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Abstract

Needleand spot-poledmembranenydrophoneemplgying polyvinylidene uoride (PVDF) sensorsarewidely
usedfor characterizatiorof biomedicalultrasound elds. It is known thatin measurementsf continuous-vave
(CW) elds, standingwaves may be generatedbetweenthe transducerand the hydrophone distorting the eld
and possiblyalternatingthe signal of the hydrophoneThis study utilizes a threedimensionalfull-w ave methodto
computationallysimulatethe distortionin the CW eld causedy needleandmembranéydrophonesThe physical
modelusedin simulationsis basedon the linear time-harmonicwvave equationwhich thereforengglectsthe effects
of nonlinearwave propagation.

The signi cance of the distortion is examinedby comparing elds emitted by 0.5-5.0 MHz planar circular
transducersn the absenceand presenceof the hydrophonesin addition, the effect of the eld distortionson the
signal of the hydrophoness studiedwith simulatedmeasurements.

The simulationsshaved an obsenable standingwave patternbetweenthe sourceand the needlehydrophone
if the diameterof the needlewas larger than a half of the wavelength. However, the standingwaves had not
clear effect on the signal of the hydrophone The presenceof membranehydrophonein the CW eld generated
notablestandingwaves.Furthermorethe standingwavescausedh periodicdistortionto the signalof the membrane

hydrophone.

I. INTRODUCTION

Hydrophonedhat utilize the piezo-electricityof polyvinylidene uoride (PVDF) Ims arewidely used
for measuringultrasound elds. Since the discovery of piezo-electricityof PVDF in the late 1960,
polymer hydrophoneshave becomestandardsn the characterizatiorof medical ultrasound elds [1].

PVDF hasseveral attractve featuresover mary piezo-materialsncluding, for example, high sensitvity,
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closeacoustidmpedancenatchwith waterandarelatively at frequeng responseln addition,availability
of PVDF in thin (a few m thick) sheetsmakes it an ideal material for hydrophonesfor detecting
soundwaves in megahertzfrequenciesVarious hydrophonemodelshave beendeveloped[1] of which,
two commonly usedtypesof hydrophonesn biomedicalapplicationsare needle(probepand spot-poled
membranenydrophoneg2].

A needlehydrophoneconsistsof a hollow metallic needleand a thin, usually 9-25 m, PVDF Im
mountedonto the tip of the needle.The Im containselectrodesandis bacled with a materialsuitable
for preventingre ection of waves from the inner end of the Im. To obtain good spatialresolution,the
diameterof the needleandthe active areaof the Im aresmall, typically betweerD.3-1.5mm and0.04-1.0
mm, respectrely. Advantagesaandbasicconstructionf needlehydrophonesrediscussedurtherin [3].

A spot-poledmembranénydrophoneconsistsof a PVDF Im supportednly atthe edgeshy a mounting
ring. The typical thicknessof the Im is 9-100 m and diametercan be aslarge as 100 mm. The Im
may consistof single, or more recently two sheetsof the PVDF and very thin (e.g 25 nm) layersof a
nonpiezo-electienaterial(e.g.gold andchromium).Sincethe membranas nearlyacousticallytransparent,
wavesareallowedto propagatehroughthe Im, andasmall,typically 0.2 - 1.0 mm diametey active area
at the middle of the membraneconverts the acousticdisplacementsnto the measurableslectric signal.
Developmentand structuresof membranenydrophonesare discussedn detail in [4].

Otherhydrophonedesignanclude,for example,the ellipsoidalhydrophone$5] andhydrophonearrays
[6]. In the ellipsoidalhydrophonesthe PVDF membranas bondedto andbacled by the endof an epoxy
ellipsoid. The front end of the device is shieldedelectrically by a thin layer of gold. A typical size of
the active elementin the ellipsoidalhydrophoness 85-400 m. A hydrophonearray consistsof a PVDF
Im of which small diametercircular regions (a typical diameteris 0.2 mm) have electricalconnections.
Theseactive regions can generatandividually measurablesignals.The size, shape humberand spacing
of the active elementscanvary betweendifferentarray con gurations.

An assumptionin acousticmeasurements that the hydrophonedoesnot alter the acoustic eld. In
practice,however, it is known that in the caseof continuouswave (CW) sources,standingwaves can
be formed betweenthe hydrophoneand surroundingstructuresand may disturb the measurementsee
[7] and [2]). Although this phenomenorhasbeenknow for a long time, little effort hasbeenmadeto
studyit eitherexperimentallyor theoretically The effect of the PVDF membranéhydrophonepositioned
at differentdistancegrom the transducesourceoperatingin CW mode,to the eld behindthe membrane

was examined experimentallyin [8]. The transducemwas driven at 2.0 - 2.25 MHz which resultedin



0-10%errorto the eld behindmembranedependingon the hydrophone-transduceeparationThe most
notable error was obsened when the separationwas lessthan 1.5 times the near eld distance.In [9]
re ection of awave pulsefrom a PVDF membranevasstudiedin two spatialdimensionsisinga nonlinear
pseudospectrahethodand simulationresultswere comparedwith experimentalmeasurements.
Theaim of this studywastwofold. Firstly, to computationallydeterminethe effect of the hydrophoneon
theacousticseld. Five differentneedlesizesandonemembrandiydrophonevereusedin the simulations.
The frequenyg of the wave eld usedin this study varied from 0.5 MHz to 5.0 MHz. In addition, the
effect of the backingmaterialwith two different needlehydrophonecon gurationswas also compared.
Secondly simulatedmeasurement&ere usedto examinehow the re ected waves alter the signal of the

hydrophonesThis part of the studywas carriedout for one needleand one membranehydrophone.

[I. COMPUTATIONAL MODEL

To model acousticinteractionof the CW acoustic eld and a hydrophone several assumptionhave
beenmade.Firstly, the intensity of the acoustic eld wasassumedo be so low that nonlineareffectson
thewave eld couldbeignored.SecondlyalthoughPVDF is a solid materialandhencecapableof bearing
shearforces,it was assumedhat waves other than dilatationalonescould be ignored. This assumption
is justi ed since,due to the geometryof our simulation arrangementthe waves hit the PVDF Im in
an almostnormal direction leadingto relatively weak mode shearcoupling. Additional approximations

associatedvith the soundsourceand hydrophonesre discussedn Sectionll-B.

A. The Helmholtzequationand its humericalapproximation

Propagationand scatteringof linear acousticwaves in a heterogeneousaiid is characterizedy the

wave equation

- —— ®

where is acousticpressure, is densityand is the speedof sound.In the caseof continuous-vaves
the eld behaestime-harmonicallyi.e. , Where Is the spatialvariable.
The space-dependepfart of the pressure eld canbe obtainedasthe solutionof theinhomogeneous
Helmholtz equation

- — (2)

with wave number andwhere isthefrequeny of thewave eld and is theabsorption

coefcient.



Numerical approximationof the Helmholtz problem in heterogeneousnedia and in generalthree
dimensionalgeometryis dif cult since the computationalcompleity increasesrapidly with the wave
number In the standardmethods,such as the nite difference(FD) and nite element(FE) methods,
approximatelyten discretizationpoints per wave length are neededto obtain a tolerableaccurag [10].
On the other hand,the useof a time domainmethod,suchasthe nite differencetime domain(FDTD)
method,for CW problemsrequiresa large numberof time stepswhich alsoleadsto heary computational
burden[11]. Variousimproved methodshave beenproposedtheseinclude, for example,pseudospectral
[12] andk-spacemethodg[13].

Methodsthat incorporatea priori information aboutthe solutionto the approximationspace(e.g.the
partition of unity nite element(PUFEM)[14] andthe ultra weakvariationalformulation (UWVF) [15])
are other promisingcandidatedor reducingthe computationaburden(seee.g.[16] and[17]).

Thecomputationaimodelusedin this studyis basedn the numericalsolutionof the Helmholtzproblem
(2) by the ultra weak variational formulation. For the UWVF the original inhomogeneougielmholtz
problemis decomposethto a nite numberof homogeneousubproblemsvhich arecoupledwith coupled
transmissionconditions. For each subproblemthe eld is approximatedas a weighted sum of plane
waves.In practice,to partition the problem,the methodutilizes standardnite elementmeshesandhence
conseresthe ability of nite elementdo approximatecomplex threedimensionalgeometriesThe mesh
sizein the UWVF, however, canbe signi cantly larger thanin the FE method,which reducesthe time
requiredfor meshgenerationThe numberof planewavesusedto approximatehe eld in asingleelement
dependsn the elementsize andthe wave numberwithin the element.The methodis discussedn greater

detail in the Appendix.

B. Model for the source and the hydrophone

The computationdomainusedin the simulationswas a cylinder whosesize variedwith the frequeng
usedin the simulations.In the needlehydrophonesimulations,the acoustic eld was investigatedusing
frequenciedrom 0.5 MHz to 5.0 MHz. This frequeng spanis typical for ultrasoundtherayy [18].

The correspondingadiusandlengthof thecylinder, and , respectiely, andtheradiusof the source

of the computationdomainfor differentfrequencies arelistedin Tablel. The radiusof the source
for eachfrequeng corresponddo 5 wavelengthsof the wave eld in water The sourceof this sizeis
assumedo be sufcient to signi cantly back-scattexwaves hitting to faceof the source.The size of the

computationdomainis limited by reasonableomputationtime.



[Table 1 abouthere.]

The sourcewas modeledas a circular domainat the end of the cylinder. In all simulationsthe source

was modelledas an uniformly oscillating surface on which the normal derivative of pressurds

— 3)

where is the angularfrequeng and is the normalvelocity of the surface.Dependingon the
type of hydrophoneaneedleor amembranavasembeddedh thedomain,(Fig. 1). Thematerialproperties
usedin this study for the PVDF are m/s, kg/m and Np/m/MHz. These
are in agreementith the valuesobtainedin experimentalmeasurementand usedin other theoretical
hydrophonestudies(seee.g [19] and [20]). The material surroundingthe hydrophonewas water with

m/s, kg/m and Np/m/MHz.
[Figure 1 abouthere.]

The needlehydrophonewas modelledas a thin cylinder with diameter . On the tip of the needle
hydrophonea9 m thick cylindrical domainwith diameter  modeledthe PVDF Im. Detailedgeometry
of thetip of the needleis shown in Fig. 2.

Five different needlehydrophoneswere studied. The needleand the PVDF Im diametersfor the
hydrophonesare shovn in Table ll. The dimensionsof needleand Im of hydrophonesl-4 are typical
for currently commerciallyavailable hydrophonesThe dimensionsof hydrophone5, not including the
thicknessof the PVDF Im, are5 times of thosefor hydrophonel. Thesetwo hydrophonesvere used

to studythe scalabilityof eld anomalieswith ratio of the wavelengthand needlediameter
[Table 2 abouthere.]
[Figure 2 abouthere.]

The needle,not including the PVDF Im, wasassumedo be perfectlyrigid. Hence,on the surfaceof

the needlethe normal derivative of the pressurds zero, i.e.

— 4)

The assumptioraboutthe perfectly rigid needleis valid sincethe surface of the needleis usually made
of steelor brass,which have at least20 times higheracousticimpedanceshanwater

The backingmaterialbehindthe PVDF Im wasin mostcasesassumedo be absorbing An absorbing



boundaryconditionfor the inner surfaceof the Im canbe written as
— Re (5)

The absorbingbackingmaterialcanbe consideredan ideal case.In practice,part of the wave is re ected
from theinterfacebetweernthe Im andthebacking.However, the backingmaterialsvary betweerdifferent
hydrophonecon gurations.

To evaluatethe effect of backing material on the eld re ected by the hydrophone,the boundary
condition (4) behindthe Im was also considered.This correspondgo the casein which the Im is
mountedon the surfaceof a materialwith signi cantly higheracousticimpedancge.g. steelor copper).
Comparedo absorbingoacking,this con guration providesanotherendof the scalefor backingmaterials
sincethe wave is completelyre ected from the innerendof the Im. Hence,mostbackingmaterialsused
in hydrophonedie someavherebetweenthe absorbingandthe perfectlyrigid assumptionsallowing usto
characterizeéhe scaleof re ections from the Im amongmary possiblebackingcon gurations.

Although in this study the impenetrableneedle surface (4) was assumedand the eld inside the
backingmaterialwasignored,it is possible,in practice,that elasticwavescanbe generatedn the needle
hydrophone.For example,it was shovn in [21] that surface elastic waves can be inducedon a brass
backing behinda PVDF Im. However, the piece of brassusedin that study was signi cantly larger
( mm) than the needlesin the presentstudy On the other hand,the resultsin [21] suggested
that the leaky waves, originating from the surfacewaves, had only a minor effect comparedo re ected
and diffractedwaves.

The membranehydrophonewas modelledas a single homogeneou®25 m thick layer of PVDFE To
simplify the simulations(and to enablethe generationof the tetrahedralmesh),the nonpiezo-material
layerswere not includedin the model. The simulationsfor the membranehydrophonewere computed
for the frequenciesf 1.0 MHz and 2.0 MHz. The geometricparametergor the meshat 1.0 MHz were

mm, mm and mm. In the caseof 2.0 MHz source,they were
mm, mm and mm. Frequenciesaaround1.0 MHz are of particularinterestin the
ultrasoundtheragy of brain [22]. Thereforeit is vital to understangossiblemeasuremengrrorsfor this
frequeng. On the other hand,in [8], experimentalmeasurementasing 2.0 MHz sourceswere doneto
studyerrorsassociatedo membranenydrophonaneasurementsf CW elds. To enablecomparisorwith
those,the simulationswith 2.0 MHz are also computed.As in the caseof the needlehydrophonesthe
size of the computationdomainis limited by reasonableomputationtime.

To evaluatethe signal producedby the hydrophonean active region with a diameterof 0.50 mm was
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de ned on the surface of the membraneThe signal was obtainedby integrating the pressureeld over
this active area.The electricsignalgeneratedy a hydrophoneds proportionalto the pressureon the front
faceof the membrang20].

The simulatedhydrophonemeasurementor both needleand membranehydrophonewas carried out
in three steps.First, a computationmeshwith the hydrophoneat the desiredlocation was generated.
Secondthe UWVF approximationof the eld wascomputed.And third, the signal for the hydrophone
was obtainedby integratingthe UWVF approximationover the front faceof the PVDF Im.

To decreasspuriousnumericalre ections from the exterior boundarythe absorbingooundarycondition
(5) wasusedon thosepartsof the exterior boundarywhich werenot modelledasthe sourceor rigid surface.

Computationmeshesfor the problem were generatedwith the mesh generatorof the FEMLAB2.2
(COMSOL, Inc. Burlington, MA) nite elementpackage.Typical meshesusedin the simulationsare
shawvn in Fig. 3. Dependingon the simulation,the numberof elementsn the meshwas between35 000
and 80 000. Due to the requirementof detailedgeometryof the hydrophonesthe elementsize within a
meshvariedconsiderablyConsequentlythe numberof basisfunctionsfor a singleelementin the UWVF

schemevaried betweenl and 130.

[Figure 3 abouthere.]

1. RESULTS
A. Needlehydmophones

1) Distortion in the eld: The effect of the needlehydrophoneon the eld undermeasuremenivas
studiedby comparingsimulatedpressureelds in theabsencendpresencef thehydrophoneTheoverall
elds (i.e the elds with and without a hydrophone)are normalizedto the maximumvalue of the eld
without a hydrophonein the region shown. In the resultssection,the elds with andwithout hydrophone
arereferredto as and , respectiely. To studythe distortioncausedoy the hydrophonethe difference
eld is alsopresentedTo shav whatportionof theincident eld re ects from thetip, the difference
eld was normalizedto the amplitudeof the incident eld at the location of the tip.

The eld scatteredby a needlehydrophonewas studiedas a function of distancefrom the tip of the
needleto the source . Pressureamplitudedistributions are shavn for hydrophone4 with
mm andthe frequeng MHz in Fig. 4. Thedistance variedfrom 10 to 30 mm. Corresponding

difference elds alongthe acousticaxis of the sourceare presentedn Fig. 5.
[Figure 4 abouthere.]
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A notablepatternof standingwaves canbe seenin all threecasesalthoughthe amplitudeof the waves
diminisheswith the increasingdistancebetweenthe hydrophones effective elementand the surface of

the radiatingsource.
[Figure 5 abouthere.]

The effect of needlediameteron the eld distortion for x ed frequeny MHz and needle
distance mm were studiedas a function of the hydrophonesize. The pressureamplitude elds
in Fig. 6 shav that only the thickest hydrophonecausessigni cant distortion. It is notevorthy that the
diameterof the hydrophones ( mm) was almostequalto the wavelength( mm) of
the eld. The plot along the acousticaxis in Fig. 7 con rms that the two thinnestneedleshave only a

negligible effect on the eld betweenthe needleandthe source.
[Figure 6 abouthere.]
[Figure 7 abouthere.]

The pressureamplitude elds for hydrophone3 with mm at a distanceof mm for
differentfrequenciesare shavn in Fig. 8. Note the increasein the amplitudeof the difference eld with
frequeny betweenthe sourceandthe needle.The difference elds on the acousticaxis are presentedn

Fig. 9.
[Figure 8 abouthere.]
[Figure 9 abouthere.]

2) Effect of the badking material: Two hydrophonecon gurations with absorbingand rigid backing

materialswere comparedin Fig. 10. The pressureelds are computedfor the frequeng MHz
and hydrophone4. The distancebetweenthe tip of the needleandthe sourcewas mm.
[Figure 10 abouthere.]
[Figure 11 abouthere.]
3) Simulatedhydrophonemeasuement: The measurementor hydrophone4 ( mm) and
the frequeny MHz was simulated.The hydrophonewas scannedalong the acousticaxis of the
source.

A comparisorbetweena simulatedmeasurementsith anideal hydrophoneandwith a realhydrophone

areshavn in Fig. 12. The ideal hydrophonemeasuremerghows the pointwisevalue of the pressureeld



without a hydrophoneThe elds are normedthe meanpressureamplitudein the shovn axis.
[Figure 12 abouthere.]

4) Scalability of the simulatedanomaliesfor higher frequencies:The difference elds for the
frequenciesl.0 MHz and5.0 MHz areshown in Fig. 13. In the caseof MHz eld, hydrophones
( mm, mm) locatedat the distance mm. The secondsimulationwascomputed
atthefrequeng MHz with hydrophonel ( mm, ) mm) at the distance
mm. In both simulationsall dimensionsnot including the thicknessof the PVDF Im (9 m), wereequal
with respectto the wavelengthof the eld. The wavelengthswere mm and mm for 1.0

MHz and5.0 MHz, respectiely. The relatve differenceof thesetwo elds was 2.0 %.

[Figure 13 abouthere.]

B. Membiane hydrophone

1) Distortion in the eld: The membranehydrophonesimulationsin this study were limited to fre-
guencies MHz and MHz. Similarly to the needlehydrophonestudies,all resultsshavn
are normalized,however, now with the maximumamplitudein water in the absenceof the membrane.
The effect of the membraneat a distance mm from the 1.0 MHz sourceis shovn in Fig. 14. An
obsenable standingwave eld is generatedbetweenthe sourceand the membraneThis canbeenseen

more clearly from the plot alongthe acousticaxis of the source(Fig. 15).
[Figure 14 abouthere.]
[Figure 15 abouthere.]

A similar periodicanomalyis shovn in the2.0MHz eld (Figs.16 and17). The membranavaslocated

at the distanceof mm.
[Figure 16 abouthere.]
[Figure 17 abouthere.]

2) Simulatedhydrophonemeasuement: To evaluatehow re ections from the membranedistort the
signalof the hydrophonethe measuremerdf the membrandnydrophonevassimulatedfor the frequencies
MHz and MHz. The 1.0 MHz eld was measuredn the acousticaxis of the source

from distancesf 10 - 20 mm with 0.25mm spacing.The simulationprocedurewas similar to that used

for the needlehydrophoneandthe resultsare shovn in Fig. 18.
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The averagedsimulatedmeasurements comparedwith thethe eld without the membranan Fig. 19.

The eld at eachpoint was averagedwith two adjacentpoints.
[Figure 18 abouthere.]
[Figure 19 abouthere.]

Finally, the simulatedmembranehydrophonescanalongthe acousticaxis of the 2.0 MHz sourcefrom
10.0to 15.0mm with 0.1 mm spacingis showvn in Fig. 20. FurthermoreFig. 21 shows the relative error
in the pressureamplitudeat the point 18 mm from the transduceras a function of the location of the
scanningmembranehydrophone.The distancefrom the transducetto the hydrophones divided by the
near eld distancel8.56mm. Therelative errorin the pressureamplitudeis shaovn comparedo the value
of the eld atthe samepoint without the hydrophoneThe erroris shavn alsoin comparisorto the mean
value of the eld at different transducehydrophoneseparationsThe measurederror presentedn the

same gure is extractedfrom Figure 12 of [8].
[Figure 20 abouthere.]

[Figure 21 abouthere.]

V. DISCUSSION

In this studythe three-dimensionalltra weakvariationalformulation (UWVF) was usedfor analyzing
distortionsin continuous-vave elds causedby needle-and membranénydrophonesFurthermore simu-
lated measurementtor the hydrophonesvere computed.The frequeng spanof the simulationswas 0.5
- 5.0 MHz which is typical for the ultrasoundtherapy. In mary therapeuticapplicationsof ultrasound
continuous-vaves are usedand thereforeit is essentialto understandpossibleanomaliesrelatedto the
pressureeld measurements.

In additionto the modelling approximationsthe numericalprocedureusedin this study hastwo main
sourcesof error. First, by limiting the studyto the relatively small computationdomainandby usingthe
approximateabsorbingboundarycondition (5) on the exterior boundaryof the domain, minor spurious
numericalre ections of the waves are generatedrom the boundaryinto the cylinder. The re ections
originatemainly from the incident eld of the source.Therefore they are eliminatedfrom the difference
eld , Second,as all humericalmethodsfor the Helmholtz equation,the UWVF has a limited
numericalaccurag which for problemsstudiedhere,meansan error of the order0.1-1.0%. This estimate

of theaccurag wasobtainedby comparingtwo solutionsfor the samegeometryandfrequeng, computed
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in differentmesheslin both casesthe methodfor choosingthe numberof basisfunctionswasthe same
asdescribedn the Appendix.Computatiortime for the a singlewave eld in this studyvariedfrom 1500
to 3000 seconds.

For needlehydrophonesthe major distortionin continuous-vave measurements mostlikely dueto
the back-scatteresvavesfrom the tip of the hydrophone Someof thesewavesinterferewith the incident
eld. Standingwave patternsareformedbetweernthe needleandthe sourceelement(or a structurebetween
the needleandthe source).Obviously, the amplitudeof the eld re ected from thetip of the hydrophone
is proportionalto the amplitudeof the incident eld at the measuremenpoint (i.e. at the location of the
tip).

The distortion as a function of the frequeng was investigated(Fig. 8). For the highestfrequeng
( MHz), the tip of the needlewaslocatedneara local near eld minimum. In comparisorto the
maximumamplitudeof the eld, this resultedin a relatively weak re ected wave. Sincethe difference
elds were normedwith the value of the incident eld at the tip, dueto limited accurag of the UWVF
approximationthe weak difference eld is shovn as somevhat noisy.

The resultsfor the needlehydrophonessuggestedhat scatteringfrom the tip of the needlebecame
obsenablewhenthe diameterof the needlewasover half of the wavelength.Although a notablestanding
wave eld wasobsered for the frequeny MHz and hydrophone4 at the distance mm
in Fig. 4, the simulatedmeasuremenwith the samehydrophonen Fig. 12 closelyfollows the pro le of
the eld at the acousticaxis. Therefore,for the needlehydrophonest is not evident that the difference
in the eld andthe measuremenivas only dueto standingwaves betweenthe needleandthe source,in
particular sincethe discrepang did not have the sameclear periodic structureas was obsered in the
simulatedmeasurementor the membranenydrophone Other possiblesourcesof error in measurements
include,for example,the diffraction effectsthatarestudiedin detailin [23]. Thediffractioneffectsemepe
sincethe hydrophonewith the nite sizeactive Im is usedto measurehe “point” value of the acoustic
eld.

To studythe effect of the backingmaterialbehindthe PVDF Im onthe eld anomaliesa comparison
betweerrigid andabsorbingoackingmaterialswassimulated(Fig.11).1t wasobsenedthatthe amplitude
of the standingwave patternwith therigid backingwasabout50 percenthigherthanthat of the absorbing
material.

Althoughthe mainpartof the needlehydrophonesimulationswvascomputedor thefrequencie®.5- 2.0

MHz, scalability of the resultsfor higherfrequenciesvas alsoinvestigated Simulationswith frequencies
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1.0 MHz and 5.0 MHz showved that anomaliesin the eld are scalablewith respectto the ratio of the
wavelengthandthe needle(and PVDF Im) diameterIn very high frequencieshowever, the scalability
can be expectedto fail dueto the thicknessresonantfrequenciesf the Im.

In the casemembranehydrophonespoth the eld betweenthe transducerand the membrane;and
the simulatedsignal of the hydrophonerevealeda half wavelengthperiodic distortionin comparisonto
the eld without the membraneThe relatve amplitudeof the disturbancewas about20%. For the 2.0
MHz transducerthe eld at a x ed distancefrom the sourcebehind the membranehydrophonewas
simulated.This caseimitatesthe experimentalmeasurementperformedin [8]. The relative error of the
eld in simulationswas 0-30 % when comparedwith the pressureamplitudeat the samespot without
the hydrophone.The error in comparisonto the meanvalue of the eld at the samepoint at different
transducehydrophoneseparationsvas0-20%. In [8], under10% errorswereobsened by usinga second
membranehydrophoneat a x ed distancefrom the transducerHence,the model seemsto predictthe
magnitudeof the error reasonablywell althoughthe simulatederrors were slightly over estimatedin
comparisorto the experimentalmeasurements.

The differencebetweenthe simulationsand experimentalmeasurementbas several possiblereason.
For example,the modelusedin this studydid not includethe changesn the outputof the sourcedueto
the standingwaves[24]. And the secondmembraneausedto measureerrorsin [8], interactsalsowith the
wave eld andthereforemay causeadditionalanomalies.

As discussedn [7], a slight rotation of the hydrophonecan eliminate the standingwaves, causing
nonoverlappingre ected and main beams.Alternatively, in this study an averagingtechniquewas used
to reducethe amplitudeof the distortion. To do this, the eld at a given measuremenpoint wasaveraged
with two adjacentpoints. As shavn in Figs. 18 and 19 the bene t of the averagingis evident, but one
mustbearin mind that the proceduremay alsolose other ne structuresrom the eld.

The simulationswere computedonly for a planarcircular source.Sincethe amplitudeof the scattering
from the hydrophones proportionalto the amplitudeof the eld atlocationof hydrophoneijt is obvious
thatstrongdistortionmay resultin, whenfocusedCW elds aremeasuredearthe focal spot.In addition,
this study was limited only region nearthe hydrophone(i.e only part of the needleor membranewas
consideredyhich naturallyeliminatespossiblestandingwavesfrom surroundingstructureqe.g.from the
walls of the measurementank and holder of the hydrophone).

The study was limited only a relatively small numberof hydrophonesand a simpli ed hydrophone

model was used. An improved model could include the elastic propertiesof the hydrophonesmulti-
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layeredstructuresand electric characteristiof the PDVF Im. Thesehave beenusedin onedimensional
modelling of the membranehydrophoneg20]. Alternatively, an aim of this study wasto include more
detailed characterizatiorof the incident elds and hydrophonegeometries.To limit the extend of the
study the simulationswere computedonly for the needleandmembranénydrophonesHowever, a similar

simulationsshouldbe possiblealsofor the ellipsoidal or array hydrophones.
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APPENDIX

The ultra weak variationalformulation (UWVF)
For the UWVF the computationaldomain is partitionedinto a nite numberof subdomains
(standardetrahedralnite elementmeshesare usedin this study seeFig. 3). Let us denote
by theoutwardunit normalfor the 'th element.The boundarybetweerelements and is denoted
by . Furthermore,if the element is on the boundaryof domain , the coinciding boundaryis
denotedby
Assumingthatthe materialparameters and areapproximatedvith piecavise constanfunctions,the

Helmholtz problem(2) canbe decomposedor all as
in (6)

where . The subproblemg6) are connectedacrossthe elementinterfaces with the coupled

boundarycondition
—— —— @)

Physically it can be consideredas a coupledform of the transmissionconditionswhich characterize
the continuity of the pressureand the normal particle velocity acrossthe interface [25]. The coupling
parameter is obtainedasthe meanvalue of Re over the interface

R R
A € on (8)

On the exterior boundaries the boundaryconditionis givenin the form

—— —— (©)
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where , , andthe coupling parameter . The sourceterm is denotedby

The type of boundarycondition on the exterior boundaryfor the problem can be adjustedwith the
parameters, and . The implementationf the exterior boundaryconditions(3), (4) and (5) in the
UWVF schemearesummarizedn Tablelll. A requestedoundaryconditionis obtainedby choosingthe

listed parametergor Equation(9).

[Table 3 abouthere.]

Now de ne the function on the elementboundariesas follows
—— (10)
In [15] Cessenaaind Despresshav that  satis esthe ultra weakvariational formulation
— — (11)
- —— (12)
for all testfunctions which are the solutionsof the adjoint Helmholtz equation
- - in (13)

wherethe overbardenotescomplex conjugation.
A discreteform of the UWVF (10) is obtainedby approximatingthe function  on a planewave basis

asfollows
_ (14)

where
in
(15)
elsavhere
Thedirections  arechoseraccordingto optimizedsphericalkcoveringfor a unit spherd26]. In addition,

set . This leadsto the matrix equation[15]
(16)
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from which the unknavns canbe computed As proposedn [16], the
matrix equation(16) is solved with the iterative stabilizedbi-conjugategradientsolver [27].

The matrices and are sparseblock matrices.In particular the matrix  is a Hermitian block
diagonalmatrix consistingof the  blocks . It is shawn [16] that the condition numberof
theblocks  canbe usedto predicta stablenumberof basisfunctions  for eachelement.Using the
dynamicalprocedurefor choosing , the maximumallowed condition numberin this study was setto

. However, if this did not resultin corvergentbi-conjugategradientiteration,the conditionnumber
was loweredto

From Equations(10) and (14) it can be seenthat the pressureon the elementboundariescan be

approximatedas

on @an
If the equationg6) and(13) areequalandthe approximation(17) is alsovalid within the element
. Insidethe elementsn which this approximations usable at leastif the sizeof the elements

relatvely small. In the problemat hand,elementswvith complex wave numberswerelocatedin the PVDF
Im causingthemto be extremely small.

The parallel UWVF solver was coded with Fortran90 using MPI (MessagePassing Interface) for
parallelization.The resultswere computedin a Beavulf PC clusterconsistingof 12 1.8 MHz Pentium4

processorsvith 1 GB RAM for eachprocessar
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TABLE |
GEOMETRIC PARAMETERS OF THE COMPUTATION DOMAIN FOR NEEDLE HY DROPHONE SIMULATIONS.

(MHz) (mm) (mm) (mm)
0.50 25.00 65.00 15.00
1.00 12.50 40.00 7.50
1.50 8.33 30.00 5.00
2.00 6.25 24.00 3.75
5.00 2.50 8.00 1.50
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TABLE 1l

NEEDLE HYDROPHONES USED IN SIMULATIONS.

Hydrophone (mm) (mm)
1 0.30 0.040
2 0.30 0.075
3 0.46 0.20
4 1.47 1.00
5 1.50 0.20
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TABLE Il
BOUNDARY PARAMETERS IN THE UWVF SCHEME

Boundarycondition, Eq.

Source,(3) 1 Re( )
Rigid, (4) 1 Re( ) 0
Absorbing, (5) 0 Re( ) 0
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