
Then, the column was cut intanulti-element rod, which have cylindrical elements and
elements of variable cross sectiofbe complex structure of the muétlement horn made

its length from the base to the tt onlydetermines the frequency of resonabaé also
affects the gain. The rod nodel is well suited to determine the approximate vibration
behaviarr, provided that the maximum cressctional dimension of the horn is less than a
quarter wavelength of the operating frequenidye cross sectionsf the hord s i np ut
output surfacesre restricted by the transducer output surface, which is connected to the
base of the horn and the dimension of the test specimen, which is contact with the tip of the
horn. The horninput surfacearea with a diameter of 38 mm wsame ashe diameter of

the transducer outpusurface in order to achieve interface continuity and transfer
ultrasonic energy efficientlyThe outputsurfacearea with a diameter of 56im was
designed to contact with the tesstmple whose crossectionadimensionsvere40 mm by

25 mm.Thecrosssectional dimension of the output surfasdarger than the input surface

To obtain high vibration amplitude at the output surface and high gain fatttos,it is
possible to reduce thelementcrosssectional area whilstnaintain the horn global
dimensions by incorporating a number of slofsvo symmetrical triangular cuts were
taken from thecylindrical elemento reduce the cross sectional area from the base to the
tip. To avoid high stress concentrations, fillets walgritated at the junction in the region

where the diameter changes abruptly.

Another consider consideration lsetmaterial selection for the ultrasonic hommich was
very important toensureit works correctly and achieves maximum efficiendy’7].

Aluminium alloy (6082) was selected for the horn due to its high mechanical quality
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factors, such as strenigtand durability.The properties of the material are listedTiable
3.1

Table 3.1 The properties of the horn material [177]

Aluminium alloy 6082
Ultimate strength 500 MPa
Endurancdimit 225 MPa
Youngds mod|72GPa
Density 2660 kg/m
Speed of sound 5200 m/s
Wavelength 252 mm
Acousticimpedance 13.86x10° kg/n'"-s
Quiality factor 3333

For this application requiring high amplitude of vibration as well as high amplitude
uniformity, a triangular slotted horn with muliement rods was designed (shown in Fig.
3.6) which was operating at longitudinal resonant frequency close to 20 kHz, the operating

frequency of the transducer.

Output
surface

Triangular
slots
Cylindrical

element

Maximum
cross section

V/ Input
 ———

surface

(@) (b)

Fig. 3.6 The triangular slotted horn with multi-element rods (a) the drawing (b) as
manufactured

To designthe horn resonated at the desired frequency of longitudinal mode with high gain
and uniformity, finite element models were created usMBAQUS software. Natural
frequency and steady state dynamic analyses were upeeldiotthe resonant frequencies,

the mode shapes, the amplitude uniformity, gain factor, frequency separation and
amplitude uniformity of the model#&\ multi-element rod type horn operating close to 20
kHz with the maximum lateral dimension less than a quartaeliength and a length of
around a half wavelength was designed and manufactured using aluminiurfoaliog

application.Experimental modal analysis (EMA) is then required to validate the results
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found from the finite element modelShe horn configutdgons were finalised when they
satisfiedthe performance criteria in both the predicted models and the experimental tests.

The process of ultrasonic hodesign is detailed in Fig. B.

Ultrasonic
Horn
Design

Considerations
Material, Geometry

v
Design < |
Drawing A\
v
Finite Element
Model <—
s

Analyses
Natural Frequency Extraction,
Steady State Dynamic Analysis

Tune
Component

Check Results
Resonant Frequency,
Mode Shape, Gain
(Tuned?)

Confirmed
Drawing

(No)

Experimental
Modal Analysis
(Turned?)

Finished Horn

Fig. 3.7 The ultrasonic horn design process
3.2.3 Finite Element Analysis

3.2.31 Introduction

Finite element analysis is one of numerical modelling methods, which can be used to
provide an approximate solution forhe equati ons governiflmg t
find solutionsto vibration problems Courant introduced finite element analysis by sitily

the Ritz method of numerical analysisn t h e[178.9Fdrthér development of FEA
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followed for practical use in various industries, including defence, aerospace and
automotive by the 197006s. wWhifut ¢computdre FEAa p i
becamewidely usedto modelcomplex structure under different loads. Many FEA and
simuation software packages atemmercially available to assist engineers in designing

or troubleshooting.

As a numerical technique, finite elememtalysis isusedto obtain approximate solutions
of differential equations which are the mathematical mosief many physical, chemical
and biological phenomena and include the heat equatiithe wave equation FEA
solves problems bgnesh discretisatioof a continuous system into a set of discrete small
elements, which have easy representation of the total soldssembéd using nodes to
define a completsystemthe meshed elemerdsethen modelled by applying matereahd
structural propertiesto characterise the behaviour undmrtain loading and boundary
conditions A variety of numericalresults can be provided by different analysis steps
according to userafined parameters and requests.

3.2.3.2 Finite Element Modelling

In this application, the FE software packag@AQUS v6.9 (Simulia, Francejvas used to
calculate the natural frequencies of the hafrthe first ste@nd the steadgtate response

with displacement, strain ostress distributions obtained for the hornder power
ultrasonic loadingat the second stegn the FE model the material properties of
aluminium alloy used for the horn, were assumed to be linearly elastic with density and
YoungoOs awlstdduim thesTable 3. The horn modslwere analysedusing the
recommende@lement (C3D20Ryhich isfor linear stress analysis with accurate results.
C3D20R indicates continuum (solidelement in 3D with 2hode quadratic bricland
reduced integration, which reduces running thgeeducing the integrating points from 27
(C3D20) to 8.The quadratic elements made the solution more accurate in modal behaviour
investigationsthan linear elementsSufficient element densities were defined for a fine

mesh to obtain accurate resultsl@onverged solutions.

Firstly, frequency analysis was utilised to determine the natural frequencies and mode
shapes of the horn. In this analysis steploadingwas applied to the modseWith free
boundary conditionsThe horn designeoh FEA should beresonanias near to 20 kHz as

possible with the modehape of longitudinal vibratiorif it was found not to be tuned to
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longitudinal mode at 20 kHz, the hogeometry wasmodified. The accepted result,
checked by frequency analysis, was transferred togkeanalysis step.

Secondl vy, t he hor na preddinedpawarn uttrasonie sopdog atea t
specifiedfrequency with harmonic excitation was prescribed in a stetatg dynamics
direct step, whicltan be usetb calculate the steaeltate diplacement amplitude, strain
and stress. The response was recorded by performing a frequency swedjstritheéed
pressure waspplied on the inputsuiface of the horn to maintain a specified input
vibration amplitude.The results for the displacement dityale, strain and stress of the
horn were obtained for the applied loadingle desired frequencithe gain of the horn
could then be estimated by comparison between the amibfitlee output andheinput

surfaces

3.2.3.3 Horn with Uniform Cross Section

The first FE model of the horn with uniform cross section in one mode of vibration, which
can be bending, torsional or longitudinal mode was extracted in Fig. 3.8. Based on the
equation 3.1, the FE model shows an accurate prediction of the longitudinalan@

kHz.

(a) (b) (c)

Fig. 3.8 Mode shapes with contour of displacement for (a) 1* longitudinal mode (b) 1*
bending mode (c) 1*' torsional mode of the horn with uniform cross section

3.2.34 Multi-elements Horn

Second attempt for the horn design is to create a FE model, which has a larger outpu
surface than i nput 6s viératbn anpliudedspetatetd gass n .
sectional variationthe initial horn with uniform cross sectiomas cut into multelement
rodswith variable cross sectionin this application, fouelement horn was selectetio
obtaina propergain, thelength ofthe horn is designed less than the half wave length and
around 70% of the length of the horn with uniform cross secfibe.longitudinaimodeof
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the multielement horns shown in Fig. 3.9 and it is tuning a4.3 kHz with the gain of
1.75. Based orthe trial and errormethod this model is theptimal model witha large
gain, close to 20 kHz and a good frequency separation. The nearest bending mode

frequency is 27.1 kHz.

Fig. 3.9 The mode shape with contour of displacement for 1°' longitudinal mode of the multi-
elements horn

To increase the gain of the horn, it is necessary to decrease the cross sectional area of tl
rod elementsTriangular slots wer@ntroduced on the cylindrical rod elemeBuie to the
bendng mode frequency is proportional with the radifos the rodwith uniform cross
section,the decrease of the cross sectional area would decrease the gap between th
longitudinal and bending mode frequencidherefore, modification of the triangular
slotted horn was applied by creating a flange at the node plane of the horn and clamping
the horn in a test holdeFinally, atest rig was designed by FEA withcamplex structure

of the multielementriangular slotted horn, which met the desagiteria. The FEA results

of the desigawereshown in the secti@B.2.5and 3.2.6.

3.2.4 Experimental Modal Analysis
3.24.1 Introduction

Experimental modal analys{EMA) is a widely used technique to determihe modal
parameters ohatural freuencies mode shapeand damping factorsf a linear, time
invariant structure using a set of frequency response measurements eXt@uotesh
excited structurg179. EMA can be used toneasurethe response of the vibrating
structure subjected to a vibrational load and to validate theoretical predictions (analytical

or finite element modelsBased on measurirfgequency esponse functie(FRFs) onthe
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excited structure, EMAworks when energy supplied to the structure with known of
frequency contentt can be found that the response spectra of the resonance system are
clearly amplified. The FRF can be then determinedrighyais of the response and force
spectraas a function of frequencyAn FRF measurement isolates the inherent dynamic
properties of a mechanical structusech as natural frequencies and mode shapes
Experimental modal parameters can be obtained from a set of FRF measurements.

The process of EMAs to measure the displacement, velocity or acceleration of the
vibrating structure from a grid of pointovering the vibrating structure surfacehese
vibration responseare obtained in the time domain. To convert thenthe frequency
domain, a fast Fourier transform (FA¥§)performedo obtainthe FRE which is defined as

a ratio of the Fourier transforms of an output response and the iopce fFRFs, the
complex transfer functions with real and imaginary compon@gnggnitude and phage

are usedo characteris modal paramete by curvefitting procedures, which idescribed

in detailby Ewins[18Q.

In thiswork, EMA was usedo extract and charactegisthe dynamic properties of thern

and validate the FE simulatians

3.2.4.2 EMA Measurement System

Generally,the experimental testing equipment for modal analysisoimposed of a signal
generator for producing an excitation wavefoam,amplifier for magnifying the generated
signal, a transgter, which converts the amplified electrical sigmab the mechanical
vibration for vibrating the loaded structure, and a response measurement system, such &

an accelerometer or a laser vibrometer.

In this application, the horn was excited by a traieed, which was driven by an amplified
random signal. The desired input waveform was generated by a Data Physics SignalCals
Quattro analy®r (Data Physics Corporation), which had two main functions, signal
generation and data acquisition for analysingdyreamic signal. To measure the response

of the horn, a 3D laser vibrometer (Polytec, 3D CBM) was used. The measured signals
were amplified, conditioned and collected by data acquisition hardware (the Quattro
analy®r), which was connected to a computer further signal processingdhe time
domain data was recorded and transformed to the frequency kEiSIngp generate the
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FRFs, which was produced the computer consisting digital signal analyser using data

acquisitionsoftware (Signal Calc ACE, DaRhysics Corporation)

The visualisation of the medshaps of the horn was performed lilge specialised modal
extracti on cepeVES ¥ibrane Tediology Ing Based ona curve fitting
process, the software extraet set of modal parameters, wihiare represented in a set of
FRFs. Before moglshape extraction, measurements of vibratesponseare conducted

from a set of a grid of points covering the whole surface of the horn. A schematic of EMA

is shown inFig. 3.10

Fig. 3.10 Schematic of EMA

Excitation Signals

The signals used to excite tigucture in modal analysis can be generated/dnous
methodssuch aghe periodic, transient ardndom methods depending m@guirements of

the test.However, EMA for exciting ultrasonic transducers usagrue random signal
generated by the random methmda swept sinaignal by the periodic methodlthough

the response of an ultrasonic transducer excited by the swept sine signal can be identicall
related to the excitation signahet randonexcitationis more commonly usedecauset

excites all frequency at same timedcan be easily implementéad EMA.

Response Measurement

Laser Doppler vibrometry is a wedlstablished optical metrology toalhnventionally used
to record surface velocity measurements from vibrating obj€otsneasure the response

of the vibrating structure to the applied excitation for determining the F&Fsser
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Doppler vibrometer (LDV)s used de to therequirements fononinvasive measurement
of the vibrating structure and non disturbance of the structine experimental tests were
carried out using a 3D LDV for response measurement in three mutually orthogonal
directions as well as using a 3D scanning LDV, which weasure a designed grid of

points on the target surface automatically over a short time period.

Basic principle of LDV

Based on the principles of the Doppler efée@hd optical interferometry, laser Doppler
vibrometers can detect the instantaneous vgloegponse of a vibrating structure surface.
The EMA tests were conducted using LDVs by shining a laser beam on a vibrating surface
and analysis of the difference between the reflected beam from the target and referenc
beam fromthe source As shown in Fg. 3.11, a LDV light beam from a helium neon laser

is split into two coherent light beams, a reference beam and a measurement beam, by
beam splitter (BS 1). The measurement beam is focused onto the vibrating surface unde
investigation, reflected by thabrating surface and deflected by BS 2. Through BS 3, the
deflected beam is then collected and overlapped with the reference beam onto a phot
detector. The resultant light intensity is not just the addition of the two beam intensities,

but is modulate@ccording to the formula

O O 0 ¢ OAT O i i 7 35

where'O& "Oandi & i are respective light intensities and path lengths of the two
splitting beams and , the pathlength of the reference beam, should be constahe

phase difference between two coherent light beams is proportional to the difference in the
respective path lengths transverse by the two light beams between their origin and the poin
at which they interfereThe optical interference of the two coherbght beams generate a

dark and bright (frige) patterron thephotodetector which can be utilisd to discern the
frequency and phase difference between the measurement fanehce beas One
complete dark antdright cycle on LDV means the displacamhef the vibrating sample is

half the wavelength of the used light. The change of LDV pattern with the modulation of
the measurement frequency is proportional to the velocity of vibrating sample. To obtain
the direction of the vibrating sample, a Brag{] ceplaced in the reference beam, which
introduces a shift of light frequency by 40 MHz. The modulation frequency is introduced



CHAPTER 3 POWER ULTRASONIC SYSTEM DESIGN 61

at 40 MHz when the vibrating sample is at rest. The presence of a Bragg cell makes it
possible to not only detect the ampligudf movement but also clearly define the direction

of movement by reduction or increase of the modulation frequency around 40 MHz due to
vibrating sample moving toward or away the LIDMIJ]. A standard frequency modulated
signal with the Bragg cell frequency and
output signal, which can be demodulated to derive the velocity of the vibrating target.

Fig. 3.11 Schematic diagram of LDV [181]

Signal Processing

The measurement signals at various locations on thedwface obtained from the LDVs
were collected by data acquisition equipment, the Quattro analysieh wan also be used
as a spectrum analyseéo extract and display the frequency response furstion
digitising, samplingand transforminghe measurerant time domairsignalsto frequency
domain anddisplaying them on the monitofhe sampling rate and resolution of the
frequency spectruraf spectrum analysecan be variedlepending on the requiremenis.
this work, he sampling ratef the spectrum anadgr was set as 204.8 kHz and the

resolution was 1.56 Hz over the frequenef@kHz.

Initially, the measurement data collecfemm LDV are analogue signals, whideed to be
processed using a low pass filter as #éh&-aliasing filterto ensure no aliasing of high
frequency signals into the analysis frequency raAgeanalogue to digital converter (AD
converter)s thenused to digitise the data and control the resolution odliffigsedsignals

to resemble the sampling rate paramelbe next step is to convert the signals from time
domain to frequency domain using FFar calculatingthe FRFsThe data for FFT was
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required to be recorded as a finite length of time coupled with the periodicity principle, i.e.
as periodi repetitiondata. The collectedignak with the random excitation are non
periodic signals, which lead to a leakage problem when they are used directly in the FFT
processlf the signal is ideal sampled and periodic, the resulting spectrum will display a
single lineat the frequency of theine wave. Howevehecause of the neperiodic signals

used, the resulting spectrum in frequency domain displayed several frequency lines
surrounding theresonantfrequency line, which indicateché original signal possessing
additionalfrequencies around thresonantrequency. To mininse the undesired effects,
weighting functions (windowsjan beapplied to thesampled datan time domain prior to

the Fourier transform calculatioifhe data are forced into a form more satgfry to the

periodicity requirements of the FFT by imposition of the windows.

This requirement was not met when a random signal was applied as input, which mean
leakage occurred during FFT. Througle thindowing technique, the measured signals
were foced into the periodic signals to satisfy the FFT requirements. Many types of
window are available foprocessinglifferent types otime domainsignak such as Gauss,
Hanning, Cosine taper, Hamming, Dirichlet, and ExponenfiaHanning window was
adoptedin this application, which wasommonly usedor processing the continuous

signal (random).

3.24.3 Visualisation of Mode Shape

After data collection and signal processing, the final &e¢p extract the modal parameters
for each mode of vibratioffom the measurement dafBhere was one FRF pgrid point
for each of the three measurement directior8D LDV measuremenf set of FRFs were
produced from the EMA of grid points over the horn structiiedal parameters are
identified by curve fiting the set of FRFS.he mods of vibrationwerevisualisedin a 3D
modelusi ng the software MEOScopeVES.

3.2.5 Results of FEA and Experiments

This study describes the modelling, design and fabrication of an ultrasonic horn which can
be used to study the vibrational response of tissue mimic materials under power ultrasonic
excitation.Characterisation othe vibration response of the hashessatial to ensure a
reliable performance. Experimentsluding EMA were carried out tobtainthe resonant

frequency, the amplitude gain, tirequency separation betwetre operating frequency
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andthe close nortuned modes and the uniformity of the vilwatdisplacement amplitude
on the output surface. It is necessary to compare the results of the FEA and experiments fc
validation.

3.25.1 Longitudinal Resonant Frequency

To ensure that the longitudinal resonant frequency and the mode shape predicted by FE/
are onsistent with those found through EMA, the designed horn wergelledusing

finite element method and analysed usmgerimental modal analysis.

In Fig. 3.12, the spectrunfraw data, presenting FRF tracep shows the resonant
frequencies of the horn in the range between 0 and 40 kHz and the value of the
longitudinal mode is clearly identified at 19.7 kHhe FEA and EMA longitudinal mode
shape results for the horn ateown in Fig. 3.13.
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Fig. 3.12 Experimental FRF traces found through EMA
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Fig. 3.13 Comparison of (a) FE predicted and (b) EMA measured longitudinal mode shape
and modal frequency
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It shows the FEA and EMA modal responses for the designed ultrasonic horn in the
longitudinal mode at frequency close to 20 kHz. FEA predicted the longitudinal resonant
frequency of the horn is 196 kHz, while EMA measured thigequency at 19. kHz. A
percentage difference of 1.25% was found in longitudinal resonant frequency between the
predicted FEA and the measured EMA. The slight variation in the natural frequency found
between experimental and numerical results could letduhe accuracy of the input
material parameters in the finite element model, errors in the manufacture of the horn or

accuracy of FRF calculations using the FFT method.

3.25.2 Amplitude Gain

It is possible to design a ragpe horn with high gain while ensugrthe cross sectional
area of the output sur f acThe disgacementagplitudet h a
were measured along a path of 19 equally spaced points positioned oftleeof the

horn parallel to theaxis of themulti-element rod usiop 3D LDV. The displacement
amplitudes were measured along a path of 19 points positioned on the profile of the horn
using 3D LDV. These point@re equally spaced alonige axis of themulti-element rod

from the base to the tip of the horn. The normalmgbdation amplitudes of thespoints

from the FEA and the experiment are shown in Fig. 3.14. predicted and measured
amplitude gais of the horn vere 2.65 fromthe FEA and 280 from the experiment

respectively.

——FEA

—0—Experiment

Normalised amplitude

[=]

Measurement points along horn axis

Fig. 3.14 The normalised amplitude distribution along the horn axis for both FEA and
experimental results
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3.2.5.3 Frequency Separation

For reliable operation of the horn in this application, the longitudinal mode frequency has
to be isolated from other close modes which can participate in the response at the operatin
frequency. It is necessary to measure the spread between the turesh&imged modal
frequencies of the exciting horn in examining its performance. FEA and EMA were used to
estimate and measure the separation of the horn frequeReeekngitudinal mode of the

horn was determined to be at 19.95 kHz from FEA and 19.7 kdta EMA, whereas a
bending mode around the longitudinal mode was recorded at 18.86 kHz from the FEA and
18.8 kHz from the EMA(shown in Fig. 3.15)The tuned longitudinal fregucy hasa
frequency separation of 1.06 kHz (FEA) and 0.9 kHz (EMA) from tledibg mode,

which makes the horn ndatisfy the performance criteria of at least 1 kHz frequency
separation in EMA. The coupling of longitudinal and bending modes may lead to a
reduction inthe vibrationamplitude uniformity on the output surface the horn.

U, Magnitude

SOANWLATNON
o

bl ad
cONGAN

FEA EMA
Bending mode at Bending mode at
18.86 kHz 18.8 kHz

(@) (b)

Fig. 3.15 (a) FEA predicted and (b) EMA measured bending mode shape and modal
frequency

3.254 Uniformity of Vibration Amplitude

To measurehevibration amplitudeuniformity, the output sugce of the horn was scanned
overa set ofgrid points using a 3D laser scanning vibrometer (Poli®¥-400), when the

horn was driven by the transducer at the operating frequdingy experimentatetup is

shown in Fig. 3.16 Three laser heads simultaneously scanned the output surface of the

horn to obtain the displacemeiatithe grid points.
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As shown in Fig. 3.1, #he normalised vibration displacements over the output surface of
the horn were obtained frothe FEA and the measuremeithe vibration amplitde
uniformity can be calculatedsing the egation3.4. The FEA predicts good estimation to
the amplitude uniformity on the horn tip, which is about 95.5%. Due to the problem of
modal couplingat the operting frequencythe measurement result is Zo.8hevibration
displacemenbn the output surface®f the hornin 3 dimensiorpredicted from the FEA and
measured from the experiment atgownin Fig. 3.8. It is found thatwhen the horns
driven at the opmiting frequency of 20 kHz, a coupled (longitudinal and bending) nsode
excited

Laser heads

Horn

Fig. 3.16 The experimental set-up for measuring the vibration amplitude uniformity on the
output surface of the horn using 3D scanning laser vibrometer
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Fig. 3.17 The normalised displacement and amplitude uniformity on the output surface of
the horn obtained from (a) the FEA and (b) the Experiment
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FEA and (b) the experiment
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3.255 Validation between FEA and Experiment

There is good correlatioin terms of resonant frequencesd mode shagebetween FEA

and EMA The small difference between FEA and EMA in the predicted modal
frequencies and shapes can be used to vérdtythe finite element model is suitable for
the design of the ultrasonic hotdowever, it can be observed that the coupled mode due
to poor fequency separation for the excited horn at the operating frequency is difficult to
recognse in the FEA.In order to obtain a reliable operation of the horn at the operating
frequency with high gain factor and high amplitude uniformity, it is necessamypi@ve

the frequency separation of the horn.

3.2.6 Test Rig

To hold and test the tissue mimics subjected to ultrasobration, a test rig (Fig. 3.9

was designed and manufactured, which could enabled tests to be performed on a stabl
platform. Due to the por frequency separation of the triangular slotted horn, the test rig
has tobe designed wittan improved feature in the frequenogparation.The test rig
consists of a holder structure and a modified triangular slotted horn designed with a fixing
flange (Fig. 3.20, which is clamped within the test rig. The location of the nodal plane of
the horn was used for determining the clamping position. The holder struseseillars

and plates tonakethe ultrasonic excitation systemwork properly.

} Holder
structure |

(b)

Fig. 3.19 (a) the manufactured test rig and the (b) drawing
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Output

surface

() (b)
Fig. 3.20 The modified triangle slotted horn with flange (a) the manufactured horn and (b)

the drawing

A finite element model of thenodified horn with the clamping plater simulation of the

test rig was developed tdind the resonat frequentes, the amplitudegain and the
frequency separatiorn the model, a fixed boundary condition was applied at the flange to
implement no motion at this featur&éhe modal frequendes of the longitudinal and
bending modesnd the gainfactor were calculatedby the FEA and measured by the

experimenusing LDVs (Fig. 3.21)The results are shown g. 3.22-4.

Modified triangular ||
slotted horn |

4

Fixed boundary condition Bending mode at Longitudinal mode at
applied at the flange 17.99 kHz 19.94 kHz

Fig. 3.22 The bending and longitudinal mode shapes of the test rig predicted by the FEA
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—— Experiment measured

1FEA predicted 19.64 kHz 19.94 kHz
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Fig. 3.23 The modal frequencies of the test rig obtained from the FEA and the experiment

E Input surface

m Output surface

Normalised amplitude

FEA Experiment
Gaing,=2.00 Gaing,=1.99

Fig. 3.24 The gain factor of the test rig obtained from the FEA and the experiment

It is found thatthe gain factor of the test rig is around 2, a small difference between the
FEA and the experiment prediction of resonant frequencies (tabulated in Taldpahd

the frequency separation is greater than 1,kizich satisfy the performance criteria.
Therefore, the designed test rig with power ultrasonic excitation system was used to do the

vibration tests of tissue mimicking materials with large contacting surface in this work.

Table 3.2 The modal frequencies of the longitudinal and bending modes and frequency
separation between them obtained from the FEA and the experiment

Modal frequency (kHz) FEA | Experiment

1*'Bending mode | 17.99 18.28
1% Longitudinal mode | 19.94 19.64
Frequency separation 1.95 1.38
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3.2.7 Probe Horn

To provide largeultrasonic amplitudéo the smakr crosssectionalarea tissue mimicking
samples a probe horn was used, whiblas a higher gain factor than the test figpe
vibration response was characted usinga laser viborometerThe probe horifFig. 3.29
was made fronaluminiumalloy with a38 mm diametebasefixed to thetransduceanda

22 mm diameter tip attached the test sampte

Tip
Output surface

Base
Input surface

Fig. 3.25 The manufactured probe horn

The finite element moddbr the probe horn was created and the experiment was carried
out to find the resonant frequencies and the gain fattoe. resonant frequency of the
probe horn in the*llongitudinal mode was 20.51 kHz obtained fréime FEA and 20.62

kHz from the expermert, as shown in Fig. 3.26The gain of the probe hoffrig. 3.27

was predicted as 2.99 lhye FEA and 2.96neasuredby the experiment.
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@

w

c

[}

@

o 0.8

=

S 06

=

5

s 04

£

=

@

2 0.2

£

3 0 a0 e o ._‘-"L e ;A.__ ‘L-

0 4 8 12 16 20 24 28 32 36 40
Frequency (kHz)

Fig. 3.26 The resonant frequencies and the 1% longitudinal resonant frequency of the probe
horn obtained from the FEA and the experiment
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Fig. 3.27 The gain factor of the probe horn obtained from the FEA and the experiment

Good correlations can be obtained betwdba FEA and the experiment for thee

characterisations of the probe horn.

3.3 Chapter Summary

The design of a power ultrasonic system has been investigated, initially from a
fundamental transducer, in which resonantl antiresonant frequencies wasedicted
using a finite element modehnd measured using an impedance analyseultrasonic
horns and a test rig which rely on finite element modelsngure tuning and reliability.
The performance of the power ultrasonic components was experimentally characterised by

experimental modal analysaéd experiments using laser Doppler vibrometers

A rod-type triangular slotted horn with langeutput surface was designed, usfirgte
element analysis as part of the design proddssiy performance criteria were examined

in the design of the horns such as resonant frequency of the longitudinal mode, gain factor
frequency separation and vibration amplitude uniform®yerall, a good correlation
between the predicted artie measured resonant frequencies, mode shapdsain
factorsof the designed componentsachieved and ensured validity of the finite element
models.To improve the frequency separatiofithe triangular slotted horthetest rig was
discussegdwhich satisfiesthe performance criterid.o obtain higher vibration amplitude, a
probe horn witha higher gain wasused to applyltrasonic vibration orsmall cross
sectional area samplesThese designed ultrasonic components provide reliable

performancdor power ultrasonic vibration tests tissue mimicking materials.
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4. Tissue Mimicking Materials

Tissue mimicking materials were used for experimental tests in the power ultrasonic
application to evaluate the dewtissue interaction. fglass filled epoxy resinER) ard

rigid polyurethane foam (PUF) were the alternatives for hard tissue (cortical bone and
cancellous bone respectively) and silicone elastomer (SE) was the surrogate for soft tissue
In this chapter, the mechanical and thermal properties of surrogate mssemls were
accessibly charactead by performing several tests to determine the power ultrasound
induced behaviour. The dynamic loading induced on the tissue mimics, because of its
viscoelastic property, caused significant frequencytamperature ependent behavioto

be displayed. There aréwo sectiors in this chapter, an introduction and the

characteriation of the thermanechanical properties of the viscoelastic surrogates.

The brief introduction is followed by section 4.1.2 covering the ganeroperties of
human tissue anithe tissue mimicking viscoelastisaterials.Section 4.2 charactees the
properties of the tissue mimicking materials, which can be categorized into mechanical
properties, thermal properties anflequency and temperate dependent thermo
mechanical propertiesTo do these charactesttons further, several experimental tests
were designed and illustrated in this section. The experimental data obtained from these
tests waautilised in the finite element analysis to valieldhe behaviour of viscoelastic

mimics during power ultrasonic vibration.

4.1 Properties of Tissue Mimicking Materials

4.1.1 Introduction

The mechanism of interaction for ultrasonic surgical devices is poorly understood,
although considerable effort has been dirdig many authors and organisations towards
reviewing it from several aspects, such as, deleterious mechanical and thermal effects, an
the cutting ability of devicegl08112, 115 116, 182-184]. From the limited literature, the
mechanism of ultrasound effeain biological tissue can be summarized into three main

topics: direct mehanical effed, thermal effe@and acoustic cavitatigi20].

Although all of these effect®ften occur simultaneously in the presence of power
ultrasound on tissue, the response oligs® power ultrasound can be quite variable due to
the range of biological properties. For power ultrasonic applicagjothe biological
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properties of tissue have a strong impact on ultrasonic tissue intera&tigeneral

discussion of thehysicalpropeties of biobgical tissue is given by Dugi85.

Biological tissue shows nédinear, anisotropic andisccelastic behaviof186. Many
experimental studies on hard and safsues have done concentrating on the aspects of
their elastic and viscoelastiirehaviour.Tissue requirg viscoelastic parameters (dynamic
mechanical property) in addition to the elastic modulus (static mechanical property) to
fully describe their mechanal behaviour. Howeveunltrasonic excitation gives a limited
strain of tissue in a very small range. The equivalent sstagss relationship could be
linear, which could be assumed thdissue shows elastic behaviour when subject to
ultrasonic vibration The physical and elastic properties of tissweemgiven in the Table

4.1.

Table 4.1 Physical and elastic properties of tissue [185, 187, 188
Density Young Poi ss Tensile | Compressive
(kg/m?) modulus ratio strength strength
(MPa) (MPa) (MPa)
Skin 10931190 4.6-20 0.48 3.7-11
Muscle: Cardiac 1060 0.00620.11 0.49 0.11
Muscle: Skeletal| 10381056 | (10% strain)| (average) 0.11
Bone: Cortical | 1990 27 0.400.62 130-160 150210
16000 032
Bone: Trabeculan 1920 20 23000 (bovine) 0.47.7
5.0 (costal) 58
Cartilage 10921104| 0.79 0.36 ' 7.8 (costal)
i (costal)
(articular)
Fat 917-939

Thermal damage in the ultrasonic exposure of tissue is related to ultrasourpliabsord
thermal conductiofl1§. Ultrasonic absorption coefficierd relevant to conversion of the
ultrasonic energy into tissue heat and thermal properties of tissue can reveehthe
transfer. Data about ultrasound absorption and thermal properties of tissue have been

collected for reference shown in Table 4.2.
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Table 4.2 Ultrasound absorption and thermal properties of tissue [185, 187, 188

75

: Thermal Specific heat| Heat of
Ultrasound absorptiof ductivi . blati
coefficient (dB/cm) conductivity capacity Ablation
(W/mX) (J/g¥x) (kJ/g)
. 0.293 0.016
Skin 3.5 1.2 (1IMHz) 0.3850.393 3.153.71 4.27
Muscle: Cardiac 1.33.3,4.7 0.44 0.4920.562 3.72 1.51
Muscle: Skeletal (4.3 MHz) 0.4490.546 | 3.43 (bovine)
Bone: Cortical 1.538.2 (1MHz) 0.3730.496
Bone: Trabecula 1.9-15.7 (0.5MHz) 0.270.33 1.151.73
(cow) (bovine)
Fat 1.8 0.1 (1MH2z) 0.230.27 | 3.59 (bovine)

Due to their availability, reproducibility and properties which are similar to biological
tissue, lhiree viscoelastic biomechanical test matertaR, PUF and SE, were used for this
study to represent hard and soft tissdége materials are available to allow test data to be
incorporated in the model making experimental validation achievable and offering a more
consistent alternative to real tissUéerefae, it is necessary to kmothe mechanical and
thermal propertiesf the tissue mimics in this power ultrasonic application

4.1.2 Properties of Tissue Mimicking Materials

41.2.1 Soft Tissue Mimicking Materials

To obtain reliable information on ultrasound tissue interaction, phantom stadbes
essential to mimic biological tissue.i#timportant tomakethe phantoms with theame
mechanical and thermal properties of the corresponding tissue. Several soft tissue

mimicking materias were developed for power ultrasound applications.

Hydrogelsare similar to manybiological tissus, due to their large water content. Hence,

to explor the high temperature and stress regimes involved in mpavteasound
applications, plyacrylamide gel (PAA gel, hydroge) containing egg white was made to
facilitatethe experimental work. The physical properties of PAA gel match well with those
of soft tissue. Data on the physical properties of PAAxggEobtained from the literature

and is shown in Table 8. To visuali® the temperature rise for power ultrasound
propagation in tissue, egg white, a protein, was added in the gel to work as a temperatur:
sensitive indicator for promoting coagulation of organic tissue. The procedure to fabricate

the PAA gel containing egg Wh isgivenin Appendix 1[189.
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Table 4.3 Properties of PAA gel [190, 191]

Youngoduwus| Poi s s| Tensile &rength Glass transition
(kP3 ratio (MPa) temperaturey )
PAA gel | Max. approx. 78| 0.3180.467| 0.002710.01013 187.85

In the fabrication of PAA getgg white mixturetoo much egg white resulted in an opaque
gel, while too little caused low sensitivity and low optical contrddte phantom
containing30% egg white by mass was bést visualisation of temperature riggroduced

by power ultrasonic exposure. Howevdue to the poor laser transparency of the PAA gel
with egg white preventing mapping of the stress field using the laser Doppler etlerom
which was one of the experimental methods used in this stuglgforethe PAA gel was

not utilised as a soft tissuaimicking material.

Another soft synthetic materialjlisone elastomer (Fig. 4)1 was an alternativdor
characteriation of ultrasonic effects. SE is cheap and easily formed into a solid shape at
room temperature and is optically transparent, whngde it an attracter candidate for

this researchThemechanical properties of SE are summarized in TaBIEL90, 197.

Table 4.4 Physical and mechanical properties of silicone elastomer [190, 192]

. Young Tensile : Thermal Specific heat .
E)E/zsﬁ%y modulus | strength P ?atlios s conductivity capacity t(s:?s:rt;taunrz;c;n
9 (MPa) (MPa) (W/m K) (kd/kg3 ) P
SE | 1.31.8 | 0.0050.02 | 2.45.5 0.5 0.3 1.3 -123
Samples of the silicone el astomer were n

(ELASTOSIL® RT 601 A/B, Wacker Chemicals Ltd). There are two components: the
platinum catalyst and the crosslinker. These material elements were mixed in 9:1 mixing
ratio by weight to form the final elastomer at room temperature. After intensive mixing for
several minutes in a fume hood, the mixture was poured into a prepared mould. The moulc
was then placed in a vacuum degas taakewvea horizontally levelled table teelease air
bubbles from the mixture and ensure parallel sample surfaces. Samples were left to cur
eitherfor 24 hours in a welVentilated area or for 20 minutes in the oven as 80efore

removing from the mould.
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Fig. 4.1 A silicone elastomer sample

41.2.2

Hard Tissue Mimicking Materials

77

Samples of hard tissue mimicking materials were made from biomechanical test materials,

Sawbone<urope, including Eglass filed epoxy resin ER, Fig. 4.2) for cortical bone

and solid rigid polyurethane foam (PUF, Fig2l).for cancellous bone. They are primarily

used as alternative testing medium to human bones, because they provide consistent ar

uniform mechanicaproperties in the range of human bone. Thehaaical properties of

the materials are listed in Table5s.

(@)

=

A

(b)

Y

Fig. 4.2 Hard tissue mimics (a) E-glass filled epoxy resin for cortical bone (b) rigid
polyurethane foam for cancellous bone [193]

Table 4.5 Mechanical properties of hard tissue mimics [193]

Density Modulus Strength Poi ss

(glem®) (MPa) (MPa) ratio
ER 1.64 16,000 106 0.3
PUF 0.48 592 12 0.3
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4.2 Characterisation of the Properties of Tissue
Mimicking Materials

4.2.1 Introduction

Deriving properties data for tissue mimicking materials is a crucial factor for determining
whether theperformance assessment of ultrasonic surgical devices gave correct and
realistic results. Reliable finite element analysis is required for engineering simulations,
which are largely dependent on accurate and realistic material data. To model the material
accurately, the properties of tissue mimics wararacterisd mechanically and thermally
using different parameters and experimentation. In this study, frequency and temperature
dependent mechanical and thermal properties datareguéedin order to develop finite
element models of power ultrasonic loading processes. Standard and specific material

characteriationtechniques were assessed.

Three materials:ER, PUF and SE were used to determine their properties for
implementation in FEAparticularly mechanical and thermal simulations during the power
ultrasonic loading. These tissue mimicking materials were considered to be general
representa&ns of hard and soft tissue barte not considered to accurately represent the
full spectrum ofbiological tissue. They have different mechanical and thermal behaviour

and display diverse frequency and temperature dependencies.

4.2.2 Mechanical Properties

To extract the mechanical properties, su
compressionests were conducted using a test rigdadinga specimen with a predefined
geometry until failure occurs. The elastic behaviour during the tests was diearethe

linear region of thestressstrain relationship, which was calculated from the meadoezt

and displacement data.

4.2.2.1 Characterisation of the Mechanical Properties of ER and PUF

Generally, to determine the mechanical properties well, it dvdad advantageous to
characteris the materiain tensionas well as compression. In the applicatioulbfasonic
surgical cutting or loading, samples are firstly compressed and then sheared. Failwe occur

moreoftenunder compression than tension at the interface between the ultrasonic horn anc
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the material. Compression tests iR and PUF were perforndefollowing the standard
ISO 604:2003 to obtain compressive stresain datgd194.

Principle of Characterisation of the Mechanical Properties oER and PUF

ER and PUF were machined to a standard size of 50mm (Length) x 10mm (Width) x4mm
(Thickness). Machining operations were carried out by a milling machine ensuring smooth
surfaces. ThenER and PUFwere tested in a waxial compression testing machine
(Zwick Roell Zz250) at temperatures of 22, 30, 40, 50 and 6fbr ER and room
temperature of 22 for PUF at crosshead velocities of 1 mm/min. The centre of each
specimen was carefully positioned ke tcentrelines of the compression plate surfaces to
ensure the compression force was applied axially and the specimen was parallel to the
compression plate surfaces of the test machine. The specimen was placed in the
temperature controlled chambitig. 43) and allowed to soak for half an hour to ensure
the whole specimen was thte desired testing temperature. A small preload of 100N was

appliedprior to the test and then the specimen was compressed to failure.

Compression
test machine

Thermometer

Temperature
controlled
chamber

Fig. 4.3 Compression tests at different temperatures

Results of Mechanical Properties oER and PUF

The nominal strain was determined by crosshead travel and compressive modulus wa
defined on the basis of two specified strain values at the str&i%¥% and 0.25%. The
stressstrain relationship in compression tests are shown in Fig. 4BRand Fig. 4.5 for

PUF. The compression modulus wereca@dted and listed in Table&for ER and Table

4.7 for PUF. It could be assumed that the compression modulugERfand PUF are

identical to the tensile Youngds modul us.
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Fig. 4.4 Typical stress-strain curves of ER in compression at different temperatures

Table 4.6 Typical compression modulus of ER at different temperatures

Temperature) | Youngds mod
22 9962.3
30 8508.5
40 7493.8
50 540.88
60 354.38
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Fig. 4.5 The stress-strain curves of PUF for compression tests at room temperature 22 3

Table 4.7 The compression modulus of PUF

Test Compression modulus (MP¢
1 556.5
2 562.2
3 571.5
Mean 563.4
Standardleviation 7.6

Due to the glass transition temperature€Bfis around 58 and PUF is above 120,
which will illustrate in section 4.2.4, the mechanical propertieBRfs more temperature

dependenthan PUF. Therefore, compression modulug&RBfat different temperatures up
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to 603 were obtained but the compression modulus of PUF at room temperature was

calculated.

4.2.2.2 Characterisation of the Mechanical Properties of SE

The majority of mechanical tests for silicone elastomiseuni-axial testseither atensile

test ora compression test, to deténe the tensile and compresssteessstrain properties.
Standard test pieces were prepared in advance. ethbhaped specimengauge length
20mm, type 1A) were made for tensile tests and cylindrgg@ecimens with diameter 29

mm and height 12.5 mm were fabricated for compression tests. Standard test pieces wer

produced fronpolytetrafluoroethylendPTFE) mouldings (Fig. 4.6 and 4.7), alow the

specimendo release easilyrhe test procedures vediollowed the standards ISO 37:2005
andISO 7743:2008.

Fig. 4.6 Tensile test specimen moulds and Fig. 4.7 Compression test specimen
SE specimen moulds and SE specimen

Principle of Characterisation of Mechanical Properties of SE

In tensile tests at room temperature, dumb test pieces were gripped by clamps and
stretched in a tensile testing machine (Zwick Roell Z250) at a fixed rate (500 mm/min).
Force and elongation data were colleatedil the sample broke. Due to the difiities of
griping the sample without clamp induced failure and making samples without flaws,
tensile tests proved difficult to perform. Compression tests were simple to perform for SE.
A standard test piece was lubricated by oil on the flat top and bestidiaces, which were
contacted with the metal plates of test machine. The lubricant was used to fredioce

with the loading platensvhere the specimen attained a barrel shape. In the compression
test, the lubricated test sample was pressed betwaeredmpression platens of the test

machine (Zwick Roell Z250) at a constant speed of 10 mm/min um@daction of
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s peci mend 25%hreachgdh The strain was released at the same speed and the
compression release cycle repeated three more tirhegour compression cycles form an
uninterrupted sequenc@&he measured load and displacement data were recorded to
determine the forcdeformation relationships for calculating the compression modulus
during the four cycles. The experimental-sps for cheacterisations of the mechanical
properties of SE are shown in Fig. 4.8.

Tensile
specimen

Compression
specimen

(@) (b)

Fig. 4.8 Mechanical experimental set-ups for (a) tensile test (b) compression test

Results of Mechanical Properties of SE

The test specimens wea#l mouldedfrom the same batch. Although the specimens were
manufatured from the same mixture, smathriationsoccurred duringsettingand test
preparations. It was difficult to obtain consistent values for their mechanical properties.
The tensile stresst r ain results for SE from thre
modulus and tensile strength are plotted in Fig. 4.9. The strain was determined by the
displacement travelled by the crosshead of the machine, which produced similar results a
low strain but as the strain increased the results diverged when comparedewitisults

from the more accurataser extensometer. In this thesis, for the purpose of finite element
modelling, the strain calculated using the change in displacement of the crosshead can b
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considered accurate but future considerations of mktdesting should employ optical
extensometryechniques to improve the accuracy.

Three compression results were derived from the decbiforcedeformation diagrams
(Fig. 4.1Q. There were four compression loading cyétesach test, where the strain was
measured from the point at the curve in the Ifdsurth) cycle and the copression
modulus is calculated betwed0% and 20%deformation The compression test$ SE

show that the material &tiffer in compression tham tension. Thecompressiveelastic
modulus is higher @m the tensiléTable 48).

Stress (MPa)

0% 20% 40% 60% 80% 100% 120%
Elongation (%)

Fig. 4.9 Results of tensile tests for SE
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0% 5% 10% 15% 20% 25% 30%
Deformation %

Fig. 4.10 Results of compression tests for SE

Table 4.8 Results of mechanical tests for SE

Test Youngos Tensile strength Elongation Compression
(MPa) (MPa) at break modulus (MPa)
1 0.83 0.66 101.50% 2.31
2 0.79 0.77 112.25% 2.28
3 0.79 0.86 99.58% 2.35
Mean 0.80 0.76 104.33% 2.35
Standard deviation 0.02 0.10 0.07 0.09

4.2.3 Thermal Properties

Heat induced by rapid strain cycling is another effect of power ultrasound on biological
tissues. To map the thermal distribution during power ultrasonic loading, it was necessary
to obtain the thermal properties of the tissue mimics. In addition, heat transfer in the
specimen during ultrasonic vibration can be modelled with FEA, if the thermalrpespe

of the materials aravailable These parameters include thermal conductivity and specific
heat capacity, which can be used to predict heat-opilaiith time.

42.3.1 Measurement of Thermal Conductivity

When an object is placed between two different teatpeg parts, heat flows from the hot
part to the cold part of the objeatcurs throughthermal conduction. To measure heat
flows through the object, the guarded heat flow meter method was applied in the
experiment following thénternationalStandard ISQ220071:2009[195.

The Principle of Thermal Conductivity Measurement

The test apparatus is shown in Fig. 4&d)land the schematic in Fig. 4.11 (b).
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Fig. 4.11 Setup for thermal conductivity measurement (a) experimental (b) schematic
apparatus
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A plate heater attached on the lateral surface of a copper bas agdheat source. The
sheet of solicspecimen was clamped tightly under a compressiad between the two
copper barsavith known geometry, thermalonductivity and thermal emissivity. A load
cell sitting on top of the upper copper bar {Ouasused to measuithe compressive load.
The lower copper bar (Guwas maintained at a constant lower temperature by a liquid
cooled chiller. For higher accuracy and to check repeatability, resistance temperature
detectors (RTD) with fouwire configuration were attached on the copper barprecise
temperature measement Two calibratedresistance temperature detectoRSTD; and
RTD,), placed onthe two copper bar§Cw; and Cuy), were used to measure thetal
temperature drop”Y “Y) between RTD and RTD, including the temperature drop
through the specimetY(iY "Y ) between the top’Y ) and bottom (Y ) surfaces of

the sample, temperature differencéy( Y ) from RTD, to Cu bottom edge and
temperature differencéY  “Y) from Cu top edge to RTR The average temperature
between”Y and “Y was keptat room temperature to minimize lateral heat flow.
Temperature measurements, performedheycalibrated RTDs at the heaté¥( ) and

top edge of Cu('Y ) were used for calculation of emitted heat radiation to ambient
environment. The ambm environment temperature ) was recorded by a digital

thermocoupleAll temperature were measured i® but convertedo Kelvin.

After reaching thermal equilibrium, an axial temperature gradient was establishedhthroug
these components and tleenperature drop{Y across the specimen was determined from

measurenmas and calculations as follows:

6 7 7 7 o 4.1

0 is the power of the heater, which is the product of supplied voltagand current’)

0 is the radiation emitted by the heaté¥ ( ), 0 is the maximum radiation
emitted by the upper part of Cat”Y ,0 is the maximum radiation emitted by the
lower part of Cgat”Y, Y0 is the length from RTPto Cu bottom edgeY0 is the length

from Cu top edge to RTR Q is the thermal conductivity of copped is the cross
sectioral area ofthe copper. It was assumed that there was no emitted heat radiation from
the thin sheet specimen. Becaas$®t objectis radiating energy to its cooler surroundings

at”yY , the radiation loss takes the form:
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O Q, 8y Y 4.2

where0 is the total emitted radiatiorQis radiation emissivity, is the Stefari
Boltzmann constanequal to 5.6%10% W/m*K?* 0 is the radiating surface area. The

amount of heat that flows through the specimen €an be obtained by:

U v v U U U v U 4.3

where0 is the total emitted radiation, is the maimum radiation by the upper
part of Cy at"Y. 0 is dominated by thermal conductivit{), thickness Y0) and cross
sectional aread() of the specimen and the temperature didpy (through the specimen

according to the Fourier equation:

0 h6YY 4.4
i\ '
Thermal conductivity of the specimen was calculated from
o 0 ¥ A5
b YY '

The thermal conductivity ahe specimensER, PUF and SE) were tested using the setup
describedaboveat the School of Physics and Astronomy, University of Glasgbfter
allowing 30 minutes to reach thermal equilibrium, the temperature data from RTDs was
recorded usin@ LabView controlled system for 10 minutes. Thermal conductivities of the

specimens we obtained by combination otheirmeasurements aretjuations
Results of thermal conductivity

The measurement results of thermal comgitg for three materialsER (Q ), PUF
(Q ), and SE'Q ) are listedin Table 49. Two tests for each specimen were conducted

and average results were takenresnputs for finite element models.

Table 4.9 Results of thermal conductivity for ER (kgr), PUF (kpyg) and SE (Ksg)

Q WmK)[Q (WmK)[Q (WmK)
Exp. 1 0.57 0.029 0.18
Exp. 2 0.57 0.027 0.19

Average 0.57 0.028 0.185



http://en.wikipedia.org/wiki/Stefan%E2%80%93Boltzmann_constant
http://en.wikipedia.org/wiki/Stefan%E2%80%93Boltzmann_constant
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4.2.3.2 Measurement of Specific Heat Capacity

Specific heat capacity, a measurable physical quantity, is the quantity of heat required tc
raise the temperature of a material per unit mass by one degree. The specific heat capaci
of the material was determined using differential scanning calorimeetityermal testing
method for measuring the responseadpecimenover a temperature range. Differential
scanning calorimetry (DSC) was used to measure the physical properties opla sam
change (material transitipms a function of time and temperature. Following the stepwise
scanning method in BritisBtandard BS I1ISO 1135%:2005, the specific heat capacity of

the materials at different temperatures was obtdh@q.

The Principle of Specific Heat Capacity Measurement

To measure specific heat capacity of a sample,scanning calorimeter monitored the
temperature and heat flow fromet quantity of heat (energy) absorbed or dissipated by the
sample when subjected to a temperature profilstandardreferencesample was in the
same controlled atmosphere. Based demaperature difference between the sample and
the reference material, the variation in heat flowswaeasured against temperaturce,
determine the endothermic heat absorbed and exothermic heat expelled by the sample ar

henceobtainthe specific heat caxity.

A differential scanning calorimeter Q100 (Fig. 4.12 (a)) from TA Instruments was used in
this study. The samplef mass ofapproximately20 mg wasencapsulated in a pan and an
empty pan (Fig. 4.12 (b)vas used for reference These panswere placedon a
thermoelectric disk surrounded by a furnace, which was heated at a heating rate of &
3 /min from 03 to 1503 . In the furnace, the heat energy was transferred from the
thermoelectric disk to the sample and the reference. The temperature difference betwee
the sample and reference, caused by heat capacity of the sample, was measured |
thermocouple®n the undersie of the thermoelectric disk. The specific heat capacity of

the sample was calculaté@m the results of the temperature difference.
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(b)

Fig. 4.12 The instrument for measuring specific heat capacity (a) DSC Q100, TA Instruments,
(b) DSC system components [197]

Resultsof Measurements of Specific Heat Capacity

The results of specific heat capacitytbé materials ER, PUF and SE) arghownin Fig.
4.13 which were obtained from the School of Chemistry, University of Glasdowe.

values were usefbr thermal propertiedata in finite element models

2.5

+ Specific Heat Capacity of GRP

0.5 Focmom o - = Specific Heat Capacity of PUF
Specific Heat Capacity of SE
0 | | |
0 20 40 60 80 100 120 140
Temperature (°C)

Specific Heat Capacity (g/(J-°C))

Fig. 4.13 The specific heat capacities of ER, PUF and SE between 03 and 150 3

4.2.4 Frequency and Temperature Dependency of the Materials

The issue surrogateER, PUF and SE arell polymers, which belong to a class of
substances known as viscoelastiaterials[19§. Because of the loaghain nature of
polymeric materials, polymer viscoelasticity is tgpe of interrelationship between
elasticity, flow and molecular motion. The deformation of the materials includes som

elements of both elasticity and flow, in other words, the materials respond to external
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forces in a manner somewhere between the behaviour of an elastic solid and a viscou

liquid thusknown as viscoelastid 98 199.

The mechanical properties of tissue mimics were obtained usingxiahitests at a
constant rate of strain similar to those used for other materials, such as metals. If
mechanical tests were performeddéferent strain rates or temperatures, the stsassn
responsevaried The response of polymer based materials is time/frequency and
temperature dependent, which is inherent due to the intrinsic viscoelastic nature of the
material For characterisain of viscoelastic behaviour of polymeric materials during
ultrasonic loading, tests and analysis approashesld beadopted for the tissue mimics to
determine the manner which properties vary with timgéquency and temperature.

4241 Viscoelastic Materials

For elastic materials, stress is proportional to strain under small etradgiition whichis a
linear relationshiknown asHookeb6s | aw. The r elaadstraimn s hi

can be expressed:as

. - O Qo 4.6
whereOis the elastic modulus andtime. When the elastic solid is subjected to an
external load, it will deform into a new equilibrium condition which stores all of the

external energy. It will return to the original shdapenediatelythe load is removed. No

energydissipationoccursin the elastic deformation regime.

In viscoelastic materials, the behaviour during deformation is dependent on both time
(frequency) and temperature. For example, if the viscoelastic material is deformed by a
constant load, which meaniset stress is held constant, the strain will incresitie time.

The mechanical behaviour of viscoelastic materials can be represented in terms -of stres:s

strain as

. Q-h 4.7

Stress is a function of time and strain. If strain and strain ratefargesimaly small, the

viscoelastic materials will behave linearly, which can be written as
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. -JQ0 4.8

where stress is proportional to a product of straid anfunction of time. Bergy is
dissipatedn viscoelastic materialwhenthey are deformed undeyclic stresses.

In this application, power ultrasonic tests of the viscoelastic materials are based on time
varying deformation®r cyclic loading. When a viscoelastic material is subject to a force
varying sinusoidally with timea sinusoidal stress developed and sinusoidal straiis
generatedbutlags behind the corresponding stress by a phasejanghe stress and strain

can be express as follows,

s w1 QET O 4.9

- - 0B10 1 -1 Q&7 o wEMgi] Of Q& 410
There are two components in theagtrexpression, the one ( Q&1 0) dnéphdse with
strain and another-(G£& i1 o0 “AE'ROEN 6 - ) out of phase ofstressby -.

Because of phase lag and stiffness, the dynamic modulus of viscoelastic m&erials
regarded asa complex modulu¥>, represented by ordinary dynamic elastic (storage)
modulusO |, me as ur i n gelastic behaweut amd meahlanical loss mod@us

measuringheviscous component of the modulus

z

d - 0 O 4.11

In terms of energy, the storage modulus is used to measure energy stored per cycle ¢
sinusoidal deformation, and the loss modulus is used to measure energy dissipation or he:
loss. The ratio of the loss modulus to the storage modulus is called dampiamping

tangent, expressexd

O
5 L] — 4.12
0 WE o)
The tangent of the phase angleprgmarily usedfor calculating the energy dissipation in

viscoelastic materials.

Applying sinusoidal strain-(i "Q¢&)Jtoda viscoelastic sample, the total work dam@ne

cyclew can be calculated as:
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Because the stress canrbfated tahe strain using the expression

. . OBT0 1 LI Q81 OREDET T Of MEN QETO- GET] 414

@ O-i Qtr ©E i 1Q0 O-wéitr@éiQomn “O0- 415
The average energy dissipated by heat loss per unitliime, is calculated by,

. w 1-0
0

4.16
Gl C

4.2.4.2 Experimental Determination of Viscoelastic Properties

Dynamic mechanical analysis (DMA) is one of thenflamental methods to characteris

the viscoelastic time/frequency and temperature dependent behaviour of a polymer. The
time/frequency and temperature dependent behaviour of can be determined when :
material samplewith a known geometry is loaded with sinusoidal deformation. The
monitored force at different temperatures is used to calculate the storage modulus, los:
modulsand phase difference. These are rel
dissipate mechacal energy and information on the relationship between the elastic and
inelastic components respectively. The modiditeguency and moduld®mperature
behaviour for the tissue mimicking materials was determirséag DMA to characterise

their response® cyclic loading.

The principle of DMA

DMA was used to measure the material response to sinusoidal stress under specifit
temperature conditions. A controlled sinusoidal deformation was applied to a sample of
known geometry. By measuring both the amplitude of the deformation at the peak of the
sine wave and the phase lag between the sinusoidal stress and strain, dynamic properties

the viscoelastic materials, quantities such as modulus and damping, were di2@thed



CHAPTER 4 TISSUE MIMICKING MATERIALS 93

As the dynamic modulus is a function of temperature and frequency, each time a sine wave
is applied, the result of a modulusncbe obtained by scanning a temperaturigequency
range. This allowa series of data to be recorded. Traditionally, experinaefzerformed

by cooling or heating the sample to a temperature, equilibrating, performing the
experiments at each straiate, and then loading a new sample and repeating them at the
new temperature. Compared with traditional approaches, the modulus as a function of

temperature and frequency can be obtained from Dadger

It is important for the application of power ultoasmd to viscoelastic solids to map
modulus or viscosity as a function of frequency. Modditeguency plots can show the
change of a material 6s propert i ¢emperatsre f r
superposition principle and under certain coodsi, experimental data obtained from
frequency sweeps at a range of temperatures can be used to predict the behaveour of tt
material at high frequencies, whiere not directly measurable by DMA. This will be
discussed in detail in the next section.

Time temperature superposition principle

The timetemperature superposition principle (TTS) provides a unique way of estimating
material viscoelastic properties over time (frequency) for specificusadapplications. For
viscoelastic solids, it states thamng and temperature are equivalent so that the dynamic
modulus at one temperature can be superimposed upon the modulus at another temperatu

by shifting the curves horizontally along the log time or log frequency E2alg

Using the idea of time/frequentgmperature equivalendéwas assumed that the changes
seen by altering the temperature were similar to those caused by frequency changes
Therefore, to estimate the material properties at high frequencies where it is impossible tc
measure experimentally, modulus datallectedby DMA at different temperatures over
smaller ranges of frequenayas used to build a master curve, whiottends tahe higher
frequencies range. The frequency scan dataowedappedo construct the master curve.

The master curve was created by d#igca series of frequency scan data, which was
collected at specific temperatures in the vicinity of the glass transition temperafure (
over a short frequency range, to use as a reference curve. Other frequency scan data

other temperatures wereeth shifted to the reference curve with respect to frequency to
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perform the superposition. After shifting the curves, the neguihaster curve covered a
range much greater than that of the original ¢2@d].

There are two mathematical models commonly used for shifting a givehdata upon a
temperature reference curve with respect to temperature. The theory of the models is base
on considering the effect of temperature on relaxation time and the properties of
viscoelastic solid. The timeemperature shift factor () revealsthe relationship between

the relaxation time at a given temperat@iréy and the relaxation time at a reference

temperaturd "Y , which is expressed as

“y
o

—+

4.17

—+

For most polymers, the shift factor is calculated using the WillieamgletFerry (WLF)

equation as

1 17IC u 4.18
0 Y 'Y
In this equationg and®d are constants)Yis the measurement temperatué,s the
reference temperature. Therefore, the relevant modulus data at 20 kiHe eatimated
using the resultingnaster curve after shifting a series of multiplexed frequency scans to a
reference curve wusing TTS, whi c bf redugesl d e

vari d293.es o
DMA experimental setup

The Q800 Dynamic Mechanicélnalyser (Fig. 4.14 (a)) from TA Instrumen{€rawley,

UK) is a thermal analysis instrument used to test the dynamic properties of the materials
By use of a dynamic force to deform a sample, viscoelastic behaviour can be derived.
Dynamic mechanicahnaly®rs consist of several parts controllirige deformation, the
temperatureand sample geometry and environment. In this application, the fixture for
controlling the deformation was dual cantilever (Fig. 4.14 (b)), which clampidenals

of the specimen bullowedthe middleto flex. The dual cantdver bending modesian
appropriate genergdurpose mode for evaluating thermoplastics and elastomers. The test
samples oER andPUF were cut to a size of 6@&(Igth)xL0 (width) x3 (thickness) mm.
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To ensureaccuracy a digital calliper wasusedto measte thes p e c i wétn and
thicknessprior to testing and the measured detas used as the input in thenalyr.

During the experiments, the sample was mounted on the dual cantilever clamp in a
standard furnace, where the temperature was precisely controlled. The analyser wa
operated in multfrequency, steppemperature mode, which assessed viscoelastic preperti

as a function of frequency, whikbe oscillation amplitude was held constant at 15 pn
maximum The test was run amultiplexed frequencies of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50,
100 Hz in temperature step experiments. In total, 10 frequencies wer¢ aivept
temperatures ranging frorR20 to 108 for ER and-20 to 1703 for PUF, increasing in

103 steps. Cold nitrogen gas was supplied by controlled heating of liquid nitrogen and

programmed during the run to make the analyser operate at subambiesratenes.

Sample

(@) (b)
Fig. 4.14 Dynamic mechanical analyser (a) Q800 and (b) dual cantilever clamp [197]

The DMA tests for SE were different from the testsE&t and PUF, due to the use of a
compression clamp (Fig. 4.15) instead of a dual cantilever. The compression clamp fixture
was designed for elastorsewi t h | ow Youngos modul us.
compression DMA was moudd into a cylinér 8 mm thickness&nd 15 mm diameter. In

the compression mode, the sample was placed on a fixed flat surface and a top oscillatin
plate applied the forcelhe test was run ahultiplexed frequencies in temperature step
experiments (from60 to603 ). Other experimental #gs were the same as fBR and

PUF.
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Fig. 4.15 The compression clamp of the dynamic mechanical analyser for SE

DMA experimental results

The frequency and temperature dependent behavioBRoPUF and SE were measured
using frequency multiplexing techniques (G0 Hz) inthe temperature range20 t0120

3 for ER, -20 to 1603 for PUF, and-60 to 603 for SE by the dynamic mechanical
analyserat the Department of Mechanical and Aerospace riesging, University of
Strathclyde

As shown inFig. 4.16, the storage modulusBR decreased with increasing temperature,
and a critical change of mechanical properties was observed between 40 zanwith0
reduction in the storage modulus by 88%%6, which corresponds to the glass transition
temperature. To align the individual experimental data points with points on the reference
temperature curve, TTS generated the master curve of storage modulus (Fig. 4.17) b
shifting the points using thequation 418 A commercl software package, TTS Rheo
Advantage Data Aalysis from TA Instrumentsvas sed to determine the constants

0 =146.8,0 =655.4 K, standard error: 10,78hown in Fig. 4.18. The shift factor was
calculated based on a reference temperaiti9.93 . The storage modulus &R was
obtainedaround 13.9 GPa at 20 kHz from the master curve in Fig. ZiH&.damping

tangent was not constantthe temperature range fra20 to 1003 , shown in Fig. 4.16.
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Fig. 4.16 The storage modulus, loss modulus and damping tangent of ER at multiplexed
frequencies in different temperatures between -20 3 and 100 3
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Fig. 4.17 The master curve of storage modulus generated for ER at reference temperature of
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Fig. 4.18 The WLF equation of storage modulus shift factor kit for ER at temperature

between -253 and 100 3

The storage modulus, loss modulus tard delta of PUF are shown in Fig. 4.19. The glass
transition temperature of PUF was around 230which was much higher than room
temperature. Compared witR, the frequency and temperature dependent behaviour of
PUF is not obvious. It was not possible to obtain the master curve at room temperature fol
reference using TTS, because the glass transition temperature wasearatoom

temperature. At high frequems and low temperature, the storage modulus increased into
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the glassyange. As the frequency increaseyond the capability of the polymer chains to
respond, the polymer glassifies with a nearly constant storage modulus. Therefore, the
value of the elagt modulus obtained from static compression tests was constant in
ultrasonic application around room temperature. The elastic modulus was considezed

the storage modulus in the high frequency low temperature applications. The damping
tangent was obtaed from the master curve of damping at frequency 20 kHz and 120

which was aroundY (Fig. 4.20.
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Fig. 4.19 The storage modulus, loss modulus and damping tangent of PUF at multiplexed

frequencies at temperature between -203 and 170 3
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Fig. 4.20 Damping tangent of PUF at frequency 20 kHz and temperature 120 3

From the DMA results of SE (Fig. 4.21), the storage modulus was not dependent on the
surrounding temperature in the range@f to 603 , but increased with loading frequency
from 0.1 to 100 Hz. The master curve of SE cannot bergttk based on the WLF
equationand so the modulus of SE used in the finite element model for ultrasonic loading

was not determinefiiom the DMA tests.
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Fig. 4.21 The storage modulus and loss modulus of SE at multiplexed frequencies at

temperatures between -60 3 and 60 3

Extensive measurements in the frequency and temperature domains of ER and PUF an
subsequent deduction of the master curves establish the mechanical and thermal behavio
for cyclic deformations over a frequency rargd several decadenpt all of which can be
accessed realistically at aoye temperature and frequendy examine theapplicability

of the TTS principle for this ultrasonic applicatjoexperiments and FE models were
carried out and create@lhe comparisons between experiments and FE mdd&smined

by the experimental materials characterisataomd with the aid of TTS principle could
providethe confidence in determination of viscoelastic behaviour in ultrasonic application

using DMA and TB principle.

4.2.5 Extracting Material Properties for Finite Element
Modelling

Once the thermal and mechanical properties of the specimen had been characterised, it w:
necessary to determine the material response to power ultrasonic |aesdggdfinite
elementanalysis. Material models thefinite element packages wensedto representhe
experimental data in a convenient form, which was used in the soloftidime finite

element problems.

An dastic material model was availabdle ABAQUS to simulate the &rmonic vibration
response at 20 kHmsing displacement and strain fields. The elastic material model
describes the material behaviour using fundamental engineering properties including
density, Youngds modul us and dtonmoslwus the r
Youngo6s fonolttasohialgading at 20 kHz f&R was calculatedrom the DMA

, the Yo

during ultrasonic loading used the finite element modelwas from thedata by static

data insteadf from static compressiveestdata | n contr ast
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compressive test datperating at room temperature. In the tests of ultrasonic loading, the
sample was vibrated at 20 kHz. Because the glass transition temperature of PUF wa
measured up to 130 and the loading frequency wagh, the storage modulus was in the
glass range beyond the capability of the polymer chains to resipocaintrast, de to the
rubber region of SE being at room temperature, the storage modulus of SE was heavily
dependent on | oadi n gnoduluseused ighe finiye.elenfeht enod¥lo u n
for SE was not from compressive tests but calculated from the shear relaxation modulus

data measured by Lu et al. using a dynamic nanoindentation test following the equation

O ¢Op t 4.19

whereOistheYoungo s
205.

‘it shean modulus, andistheP o i s s 0 n203 r a

To obtainthe thermal response during ultrasonic loading, another finite element package
PZFlexwas adoptedavith a thermemechanical model, which was represented by density,

Youngds modul us, P O ifastar, aherinal condaigity, and specifionp i n

heat capacity. The dampirigfactor was calculated from DMA tardatafollowing [206]

~ p
V)

o 4.20
0 Wie

to extract internal heat generation by ultrasonic vibration induced heat dissipation. Thermal
conductivity and the specific heat capacity were used for mapping the temperature field by
thermal conductionBecause it is not measureable for transparent 8i§ nencontact IR

camerathe thermal response was not recordedtor

The parameters of materials properties for finite element models (listed in THB)IevAl.

be explained inftapter 5.

Table 4.10 The parameters of materials properties for finite element models

PZFlex Models
ABAQUS Models Specific
Density I\\(/Ic?dtljlur; 9Poi s Va(l?ue Therrrz\a;\l//(r:no%luctlwty Heat
(kg/n?) (MPa) Ratio (kg/(IK)
ER 1640 13.9 0.3 36.62* 0.57 760
PUF 500 563 0.3 34.8 0.028 1573
SE 1100 13 0.495 - - -
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*Damping loss Q value for ER is temperature dependent and the value 36.62 is measured at room
temperature.
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5.Non-invasive Field Measurement Techniques and
Numerical Models

5.1 Introduction

Measurements of a wave front using a hydrophone, a traditional device faonitra
pressure field characteason, haveshown to beextremely difficult in solid materials.
Thus, t is necesary to develop other methods to study the power ultrasonic effect on
biological tissue. Compared with conventional ultrasonic field measurement techniques
involving hydrophone or sensor probe insertion into the medium;imasive field

measurement techques ar@a moreattractive option for development in this project.

In this chapter, noimvasive field measurement techniques instead of traditional contact
measurement techniques are introduced and developed to evaluate the power ultrason
mechanical andhermal effects on solids, and numerical mogelscreated tocompare

with the experimental findings with the aim of validating the approach.

First, a brief introduction of the ultrhigh speed camera system and image techniques,
with special emphasis o2D in-plane fultield digital image correlation (DIC)is
presented In addition, the experimental preparation and -sgt are presented, which
included specimen preparation, -s@t of the power ultrasonic system, and camera
configuration and lighting setp. The displacement anstress/strain fields of the solids
during power ultrasonic loading can be characterised by the DIC technique with an ultra

high speed camera.

Next, a norcontact temperature measurement tequn thermal imagingusingan nfra-

red (IR) camerds presentedUnder ultrasonic loading, hegénerationcan take place in

the specimen leading to high temperasurethe zones where stressare concentrated.

The heat generated in the specimen due to conversion of mechanical energy to thermse
energy was detected by the IR camera, which provides the results of temperature
distribution. The fundamental process by which ultrasonic wave energynigerted to

thermal energy and thermalamging techniques are discussed

Then, an optical measurement techniquedescribed for charactemg the power
ultrasonic field generated in a transparent viscoelastic solid tiseragousteoptic effect,

with a laser Doppler vibrometeand fultHield scanning techniques. The experimental
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arrangement by precise manipulation of the laser scanning of the transparent specimen i

presented followed by an introductitmthe basic principle cdicousteoptic theory.

Finally, the numerical models for verificatiaf andcomparison withexperimental results

were created based on analytical and finite element methods. Ultrasonic fields including
displacement and stress/strain fields were simulateduibyericalanalyss. Temperature
distributions in the process of ultrasonic loading on materials were motigli@doupled

thermoemechanical finite element analgsi

5.2 Digital Image Correction & Ultra-high Speed Camera

5.2.1 Introduction

The primary aim of this study wato find techniquedo detectthe stresstrain and
temperature fields in surrate tissue specimens, which aexcited at ultrasmic
frequencies. Traditionallygontact extensometelis usedto measure the strain between

two points, which provides the erage strain over the gauge lengthowever, he
extensometer can influence small or delicate test specimens due to being attached to th

specimerthus applying additionahechanical loading.

A non-contact and fulfield strain measuremesystemwith high accuracy is required for
this applicatiorfor dynamic testingt ultrasonic frequencies. The advent of digital imaging
at ultrahigh frame rates now allows recordinfjithe response of vibrating samples using
laboratory or commercial systems. Rwstage processing can be used to measure vibration
displacements and calculate the associated strain ifiiall By this noncontact imaging
technique, it is possible to imagvibrating samples at ultrasonic freques and
specifically, visualie the mechanical deformation during ultrasonic excitation of tissue
surrogate sample&xperimental setups were developed to facilithiemanipulation of

thedisplacement anstrain/stress fields under evaluation.

5.2.2 Digital Image Correlation
5.2.2.1 Description of the Digital Image Correlation Method

Digital image correlatiofDIC), a noncontact displacement measurement technique, is a
full field image analysis method, which is based on mmarison between grescale
digital images of a test piece at different stages of deformation under load. By tracing
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blocks of pixels, 2D DIC determines the surface displacements of the test piece in order tc

create inplane surface strain maps.

7N /Yy

/ " -
d t NN N O™ o™
T, NN N NN
L Tud | o] t+at YN N NN
T N N N NN
displacement vector field strain field

Fig. 5.1 The principle of 2D digital image correlation showing the relative motion of pixels
between frames that are used to calculate the displacement vector field and thus the strain

field [207]

The basic principle of 2D DIC (Fig. 5.1) is to match the same pixels between sequential
images, which are recorded in different states of deformation at different times. The
recorded images are divided into overlapping subsets, which are formed by apijesient

The pixels contain a numerical grsgale value, which is related to the digitized light
intensity. The distribution of pixel intensity is used to correlate the images. Because the
subset has a wider variation in grey levels, it can be more upiglentified and can be

used in a correlation procedure more accurately than an individual pixel. During the DIC
process, the undeformed image is adopted as a reference image and is then compared wi
subsequent images after deformation using pattergméamn and matching procedures to

search for andecognse a specific subset in the series of images.

The numerical correlation procedure &s feature ofthe software(Fig. 5.2. In an
undeformed reference image, there is a square reference subset,whit a poind

with coordinates @hw) is located. The intensity of the reference subset pixels is
represented biO afwo and the poinfOG ho is located at theentreof the reference
subset. After deformation, the reference subsetnaged to a new location means that
point 0 has moved tolaeof coordinates who and centrepoint from "Oto "O of
coordinatesw Ity . The coordinates of poidtaean be obtainedrom equations 5.1 and
5.2
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whereo andu are the horizontal and vertical components of the displacement of the centre
markerOm fto . By solving the variableé andV, the inplane (subset) deformation in
the x direction and y direction can be obtained respectively. Using the intensity of the
reference subs&Dato and target subs& who |, the best match between the reference
and target subset to find the values0 and? ¢ & ¢ A 9T & P c(subset
distortion) can be achieved by minimizing the correlation functfomhich is expressed as

follows,

. B B 'Omhd "0 whd 5.3
Y p
BB O oty BB O oo
X X
Reference P(x;,y;) Target  P(x’;,y’)
Subset ¥ Subset_ _
Ir ‘ .‘.'I p 3 ‘l‘: Ir I
- I Function I
Flxoyyl E— R
Reference Image Deformed Image

Fig. 5.2 The numerical scheme of the correlation procedure

To obtain better distinguishing subsets in each image, adoigiiast speckle pattern is
applied to the sample prior to imaging. A comprehensive review of the 2D DIC phasess

been presented by Pan et[aD§.

5.2.2.2 DIC Analysis for the Application

In this application, the DICandysis was conducted using Matlab based program
developed atJohns Hopkins University209, 21(. The software was based ahe
implementation of the Matlab image registration function CPCORRich performs
normalized crossorrelation to track usetefined marker positions beeen the
undeformed referencand subsequemteformedimages. Each marker point is centred on
the sibset (regiorof-interest). Displacement vectors for each marker can be determined by

the difference between the pixel coordinates of the reference and deformed subset centr
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points. Using a grid of equally spaced marker positions, displacements caarpelated

to give fulHfield displacement measurements. The strain was calculated by differentiation
of the displacement field. During the process of correlation, sirecsubsets are tracked,
rather than individual pixels, highly accurateeasurements nabe obtained asub-pixel

resolution.

The ultrasonic vibratiormamplitude withinthe surrogate bone samples used in this study
was of the order of a few microns. These displacemardsless tharthe maximum
traceable displacement (up to 4 pixels) in the range of the subset, and therefore DIC coul
track the displacement in the subset by correlating consecutive images using the
undeformed image as a reference. Another consideration is the derbgize of the grid.
Markers were used on the grid to represent the position of each image subset to be tracke:
A grid with a marker spacing of 10 pixels in the horizontal and vertical directions of the
image was created, using a subset size of 20X@lgqigiving sufficient accuracy and
sufficient subset size for the limited camera resolythich defined by the camera
(Shimadzu HPVL hired from EPSRC engineering instrument podihe size of grid

markersshould beselected to avoid marker overlap amloothing effects.

5.2.3 Ultra-high Speed Camera

Ultra-high speed photography was used to monitor the deformation of the specimen during
ultrasonic vibration. The introduction of the charge coupled device (CCD) revolutionized
imaging technology from film to dital and sped up the development of high speed
photography. There is a new technique for capturing images at extremely high speeds witt
an ISISCCD chip (in situ storage image sensor CCD), a typical interline transfer CCD
chip, which can quickly transfeaeh pixel into its register in microseconds by integrating
the memory on board into the CCD chgi]].

In order to capture in detail the initial transient interval where the cycles of vibration
amplitude buildup can be charactessl for power ultrasonic excitation at 20 kHz, an
image acquisition rate of more than 200 kHz is required, which is dependent on the
performance of the ISIECD camera. The Shimadzu HRY ultrahigh speed camera

(Fig. 5.3 (a))is capableof up to 1 million frames per second (fps), recorded image data at
250 kfps. The camera resolution is limited to 312X260 pixels with a 10 bit dynamic range.
The number of acquired frames at any frame rate was fixed at 102. The digital frame was ¢
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bit images, which provided pixel intensity with 256 greyscales. To provide adequate
lighting, two photographid¢lash guns Nikon speedlightSB 900 (Fig. 5.3 (b)), were used

for specimen illumination. To improve the quality of images, the aperture of the camera
lenswas set at f2.8, using a Nikon-85mm macro zoom lens, and the camera exposure

time was fixed at 1/8of frame rate, which was the minimal setting for the camera.

(@) (b)

Fig. 5.3 Ultra-high speed photographic system: (a) Shimadzu HPV-1, high speed camera and
image control and display system [212], (b) flash gun: Nikon speedlight SB 900 [213]

5.2.4 DIC & Ultra-High Speed Camera for Dynamics

Due to the availability of ultra high speed cameras at high resolution and new
developments of computer technology, DIC has a wide range of applications in
experimental mechanics and is being used in transient dynamic eMeaits.have been a
number of published studies using DIC with uliigh speed cameras for fiikld
measuremdn to examine the mechanical response of specimens to dynamic |oading
which were reviewed in sectioB.4. The vibration measurementsported previously
mainly illustrated the observed full displacement field of the test pieces. The strain field,
relevantin investigating internal heat generation, was not extracted from the displacement
field. To extract the vibration response including displacement and strain distributions
from testpieces excited at ultrasonic frequencies, it is possible to use aiighrapeed
camera. In this studyhe Shimadzu HPVL with 2D DIC was usedhs described by Reu
[217], allowing fullfield measurement of the vibrational response of surrogate bone

material specimens exciteg b power ultrasonic device.
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5.2.5 Experimental Set-up
5.25.1 Specimen Preparation

To compute the specimen full field deformation under dynamic load, the surface of the
sample shouldhave arandom speckle pattefior image tracking. The patteshould be
nonrepetitve, isotropic and high contrast. Normally, the surface should be coated by
sprayinga black and white pattern of adequaptsize, which shouldoverseveral pixels

(3-5 pixels) on imagesavoiding too fine pattern elements.

The sample size was 50XL0¥hm and the sample surface was prepared with a random
speckle pattern (shown in Fig. 5.4), achieved by spraying first with white paint and then
adding black paint such that the random black dots met the required size of several pixel:
[214). It was essential that adequate contrast was applied to the sample, to allow for precist
measurement ofhe changes in grey scale distributidviatt paintswere usedo avoid

specular reflections arehsureall areas were coverdxy the speckles.

X

Fig. 5.4 The prepared sample captured using Shimadzu HPV-1

5.2.5.2 Image Acquisition by Camera Setting

The vibration response of samples to excitation at 20 kHzhbyultrasonic lorn as
described in chapterw®as measured using 2D DIC with an uligh speed camera. The

DIC experimental setup is shown in Fig. 5.5 (@}h the schematic in Fig. 5.5 (b). The test
sample was bonded to the output face of the tuned ultrasonic hach, wids excited by a
longitudinal mode Langevin transducer incorporating a piezoceramic PZT stack tuned at

20 kHz. The PUF sample vibrated in resonance in its second longitudinal mode, as
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predicted by finite element analysis. TlBR sample was not vibrating in resonance due to

the single excitation frequency being some way from the natural freqoétiey sample

During ultrasonic excitation of the specimen, the Shimadzu -#HPMtrahigh speed
camera captured images, while two dhkSB900 flashgunswere utilised simultaneously

with the camera to illuminate the specimen, which was planar, parallel to and at a constan
distance from the camera. The trigger was controlled to initiate image acquisition and flash
exposure withadelayf 400 e€s, giving stable | ighti
flash exposure lasted over 1 ms, which is longer than the frame integration time, 102
frames could be obtained during one exposure. The camera control unit allowed control of

the cameraetup and stored the images for DIC analysis.

Ultra-high Speed Camera
Test Sample

P

Flash Guns Ultrasonic Horn=—

(b)

Fig. 5.5 (a) DIC Experimental set-up and (b) schematic of DIC experimental set-up
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To record images of the planar surfacehws specimen before amafter loading, two sets

of images were acquired. The first set was acquired from the undeformed specimen,
providing the reference image. During ultrasonic excitation, acquisition of a second set of
images was controlled by the external trigger, which wsesl to capture images when a

steadystate vibration in the sample was achieved.

5.3 Thermal Imaging by Infra-red Camera

5.3.1 Introduction

Mechanical vibrationst sufficienty high amplitude can influence the physical properties

of materials. In power ultrasonic applicatiorlsgh frequency mechanical oscillations
generate heat inside the materials as a result of absorption of the ultrasonic wave energ)
Damageto the materialsanbe caused by cyclic loadg and internal heatinoppducedby

the high temperature. It is therefore necessary to obtain the temperature distribbution
assesghe ultrasonic effects on materials.

The temperature of specimersubjected to power ultrasonic vibration rose due to heat
generated during cyclic deformatiof21y. Since the thermal effects of ultrasonic
excitation are also critical inharacterigg the potential benefits or hazards of ultrasonic
surgery, thermal analysis using thermal imaging is also adopted as a nonsgstai

that displays thermal radiation visuallkn IR camera issuitable and the device, that
detects and displays the amount of infrared energy emitted, transmitted and reflected by th
sample. It means that the temperature distribution of the samgér ultrasonic vibration

can be determined.

5.3.2 Infra-red Camera

Thermocouplesoften used to detect temperaturan either be attached to or inserted into
the samples being measured. However, these methods are invasive, altering both th
geometry and dynaim behaviour of the sample, and are subject to other limitations,
including difficulty in locating the peak temperature and mapgeghermal distribution

and producing localized heating in the sample. Therefore, fefidldl suface temperature
detecion, IR thermography can produce images of specimen surface temperature due to

ultrasonic excitation using a thermographic camera.
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The IR camera (T425, FlirWilsonville, US) was chosen as a noncontact instrument to
provide avisual display of specimen h&agy. The camera, shown in Fi§.6, measures
temperature in the rang@€0 to 12008 and captures thermal images at 9Hz, which is
sufficient for recording the heating accumulated from ultrasonic excitation. The thermal

sensitivity is 50 mK anthe imageesolution is 320240 pixels.

Fig. 5.6 Infra-red camera, Flir T425 [216]
5.3.3 Thermo-mechanical Effects

Several thermanechanical effectareactivated when mechanical cyclic loading is applied
to a samplematerial. Temperature changedservedn the material during cyclic loading

are caused by a combination of thermoelasticity (temperature variation due to
thermoelastic effects), hegeneratedby reversible anelastic damping and irreversible
plastic deformation (temperature variation due to heat dissipation)nteraal friction

[217.

During elastic loading, the temperature change varies in proportion to applied stress due ftc
thermoelastic effest It is related to the therrhaexpansion coefficient, specific heat
capacity and initial temperature. Detection of thermoelastic sffeqtires high resolution

due b small temperature changes. fal amount of dissipated heat energy due to
anelastic thermal effect is generatedthg energy loss in the mechanical hysteresis loop,
which induces the temperature changes. As the stress amplitude approaches the yiel
strength large amounts of dissipated heat are observed due to additional-phégtic or


https://www.google.co.uk/search?espv=210&es_sm=93&q=wilsonville+oregon&stick=H4sIAAAAAAAAAGOovnz8BQMDgysHnxCXfq6-gVFBXmVRhhIniG1onJ1VrKWVnWyln1-UnpiXWZVYkpmfh8KxykhNTCksTSwqSS0qDsy_pxNcceaKmdJffYfrGYWbfe7XAgBreae9YgAAAA&sa=X&ei=9mVlUuH1K4WI7Aa8-IH4Dw&ved=0CK4BEJsTKAIwDQ
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plastic deformations. Almostllahe irreversible mechanical energy due to the anelastic
deformation will be converted into heat.

Excitation of the thermanechanical effectat ultrasonic frequencies at low strdssels
results in different damping mechanisf@47). Because stress in the specimebe®wthe
elastic Imit, the dissipated energy mainly comes from internal material damping and the
local plastic deformation at a microscopic scale.

The energy loss of ultrasmnwaves passing through a mediunctreases with travel

distance. Theltrasonic wave experienceienuation (mainly induced by internal material
damping) which is a type of viscoelastic response in the material. A distributed
temperature field can be produced due to at#on of the waves when the ultrasound is

propagating in a solid.

5.4 The Acousto-optic Effect and its Measurement

5.4.1 Introduction

By detecing optically the change in refractive index, which is due to the change in density
of transparent medium during the propagation of ultrasound, -enmasive method based

on the acoustoptic effecthas been devebed for stress field characteai®on in a
viscoelastic solid. A laser Doppler vibrometer, producing a laser beam passing through an
acoustic field generated by an ultrasonic horrys=d to detect ultrasonic stress induced
optical phase sfis. The total phase change induced in the laser heaepresentative of

the average stress value along the laser [&ttlesscan be calculated from the optical
phase change across the width of the acoustic figihnningroutines and image
reconstrution algorithms combine together to map the stress field from the acquired phase
modulated datf21§.

5.4.2 Acousto-optic Effect

The interaction between lefwequency ultrasound and light waves provides a method to
visualise the acoustic field, which mddtes he amplitude and phase of ligit a
transparent medium. The bagignciple of the visualation ofa sound field by light is
known aghe aousteoptic effect, which was first predicted by Brillouin in 192119 and

experimentally confirmed by Dgb andSears [22( and Lucas an@iquard in 1937221].
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Raman andNath in 1936158 and Phariseau in 199@27 presented theoretical models
to explain this phenomenon. The deyghentsf laser technology in the 196@nd signal
processing technologies benefited the broad applications of acpigts.

The techniquedr the nontinvasive measurement of acoustic fields is to characterise the
acoustic stress fluctuation due tora#onic vibration.For a harmonic lowfrequency
ultrasonic wave in this case a longitudinal wave oscillatingorad its propagational

direction, he longitudinal displacement ¢f® in the medium can be described by:

L s A 1V
0 oo OI'QEOE) . 54

whered is amplitude] is angular frequency, is phase angle a o T, Qis phase

velocity.

When the wave propagates through the medium, esseaf alternating regions of
compression and rarefactiqiig. 57) are produced under the action of thechanical
strain. Compressiomegions have greater number of molecules per unit volume than
rarefaction regions, which means the compression and rarefaction phases change th
permittivity of the medium, alter its densignd cause the inhomogeneous disiion of
refractive index, in this case dynamically by the oscillating ultrasonic wave. The
compression phase results in a stress incitedbe ambient stress in the medium, whereas

the rarefaction phase results in a stress deficit.

Compressmn Rarefactlon
regions regions

Wave _
origln

Dlrectlon of wave propagatlon

Fig. 5.7 Compression and rarefaction regions due to longitudinal wave propagation through

a medium

In general, the refractive index of the transparent medium which is a function of
permittivity (equation %) increases with itgdensity. The variation of the transparent

refractive index of the medium diffracts the incident light and influences its amplitude and
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phase. Practically, diffraction of light by an acoustic field can be neglected due to the small

amplitudes of acoustiedid in the low ultrasonic frequency applicati#23.

Therefractive index is defined as

where¢ is the refractive index ofthe medium,- is the relative permittivity of the
medium,’ is therelative permeability @r most materials, is very close to 1 at optical
frequencieg224)).

The relative permittivity is expressed as

where- is the absolute permittivity of the medium, is the permittivity of free space
approximatel\8.85x10* F/m.

As discussed above, in a transparent couptieglium,acoustic stress fluctuatisnnduce
alternatiors in local density, which modulates the refractimdex of the medium. In this
case, the viscoelastic properties of the medium, silicone elastomer, which has a sufficiently
low refractive index to prevent light loss, similar to ancompressible liquid. Therefore,

the applied acoustic stress to theompressible medium magé without changing its
shape. he density of the medium goes up as the stress increases. The relationship can b
considered linear between acoustic stress and refractive, isBdewn in equation 3,

when the acoustiwave propagas in the medium.

‘ — 5.7

wherd &is thevariation in ambient refractive indéyx, ,is thevariation in ambient stress,
‘ 2.7x10° Patin air.

The refractive index of the compressiamd rarefaction regiss can be defined as
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where¢ s refractive indexvhen there is no acoustic wave present

As demonstrated above, the variations of refractive ifidex due to harmonic wave

propagation can be presented as
1 ¢0 € OEl o = 5.9
&)

where¢ is the maximum change in refractive indédis the speed of ultrasournwlavein

the medium.

Under such conditions, as light travels through the ultrassaue field due tochange in
refractive index,the path lengthof the lighti is modified according ® equation 5.Q,

which means the light travels faster or slower depending on the stress fluctuations.

1 Q¢ 5.10
whereQis the geometric length of the path light follows through the medium.
The change in the optical path lengthoduce variationsin phase oemerging light from

the unchanged incident lighfFig. 58), when the light travels through the transparent
medium with different refractive index at different parts.

> 1
"R Q! I
Incident w[Cl-" Emerging
Light R % Light
Wavefront €1+ > > >Wavefront
i, 1
g N
Ultrasonic
Vibration

Fig. 5.8 Light wavefronts impinging on a refractive index variation due to ultrasonic wave

propagation where 0C6 represent s arefactignr essi on and
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To quantify the variationg phase a laser Doppler vibrometer has beesedto perform
the measurements, which is a Aiomasive method of measuring the acoustic field in the

transparent solid caused by ultrasonic vibration.

5.4.3 Laser Doppler Vibrometer

The LDV is designed to make measurements of the velocity and displacement of a
vibrating suface.Based on the principle of LDV discussed in section 3.2, the displacement
of a vibrating surface can be determined by measuhagphase difference between the
measurement and reference laser beams. Hertwase variations introduced by an
ultrasont wave in the transparemediumare readily attainable using LDV. Hence, the
laser Doppler Vibrometer was used to measure ultrasonic stress distribution by quantitative
analysis of the acoustaptic modulation otheoptical path.

54.3.1 Quantification of Phase Variations

As discussed above, due to the sinusoidal wave generatild loyrasonic transducer, the
pressureor stress change in the homogeneous isotropic medium can be considered as :

harmonic functiorj218 given by:

1 audgd , aduw OB o — 5.11

8-1| Q-

wherg ,is thechange in ambient stress;is the constant phase front

Changes in the refractive indexewill modulate the optical path and phase of the light
[225, 226 according to
¢‘1 B0

N B 5.12

wherees 0 is the phase change of the lighit,s the width of the specimen through which

light passes_ is optical wavelength.

Combining equation 5.1With equation 5.12the phase change induced by stress variation:

« 0 9, 0 canbe represented in a harmonic function by
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ey "7 5.13

For the experimental arrangement depicted in Fi§, @where the laser beam passes
through the ultrasonic field of widilntwice following reflection from a reflective surface
to the sample. Therefore, the phase change will be representative of the average stres

along the path of the light and the totahpl change must be doubled:

—Qw 5.14

cAl-Q
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Fig. 5.9 Experimental arrangement of stress field detection by laser Doppler vibrometer

It is can be found that the phase component of laser light is proportional to the frequency
and the 6éaveraged rate of change of ul tr
principle of LDV, the phase change casis@ additional modulation to thentensity of

light incident upon the photo detector, which can be wradken

5.15

O"Op Al ©0 - .
G
whereOis the light intensity at source, is the phase othereference beam and is
the phase ofthe measurement beafi45. Since the reflective surfade assumed to be
stationary, phase variationeasured by théDV is due to a change in refractive index
inside the trasparent mediumrherefore, the output froitihe LDV is purely a function of
the phae variation caused Istress The spatial distribution athe ultrasonic fieldin the

plane perpendular to the laser beam can be mappesing a LDV with scanning

manipulation.
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5.4.4 Experimental Arrangements

Silicone elastomearhave a long history of excellent performance in very demanding
applications. Due to high optical transmittance in the-WiBible region stable thermo
mechanical properties upon exposure to heat and humidity and easy processing intc
arbitrary 3D solids, a twoomponent silicone elastomer (Elastosil RT 601, Wacker

Chemie GmbH, Munich, Germanwyas chosen

5.4.4.1 Specimen Preparations

For the preparation dhe silicone block, a SE specimen (Fig. 8.(a)) (117>X26>X35mm)

was manufactured in a rectangular parafigled mould made of polished PersfefFig.
5.10(b)). The specimen had parallel transparent surfaces, which allowed a laser beam tc
traverse the thickness of the specimen without reflectimgfracting. Special care must be
taken during placement of the spmen. The front and back surfaces of the specimen
should be exactly parallel andrpendicular to the laser beantherwise, significant error

will be induceddue tothe loss of reflected laser beam.

(@) (b)

Fig. 5.10 (a) the specimen of silicone elastomer and (b) the Perspex parallelepiped mould
with the specimen

5.4.4.2 Experimental Set-up

The experimental $aip and the schematic for detectiontbé ultrasonic field using a
LDV with the acousteptic princple are illustrated in Fig. 5.1TThe cuboid prepared
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specimen was affixed on the toptbe ultrasonic horrusingsame uncured silicone, which
then vulcanised with time. The ultrasonic horn wafixed on the holder andigidly

connected to the ultrasonic transducer using a threaded stud.

The experiment for ultrasonic field mapping was perforraethe Centre for Ultrasonic
Engineering, University of Stratlyde usingthe LDV system including an optical head
(Polytec OFV 303) and a modular vibrometer controller (Polytec-Q8W1) incorporating

an OVDO01 velaity decoder. The high sensitivitpeasuring head produces a CW 2mW
heliumneon laser focussed to belat0‘ dadiameterspot size. The controller provides
power for the optical head and processes the vibration signal, which is decoded to achieve
velocity information. The velocity decoder congethe frequency seen by the photo
detector into a voltage proportional to the vibration veloaitg can measuifeom DC (0

Hz) to ultrasonic signals (1.5 MHz) with high linearity (0.5%) and low noise level. Due to
the small amplitude of the signals atite use of a lowultrasonicfrequency (19.6 kHz)
device,a velocity decoder ithe measurement range 5 mm/s/V would be suitable for this

application.

A sinusoidal waveform generator (Tiepie, Handyscope HS3) was usexkcite a
continuous vibration signal, hich was amplified by an RF power amplifier (Kalmus
155LCRH) and then input to a power ultrasonic system, including a transducer and an

ultrasonic horn, with a resonant frequency of 19.6 kHz.

In order to obtain théull-field stress distribution, a custased scanning facility was used.

The sensor head and a reflectoere mounted on the linear positioning unit whichdha
controllable motion in the vertical and horizontal axes. The linear positional stage
providing a horizontal plane of motiowas aPl M521 DG from Physik Instrumente
(Karlsruhe/Palmbach, Germany), controlled by a Pl C842 ISA controller capabid of 1
resolution. The vertical plane of motiorwas provided using custom built scanning
equipment by Phoenix ISL, which can resolve vertical motohess than 0.5nm. To

make the laser beam pass through the specimen and reflect back along the same path, t
sensor head and reflecwerealigned parallel on opposigdes of the specimen and their

motionwassynchronised by the positioning unit.

Theoutput signal of the LDV was acquired agAgilent 54622 oscilloscope controlled by

a PC. To enhance the SNRgrsl averaging of 10 measurements was carried out and the
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output data at each sampling position was stastde peak to peak value. To-cerstruct
the image in terms dtressthe data waanalysedn the Matlabplotting tool.

Reflective
Surface

Transparent
<  Solid Laser
Interferometer

Vibrating
Horn

(b)

Fig. 5.11 Scanning LDV setup for measurement of ultrasonic field in a vibrating transparent
solid (a) experimental (b) schematic

5.5 Numerical Models

55.1 Introduction

To assess the performance of ultrasonic surgical devices on tissue, it is important to
simulate the thermmechanial effects usig numerical models, which alloor an
accurate description of thermal and mechanical behaviour by calculating the displacement
stress, strain and temperatuv@lidated numerical models provide the potential to predict

the effects of ultreonic devices on tissue at the design stage.

Analytical modelling of wave propagation in acoustic media is employed as an alternative
method to obtairthe steady statevave pattern of a sample. It is widely used in-one
dimensional (1D) vibration theory whehe longitudinal dimension of the test sample is
greater than its lateral dimension. The method considers the longitudinal modes of
vibration and it assumes that a plane stress wave propagates in the axial direction of th

test sample.

Engineering analys of mechanical systems have been addressed by deriving differential
equations relating the variablethrough basic physical principles such as equilibrium,
conservation of energy, conservation of
equatios andNewt ondés | aws of moti on. To solve
mechanical deformation and heat conduction, FEA is one of the most flexible and powerful
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computational tools, which can make the resulting mathematical models tractable. As a
discretigtion technique in structural mechanics, the finite element method subdivides the
mathematical model into newverlapping components of simple geometry called finite
elements. Simplifying complex profile shapes with simple boundary conditions is achieved
using meshing, in which each element is connected or assembled by a grid of nodes. The
response of each element is expressed in terms of a finite nuimthegrees of freedom
characteried as the value of functions at a set of nodal points. The materiairaciisl
properties are assigned to the mesh to define how the model reacts to the applied loadin
conditions. The response of the model is then considered to be approximated by that of the
discrete model obtained by assembling the collection of all elesme

5.5.2 Analyses of Mechanical Response
55.21 Analytical and Finite Element Models

Analytical moded (AMs) and finite element modelwere createdto the study the
ultrasonic effects o®ER and PUFNumerical analyses were performed for a rectangular

sample, whichs benchmarking the technique.
Analytical Model for PUF

As the test sample has longitudinal dimension greater than its laterahsionefor the

AM, the samplecan betreated as a uniform beam vibrating in the longitudinal direction
(Fig. 5.19 and it is assumed that the stressaD , is uniformly distributed in the cross
section[227] and the crossection remains plane during deformation. In general, this
approximation holds for vibration where the wavelength is long compared with the width
of the beam[22§. Since only longitudinal vibration is appliednly the displacement

componentp «fd , in the longitudnal direction is considered
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Fig. 5.12 Longitudinal vibration of a beam

By considering an element of the beaftength’Q (owe have

o ’ Y T H(';j‘by ’ o ’ [ o T L’) d.fﬁ, ’
Yo , oo — Qw Yo, oo " \d)T—bQoo 5.16

where "Yw is the crossectional area aridis the density of the material.

Since,

e~ s T 0aD
, a0 O-udb ©O ; 5.17
T W
whereOi s t he Youngds modul us.
The solution for harmonic vibration is given by
0Vad 0 wdngio 6i VO 5.18

whered andd are dependent on initial conditions,is the circular frequency and w is

the mode shape function.

In this case the equation of motion can be written as
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0 w —0 W Tt 5.19

where prime denotes differentiation with respectotoThis provides the equation for

calculating the longitudinal mode shape function.

In this application, the ultrasonic excitation frequency at 20.7 kHz is also the modal
frequency of the second longiindl mode for the specimen. When the speciwvibrates

in one of its natural modes of vibration, all points of the specimen uwitlergo
synchronous simple harmonic vibratjorwhich means that all points will pass
simultaneously through their equilibriunogitions[229. Hence the analytical solution for
the mode shape, which i s stationar ytate can

response to the dynamic loading.

Considering the mechanical properties: density v Ttkg/m’, and Yodulmsgds
O v @ &MPa and boundary conditions: m1 p& pm m andb0 O T, the
equation 5.1%an be solved using the method of separation of variables to obt@inAs
a continuous wave is emitted by the ultrasonic transducer, the wave pattern in thesample

a standing wave in steadyate.
Finite Element Model for PUF

In the FEM, adired-solution steadistate dynami@nalysis was adoptedherea linear
perturbation proceduisus ed t o cal c ul aseesteadistate respangedeomo s

harmonic &citation.

The specimenis excited by an oscillatory force such that a stestdye responses
achieved, and the vibration displacemantplitude response of the specimen at 20.7 kHz
longitudinal vibration is calculated. All computations are performed umg the
commercially available finite element modelling softwABRAQUS.

The main aim of the FEA is to calculate the steady state dynamic response of the specime
under harmonic excitation at the tuned frequency. The analysis was performed as &
frequencysweep, recordinthe response at a set of deterfrequencies. In orddp capture

fully the specimen surface deformation and associated stress/strain fields, a fine mesh wa

employed in the 2D model, incorporating a total of 31280de, bilinear planstrain
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guadrilateral, reduced integration, hourglass control elemErgg. boundary conditions
were used for the model except from the excitation input plane.

The material properties, determined from testebtainedfrom reference$23Q, for rigid
polyurethane foam were: elastic modul@s v ¢ &Pa ; density” v T kg/m®

Poi s s ond sr@.rThet materjal was assumed to be isotropic and linear. For this
model, free boundaries were set on all sides of the PUF sample. The sample was subjecte
to a sinusoidally varying pressure along its base to eaqteakpeak (pk-pk) vibration

amplitude of 24 | at a frequency of 20.7 kHz.
Analytical Model for ER

The differential equation 5.18 based on the assumption that the csexdon of the
specimen remains pila and the motion of the cressction is onlyn the axial direction of
the specimen. The longitudinal vibration of tB&® specimen, which is a thin uniform
beam, can be described using tbquation.As the crosssectioral area of the specimen is

constant, equation %Xan be written

P,ad 1 0 ad

- ; 5.20
T w To
Since
e e ] OGHD
, a0 O-udb ©O ; 5.21
T W
and
. ©
o = 5.22
equation 5.0 can be expressexs
T 0 oo BT 0 uho 5 03

10 O 1O

wheredis the velocity of propagation of the displacement or stress wave in the specimen.
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The longitudinal wave equation can be solved by separation of variables and assuming :
solution of the form

T oD O®"0o 5.24

Substituting this solution into the wave equatiives

pT Ow p p1 00
0w T® @00 To

5.25

From equatiorb.25 the partial derivatives are no longer requirtéet left hand side is a

function ofwonly and the right hand side is a function doinly. For convenience of

solution, 7 j @ is applied to each side as a constant. Then

Q0w 1 "0 5.26
— - w Tt .
Qo w
and
Q00
— 00 ™ 5.27
D 1
Hence, the solutionan be given as
Ow oI §]2€00 0O WEHW 5.28
w w
and
00 61 QE1OWMETT O 5.29

whered andd are dependent on the boundary conditions of the vibrating specimen, and

and’O on the initial conditions.

Therefore, the displacement component for the wave equation is

0 oo Oi £]2€w OWE+HwW O1 QeETOamei ] o
w 5.30

6 6 OEkRw — 6 0O0BI® -

where—ande are phase angles dependenbamndd, andd and'O respectively.
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Considering the boundary conditiohs 0fd  1tand input vibration amplitude at the
specific time point, when 0o 8t p mm, the vibration shape of the specimen at
0 can be obtained anmbnsidered as the wave pattern in thadyestate. In the analytical
model for ER, Y o u n g 6 sO and oddnsity’uveere 13.9 GPa and 1640 kg/m

respectively.
Finite Element Model for ER

The simulating procedure of 2D FEM f&R was similarto PUF usingABAQUS. The
directsolution steadystate dynamics analysiwas used to calculate the steady state
dynamic response of the specimen under harmonic excitdtimsame calculating step
was adopted using the sarfrequency sweep, type of elements, specimen gegmetr
boundary conditionsand outputs, butvith different material properties aneikcitation

input.

The material properties, determined from tests and refer¢@84s232), for ER were:

elastic modulu®® p @ GPa; density p @ Tkg/m’; Poi ssonfi@gs Theat i
material was assumed to be isotropic and linear. For this model, free boundaries were se
on all sides of th&R sample. The sample was subjected to a sinusoidally varying pressure

along its base to excitepk-pk vibration anplitude of 24' & at a frequency of 20.8 kHz.
Finite Element Model for SE

To model the SE specimen wunder ul trason
modul us and Poissonds r ABAQUS. Thd spesilen wass  (
modelled as excited bgn oscillatory force at 19.6 kHz and in steatigte response by
coupling a direesolution steadistate dynamics step.

The analysis was performed as a frequency sweep, recditingesponse at a set of
discrete frequencies. In orddp capture the defaration of the specimen, a fine mesh was
employed in the 2D model with dimension of ¥38 mm, incorporating a total of 4600, 4
node, bilinear planstress quadrilateral, reduced integration, hourglass control elements.

Free boundary conditions are applied to the model except the plane of input vibration.
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The material properties, obtained from references, for SE were: elastic m@dulpso
MPa [203; density” p Tt ckg/m® [233; Poi s s bnf@w(203.tLu et al.
measured the viselastic properties of SE using nanoindentation tests, which provided the
shear relaxation modulus of SE 4¢l MPa. The results from nanoindentation tests can be
used to chiacterse the frequency depdant dynamic properties of SE. Théasic

modulus (dynamic) can be obtainfedm [234]:

O ¢Op 5.31

where Ois elastic modulusQis the shear modulus,i s Poi ssonébés rati o.

The material was assumed to be isotr@gid linear. For this model, free boundaries were
set on all sides of the SE sample. The sample was subjected to a sinusoidally varyinc
pressure along its base to excitpemkpeak vibration amplitude of 20 at a frequency

of 19.6 kHz.

5.5.3 Finite Element Models for Thermal Response Calculation
5.5.3.1 Introduction

Finite element models were developed to aid in the analysis of the coupled mechanical
thermal problems using the finite element software PZFlex (Weidlinger). The model
calculates damping losses per vilma cycle in the mechanical analysis. This then
constitutes a steaetate event for the thermal analysis such that a constant thermal input
results for each thermal tinstep. Hence, the thermal analysis solves for the temperature
field [235. The temperature dependence of material properties is not significant for PUF
but significant forER. The damping losses calculated by mechanical asays coupled

with the general heat transfer module in thermal analysis to provide predicted temperature

distribution.

5.5.3.2 Finite Element Model of Thermal Response for PUF

In the finite element model, the internal loss is modelled as visco damping. In tleé mod
for PUF, a wave velocity of 1231 m/ s we
modul us and Poissondés ratio of the PUF
calculated byquation 4.20206
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The dampind Af at 20 kHz was obtained usitige TTS generated master curve based

on the damping results from experimental dynamic mechanical analysis, shown in Fig.
4.20. A 2D model was employed and time steps of 5 nanoseconds were used in the
mechanical analysis to provide sufficient steps per cydie. oscillation amplitude of 24

t I (pk-pk) excited by the horn at the contacting end of the PUF sample was simulated in
the mechanical analysis model by applying an oscillating pres$use boundary
conditions were used in the PUF mechanical model exbeptontacting end with the

horn.

In the thermalanalysis the initial temperature was 28 , which was the specified
temperature boundary conditiof the specimen mode&ind, in this case, the time step
was 0.5 seconds. Ultrasonic excitation was appitethe specimen for 14 seconds. A
specific heat of 1573 J/kgK and conductivity of 0.028 W/mK were incorporated based on
experimental measurements. Table 5.1 lists the parameters used in the finite elemen

thermal models.

Table 5.1 The parameters of finite element thermal models for PUF used in PZFlex analysis

Mech. | Density| Poi ss Q Pressure Wave speed Young?®
analyses| (kg/n?) ratio value (MPa) (m/s) modulus (MPa)
500 0.3 34.8 0.827 1231 563
Thermal| Time | Environment| Specific heat | Thermal conductivity|
analyses| (s) Temp. 6 ) | capacity(J/KgK) (W/mX)
0-14 20 1573 0.028
5.5.3.3 Finite Element Model of Thermal Response for ER

During ultrasonic excitation, the temperatureER increases with time. Due tihe low

glass transition temperature BR around 603 , the mechanical properties &R are
heavily temperaturedependentAccurate finite element models BR are challenging in

this application. Compared with heat generation by damping losses, a small amount of hea
was tansferred by convéion. The thermal response BR is dominated bythe internal

heat generationther than heat conviéan during power ultasonic loadingThe detected

peak temperature due to heat generation in the specimen is associated with viscoelasti
damping, which is temperature dependent. In a short spell of ultrasonic excitation, the
temperature rise isimited, which means the valuef viscoelastic damping is held
relatively constant. Therefore, the goal of the finite element models of thermal response for

ER was to finda peak temperature and inclugkveral iterations with different viscoelastic
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damping assumptions. The models wenaded in time sequence, which meant that the
damping coefficient of each new iteration was based on the peak temperature obtained il
the previous model. In this study, due to nonuniform distribution of temperature in the
whole sample, thethertemperatire cependent mechanical propertiesravéggnored. The
viscoelastic damping is the only consideration with temperature and frequency
dependencies. The finite elemeBR models were created usirthe same material
properties with density” p @ tkgym®, Yourg 6 s md@d pl@aGPa and Poi
ratior 1@ but with different dampingpssQ value

Model A was to simulate the thermal response from the start of ultrasonic exaifaton
1s. The surrounding temperature was measured at 25 he Q valuevalued at 36.63,
was predicted by the master curvelbA{ at thereference temperature of 20and 20
kHz from the results of experimental dynamic mechanical analysis. Nau@®in model

B was obtained by the master curveCoAf at a reference temperature of the peak
temperature in model A and 20 kHz. Tiedowing models were all created based on this
assumption. The values of & 20 kHz at different reference temperatuege listed in
Table 5.2

Table 5.2 The Q values at 20 kHz at different temperatures for FEA in PZFlex

Temperature 4 A1 Qvalue
20 0.02731 36.62
30 0.02962 33.76
40 0.03719 26.89
50 0.1005 9.95
60 0.2023 4.94
70 0.4114 243

As discussed above, finildement simulation of thermal response in PZFlex has separate
mechanical and thermal analyses. The model with damigisg Q value calculated
damping losses per vibration cycle in the mechanical analysis. The constant thermal inpu
results obtained by danmg losses were used in thermal analysis to provide the steady

state temperature field.

Time stepsof 5 nanoseconds were employed in the mechanical analysis to provide
sufficient steps per cycle. The oscillation amplitude of R4(pk-pk) excited by the hm

at the contacting end of tHER sample was simulated in the mechanical analysis model by
applying an oscillating pressur&he boundary conditions applied to the ER models were

same with the PUF models.
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In the thermahnalysis the specified temperatucé 203 was applied to all boundaries of
the thermal modelsThe time step waset at0.5 seconds. A specific heat of 760 JKkg
and conductivity of 0.57 W/rK were incorporatetased on experimentaleasurements

5.6 Chapter Summary

To minimize any detrimental impact on the ultrasonic field profile,-ineasive field
measurements were developed for the fast and reproducible experimental assessments
ultrasonic displacement, stress/strain and temperature fields in solids.chdger
described several nanvasive techniques utding the digital image correlation technique
with an ultrahigh speed camera, the themmechanical effectith an infrared camera,

and the acoustoptic effectwith a laser Doppler vibrometer that weraplemented to
characteris the ultrasonic fields generated by ¥ne&quency power ultrasonic transducers
operating on different (elastic, viscoelastic and transparent) solids. Measurement principles
and experimead arrangements with specimen preparationsewusedto show how and

why they work to make nemvasive field measurements possible.

Numerical modelsincluding analytical and finite element modelgere developed to
analyse the power ultrasonic mechanical effects on tissue mimics. The finite element
mechanical analyses provided the damping losses of the viscoelastic materials, which wer:
used to calculate the thermal response during power ultrasonic loading. Due to the
frequency and temperature dependent behaviour of the materials, the finite efedelst

were created with the help thfetime/frequency temperature superposition principle.

Both experimental andimulation results will be utilied to assess the ultrasound
interaction withtissuein the next bapter.
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6. Measurement of Ultrasonic Fields and
Correlation with Numerical Models

6.1 Introduction

Previous bapters have outlined nenvasive measurement techniques for displacement,
strain/stress and temperature fields in viscoelastic solids under pdvasionlc excitation

anddetailedthe numerical models for use in simulations of these fields.

This chapter assess#éise veracity of results from both the nmvasive measurement
methods and the detailed finite element moddigstly, the behaviourof the bone
surrogate materials, PUF aftR, subject to power ultrasonic vibration excitation were
studied, by combininghe use ofan ultrahigh speed camera and 2D-ptane DIC
technigees to provide a noninvasive methodology for investigating the effects of
ultrasonic surgical devices appligmbiological tissue materials. These materials were then
modelled by analytical and finite element methods for the predicficand subsequent
comparisonwith the experimental results. Following this, thermal effects of power
ultrasound orER and PUF were evaluated using an IR camera and verified by coupled
thermemechanical finite element models. Based on the experimental and numerical
findings, ultrasonic damage mechanismshiard tissue mimicarediscussed. Additionally

the ultrasonic fields of transparent SE wedearacteried usingLDV, based onthe
acousteoptic effect and &ull-field scanning technique and then simulated by finite

elementmodels using dynamic material properties.

6.2 Mechanical Effects for PUF and ER

6.2.1 Introduction

During ultrasonic excitationthe mechanical deformati@of both PUF ancER samples
were determineditilising an ultrahigh speed camera wittme digital imagecorrelation
technique. TIs technique is new for fullield measurements in power ultrasonic
applications. Due tdhe high frequency vibratiosm with small amplitude, it was first
necessary to analyse the noise and sensitivity of the measurements. Defowhdkie
samples under ultrasone&xcitationwas then measured by correlating the displacement
field of a set of images, which were takewer a single vibratiorcycle. Finally, the

experimental results were compared with the numerical models.
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6.2.2 Ultrasonic Field Measurement
6.2.2.1 Noise Analysis and Sensitivity

The vibration amplitude of the output surface of a nominal 20 kHz ultrasonic transducer is
controllable up to a few tens of microns and therefore it is essential to determine that the
sensitivity of the measement system allows for detection of the ultrasonic vibration
response above the measurement noise floor. A group of images from a sample surfac
without ultrasonic excitation was captured by the tiigh speed camera in ordé
investigate the nois#oor. A set of 102 images was recorded for the sample surface of
1060 mm via a pixel array, each pixel representing 0.2174 mm for PUF and 0.2 mm for
ERin the digital images. Fig. 6.1 shows the displacement field from correlation of the PUF
images and . 6.2 is for theER samplein an unexcited stat&he ydirection is in the
direction of proposed excitation through longitudinal mode vibration of the ultrasonic
transducer. From these results, it is clear that displacement measurements bglow 1.1
for PUF and 0.7ti for ER are noise, largely as a result of camera noise plus
imperfections and variations thelighting conditiong168. However, these displacement
noisefloors do not preclude measurements of the displacement of the spedoetts

ultrasonic excitation in this study, which are well above ribisefloor.

displacement [pixel]
o
displacement [mm]

U
N

200
o 150

-, . 50 . . 50 10 150 200
x-position [pixel] y-position [pixel] y-position [pixel]

(@) (b)

Fig. 6.1 PUF displacement field in Y axis in the undeformed state to demonstrate noise floor
(@) in 3D in pixels, (b) 2D in millimetres
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Fig. 6.2 ER displacement field in Y axis in the undeformed state to demonstrate noise floor
in (a) 3D in pixels, (b) 2D in millimetres

6.2.2.2 Deformation Measurement of PUF and ER Samples

Capturing a Single Vibration Cycle for PUF

The capability of DIC measurements for providiag accurate characteaifon of the
displacement field under ultrasonic excitation was demonstrated initially by capturing the
vibration response from the PUF specimen surfhagng onevibration cycle Fourteen
images are presented in Fig. 6.3-(14), with (1) being the undeformed reference image,
and the evolution of the displacement response in th&egtion (the axial vibration
displacement) is shown in each subsequerdge. The results of measurements are
displayed as a-8imensional model for the full field information. The colours represent the
amplitudes of displacemeniss the y-direction, thedirection of theinput vibration. From

the 41 s fixed time between sucgsgve images, the vibration frequency, 20.83 kHz can be
estimated from the DIC measurements, as compared to the known vibration frequency o

the transducer with the horn, verified by LDV measurement, of 20.7 kHz.
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Fig. 6.3 Evolution of displacement field in one cycle of vibration for PUF

Capturing a Single Vibration Cycle for ER

The DIC experimental dafar ER was collected afte3 seconds afiltrasonic vibratiorand
captured the vibration rpenses from the specimen surfdoe the displacement @d in

the ydirection. There are 14 images in Fig. 6.4 displaying the evolution of displacement
during one vibration cycle. The displacement contour information in image (5) shows the
deformation ofthe ER specimen at the maximum distortion during one vibration cycle in

the test. The image acquisition rate was 250,000 frames per second and the frequency
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vibration was around 20kHz, giving about 12 images per cycle. Therefore, tiiue peak

vibration amplitude wagot necessarily capturedth this sampling rate.
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Fig. 6.4 Evolution of displacement field in one cycle of vibration for ER
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Since the data of all surface poimere recorded simultaneously, the technique of DIC
with an ultrahigh speed camera could be advantageously used for theastultyasonic
vibration, the transient behawio and vibration shape couldasily be obtained and
analysed. In comparisopgint by point scanning measurements across a grid, for example
using a lasr vibrometers, cannot capturdlffield data simultaneously and rely on each
point on the grid having a time invariant resporiBRis is rarely the case for surface
responses of tissue aterials under ultrasonic excitation, where heating and material

properties changes mean that vibration response change with time.

6.2.3 Correlation between Experiments and Simulations

Experimental displacement results were compared with the numerical models fo
validation. Strain field derived from the displacement results were atsmparedwvith the

numerical simulations.

6.2.3.1 Displacement and Strain Fields for PUF

Displacement Responsi the Y-axis

The displacement amplitude (Fig. 6.5) of the longitudinal wavehe ydirection, was
obtained from theAM, and compared with &b predicted by the FEA (usingBAQUS)

and the peaklisplacemenin Fig. 6.3, image (10) from DIC measurements.

>
== 50
—

Displacement

0.015

0.01

0.005

]

-0.005

-0.01

-0.015 y
0 10 20 30 40 50(mm)

Fig. 6.5 Measured (DIC) and predicted displacement amplitude (AM and FEA) along the
centre-line for PUF sample
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Comparison of Displacement and Strain Fields by AM, FEA and DIC

Fig. 6.6 shows a comparison of contour plots of the displacement field estimated from the
AM, FEA and DICmeasurements. The vibrational response in the sample clearlytexhibi
the second longitudinal moder all methods used. For clarity, the contour plot of the
displacement field in the region of interest from the DIC measuramenth images

captured aftes of excitation, is overlaid on the surface of the sample in Fig. 6.6 (c).

B .

|

4 -1 0 1 -1 0 1
(m) x10~% (m) x10™% (m) x10~°

(a) (b) (c)
Fig. 6.6 The results of displacement field by (a) AM (b) FEA and (c) DIC for PUF excited at

around 20 kHz and 24 pm
The full-field strain maps were calculated directly from the displacement fields and are
shown in Fig. 6.7 (c). Comparing the two numerical model results (AM and FEA in Fig.

6.7 (a), (b)), the strain maps wexeery close match.
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(a) (b) (c)
Fig. 6.7 The results of strain distribution by (a) AM (b) FEA (c) DIC for PUF excited at around

20 kHz and 24 um magnitude

The displacement and strain contour plots obtained from the DIC measurements, shown i
Fig. 6.5 (DIC), 6.6(c) and 6.7(c), illustrate two problems associated with
measurements. First, the datate highest amplitude locations, whiah this caseare he
antinodes located at the upper and lower ends of the specimen, are lost due to difficulties
with extendinghe measurements out to tepecimen boundaries. The correlation errors of
displacements at boundaries are larger than those from other lo@atitms specimen and
therefore, the results at boundarigsre discarded and not shown in the contour plots.
Second, although Fig. 6.3 image (10) is the maximum amplitude measurement image in the
cycle, the image is not captured precisely at the time encftle associated with peak
vibration amplitude. Capturing the peak vibration amplitude more precisely relies on
synchronization of the ultrasonic vibration cycle and image capture triggering, along with
even higher fps capabilities. Although this was adtievable in this experiment, it is not
necessarily a limiting factor in the technigtwever, the mode shape is clearly captured
and the correlation of displacement istta worst, over 90% at the peak of the vibration
cycle as clearly shown in Fi¢.5. The agreement between model and DIC measurement
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