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Abstract

Theelectromechanicalbehaviourofpiezoelectricactuatorsandtheadhesivelayer,which

connectstheactuatorandthehoststructurecanhaveaneffectontheperformanceofsmart

piezoelectricstructures.Inthisstudy,anewlythin-sheetpiezoelectricactuatormodelwith

anadhesivelayer,whichundergoesbendingdeformation,isproposed.Thisthesisisto

presentacomprehensivetheoreticalstudyoftheeffectsofmaterialmismatchandgeom-

etryparametersofthepiezoelectricactuatormodeluponthecoupledelectromechanical

characteristicsofpiezoelectricactuatorsystems.Theemphasisofthecurrentstudyison

theloadtransfer,localstressfield,axialforceandbendingmomentneartheimperfectly

bondedactuators.Theoreticalelectromechanicalsolutionstotheinterfacialstressesbased

ontheintegralgoverningequationsareprovidedusingChebyshevpolynomialexpansion.

Detailednumericalsimulationsareconductedtoevaluatetheeffectsofthegeometryand

thematerialmismatchofthepiezoelectricactuatorandadhesivelayerupontheactuating

process.Theeffectsoftheinterfacialdebondingarealsopresentedanddiscussed.The

resultsindicatethatthegeometryandmaterialpropertiesoftheactuatorsystemaffectthe

stressdistribution,loadtransfer,axialforceandbendingmomentsignificantly,andthecor-

respondingeffectshavebeendiscussedandanalyzedindetail.Thisstudycouldprovide

somenewinsightsintothedesignofpiezoelectricactuatorsystem.
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Chapter1:Introductionandobjectives

Thischapterisdividedintothreesections.Thebackgroundandmotivationofthethesis

topicsarepresentedinSection1.1.TheresearchobjectivesareprovidedinSection1.2.

Section1.3listsoutlineofthethesis.

1.1 Backgroundandmotivation

Inacommondefinition,smartmaterialsdifferfromtheordinarymaterialssincetheycan

changepropertiesinapredictableorcontrollablemannerinresponsetoexternalstimuli

(NewnhamandRuschau,1993).Forlinearsystemsthematerialscouldreturntotheirorig-

inalstatesoncetheexternalstimulusexpiresandallchangesarereversible.Thestimuli

couldbetemperature,forces,electricormagneticfields,chemicalcompounds,andhu-

midity.Thereisawiderangeofdifferentsmartmaterials,whichincludeshape-memory

alloys,piezoelectricmaterials,magnetostrictivematerials,electroactivepolymersandbi-

componentfibers(OtsukaandWayman,1999).Overthepastseveraldecades,thesmart

materialsandsystemshaveexperiencedtremendousgrowththroughresearchandengi-

neering.Theyalsohavebeenharnessedinavarietyofhigh-techandeverydayapplica-

tions,whichrangefromsensors/actuatorsorpediatriccardiovasculardevicestoelectroac-

tivepolymers(Levietal.,2008;Schwartz,2009).Piezoelectricmaterialsareverypopular

asakindofsmartmaterialandtheyhavebeenwidelyusedinpracticalapplicationsforthe

abilitytotransformelectricalenergytomechanicalenergyandviceversa,functioningas

bothactuatorsandsensors(Tanietal.,1998).
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Piezoelectricactuators/sensorshavebeenappliedtothecontrolofstaticanddynamic

deformationofstructures,vibration,noiseandwavepropagation(Boller,2000;Duanetal.,

2010;NaandBaek,2018a).Usually,piezoelectricactuator/sensorissurface-bondedonto

orembeddedintoastructureintheformofthin-sheets.Inordertooptimizetheeffec-

tivenessandreliabilityofthepiezoelectricactuators/sensorssystems,theactuating/sensing

processandtheresultingelectromechanicalresponseshouldbewellunderstood.Theelec-

tromechanicalbehaviourofthepiezoelectricactuatorsystemisthefirstissuethatneedsto

beevaluated.Thesecondconcernliesinthebondingconditionoftheinterfacebetween

theactuatorandhost,particularlytheadhesivelayerandtheinterfacialdebonding.The

localstressfieldneartheinterfaceisveryimportantsinceitcanaffectthepropertyof

theactuatorandthebondingcondition.Interfacialdebondingconditionmayoccurwhen

highlocalelectromechanicalstressfieldisgeneratedorpoorbondingconditionaroundthe

edgesoftheactuators/sensors(DenoyerandKwak,1996;Parketal.,2000b;Rabinovitch

andVinson,2002a;Tylikowski,2001a).

Toaddressaboveissues,variousworkshavebeencarriedouttouncovertheelectrome-

chanicalbehaviourofpiezoelectricactuatorsystemsbyconsideringdifferentgeometries

andmaterials,aswellasloadcombinations.ThepioneerstudywasmadebyCrawleyet

al.(CrawleyandAnderson,1990;CrawleyandDeLuis,1987).Ananalyticalmodelwas

presentedbytreatingaxialstressacrossthethicknessofpiezoelectricactuatorasuniform

orlinear.LuoandTong(LuoandTong,2002a,b)developedatheoreticalmodelinclud-

ingadhesivelayersforaPZTsmartbeam,andanalyzedtheeffectsofdebondingonthe

distributionsofstrain,stressanddisplacement.Plateandshellmodelshavealsobeenex-
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tensivelyusedinthestudyofelectromechanicalbehaviourofsmartpiezoelectricstructures

(Reddy,1999;TzouandGadre,1989;Zhangetal.,2019).Consideringthedisadvantages

ofpredictingtheinterfacialstressfieldneartheendsofpiezoelectricactuatorsinallworks

mentionedabovebymodelingthepiezoelectriclayersasbeams,platesandshells. Wang

etal.(WangandMeguid,2000)firstexaminedthecoupledelectromechanicalbehaviour

ofathinpiezoceramicactuatorembeddedinorbondedtoaninfiniteelasticmediumunder

inplanemechanicalandelectricalloadings.Here,thehoststructureistreatedasasemi-

infiniteplanebecausebothlengthandthicknessofthepiezoelectricactuatoraremuch

smallerthanthesizeofthehost.Theactuatorismodelledasanelectro-elasticlineand

onlytheinterfacialshearstressisconsidered.Theresultsshowedthatthistreatmentisan

effectivewaytoanalyzelocalstressandloadtransferbetweentheactuatorandthehost

structure.Jinetal.(JinandWang,2011a,b)modifiedthemodelpresentedbyWang(Wang

andMeguid,2000)byaddingabondinglayerbetweenthepiezoelectricactuatorandthe

hoststructure.Yuetal.(YuandWang,2016)furthermodifiedtheelectro-elasticlinemodel

byintroducingbendingdeformationoftheactuator.However,inthemodel,theadhesive

layerisnotconsideredandthusthemodelisonlysuitableforveryrigidadhesivelayers.

Ananalyticalmodeltostudytheelectromechanicalbehaviorofapiezoelectricactuator

bondedtoasemi-infinitehoststructurewithapartiallydebondedadhesivelayerbetween

themwillbepresentedinthisthesis.Theactuatorismodeledasaclassicalbeamwith

anappliedaxialforce.Thebendingeffectoftheactuatorwillbeinvolvedandthenormal

stressalongtheinterfaceofupperandlowersurfacesofadhesivelayerareconsidered.

Thedifferentgeometricalparametersandmaterialmismatchoftheactuatorsystemandthe

partiallydebondingconditionarealsoinvestigated.
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1.2 Researchobjectives

Itistheobjectiveofthecurrentthesistodevelopapiezoelectricactuatormodelinvolving

thebendingeffectandpartialdebondingwithanadhesivelayerunderstaticloads.Specif-

ically,thedetailedobjectivesofthisresearchareidentifiedas:

(1)establishinganewpiezoelectricactuatormodelthatisathin-sheetpiezoelectric

layerbondedtoanelasticsemi-infinitehoststructurethroughanadhesivelayerbetween

them;

(2)conductinganalyticalandnumericalanalysistoinvestigatetheelectromechanical

behaviourofdebondingwithbendingeffectunderthestaticloading;

(3)investigatingtheeffectsofthedifferentgeometricalandmaterialparametersofthe

system,especiallythatoftheimperfectadhesivelayer,uponthecoupledresponseofthe

actuator.

1.3 Outlineofthethesis

Thisthesisisorganisedintosixchapters.

Thecurrentchapterprovidesthebackground,motivationandobjectives.

Thereviewofthestateoftheartoftherelevantstudiesispresentedinchapter2.

Inchapter3,amodifiedmodelofpartiallydebondedpiezoelectricactuatorwithbend-

ingdeformationandanadhesivelayerispresented.

Inchapter4,thetheoreticalsolutionsoftheactuatorarepresented,basedontheuseof
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singularintegralequationsandChebychevPolynomialexpansion.

Inchapter5,FEMsimulationsareconductedandtheanalysisofadhesivelayerare

presented.Theresultsofcurrentmodelarecomparedwithexistingresultsundersome

differentcases.Theinfluencesofthegeometryandthematerialmismatchupontheelec-

tromechanicalbehaviouroftheactuatorsarediscussedindetail.

Chapter6summarizesasetoffinalconclusionsandcontributions,andrecommenda-

tionsaresuggestedforfuturestudies.
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Chapter2:Reviewofthestateoftheart

Thischaptergivesthereviewofthestateoftheartofthepiezoelectricactuator/sensors

studies.Firstly,thebriefhistoryofthepiezoelectricityandpiezoelectricdevicesisdis-

cussed.Then,themodellingandanalysisofthepiezoelectricsensors/actuatorstodateare

presented.Thelastsectionwillpresenttheapplicationsofthepiezoelectricactuatorinthe

structuralhealthmonitoring(SHM).

2.1 Historyofpiezoelectricityandpiezoelectricdevices

Thepastseveraldecadeshavewitnessedrapidprogressintheengineeredmaterialstruc-

tureswithvariousfunctionalities(LiandWang,2016;Lietal.,2018,2019;Wang,2014).

Theexplorationofpiezoelectricmaterialsservesasoneofthemostlastingandstimu-

latingfieldofmaterialresearch.Piezoelectricmaterialsinvolvetheinteractionbetween

themechanicalandelectricalbehaviouroftheobjects. Thiskindofmaterialspossess

mechanical-electricalandelectrical-mechanicalenergyconversionsproperties.Itcangen-

erateelectricalchargewhensubjectedtomechanicalloads,referredtoasthedirectpiezo-

electriceffect.Theconverseeffectillustratesthatanappliedelectricalfieldcangenerate

mechanicaldeformation(Yang,2006).

ThedirectpiezoelectriceffectwasdiscoveredbyFrenchphysicistsbrothersJacques

andPierreCuriein1880andtheydemonstratedthepiezoelectricphenomenathroughsys-

tematicexperimentsonspeciallypreparedtourmalinecrystals.Thiseffectwasquickly

termedpiezoelectricitybyHankeltodistinguishitfromotherareasofscientificphenomeno-
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logicalexperiencesuchas"contactelectricity"and"pyroelectricity".However,theCurie

brothersdidn’tpredicttheconversepiezoelectriceffect.In1881,Lippmanmathematically

provedthispropertybyusingfundamentalthermodynamicprinciples.Soonthereafter,

Curiebrothersconfirmedtheexistenceofthepiezoelectricconverseeffectthroughexper-

iment,andthequantitativeproofofthecompletepiezoelectriceffectswasobtainedlater.

Simultaneously,thepiezoelectriceffectswerediscoveredinothernaturalcrystals,suchas

quartz,zincblende,andRochellesalt(tartaricacid)(Jaffe,2012).

Inthesubsequent25years,manyphysicistsendeavouredtodevelopanexacttheoryon

thebasisofthermodynamicsinquantifyingcomplexrelationshipsamongmechanicaland

electricalvariables.In1910,Voigtfirstgavecomprehensiveexplanationofthecomplexre-

lationshipinhispublishedwork.Sincetheunderlyingmathematicswasverycomplicated,

piezoelectricitydidn’tcatchmuchattentionatthattime,lackingpracticalapplications.Un-

tiltheWorldWarI,piezoelectricityhadthefirstimportantapplication.In1917,P.Langevin

developedthefirstultrasonicsubmarinedetectorandthetransducerincludedathinquartz

crystalsandwichedbetweentwosteelplates.Theplatescouldlaunchultrasoundwaves

intothewaterafterthequartzcrystalwasexcited.Then,thesecondquartzdevicewas

usedtodetectthereturnofthesoundwave.Basedonthetimefromlaunchingpulseto

returning,thedepthofthesubmarinecouldbedetermined.Theirsuccessmadepiezoelec-

tricmaterialspossibletoapplyintootheraspectsexceptforunderwaterapplicationsuchas

ultrasonictransducers,microphones,andaccelerometers.However,theavailablematerials

atthattimewerenaturalcrystalswithpiezoelectricproperties,whichlimitedperformance

ofthedeviceandtherelatedcommercialapplications.
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Thesecondbreakthroughforpiezoelectricmaterialhappenedin World WarII.The

firstceramicmaterial,bariumtitanate(BaTiO3),wasdiscoveredbydifferentgroupsfrom

theUS,JapanandSovietUnionseparatelyin1943.Thiskindofmaterialcouldincrease

dielectricconstantsupto100timeslargerthannaturalcrystals.Furthermore,anotherman-

madematerialcalledtheferroelectricwasmanufacturedtohavesimilarimprovementsin

piezoelectricproperties.Thesediscoveriesspedupresearchanddevelopmentofnumerous

ceramicpiezoelectricmaterials.Amongthesediscoveries,themostnotableoneswerethe

findingsofleadmetaniobate(PMN)andleadzirconatetitanate(PZT)in1950s.Compared

withnaturalpiezoelectriccrystals,theycanbemadeinalmostanyshapeorsizethanksto

theirceramicnature.Sincethen,thesekindsofmaterialshavebeenexploitedinawide

rangeofapplications,suchasactuators,sensorsandtransducersinstructuralhealthmoni-

toring,intelligentstructures,noise,shapeandvibrationcontrolsetc.

2.2 Modellingandanalysisofpiezoelectricsensors/actuators

Thepiezoelectricactuatorsandsensorsprovideagoodapproachtoobtainanactivecontrol

strategy.Overthepastseveraldecades,inordertostudythecoupledelectromechanical

behaviourandstaticloadtransferbetweenthepiezo-actuatorandthehoststructure,re-

searchershaveproposeddifferentmodellingapproaches.Piezoelectricthinfilmsareusu-

allybondedtothesurfaceofthehoststructure.Themajorityoftheavailablemethodscan

becategorizedintothreeclasses,namelyanalytical,numericalandhybridapproaches.

Thefirstcategoryistheanalyticalapproach.Analyticalmodelsincludethepin-force

model,thebeam-theory-based-model,thepiezoelectricplatesandshellsmodelsandthe
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elasticityequation-basedmodel.Thepin-forcemodelisoneoftheearliestmodelsdevel-

opedforbeamsactuatedinbending.Thismodeltreatstheactuatorsandhostsubstrate

asseparateelasticbodiesandthetransferredforcesfromtheactuatortothesubstrateare

through"pins"attheedgesoftheactuators,whichmeansshearstressisconcentratedin

asmallarea.Baily(BaileyandHubbard,1985)firstlyestablishedthiskindofmodel,in

whichathinpiezoelectricpolymerwasbondedtoonesideofthecantileverbeam,with

onlythetransversevibrationsofthebeambeinganalyzed.Althoughthismodelworked

wellinperfectbondingscenario,itfailedtoprovidecorrectstructuralresponsewhenthe

actuatorwasrelativelythick.CrawleyandDeLuis(CrawleyandDeLuis,1987)firstly

proposedacomprehensivestaticmodeloftheinteractionbetweenthethinpiezoelectric

actuatorsbondedtoorembeddedinbeam-likestructures.Thismodelassumeduniformax-

ialstrainacrosstheactuatorandthehoststructurewastreatedasaEuler-Bernoullibeam.

Later,CrawleyandAndeson(CrawleyandAnderson,1990)presentedamodelassuming

bothstructureandactuatorsundergoesconsistentEuler-Bernoullistrain,whichisthelinear

straindistributionacrosstheactuator.Thismodelcouldillustratetheinducedextension,

bending,andlocalizedsheardeformations.Forfurthermodifications,ImandAtluri(Im

andN.Atluri,1989)tookintoaccounttheeffectsoftransverseshearandaxialforcesas

wellasabendingmomentinthebeam(CrawleyandDeLuis,1987).ZiyaKKetal.(Kus-

culuogluetal.,2002)extendedtheEuler-BernoullibeammodelstoTimoshenkobeam

modelsbyconsideringthesheardeformationandtherotaryinertia.

Plateandshellmodelshavealsobeenextensivelydevelopedinmodellingthepiezo-

electricsensors/actuators.Theearliestmodelofplatecoulddatebacktotheyear1952.
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Mindlin(Mindlin,1952)gaveanapproximatetheoryofthepiezoelectriccrystalplatesin

thickness-shearandflexuralmodes,whichinvolvedtheearlytermsofseriesexpansions

ofthemechanicaldisplacementandelectricpotential.Then,anexactsolutionforstatic

analysisofsimplysupportedlaminatedpiezoelectricplateusingdoubleFourierserieswas

obtained(Mindlin,1972).Dimitriadisetal.(Dimitriadisetal.,1991)designedamodel

withatwo-dimensionalthinpiezoelectricpatchesbondedtotheoppositeplatesurfaces.

Theyinvestigatedthestaticanddynamiccases.Theresultsshowedthepotentialforcon-

trollingvibrationindistributedsystems. MitchellandReddy(MitchellandReddy,1995)

derivedthetheoriesforlaminatedpiezoelectricplateusingtheclassicalplatetheoryandthe

third-ordersheardeformationtheory.M.Rahmouneetal.(Rahmouneetal.,1998)devel-

opedanewthinpiezoelectricplatemodelandanalyzeditsmechanicalbehaviourbyusing

amathematicalasymptoticapproach.TzouandGadre(TzouandGadre,1989)derived

theequationsofmotionofthegeneralizedmulti-layeredthinpiezoelectricshellbyusing

Hamilton’sprinciple.Then,theydevelopedanewtheoreticalmodelwiththickanisotropic

compositepiezoelectricshellsmadeofmulti-layeredtriclinicpiezoelectriclaminatesby

assumingthateachlayerwasperfectlybondedtogethertobecomeasinglethickpiezoelec-

triclaminatesystem.Acompositepiezolaminatedshallowthinshelltheorywasdeveloped

(MillerandAbramovich,1995),inwhichtheindividuallaminateiscapableofelectrome-

chanicaltransduction.Thetheoreticalparametersofsegmentedtransducerslaminatedon

apiezoelectriccylindricalshellwereanalyzed(Tzouetal.,1996).Thedynamicbehaviour

ofpiezoelectricshellswasinvestigatedby(KChaiandArnold,2006;Tzouetal.,2002)

andthepiezoelectricshellshaveapplicationsinaerospacetechnology,suchasrocketnoz-

zles.Thethree-dimensionalvibrationcharacteristicsofcoupledmotionsforpiezoelectric
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cylindricalshellswithfreeboundaryconditionswereinvestigatedbyusingthreedifferent

experimentalmethodsandfiniteelementnumericalmodeling.Alatestreviewonmodeling

ofpiezoelectricintegratedplatesandshellscanbefound(Zhangetal.,2019).Inthemod-

elsmentionedabove,theintegratedstructuresweremodelledasbeams,platesorshells.

Inwhatfollows,onlytheglobalresponsesofthewholesystemswerefocusedwithoutthe

localinformation.Asaresult,thesemodelswerenotsuitableforpredictinglocalstress

distributionneartheendsoftheactuators.

Theelasticityequation-basedmodelcanprovideanalternativechoiceforthemainin-

terestoflocalstressconcentrationandtheloadtransferneartheactuator.Whenathin-sheet

piezoelectricactuatorisembeddedintoorbondedtoanelasticstructure,thehoststructure

canbeassumedtobesemi-infinitewhichisgovernedbytheequationsofelasticity.Be-

causethethicknessofanactuatorisusuallymuchthinnerthanthehoststructure. Wang

andMeguid(WangandMeguid,2000)firstdevelopedananalyticalmodelfeaturingthe

staticcoupledelectromechanicalbehaviourwithathinpiezoceramicactuatorembeddedin

orbondedtoanelasticmediumunderinplanemechanicalandelectricalloadings,inwhich

thelocalstressdistributionandloadtransferneartheactuatorwerestudied.Thiswork

wasfurtherextendedandmodifiedbyJinandWang(JinandWang,2011b)toinvestigate

theeffectofthebondinglayerbetweentheactuatorandthehoststructure.Theanalytical

resultsofthesemodelsareingoodagreementwiththecorrespondingfiniteelementre-

sults.Butthesekindofmodelsjustcharacterizetheshearstressalongtheinterface,sothey

don’tprovideinformationonthenormalstressbetweenthepiezoelectriclayerandthehost

structure.Thisthesiswillprovideamodelofathin-sheetpiezoelectricactuatorbonded
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toasemi-infinitehoststructurewithanadhesivelayerbetweenthemandinvestigatethe

coupledelectromechanicalbehaviour,inconsiderationofthebendingdeformationofthe

piezoelectricactuatorandpartialdebondingalongtheinterface.

Numericalapproacheshavealsobeenwidelyutilizedtoanalyzetheelectromechani-

calbehaviourinducedbythepiezoelectricactuators(AllikandHughes,1970;Haetal.,

1992;HwangandPark,1993;TzouandTseng,1990).Inmodellingpiezoelectricactua-

tors,somecommercialfiniteelementsoftware,e.g.,COMSOLMultiphysicsandANSYS,

provideresearchersconvenienttoolstosimulatecoupledphysicalbehaviour.A.benjeddou

(Benjeddou,2000)surveyedanddiscussedtheadvancesandtrendsintheformulations

offiniteelementmodelingofpiezoelectric-basedstructure.Themodellingapproachesof

piezeoelectricactuatorsbondedtoanelasticmediumhavebeendemonstratedandthedis-

advantagesofFEMsimulationsasfollows(Huangetal.,2010).First,itcan’tprovidea

directinsightintothephysicalstructuresfortargetedparameters.Besides,aclassicalFEM

modelisnotapplicabletoinfiniteopenwaveguidessinceitworkswithinspatiallyrestricted

discretizationdomains(Glushkovetal.,2007).Thelastoneisthatunaffordablecomputa-

tionalcostsareusuallyrequiredduetoaslowconvergenceforobtainingtheresponsesof

athree-dimensionalmodelathighfrequencies.HybridapproacheswhichcombineFEM

withanalyticalapproacheswereproposedtocompensateforthedisadvantagesofpure

FEsimulations.Inthisapproach,theanalyticalmethodsaremainlyutilizedforthehost

structures,andtheFEmethodsaremainlyusedfortheremainingstructuresofthesystem.

Thehybridschemesconsumelesscomputationaleffortsbecausethehoststructuremodel

usuallyhavemuchmoreelementsthanactuatormodel.However,thisapproachstillcan’t

12



provideadirectinsightofthephysicalexplanationofthecalculatedresults(Huangetal.,

2010).

2.3 Modellingofthepartialdebondingofpiezoelectricactuators

Intheprevioussection,theperfectlybondedlayersconditionshavebeendiscussed.How-

ever,thedamageinitiationandpropagationoccurinaseriesofeventswhenaloadis

appliedtoalaminatedcomposite.Therearethreeprincipaldamagemodesinacomposite

laminate,whichareinterlaminarmatrixdelamination,intra-plycrackingandfiberfailure

(Garg,1988).Amongthesefailuremodes,theinterlaminarmatrixdelaminationisoneof

themostseriousfailuremodes.Duetothesubstantialin-planeresidualcompressivestress,

thedelaminationalongtheinterfaceofthepiezoelectricactuatorandthehoststructurehap-

pen.Thedelaminationisdefinedasadebondingorseparationbetweenindividuallayers

ofthelaminatewhensubjectedtoin-planeloads.Asaresult,itmayaffectsomedesign

parameterslikenaturalfrequenciesandmodeshapes(DellaandShu,2007).

Aconsiderableamountofanalyticalmodelsandnumericalanalysishavebeenreported

formodellingthepartialdebondingofthepiezoelectricactuators.SeeleyandChattopad-

hyay(Seeley-C-1998)investigatedthesignificanteffectofthepartialdebondingatthe

piezoelectricactuatorandsmartcompositelaminatesinterfaceonthedynamicresponse.

Theexperimentalresultsshowedgoodagreementwiththepreviousnumericalresults(See-

leyandChattopadhyay,1996). WangandMeguid(WangandMeguid,2000)developed

thesolutionsoftheedgedebondingandthecentraldebondingofthepiezoelectriclayer,

whichisbondedonanelasticsemi-infinitehostunderplanestrainloading.Then,several
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analyticalmodelsforasmartbeamwithadebondedpiezoelectricactuatorbyusingthe

regionapproachandclassicalbeamtheoryhavebeenpresented(Liyongetal.,2001b;Sun

etal.,2001;Tylikowski,2001b).Forthedebondingregion,itwasassumedthattherewas

nostresstransferringbetweenthepiezoelectricactuatorandthehostbeam.Usingsimi-

larassumptions,LuoandTong(LuoandTong,2002a,b)gotthetheexactstaticsolutions

numericallyandanalytically,whichincludedthenormalstressforaPZTcompositebeam

withadhesivelayers.Aclosed-loopcontrolbaseddamagedetectionschemewaspresented

todetectdebondingofapiezoelectricactuatorpatchfromitshoststructure.Thesimulation

resultsshowedthatevenaverysmalldebondinglengthcandestabilizethecontrolsystem.

Then,theshearlageffectontheimpedanceformulationswasanalyzedandtheresultsil-

lustratedthatthebondinglayercouldmodifythemeasuredelectromechanicaladmittance

(BhallaandBajaj,2008).Theexistinganalyticalmodelsandnumericalanalysisofthede-

laminatedcompositelaminateswithpiezoelectricsensors/actuatorshavebeenintensively

reviewed(DellaandShu,2007).Amodelwithapartiallydebondedpiezoelectricactua-

torinsmartlaminateswasproposedbyusinglayerwisedisplacementfield(Huangetal.,

2015).Recently,atheoreticalmodelofathinpiezoelectricactuatorbondedtoagraded

halfplanewithanadhesivelayerisanalyzed(Chenetal.,2018a,b).

2.4 Theinvestigationoftheeffectsoftheadhesivelayer

InordertopreciselydetectthevibrationalbehaviourofsmartstructuresusingPZTs,piezo-

electricsensorsandactuatorsneedtobeattachedtothestructure.Oneofthecommonly

utilizedwaysistoattachthepiezoelectriclayersonthesurfaceofthestructurebyusing

adhesivessinceadhesivesdonotchangematerialpropertiesofthetargetstructure(Kwak
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andSciulli,1996;Shen,1994).However,Ithasbeenreportedthatthevibrationcontrol-

labilityofsmartstructuresmaysufferwhenthemechanicalpropertiesofadhesivelayers

areignoredinthedynamicmodelofthesmartstructures(Akellaetal.,1994;Nakra,1998;

Prakah-AsanteandCraig,1994).

Intheworkswhichconsideredmechanicalpropertiesofadhesivesintheirstructural

models,theeffectsofthreedifferentadhesivesonthevibrationdampingpropertiesof

compositebeamswasinvestigated(Parketal.,2000c).Theinfluenceoftheadhesivelayer

parametersontheactivedampingresponseofthecontrolledbeamswasanalyzed(Pietrza-

kowski,2001).Inthisstudy,theadhesivelayerswereassumedasvisco-elasticmaterials

andonlythelongitudinalextensionofthepiezoelectriclayerandtheadhesivelayerwas

considered.Thefrequencyresponseofthesystemshowedthatthestiffnessoftheadhesive

layerssignificantlyaffectedtheactivedampingefficiency.Theinterfacialstressincreased

greaternearthesensorendsforastifferbondinglayerthanasoftbondinglayer.

Adifferentapproachforthemodellingofaclosed-loopvibrationcontrolofasmart

beamwithadhesivelayers,piezoelectricsensorandactuatorpatcheswaspresented(Sun

etal.,2001).Althoughthenormalandshearstrainsoftheadhesivelayerweretakeninto

account,thesestrainswereassumedtobeconstantalongthethicknessoftheadhesivelayer.

Then,theinfluenceofthemechanicalandgeometricalpropertiesoftheadhesivelayeron

thestaticresponseoftheactivestructurewasanalyzedbyutilizingthehigh-ordertheory

(RabinovitchandVinson,2002b).Theadhesivelayersweremodelledasatwo-dimensional

linearelasticmediawithshearandverticalstressesinconsideration.Thesensitivitystudy

resultsrevealedthatthegeometriesandthematerialpropertiesoftheadhesivelayerscould
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influencetheresponseofthepiezoelectricpatch.Thus,properselectionoftheadhesive

layerspropertiescanenhancetheperformanceofsuchsmartstructures.Theimpactofthe

bondingqualityoftheadhesivelayeronthesensingcapabilityofpiezoelectricsheetswas

addressed(Faria,2003).Theadhesivelayerwasassumedtobeelasticandinapureshear

stressstate,whichisbetweenthepiezoelectricmaterialandthehoststructure.Theresults

ofthistwo-dimensionalFEmodelshowedthattheshearlageffectsduetoedgeeffectson

thestraindistributionsandend-bondingneededtobecarefullyassessedinordertoimprove

thesensingefficiencyofpiezoelectricsensors.

Theinterfacialdebondingbehaviourofcompositebeamswithapiezoelectriclayer,an

adhesivelayerandahostbeamwasstudied(Liangetal.,2010;Wangetal.,2013).The

piezoelectriclayerandthehostbeamweremodelledasTimoshenkobeams;theadhesive

layerwasmodelledasacontinuousspringwithshearandpeelstiffness.Theanalytical

electromechanicalsolutionsfortheadhesivelybondedcompositesingle-lapjointswere

presentedusingthefulllayerwisemethod(YousefsaniandTahani,2013).Theaccuracyand

effectivenessofthemodelwereverifiedbythecorrespondingnumericalandexperimental

results.Thesameapproachwasutilizedtoinvestigatethevoidedgeeffects(Yousefsani

andTahani,2018).Itwasobservedthattherewerehighinterfacialstressconcentration

aroundthevoidedges.

Alloftheaforementionedworksarebasedonlimitedthicknessofthehoststructures.

LuandWang(Hanetal.,2008a,b)examinedtheeffectoftheadhesivelayeronthecoupled

dynamicbehaviourofathinpiezeolectricsensorandactuatorbondedtoanelasticmedium

underinplanemechanicalandelectricalloadings.Theshearstressdeformationwasdis-
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cussed.However,thenormalstressdistributionwasnotconsidered.Theanalyticalresults

indicatedthatthemodulusandthethicknessofthebondinglayerhavesignificanteffects

onshearstressdistribution.Thestaticelectromechanicalbehaviourofthepiezoelectric

sensor/actuatorwasanalyzedlater(JinandWang,2011a,b).Theresultsshowedthatthe

analyticalresultsandthoseoffiniteelementsimulationswereinagoodagreement.How-

ever,thenormalstressesintheadhesivelayerandthebendingeffectsinthepiezoelectric

layerwereneglectedinthewholeinvetigation.

2.5 Applicationsofpiezoelectricsensors/actuatorsinstructuralhealth

monitoring(SHM)

Thepiezoelectricmaterialasakindofsmartmaterialcanconvertmechanicalenergy

intoelectricalenergyandviceversa.Thisreciprocalenergytransformingcapabilityen-

ablesthematerialstofunctionassensors,actuatorsortransducers.Owningtoitsunique

electromechanicalcouplingeffects,togetherwithsomeothergoodcharacteristicssuchas

lightweight,distributedcharacteristics,highcouplingfactor,quickresponse,lowenergy

consumptionandlowcost,piezoelectricactuators/sensorshavebeenutilizedinawide

rangeofapplications,whichincludepiezoelectricultrasonicmotors(Milsometal.,1977;

Monkhouseetal.,2000;Staszewskietal.,2009),vibrationcontrolornoisesuppression

usingpiezoelectriclayer(ChoiandHan,2016;Haetal.,1992;Wangetal.,2001),energy

harvesting(Calioetal.,2014;Kimetal.,2011),andpiezoelectrictransducersforstructural

healthmonitoring(SHM)(Tuaetal.,2004,2005).

SHM,asoneofthemosttypicalapplicationsofthepiezoelectricmaterials,hasre-
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ceivedincreasingattentionfromtheresearchingcommunityandtheindustryinthepast

severaldecades.Itaimsatdetectingdamagesandprovidingadiagnosisofstructuralhealth.

Manyresearchershaveexploredthebuilt-insensornetwork-basedstructuralhealthmoni-

toringforrapidnon-destructiveevaluationinrealtimeandprovidelong-termmonitoring

ofstructuralhealthstatus.Ingeneral,therearetwoexistingtechniquesbasedonpiezoelec-

trictransducers.Electromechanicalimpedancebasedtechniquefornear-fielddamageand

wavepropagationbasedforfarfielddamagehavebeendeveloped.

2.5.1 Electromechanicalimpedance(EMI)basedtechnique

Electromechanicalimpedance(EMI)basedtechniqueisarelativelynewnon-destructive

testingmethod.ThemechanismofthistechniqueistoutilizeasinglePZTtransducer,

whichactsasanactuatorandasensor,simultaneously.ThePZTpatchesjustrequireavery

lowlevelvoltage,typicallylessthan1V,toproduceaveryhighfrequencyexcitationin

thehoststructure.Thiswillcausethehosttovibrate,whichmakesthePZTtogeneratea

currenttoflowthroughthePZTtransducer.Anychangesinthevibrationbehaviourofthe

hoststructurewillbereflectedintermsoftheelectricaladmittancesignaturesacrossthe

PZTpatch.

InthepioneeringtheoreticalresearchoftheEMIbasedontechnique,aone-dimensional

modelwaspresented,whichshowedthattheelectricaladmittanceofthePZTwasdirectly

relatedtothemechanicalimpedanceofthestructure(Liangetal.,1994).Then,afrequency

domainimpedance-basedtechniqueforhealthmonitoringwasdeveloped(Sunetal.,1995).

Thisnewlytechniquecouldactasapromisingtoolforreal-timestructuraldamageassess-

mentsbytestinganassembledtrussstructure.
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NumerousresearchersutilizedtheEMItechniqueforstructuralhealthmonitoring,to

detectandexaminetheseverityofdamagesinavarietyofsystems.Experimentalinvestiga-

tionwerecarriedoutbyParketal.(Parketal.,2000a)andtheresultsshowedthecapability

andeffectivenessofEMIinmonitoringdamagesonvariouscivilstructures. Monitoring

ofaprototypereinforcedconcrete(RC)bridgestructurehadbeenperformedbySohetal.

(Sohetal.,2000).ThefeasibilityofusingPZTpatchesformonitoringtherealtimehealth

ofthecriticalregionsofreal-lifecivilstructuralsystemshadbeendemonstrated.Victorand

Andrei(GiurgiutiuandZagrai,2005)haveusedtheimpedancemethodforhealthmonitor-

ingofthinplatesandaerospacestructures.Aninvestigationhasbeenconductedtoutilize

theimpedancemethodinidentifyingstructuraldamageinspacesystemsandsatellitesin

particular,withthefactorsaffectingrealizationoftheSHMsystemdiscussed(Zagraietal.,

2010).TheEMIbasedtechniqueshavealsobeenintroducedtothefieldofbiomechanics

fornon-invasiveassessmentofthedentalimplantsstability(Boemioetal.,2011;Ribolla

andRizzo,2015).ThecomprehensivereviewsontheengineeringSHMapplicationsofthe

EMIbasedtechniqueshavebeenconducted(AnnamdasandSoh,2010;Meietal.,2019;

NaandBaek,2018b;Parketal.,2003;Qingetal.,2019;Yangetal.,2008).

Despiteofitswidelyusedapplications,theEMIbasedtechniqueisanear-fielddamage

detectionmethodthatuseshighfrequencyexcitation.TodevelopanefficientSHMsystem

detectingnear-fieldandfar-fielddamages,anothermethodshouldbeincorporated.The

EMItechniqueandtheguidedwave-basedtechniquehadbeenusedsimultaneouslyfor

structural-interrogationanddamagedetection(Giurgiutiuetal.,2002,2004).Thestudy

showedthattheEMItechniquewasfoundtobeverysensitiveforassessingthehealthof
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anearfieldwhiletheguidedwavebasedtechniquewasmoresuitableforfar-fielddamage

detection.

2.5.2 Thewavepropagation(WP)basedtechnique

Thewavepropagation(WP)basedtechnique,asoneofpracticalNDEtechniquesforstruc-

turalhealthmonitoring,hasalsoattractedmuchattention(Bourasseauetal.,2000;Ghosh

etal.,1998;Tanetal.,1995).TheWPtechniqueemploystwoormorepiezoelectrictrans-

ducers,whichcanbeembeddedintoorbondedontothehoststructure.Utilizingthepiezo-

electriceffects,onetransduceractsasanactuatortogeneratepre-selecteddiagnosticsig-

nals,andtheothertransducersserveassensorstocollectthediagnosticsignals,which

containstheinformationofthesizeandlocationofthedamageorthematerialproperty

changeswithinthestructure.Thisisduetothefactthatanystructuralpropertychange

alongthetravellingpathoftheinducedelasticwaveswillbereflectedinthechangesof

electricalsignatures(Giurgiutiu,2007;IhnandChang,2004;YuandGiurgiutiu,2008).

Todate,alargenumberof WPbasedtechniquestudieshavebeencarriedout.The

wavepropagationmethodoriginallywasproposedbyChangetal.(WangandChang,

1999).IntheWPbasedtechnique,guidedwaves,suchasLambandRayleighwaves,are

mainlyusedfordamagedetectioninmetallicstructuresandcompositestructures.Moulin

etal.(Moulinetal.,2000)presentedamodelingtechniqueforlambwavestransducers

attachedtoorembeddedincompositeplates.Theapplicabilityofthemodelwasvalidated

withexperimentalstudy.Apiezoelectricbasedbuilt-indiagnostictechniqueformonitor-

ingcrackgrowthinmetallicstructureswaspresentedbyIhnandChang(IhnandChang,

2004).GiurgiutiuderivedamodelofplaneharmonicLambwavestuningmechanismwith
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piezoelectrictransducers(GiurgiutiuandZagrai,2005).Then,aseriesofone-dimensional

andthree-dimensionalmodelesinvolvingpiezoelectricgeneratedguidedwavespropagat-

inginthinmetallicstripwaspresented(Giurgiutiu,2007).Recently,theapplicationsof

theWPtechniquehavebeenextendedtoconcretestructures,includingdamagemonitoring

(Limetal.,2018;Luetal.,2013),concretehydration(Limetal.,2016;TawieandLee,

2011)andstrengthmonitoring(Guetal.,2006;Songetal.,2008).

Althoughthewavecanpropagateoverlongdistancesinastructure,themajordiffi-

cultiestoconductanondestructivetestusingthewavepropagationbasedtechniqueare

dispersivepropertiesofwaves,existingofmultiplewavemodesatagivenfrequency(Al-

leyneandCawley,1992).Thesedifficultieshaveresultedinsubstantialeffortstostudy

abouttheinteractionbetweenpiezoelectricmateriallayersandhoststructures,andthere-

sultingcomplicatedelectromechanicalbehaviourinaSHMsystem(WangandMai,2002;

Xuetal.,2015).
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Chapter3: Modellingofthepiezoelectricactuatorwithan

adhesivelayer

3.1 Introduction

Thischapterdevelopsanewmodelofthin-sheetpiezoelectricactuatorsbondedtothesur-

faceofahomogenousandisotropicsemi-infiniteelasticstructurewithanadhesivelayer

betweenthem,underin-planeelectricalloadingtostudyitscoupledelectromechanicalbe-

haviour.ThecurrentmodelisanextensionoftheworkpresentedinWangandMeguid

(2000),wherethepiezoelectricactuatorismodelledasanelectro-elasticlinesubjectedto

atransverseelectricfieldwithitspolingdirectionperpendiculartoitslength.Inthisstudy,

thepossiblepartialdebondingofthepiezoelectricactuatorissimulatedthroughanimper-

fectlybondedadhesivelayer.TheEuler-Bernoullibeamtheoryisutilizedfordescribing

thebehaviouroftheactuator,andtheadhesivelayerismodelledasacontinuousspring

withtheshearandnormalmoduli.Themodeldevelopedinthischapterprovidesthetheo-

reticalformulationoftheproblemforthefurtheranalysisanddiscussioninthefollowing

chapters.
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3.2 Thepiezoelectricactuatormodel

3.2.1 Theassumptionsandgoverningequations

Considertheproblemofathinpiezoelectricactuatorlayerbondedtoahomogeneousand

isotropicelasticstructureonthetopsurfacethroughanadhesivelayer,asillustratedin

figure3.1.Thedimensionofthepiezoelectricactuatorismuchsmallerthanthatofthe

structure,whichmakesthemodellingofthestructureasasemi-infinitemediumvalid.

Also,planestraindeformationisassumedduetothefactthatthewidthoftheactuatoris

significantlylargeincomparisonwithitsthicknessinthismodel.Asshowninfigure3.1,

thethicknessandlengthoftheactuatoraredenotedbyhand2c,respectively.Thethickness

oftheadhesivelayerish.Itshouldbementionedthattosimplifytheformulation,without

lossofgenerality,thestructureisassumedtohaveunitwidthinthisstudy.Theoriginofthe

coordinatesystemislocatedatthecenteroftheinterfaceofthehoststructureandadhesive

layer,andtheso-calledpolingdirectionoftheactuatorisalongz-axis,i.e.thethickness

direction.AnelectricpotentialVisappliedbetweentheupperandlowerelectrodesofthe

piezoelectricactuatorandtheresultingmagnitudeoftheelectricfieldcanbeexpressedas

Ez=−
V

h
=
(V−−V+)

h
, (3.1)

whereV+andV−standfortheelectricpotentialsattheupperandlowersurfacesofthe

piezoelectricactuator,respectively,asillustratedinfigure3.1.Inthisstudy,thesubscripts

p,aandsareusedforrepresentingthepiezoelectricactuatorlayer,theadhesivelayer,and

thehoststructure,respectively.
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Figure3.1:Schematicsoftheactuatorconfiguration.

Figure3.2depictsthefree-bodydiagramoftheinfinitesimalactuator,adhesivelayer

andthehoststructurewithN,QandMbeingtheresultantaxialforce,thetransverseshear

forceandthebendingmoment,respectively.Inlightofthestructuralfeatureoftheactu-

ator,thefollowingassumptionscanbemade.Firstly,theaverageaxialstressσpyandthe

displacementupyintheactuatorcanbeassumedtobeuniformacrossthethicknessofthe

actuator.Secondly,thesestressesintheactuator,σpzandσ
p
yz,canbeignored.Thirdly,the

shearstressτandnormalstressσtransferredalongtheinterfacebetweenthepiezoelectric

actuatorandtheadhesivelayerwillactasdistributedbodyforcesfortheactuator.Inwhat

follows,thepiezoelectricactuatorscanbemodelledasanelectro-elasticEuler-Bernoulli

beamundergoinglongitudinalandtransversedeformations,whichissubjectedtoanuni-

formelectricfieldEzanddistributedaxialandtransverseforces,τ/handσ. While,the

adhesivelayerisassumedtoonlycarryshearandnormalstresses.Basedontheabove
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Figure3.2:Free-bodydiagramsofthepiezoelectricactuator,adhesivelayerandthehost
structure.

assumptions,theequilibriumequationsoftheactuatorcanbeobtainedas

dN−τdy=0,∑Fy=0, (3.2)

dQ−σdy=0,∑Fz=0, (3.3)

dM+Qdy=0,∑M=0. (3.4)

BasedontheforcestressrelationdN=hdσpy,thegoverningequationscanbeconverted

into

dσpy
dy
−
τ

h
=0, (3.5)

d2M

dy2
+σ=0. (3.6)

Theaverageaxialstressσpyintheactuatorcanbeexpressedthroughtheintegrationof
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equation(3.5)as

σpy(y)=

ˆy

−c

τ(ξ)

h
dξ+c, (3.7)

wherecisanunknownconstant,whichcanbesolvedwiththeboundaryconditionatthe

endsofthepiezoelectricactuator. Also,thebendingmomentintermsofthetransverse

displacementcomponentupzwillbeintheformof

M=EpI
d2upz
dy2
, (3.8)

withIandEpbeingthemomentofinertiaandtheeffectiveYoung’smodulusofpiezoelec-

tricactuator,respectively.

Figure3.3:Schematicsoftheactuatorconfigurationwithpartialdebonding.

Generally,highlocalizedstressconcentrationorpoorinterfacialconditionsmayresult

inthepartialdebondedregionalongtheinterfaceoftwolayers,whichmayconsequently

changetheloadtransferattheinterface.Figure3.3illustratesthecaseofthepiezoelectric

actuatorwithpartialcentraldebondingin|y|<b,where,brepresentsthehalflengthof

thedebondedpart.Inthiscase,theeffectivelengthoftheactuatorisreducedto(2c−2b).

Tractionfreeconditionisassumedalongthesurfacesofthedebondedinterfaces,thepossi-
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Figure3.4:Free-bodydiagramsofthepiezoelectricactuatorwithpartialdebonding.

blecontactofwhichisignoredforsimplicity.Inthebendingstate,theendsofthedebonded

partofthepiezoelectricactuator|y|=baresubjectedtoaresultantcompressiveforce,T,

andamoment,M,asshowninfigure3.4.

3.2.2 Constitutiverelationsoftheactuator

Accordingtotheelectro-elasticlinepiezoelectricactuatormodelunderplanestraincondi-

tion(WangandMeguid,2000),therelatedconstitutiverelationcanbedescribedas

σpy(y)=E
pεpy(y)−e

p
31Ez, (3.9)

whereEpandep31aretheeffectivepiezoelectricconstants.Theseeffectivematerialcon-

stantsaregivenby

Ep=c11−
c213
c33
, ep31=e31−e33

c13
c33
. (3.10)

ThedetailedmathematicprocedurecanbefoundinAppendixA.
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3.2.3 Boundaryconditions

Thetractionfreeboundaryconditionatthetwoendsofthepiezoelectriclayerwillresultin

zerobendingmomentandzerotransverseshearforce,namely,

σpy=0, M=0, Q=0, at|y|=c. (3.11)

Sincethisstudyisfocusedonathinsheetpiezo-actuator,thetransverseshearforceat

theendofdebondedpartisassumedtobezero,asshowninfigure3.4.Theseboundary

conditionsatthebebondedpartareexpressedas

σpy=−
T

h
, M=Mb, Q=0, at|y|=b; (3.12)

upz=u
p
zb,

dupz
dy
=−θb, at|y|=b; (3.13)

whereTstandsforaxialcompressiveforceinthedebondedpartandMbrepresentsthe

bendingmomentattheendsofdebondedpart,asshowninfigure3.4.Thereisnostress

transferringbetweenthepiezoelectricactuatorandthehoststructureinthedebondedpart,

whereσ=0andτ=0canbeexpected.Atthecenterofthedebondingsection,symmetry

ofthestructureindicatesthefollowingtheboundaryconditions,

dupz
dy
=0,

d3upz
dy3
=0, aty=0. (3.14)
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3.2.4 Generalsolutionfortheactuator

Substitutingtheaverageaxialstressσpyinequation(3.7)intoconstitutiveequation(3.9),

theaxialstrainεpyintermsoftheinterfaceshearstressτ(y)canbewrittenas

Epεpy(y)=

ˆy

−c

τ(ξ)

h
dξ+ep31Ez+c. (3.15)

Attheleftendofthepiezoelectricactuator,y=−c,theaxialstressisnamedasσpyl.Ac-

cordingtoequation(3.7),itisequaltocinvalue.Equation(3.15)canthenberewritten

as

Epεpy(y)=

ˆy

−c

τ(ξ)

h
dξ+ep31Ez+σ

p
yl. (3.16)

Similarly,attherightendoftheactuator,y=c,theaxialstressisnamedasσpyranditcan

beexpressedas

σpyr=σ
p
yl+

ˆc

−c

τ(y)

h
dy. (3.17)

Then,fromequations(3.16)and(3.17),theaxialstraincanalsobeexpressedas,

Epεpy=e
p
31Ez+σ

p
yr−

ˆc

y

τ(ξ)

h
dξ. (3.18)

Tractionfreeconditionsattheendsoftheactuatorleadto

σpy1=σ
p
yr=0. (3.19)

Inwhatfollows,equations(3.16)and(3.18)canberewrittenas

Epεpy(y)=

ˆy

−c

τ(ξ)

h
dξ+ep31Ez, (3.20)
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Epεpy(y)=e
p
31Ez−

ˆc

y

τ(ξ)

h
dξ, (3.21)

with

ˆc

−c
τ(y)dy=0. (3.22)

Aftercentraldebondingoccurs,theaxialstrainεpy(y)ofthepiezoelectricactuatorcan

bedeterminedintermsoftheshearstressτbymakinguseoftheboundaryconditionat

pointb,σpb=−T/h,

εpy(y)=
1

Eph

ˆy

b
τ(ξ)dξ+

ep31Ez

Ep
−
T

Eph
,b<y<c. (3.23)

Combiningequations(3.6)and(3.8)yieldsthetransversedeflectionofthepiezoelectric

actuatorasafunctionoftheinterfacialnormalstress,

d4upz
dy4
=−
σ(ξ)

EpI
. (3.24)

Toobtainthesolutionforbendingdeformation,successiveintegrationisneededforthe

equation(3.24).First,thefirstintegrationofequation(3.24)isshownin

EpI
d3upz
dy3
=−

ˆy

b
σ(ξ)dξ−Q,b<y<c. (3.25)

Theintegrationofequation(3.25)resultsinthecurvatureoftheactuator,

EpI
d2upz
dy2
=−

ˆy

b

ˆη

b
σ(η)dηdξ−

ˆy

b
Qdξ+M,b<y<c. (3.26)

Theintegrationofequation(3.26)yieldstheslopeofthepiezoelectricactuator,whichcan
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beexpressedas

EpI
dupz
dy
=−

ˆy

b

ˆη

b

ˆζ

b
σ(ζ)dζdηdξ−

ˆy

b

ˆη

b
Qdηdξ+

ˆy

b
Mdξ+A,b<y<c.

(3.27)

Basedontheboundaryconditionillustratedinequation(3.12),Q=Qb=0.Also,Mis

equaltothebendingmomentatpointb,Mb.Inwhatfollows,theresultingslopeofthe

piezoelectricactuatorcanbefurtherwrittenas

dupz
dy
=−

1

EpI

ˆy

b

ˆη

b

ˆζ

b
σ(ζ)dζdηdξ+

Mb(y−b)

EpI
−θb,b<y<c, (3.28)

whereθb=−
du
p
z
dy|y=brepresentstheslopeofpiezoelectricactuatoratthepointy=b.

Basedontherelationbetweenthebendingmomentandthedeflectionofthepiezoelec-

tricactuatorillustratedinequation(3.8),thedeflectionangleθbofthedebondedpartcan

bedeterminedintermsofthebendingmomentMbaty=bas

θb=−
Mb
EpI
b. (3.29)

Inaddition,substitutingaxialstressσpyinequation(3.12)intoequation(3.9),thehorizontal

displacementatdebondedpointbcanbeexpressedas

upy|y=b=
ep31Ezh−T

Eph
b. (3.30)

3.3 Theadhesivelayer

Theadhesivelayerbetweenthepiezoelectricactuatorandtheelasticstructureismodelled

asacontinuousspringwithbothshearstiffnessandnormalstiffness.Duetothefactthatall

themechanicalresponseoftheactuatoristransferredthroughtheadhesivelayer,also,the
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modulusoftheadhesivelayerisusuallylowerthanthatoftheactuatorandthehoststruc-

ture.So,thegeometryandmaterialpropertiesoftheadhesivelayermayhavesignificant

effectupontheloadtransferbetweentheactuatorandhoststructure.

Referringtofigure3.2andusingtheconstantshearstrainassumption(Liyongetal.,

2001a)alongthethickness,theinterfacialshearstressτisdeterminedbythestress-strain

relation,

τ=k1(∆uy)=k1u
a
yy,h −u

a
y(y,0), (3.31)

where

k1=µ
a/h, (3.32)

withµa= Ea

2(1+νa)beingtheshearmodulusoftheadhesivelayer;∆uyisinterfacialdisplace-

mentjumpsbetweentheactuatorandthehoststructure.uay(y,h)andu
a
y(y,0)aretheupper

andlowersurfacelongitudinaldisplacementsoftheadhesivelayer,respectively.Accord-

ingtothecontinuityconditionsofthedisplacements,uay(y,h)andu
a
y(y,0)alsorepresent

thelongitudinaldisplacementsoflowersurfaceoftheactuatorandtheuppersurfaceofthe

host,respectively.

Usingthesimilarassumptionwithuniformnormalstrainalongthethickness,thenor-

malstressσalongtheinterfacealsocanbegivenas,

σ=k2(∆uz)=k2(u
a
zy,h −u

a
z(y,0)), (3.33)

where

k2=
Ea(1−νa)

(1+νa)(1−2νa)h
, (3.34)
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withEaandνabeingtheYoung’smodulusandPoisson’sratiooftheadhesivelayer;∆uz

isinterfacialdisplacementjumpsbetweentheactuatorandthehoststructure.uaz(y,h)and

uaz(y,0)arethetransversedisplacementofupperadhesivelayerandloweradhesivelayer,

respectively. Accordingtothecontinuityconditionsofthedisplacements,uaz(y,h)and

uzy(y,0)alsorepresentthetransversedisplacementsoflowersurfaceoftheactuatorandthe

uppersurfaceofthehost,respectively.

3.4 Thehoststructure

Theloadtransferbetweenthepiezoelectricactuatorandthehoststructureisrealized

throughtheinterfacialnormalandshearstresses.Forthehoststructure,theboundary

conditionsaregivenasbelow

σsyz(y,0)=






τ(y), b<|y|<c,

0, |y|>c,|y|<b,

σsz(y,0)=






σ(y), b<|y|<c,

0, |y|>c,|y|<b.

(3.35)

Thefundamentalsolutionofahalfelasticplanesubjectedtoahorizontalconcentratedforce

dτandaverticalconcentratedforcedσaty=0is(Muskhelishvili,1953)

dusy(y,0)=
dσsgn(y)

2Es
(1+ν)(1−2ν)−2dτln|y|

1−ν2

πEs
, (3.36)

dusz(y,0)=−
dτsgn(y)

2Es
(1+ν)(1−2ν)−2dσln|y|

1−ν2

πEs
. (3.37)

Usingthesuperpositionprinciple,theresultingdisplacementsalongtheinterfacefromthe

transferringstressescanbeobtained.Alongthebondedrange,b<y<c,theinterfacial
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axialdisplacementandtransversedisplacementinthehoststructurewillbe

usy(y,0)=(
1−2ν

1−ν
)
1

2Es
[

ˆ−b

−c
σ(ξ)dξ+

ˆy

b
σ(ξ)dξ−

ˆc

y
σ(ξ)dξ]

−
2

πEs
[

ˆ−b

−c
ln|y−ξ|τ(ξ)dξ+

ˆc

b
ln|y−ξ|τ(ξ)dξ].

(3.38)

usz(y,0)=−(
1−2ν

1−ν
)
1

2Es
[

ˆ−b

−c
τ(ξ)dξ+

ˆy

b
τ(ξ)dξ−

ˆc

y
τ(ξ)dξ]

−
2

πEs
[

ˆ−b

−c
ln|y−ξ|σ(ξ)dξ+

ˆc

b
ln|y−ξ|σ(ξ)dξ].

(3.39)

Then,theinterfacialaxialdisplacementatthetipofdebondedpartbis

usy(b,0)=−
2

πE
s

ˆ−b

−c
ln
b−ξ

ξ
τ(ξ)dξ+

ˆc

b
ln
b−ξ

ξ
τ(ξ)dξ . (3.40)

whereEs=Es/(1−ν2)withEsandνbeingtheYoung’smodulusandthePoisson’sratio

ofthehoststructure,respectively.Takingthefirstderivativeofabovedisplacementswith

respecttothehorizontalaxis,namelyyaxis,thecorrespondingstrainsresultingfromthe

appliedforcecanbeexpressedas

dusy(y,0)

dy
=(
1−2ν

1−ν
)
1

Es
σ−

2

πE
s

ˆ−b

−c

τ(ξ)

y−ξ
dξ−

2

πE
s

ˆc

b

τ(ξ)

y−ξ
dξ, (3.41)

dusz(y,0)

dy
=−(

1−2ν

1−ν
)
1

Es
τ−

2

πE
s

ˆ−b

−c

σ(ξ)

y−ξ
dξ−

2

πE
s

ˆc

b

σ(ξ)

y−ξ
dξ. (3.42)

Thestrainatthetipofdebondedpartbcausedbytransversedisplacementwillbe

dusz(b,0)

dy
=−(

1−2ν

1−ν
)
1

Es
τ(b)−

2

πE
s

ˆ−b

−c

σ(ξ)

b−ξ
dξ−

2

πE
s

ˆc

b

σ(ξ)

b−ξ
dξ. (3.43)
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3.5 Continuityconditions

Toensurecontinuityattheinterfaceofthebondingparts,alldisplacements,interfacial

stressesandstrainsmustbeidentical.Inwhatfollows,thefollowingcontinuityconditions

areimposed,

dupy(y,h)

dy
=
duay(y,h)

dy
,
dupz(y,h)

dy
=
duaz(y,h)

dy
, b<|y|<c, (3.44)

dusy(y,0)

dy
=
duay(y,0)

dy
,
dusz(y,0)

dy
=
duaz(y,0)

dy
, b<|y|<c. (3.45)

Also,twoadditionalcontinuityconditionsofthedisplacementsandstrainsatthetips

ofdebondedpartbneedtobesatisfied,

upyy,h −u
s
y(y,0)=

τ(y)

k1
, y=b, (3.46)

dupz(y,h)

dy
−
dusz(y,0)

dy
=
dσ(y)

dy

1

k2
, y=b. (3.47)

3.6 Formulationoftheintegralequations

Takingthederivativeofbothsidesofequation(3.31)and(3.33)withrespecttoyyields

dτ

dy
=k1

duay(y,h)

dy
−
duay(y,0)

dy
, (3.48)

dσ

dy
=k2

duaz(y,h)

dy
−
duaz(y,0)

dy
. (3.49)

Accordingtothecontinuityequations(3.44)and(3.45),theaboveequationscanbe
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rewrittenas

dτ

dy
=k1

dupy(y,h)

dy
−
dusy(y,0)

dy
, (3.50)

dσ

dy
=k2

dupz(y,h)

dy
−
dusz(y,0)

dy
. (3.51)

Substitutingequations(3.23)and(3.41)intoequation(3.50)intermsoftheinterfacial

stressτandσ,thefollowingintegralgoverningequationcanbeobtained

2

πE
s

ˆ−b

−c

τ(ξ)

y−ξ
dξ+

2

πE
s

ˆc

b

τ(ξ)

y−ξ
dξ−(

1−2ν

1−ν
)
1

E
sσ(y)

+
1

hEp

ˆy

b
τ(y)dy−

T

hEp
+
ep31Ez

Ep
=
1

k1

dτ

dy
,

(3.52)

Substitutingequations(3.28)and(3.42)into(3.51)leadsto

2

πE
s

ˆ−b

−c

σ(ξ)

y−ξ
dξ+

2

πE
s

ˆc

b

σ(ξ)

y−ξ
dξ+(

1−2ν

1−ν
)
1

E
sτ(y)

−
1

EpI

ˆy

b

ˆη

b

ˆζ

b
σ(ζ)dζdηdξ+

Mb(y−b)

EpI
+
Mb
EpI
b=

1

k2

dσ

dy
.

(3.53)

Substitutingthecontinuityequation(3.46)atthedebondedtipintotheequations(3.30)and

(3.40)get

2

πE
s

ˆ−b

−c
ln
b−ξ

ξ
τ(ξ)dξ+

ˆc

b
ln
b−ξ

ξ
τ(ξ)dξ +

ep31Ez−T/h

Ep
b=
τ(b)

k1
.(3.54)

Similarly,basedontheequation(3.47),theequations(3.29)and(3.43)canbereducedinto

2

πE
s

ˆ−b

−c

σ(ξ)

y−ξ
dξ+

2

πE
s

ˆc

b

σ(ξ)

y−ξ
dξ+(

1−2ν

1−ν
)
1

E
sτ(b)−

Mb
EpI
b=0. (3.55)

Inthefourequationsabove,thefourunknowns,i.e.thecompressiveforceT,thebending

momentMb,theinterfacialstressesσandτ,arerelated,whichhasbeenillustratedas

ˆ−b

−c
τ(ξ)dξ=−T,

ˆc

b
τ(ξ)dξ=T, (3.56)
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and

−

ˆc

b

ˆy

b
σ(ξ)dξdy+Mb=0, −

ˆc

b
σ(ξ)dξ=0. (3.57)

Equations(3.52)-(3.57)canbeutilizedtoobtainthesolutionofthismodel,namely,the

interfacialstressesτandσ,theaxialforceTandthebendingmomentMbattheendsof

thedebondedpartoftheactuator.
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Chapter4:Solutionoftheintegralequations

4.1 Introduction

Thischapterpresentstheanalyticalsolutionsofthegoverningintegralequationsfora

piezoelectricactuatorandanadhesivelayerbondedtoanelasticstructure.Theintegral

governingequationsaresolvedmainlythroughtwosteps.Firstly,localcoordinatesarein-

troducedtonormalizetheintegralequations.Secondly,thesolutionsoftheresultssingular

integralequationsaresolvedusingChebyshevpolynomialsexpansionsoftheinterfacial

shearandnormalstresses.

4.2 Normalizedsingularintegralequations

Inchapter3,thegoverningintegralequationsforthecoupledelectromechanicalproblem

thatapiezoelectricactuatorofthicknessh,withthepolingdirectionparalleltoz-axisand

anadhesivelayerofthicknessh,arebondedtoasemi-infiniteelasticstructure,havebeen

derivedintermsoftheinterfacialshearandnormalstressesτandσas

2

πE
s

ˆ−b

−c

τ(ξ)

y−ξ
dξ+

2

πE
s

ˆc

b

τ(ξ)

y−ξ
dξ−(

1−2ν

1−ν
)
1

E
sσ(y)

+
1

hEp

ˆy

b
τ(y)dy−

T

hEp
+
ep31Ez

Ep
=
1

k1

dτ

dy
,

(4.1)

2

πE
s

ˆ−b

−c

σ(ξ)

y−ξ
dξ+

2

πE
s

ˆc

b

σ(ξ)

y−ξ
dξ+(

1−2ν

1−ν
)
1

E
sτ(y)

−
1

EpI

ˆy

b

ˆζ

b

ˆη

b
σ(ξ)dξdηdζ+

Mb(y−b)

EpI
+
Mb
EpI
b=

1

k2

dσ

dy
.

(4.2)
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Also,thecontinuityofdisplacementatoneendofthedebondingpoint(y=b)willresult

in

2

πE
s

ˆ−b

−c
ln
b−ξ

ξ
τ(ξ)dξ+

ˆc

b
ln
b−ξ

ξ
τ(ξ)dξ +

ep31Ez−T/h

Ep
b=
τ(b)

k1
,(4.3)

θb−
Mb
EpI
b=0, (4.4)

whereTandMbaretheaxialforce,thebendingmomentofthepiezoelectricactuatoratthe

tipsofthedebondedpart,andτandσaretheinterfacialnormalandshearstresses,respec-

tively.Bymakinguseoftheboundaryconditionsofthismodel,thefollowingrelationscan

beobtained

ˆ−b

−c
τ(ξ)dξ=−T,

ˆc

b
τ(ξ)dξ=T, (4.5)

−

ˆc

b

ˆy

b
σ(ξ)dξdy+Mb=0, (4.6)

and

ˆc

b
σ(ξ)dξ=0, (4.7)

inwhichequation(4.5)showsthatthetotalinterfacialshearforcealongthebondedpartis

equaltothecompressiveforceTattheendofthedebondedpart(y=−bory=b);equa-

tion(4.6)illustratesthatthedoubleintegraloftheinterfacialnormalstressisequaltothe

bendingmomentattherighttipofthedebondingpart,aswell-knownforEuler-Bernoulli

beamtheory;equation(4.7)definesthatthetotalinterfacialnormalforcealongthebonded

partisequaltozeroattherighttipofthedebondingpart.Herethegoverningequations,

equations(4.1)-(4.7),canbesolvednumericallybyusingtheChebyshevpolynomials.To
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solvetheseequations,firstly,thefollowingfunctionsinequations(4.2)and(4.6)havebeen

definedas

F(y)=

ˆy

b

ˆζ

b

ˆη

b
σ(ξ)dξdηdζ, (4.8)

G(y)=

ˆc

b

ˆy

b
σ(ξ)dξdy. (4.9)

Afterasimplemathematicalmanipulation,equations(4.8)and(4.9)canbesimplifiedas

F(y)=
1

2

ˆy

b
(y−ξ)2σ(ξ)dξ, (4.10)

G(y)=

ˆc

b
(c−ξ)σ(ξ)dξ. (4.11)

Substitutingequations(4.10)and(4.11)intoequations(4.2)and(4.6)willyield,respec-

tively,

2

πE
s

ˆ−b

−c

σ(ξ)

y−ξ
dξ+

2

πE
s

ˆc

b

σ(ξ)

y−ξ
dξ+(

1−2ν

1−ν
)
1

E
sτ(y)

−
1

EpI

1

2

ˆy

b
(y−ξ)2σ(ξ)dξ+

Mb(y−b)

EpI
−θb=

1

k2

dσ

dy
,

(4.12)

−

ˆc

b
(c−ξ)σ(ξ)dξ+Mb=0. (4.13)

Thesingularintegralequations,equations(4.1),(4.3),(4.5),(4.7),(4.12)and(4.13),can

thenbenormalizedtothenon-dimensionalformsas

ˆ−b

−c

τ∗(ξ)

y−ξ
dξ+

ˆc

b

τ∗(ξ)

y−ξ
dξ−(

1−2ν

1−ν
)
π

2
σ∗

+
πEs

2

1

hEp

ˆy

b
τ∗dy−T∗−

1

k1

πE
s

2

dτ∗

dy
=−1,

(4.14)
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ˆ−b

−c

σ∗(ξ)

y−ξ
dξ+

ˆc

b

σ∗(ξ)

y−ξ
dξ+(

1−2ν

1−ν
)
π

σb
τ∗

−
1

2EpI

πEs

2

ˆy

b
(y−ξ)2σ∗(ξ)dξ+

Mb(y−b)

σbI
−θb
Ep

σb
−
1

k2

πE
s

2

dσ∗

dy
=0,

(4.15)

ˆ−b

−c
ln
b−ξ

ξ
τ∗(ξ)dξ+

ˆc

b
ln
b−ξ

ξ
τ∗(ξ)dξ−T∗b−

1

k1

πE
s

2
τ∗(b)=−b, (4.16)

ˆc

b
τ∗(ξ)dξ=T/

π

2

Es

Ep
σb , (4.17)

ˆc

b
σ∗(ξ)ξdξ−Mb/

π

2

Es

Ep
σb =0, (4.18)

and

ˆc

b
σ∗(ξ)dξ=0. (4.19)

Thenormalizedshearstress,normalstress,andaxialforcearegivenby

τ∗=τ/p, σ∗=σ/p, T∗=
T

hσb
, (4.20)

with

p=
πep31EzE

s

2Ep
=
π

2

Es

Ep
σb, (4.21)

whereσb=e
p
31Ezistheblockingstressofthepiezoelectricactuator.

Theintegral,
ý
bτ
∗dy,inequation(4.14)canberewrittenas

ˆy

b
τ∗dy=−

ˆc

y
τ∗dy+T/

π

2

Es

Ep
σb , (4.22)

andthebendingmomentisnormalizedby

M∗b=
bMb
Iσb
. (4.23)
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Finally,thesingularintegralequationscanberewrittenas,

ˆ−b

−c

τ∗(ξ)

y−ξ
dξ+

ˆc

b

τ∗(ξ)

y−ξ
dξ−(

1−2ν

1−ν
)
π

2
σ∗−

πEs

2

1

hEp

ˆc

y
τ∗dy−

1

k1

πE
s

2

dτ∗

dy
=−1,

(4.24)

ˆ−b

−c

σ∗(ξ)

y−ξ
dξ+

ˆc

b

σ∗(ξ)

y−ξ
dξ+(

1−2ν

1−ν
)
π

σb
τ∗−

πEs

4EpI

ˆy

b
(y−ξ)2σ∗(ξ)dξ

+M∗b
y−b

b
−θ∗b−

1

k2

πE
s

2

dσ∗

dy
=0,

(4.25)

ˆ−b

−c
ln
b−ξ

ξ
τ∗(ξ)dξ+

ˆc

b
ln
b−ξ

ξ
τ∗(ξ)dξ−T∗b−

1

k1

πE
s

2
τ∗(b)=−b, (4.26)

ˆc

b
τ∗(ξ)dξ=T∗

2Eph

πE
s, (4.27)

ˆc

b
σ∗(ξ)dξ=0, (4.28)

and

ˆc

b
σ∗(ξ)ξdξ−M∗b

2

π

Ep

Es
I

b
=0. (4.29)

Then,theaxialforceT,thebendingmomentMb,theinterfacialshearandnormalstress

τandσcanbereadilydeterminedfromtheappliedelectricfield.

Twolocalcoordinatesη1andη2normalizedforthetwobondedpartsoftheactuator

areneededtogetthesolution.Theoriginofthefirstlocalcoordinateη1islocatedatthe

centeroftheleftbondedpartoftheactuator,andtheoriginofthesecondlocalcoordinate

η2islocatedatthecenteroftherightbondedpartoftheactuator.Here,η1andη2aregiven

by

η1=
ξ−d1
c1
, η2=

ξ−d2
c2
, (4.30)
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where

c1=c2=
c−b

2
, d1=−

b+c

2
, d2=

b+c

2
. (4.31)

Inwhatfollows,theleftandrightendsoftwobondedpartsoftheactuatorcorrespondto

−1and1inthelocalcoordinates,respectively.Theintegralsintheequationsabove,which

arerelatedtotheinterfacialshearstress,canbechangedto

ˆ−b

−c

τ∗1(ξ)

y−ξ
dξ=

ˆ1

−1

τ∗1
y1−η1

dη1, (4.32)

ˆc

b

τ∗2(ξ)

y−ξ
dξ=

ˆ1

−1

τ∗2
y2−η2

dη2, (4.33)

ˆc

y
τ∗2(ξ)dy=c2

ˆ1

y2

τ∗2dη2, (4.34)

ˆ−b

−c
ln
b−ξ

ξ
τ∗1(ξ)dξ=

c1
2

ˆ2α0α1−2
α2
α1
−1

1

ˆ1

−1

τ∗1dη1
y1−η1

dη1, (4.35)

ˆc

b
ln
b−ξ

ξ
τ∗2(ξ)dξ=

c2
2

ˆ−1

−2
α0
α2
+2
α1
α2
+1

ˆ1

−1

τ∗2dη2
y2−η2

dη2, (4.36)

with

α0=
c

h
, α1=

c1
h
, α2=

c2
h
. (4.37)

Andtheintegralsrelatedtotheinterfacialnormalstresscanbesimilarlyreorganizedas

ˆ−b

−c

σ∗1(ξ)

y−ξ
dξ=

ˆ1

−1

σ∗1
y1−η1

dη1, (4.38)

ˆc

b

σ∗2(ξ)

y−ξ
dξ=

ˆ1

−1

σ∗2
y2−η2

dη2, (4.39)
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ˆc

b
σ∗2(ξ)ξdξ=c2d2

ˆ1

−1
σ∗2dη2+c

2
2

ˆ1

−1
σ∗2η2dη2, (4.40)

ˆy

b
(y−ξ)2σ∗2(ξ)dy=c

3
2

ˆy2

−1
(y2−η2)

2σ∗2dη2. (4.41)

Then,theintegralequations(4.24)-(4.29),canbefurtherrewrittenas

ˆ1

−1

τ∗1
y1−η1

dη1+

ˆ1

−1

τ∗2
y2−η2

dη2−(
1−2ν

1−ν
)
π

2
σ∗

−
πEs

2

1

hEp
c2

ˆ1

y2

τ∗2dη2−
1

k1

πE
s

2

dτ∗

dy
=−1,

(4.42)

ˆ1

−1

σ∗1
y1−η1

dη1+

ˆ1

−1

σ∗2
y2−η2

dη2+(
1−2ν

1−ν
)
π

2
τ∗−

πEs

4EpI
c32

ˆy2

−1
(y2−η2)

2σ∗2dη2

+M∗b(y2+1)
c2
b
−θ∗b−

1

k2

πE
s

2

dσ∗

dy
=0,

(4.43)

c1
2

ˆ2α0α1−2
α2
α1
−1

1

ˆ1

−1

τ∗1dη1
y1−η1

dη1+
c2
2

ˆ−1

−2
α0
α2
+2
α1
α2
+1

ˆ1

−1

τ∗2dη2
y2−η2

dη2

−T∗b−
1

k1

πE
s

2
τ∗(b)=−b,

(4.44)

c2

ˆ1

−1
τ∗2dη2=T/

π

2

Es

Ep
σb , (4.45)

c2

ˆ1

−1
σ∗2dη2=0, (4.46)

and

c2d2

ˆ1

−1
σ∗2dη2+c

2
2

ˆ1

−1
σ∗2η2dη2−M

∗
b

2

π

Ep

Es
I

b
=0. (4.47)
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4.3 GeneralsolutionsusingChebyshevpolynomialexpansion

Becausetheresultinggoverningequations(4.42)-(4.47)aresingularintegralequations,the

solutionsinvolveasquare-rootsingularityattheendsofthebondedparts(Muskhelishvili,

1953).Accordingly,thegeneralsolutionsofinterfacialshearandnormalstressescanbe

expressedintermsofthefollowingexpansionofChebyshevpolynomialsofthefirstkind

as

τ∗1=
d
(1)
0

(1−η21)
1/2
+

1

(1−η21)
1/2

∞

∑
i=1

d
(1)
i Ti(η1), (4.48)

τ∗2=
d
(2)
0

(1−η22)
1/2
+

1

(1−η22)
1/2

∞

∑
i=1

d
(2)
i Ti(η2), (4.49)

σ∗1=
e
(1)
0

(1−η21)
1/2
+

1

(1−η11)
1/2

∞

∑
i=1

e
(1)
iTi(η1), (4.50)

σ∗2=
e
(2)
0

(1−η22)
1/2
+

1

(1−η22)
1/2

∞

∑
i=1

e
(2)
iTi(η2), (4.51)

whereTiistheChebyshevpolynomialofthefirstkind.ItisdefinedbytherelationTi(η)=

cosiθwhenη=cosθ.

Forthecurrentproblem,theinterfacialshearandnormalstressesalongthebondedpart

oftheactuatorsatisfythesymmetricrelationthat

τ∗1(η1)=−τ
∗
2(−η1), σ

∗
1(η1)=σ

∗
2(−η1). (4.52)

Substitutingequations(4.48)-(4.51)intoequation(4.52),thefollowingrecursiverelations
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fortherightpartandleftpartoftheactuatorcanbederived,

d
(1)
0 =−d

(2)
0 , d

(1)
1 =d

(2)
1 , d

(1)
2 =−d

(2)
2 , ...d

(1)
i =(−1)

i+1d
(2)
i , (4.53)

e
(1)
0 =e

(2)
0, e

(1)
1 =−e

(2)
1, e

(1)
2 =e

(2)
2, ...e

(1)
i =(−1)

ie
(2)
i. (4.54)

Inthefollowingdiscussion,onlytherightbondedpartisconsidered.Here,theChebyshev

polynomialexpansionsaretruncatedtothe(N−2)thterm.Theequationsaresatisfiedat

thefollowingcollocationpointsateachbondedsegmentoftheactuator,givenby

ηj=cos
j−1

N−1
π, j=2,3,...,N−1. (4.55)

ThroughtheChebyshevpolynomialexpansion,thefirstpartofequation(4.42)becomes

ˆ1

−1
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y1−η1

dη1=−π
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i=1

d
(2)
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2−1−y∗1j
i (−1)i
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2−1

−πd
(2)
0 / (y∗1j)

2−1,

(4.56)

where

y∗1j=ηj+2
c+b

c−b
, (4.57)

whichisthecoordinateofcollocationpointjintheleftbondedpartoftheactuator.

Thesecondpartofequation(4.42)becomes

ˆ1

−1

τ∗2
y2−η2

dη2=−π
N−2

∑
i=1

d
(2)
i

sinij−1N−1π
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. (4.58)

Thethirdpartofequation(4.42)becomes

(
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π
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Thefourthpartofequation(4.42)becomes
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where

λ=
πE
s

2Ep
. (4.61)

Thelastpartofequation(4.42)becomes
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Combinedwithequation(4.53),equation(4.42)reducesto
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Similarly,theequations(4.43)and(4.44)leadto
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Substitutingequations(4.49)and(4.51)intoequations(4.45)-(4.47)andmakinguseof

theorthogonalityofChebyshevpolynomialsreferredfromAppendixA.2,theunknown

coefficientsd
(2)
0 ,e

(2)
0 ande

(2)
1 canbereadilydetermined.Here,d

(2)
0 isexpressedinterms

oftheaxialforceinthedebondedpart;e
(2)
0 ande

(2)
1 arerelatedtothebendingmomentat

thetipsofthedebondedpart,i.e.,

d
(2)
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EpI

πpc2
α2, (4.66)

e
(2)
0 =0, (4.67)

e
(2)
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2

π
)2
Ep
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I

c2b2
M∗b, (4.68)

withα2=T∗hσb/E
pI.

Thealgebraicequations(4.63),(4.64)and(4.65)contain(N−1)unknownsford
(2)
i ,i=

0,1,2,...N−2,(N−3)unknownsfore
(2)
i,i=2,...N−2andM

∗
b.These2N−3unknowns

canbesolvedthrough(2N−3)equations,correspondingto(N−2)equationsfrom(4.63),

(N−2)equationsfrom(4.64)andoneequationfrom(4.65).
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Chapter5:ResultsandDiscussion

Thesolutionobtainedinthepreviouschaptercanbeusedtoevaluatethedistributionof

theresultantstressesandforces.Inthischapter,theFEMsimulationisconductedtover-

ifythecurrentmodelatfirst.Then,inordertoevaluatetheeffectsofdifferentmaterial

properties,thegeometriesofthepiezoelectricactuatormodelcomponentsandtheinter-

facialdebondingofthecurrentmodelontheelectromechanicalbehavioroftheintegrated

actuator-hoststructurearepresented.Theattentionisfocusedonthedistributionsofthe

shearstress,normalstress,axialforce,bendingmomentandaxialdisplacementalongthe

interfacebetweentheadhesivelayerandhoststructure.Theconvergenceofthesolution

byusingChebyshevpolynomialexpansioniscarefullyevaluated,whichuses40termsto

ensurethecurrentresultsconsideredconvergent.

5.1 ComparisonwithFEMresults

Toverifythevalidityofthecurrentmodelwithbendingandadhesivelayer,thefiniteele-

mentmethodisalsoimplementedtodeterminestressdistributionalongtheadhesivelayer.

TheCOMSOLMultiphysics5.2aischosenformodellingthepiezoelectricactuatorsys-

tem.Astaticanalysisofthemodelwithapiezoelectricactuatorattachedtoasemi-infinite

hostthroughathinadhesivelayerbetweenthemhasbeenconducted.Here,aPZTceramic

asthepiezoelectricmaterialandaluminumastheelasticmaterialarechosenforanalytical

calculationsandnumericalsimulations.Thepiezoelectricactuatormaterial(PZT-4)with

polingalongzdirectionisatransverselyisotropicmaterial;thehostisanisotropicmaterial,
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whichisstifferthantheadhesivelayer.Usually,thethicknessofatypicalthinpiezoelectric

ceramicsheetisfrom0.1mmto1mm.SointheFEMmodel,the0.1mmand0.01mmare

selectedasthethicknessofthepiezoelectricactuatorandadhesivelayer,respectively.The

lengthoftheactuatorandadhesivelayerare2mm.Thelengthandthicknessofthehost

are10timescomparedtotheactuatorinordertomodelthesemi-infinitehoststructure.

Anelectricfieldisappliedalongtothepolingdirectionoftheactuator.Inthenumerical

model,mappedsquareelementsandfreetriangularelementsareutilizedforthepiezoelec-

tricactuatorandadhesivelayerandthehoststructure,respectively.Specifically,thequad

elementsizeinthepiezoelectricactuatorisaround1.0×10−2handthereareatleast5

layersofelementsintheadhesivelayertoensuretheaccuracyofthenumericalsimulation

results.ThemeshofFEMmodelforh/h=10isshowninfigure5.1.

Figure5.1:ThemeshoftheFEMmodelforh/h=10.

Theelasticandpiezoelectricconstantsofthepiezoelectricactuator,hoststructureand

adhesivelayerarelistedinTables5.1and5.2,respectively.Allparametersaredefinedin
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theappendixA.1.

Table5.1:Materialpropertiesofthepiezoelectricactuator

Elasticstiffnessparameters c11 c12 c13 c33 c44

(×1010Pa) 13.9 6.78 7.43 11.5 2.56

Piezoelectricconstants e31 e33 e15

(c/m2) -5.2 15.08 12.71

Dielectricconstants ε11 ε33

(×10−9C/Vm) 6.45 5.62

Table5.2:Materialpropertiesofthehoststructureandadhesivelayer

Hoststructure

Young’smodulusEs(×1010Pa) 5.27 Possion’sratioνs 0.3

Adhesivelayer

Young’smodulusEa(×109Pa) 2.6 Possion’sratioνa 0.3

Figure5.2showstheinterfacialstressdistributionnobending,withbendingandFEM

simulationwithperfectbondingconditionforλ=1,c/h=10andh/c=0.001,which

meansthereisanadhesivelayeraddedtothesystem.Theshearstressdistributionisanti-

symmetrical,andthenormalstressdistributionissymmetricalwithregardtothecenter

ofpiezoelectricactuator,respectively.Itcanbeobservedinfigure5.2thatalimiteddis-

crepancyexistsneartheendsofthepiezoelectricactuatorfornormalstresses.Overall,the

comparisonshowsaverygoodagreementbetweenthecurrentandFEMresults.Theerror

betweencurrentandFEMresultsarewithin10%intherangeof0.5to0.85.Theinterfa-

cialstresseswithbendingandFEMsimulationresultswiththepartiallydebondedactuator

areshowninfigure5.3,forλ=1,c/h=10,b/c=0.5andh/c=0.001.Similartothe

previouscasewithperfectbondingcondition,shearstresswithbendingshowsagoodcon-

sistencywithFEMsimulationresults.Asshowninthegoverningequations(4.42)-(4.47)
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Figure5.2:Interfacialstressdistributionfortheperfectbondingcondition(λ=1,c/h=10
andh/c=0.001).

ofthepiezoelectricsystem,thenormalizedinterfacialstress,axialforce,bendingmoment

andaxialdisplacementarecontrolledbytheseparameters,λ,c/h,h/candb/c.Here,λ

representsmaterialmismatchofthepiezoelectricactuatorandthehoststructure.c/hand

h/cillustratethegeometricalrelationoftheactuatorandtheadhesivelayer,respectively.

b/crepresentstheratioofthedebondinglengthandlengthofthepiezoelectricactuator.As

aforementioned,thethicknessofatypicalthinpiezoelectricceramicsheetisusuallyfrom

0.1mmto1mm.Ifhalfofthelengthofthepiezoelectricactuatorisassumedtobe5mm,

thec/hwouldbeintherangefrom5to50.Inthefollowingdiscussion,thevaluesofabove

parameterswillvarytoevaluatedifferentelectromechanicalresponsesofthepiezoelectric

actuatorsystem.
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Figure5.3:Interfacialstressdistributionforthepartialdebondingcondition(λ=1,b/c=
0.5,c/h=10andh/c=0.001).

5.2 Thecaseforthepiezoelectricactuatorperfectlybondedtothe

semi-infiniteelastichostwithanadhesivelayer

Thevariationoftheinterfacialshearandnormalstresseswithdifferenth/cforλ=1and

c/h=10areshowninfigures5.4and5.5,respectively.Theresultsofshearandnormal

stresseswithbendingmatchtheFEMsimulationresultswell.Inthesefourscenarios,the

higheststressconcentrationoccursattheendsofthepiezoelectricactuatorwhenh/c=0.

Tostudytheeffectofthematerialmismatchλ,thegeometryofpiezoelectricactuator

isfixed.Figures5.6and5.7showtheresultsfornormalizedinterfacialstressesalongthe

bondinginterfacefordifferentλwithh/c=0and0.01,respectively.Inthesetwofigures,
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bothshearstressandnormalstressalongtheinterfaceshowstrongstressconcentrationat

theendsofthepiezoelectricactuator.Inthiscase,asmallerλmeansastifferpiezoelec-

tricactuatorlayercomparedtothehoststructureandlargerstresslevelattheendsofthe

Figure5.4:Interfacialshearstressdistributionfortheperfectbondingcondition(λ=1
andc/h=10).

piezoelectricactuator.Thestressconcentrationismorefocusedaroundtheendsofthe

piezoelectricactuatorwiththelargervalueoftheλ.Theincreasedshearandnormalstress

levelalongtheentirelengthoftheactuatorduetodecreasingλvalueareobserved.5.7

showthatthestressleveldecreaseswiththeadhesivelayerinvolved,andthestressdis-

tributionbecomeslessconcentratedaroundtheendsofthepiezoelectricactuator.Higher

stressconcentrationindicateshigherpossibilityofthedebondingbetweenthepiezoelectric

actuatorandthehoststructure.

Toinvestigatetheeffectofthegeometryofthepiezoelectricactuator,variousratiosof
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Figure5.5:Interfacialnormalstressdistributionfortheperfectbondingcondition(λ=1
andc/h=10).

lengthtothickness,c/h,withthesamematerialpropertiesareconsidered.Specifically,

c/h=5,10,20,and50arechosenfortwocases,h/c=0andh/c=0.01,thestress

distributionofwhichhasbeenillustratedinfigures5.8and5.9,respectively.Forthecase

withouttheadhesivelayer,h/c=0,thestressdistributionbecomesmoreconcentrated

aroundtheendsofthepiezoelectricactuatorwiththeincreaseofc/h,asshowninfigure

5.8. Withtheincreasingofc/h,andecreasingofinterfacialstresslevelalongtheactuator

canbeobserved.Afteraddingtheadhesivelayerwithh/c=0.01,thestressconcentration

decreasesdramaticallyaroundtheendsofthepiezoelectricactuator,whichcanbeclearly

observedfromfigures5.8and5.9.
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Figure5.6:Interfacialstressdistributionofcurrentmodelforperfectbondingcondition(
c/h=10andh/c=0).

5.3 Thecaseforthepiezoelectricactuatorpartiallydebondedtothe

semi-infiniteelastichostwithanadhesivelayer

Debondingmightoccurduetopoorbondingconditionofhighinterfacestresslevelaround

thepiezoelectricactuator.Thepiezoelectricactuatorisassumedtobedebondedatthecen-

tresymmetrically,asshowninfigure3.3,where2brepresentsthelengthofthedebonding

length.Inthefollowingsection,halfoftheactuatorwillbediscussed.Afterdebonding

occurs,thelocalstressdistributionalongtheinterfacemaychangedramatically.Theeffect

ofthedebondinglength2bontheredistributionofshearandnormalstressesalongthe

piezoelectricactuatorforλ=1andc/h=20withh/c=0andh/c=0.01areshownin

figures5.10and5.11,wheretheresultsoftheperfectbondingcaseisgivenforcomparison.
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Figure5.7:Interfacialstressdistributionofcurrentmodelforperfectbondingcondition(
c/h=10andh/c=0.01).

Itisobviousthattheinterfacialshearstressandnormalstressvarysignificantlywithdif-

ferentdebondinglength.Theresultsshowthatthedebondingcausesstressconcentration

aroundthetipofthedebondingpart.Itdoesnotsignificantlyaffectthestressdistribution

farawayfromthedebondingpart.Thestressconcentrationisincreasedatthetwotipsof

thedebondingpartwiththeincreaseofthedebondinglength.However,whentheadhesive

layerisinvolved,thestressconcentrationnearthedebondingtipisdecreasedsignificantly,

whichcanbeobservedinfigures5.10and5.11.Also,asshowninfigure5.11,thenormal

stressdistribution,comparedwiththatoftheshearstress,islessaffectedbythedebonding

length.

Figures5.12and5.13illustratesthestressdistributionvariationalongthepiezoelectric

actuatorwithcentraldebondingsforλ=1,b/c=0.5withdifferentc/hratiosforh/c=0
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Figure5.8:Interfacialstressdistributionofcurrentmodelforperfectbondingcondition(
λ=1andh/c=0).

andh/c=0.01,respectively.Theresultsshowthatwiththeincreaseofc/hratio,theinter-

facialstresslevelsalongthepiezoelectricactuatordecrease,andthestressconcentrationat

thetipsofthedebondingpartdecreases.Asshowninfigure5.13,thestressconcentration

aroundtheendsofthepiezoelectricactuatorisdecreasedsignificantlyafteranadhesive

layerisincluded.

Whendebondingoccurs,thereisnostresstransferinthedebondingpart. However,

thebendingmoment,axialforce,andaxialdisplacementatthedebondingedgewillaffect

theelectromechanicalbehaviorofthepiezoelectricsystem.Inthefollowingdiscussion,

theeffectsoftheseparameterswillbeinvestigatedfordifferentdebondinglengths.Five

differentadhesivelayerthicknesses(h/c=0.000,0.001,0.005,0.010and0.020)forλ=

1andc/h=20arestudied. ThenormalizedaxialforceT∗=T/hσbinthedebonded
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Figure5.9:Interfacialstressdistributionofcurrentmodelforperfectbondingcondition(
λ=1andh/c=0.01).

tipofthepiezoelectricactuator,asafunctionofb/cwithbendingorwithoutbending

conditions,isshowninfigure5.14.Thereisnosignificantdifferenceoftheaxialforceat

theendsofthepiezoelectricactuator,indicatinglimitedinfluencefromthebendingeffect.

Itis,however,evidentthattheadhesivelayerthicknesshasasignificanteffectuponthe

axialforce. Withtheincreaseofadhesivelayerthickness,theaxialforcedecreases.From

thefigure5.15,withtheincreaseofλ,theaxialforcelevelissubstantiallyincreased.It

shouldbementionedthatthenormalizedaxialforcevariesverysubtlywhenthedebonding

lengthissmallforagivenconstantλ.Also,thenormalizedaxialforceislesssensitive

tothechangeofthedebondinglengthforlargerλ,correspondingtoasofterpiezoelectric

actuator.Thenormalizedaxialforcetendtoonewhentheactuatorisextremelysoft,which

meanstheremainingactuatoractsasafixedboundary.
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Figure5.10: Shearstressdistributionofcurrentmodelforpartialdebondingactuators(
λ=1andc/h=20).

ThevariationofthenormalizedbendingmomentM∗=bMb/Iσbinthedebondedtipof

thepiezoelectricactuatorwiththenormalizeddebondinglengthb/cisillustratedinfigure

5.16.Itshowsthatthebendingmomentincreaseswithanincreasingoftheadhesivelayer

thickness.Figure5.17showsthevariationofM∗withthedebondinglengthfordifferent

materialmismatchλ.Thesignificanceofthebendingmomentremarkablydependsonthe

normalizeddebondinglength.Itissmallwhenthenormalizeddebondinglengthisshort

andincreasesrapidlywhenthenormalizeddebondinglengthisover0.7.Itisobserved

thatM∗increaseswithdecreasingλ.Asexpected,thebendingmomentislesssensitiveto

thenormalizeddebondinglengthforasofterpiezoelectricactuator.
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Figure5.11: Normalstressdistributionofcurrentmodelforpartialdebondingactuators(
λ=1andc/h=20).

Figure5.18showsthenormalizedaxialdisplacementu∗=−bσb(T
∗−1)
Ep atthedebonded

tipofthepiezoelectricactuatorwithbendingorwithoutbendingeffects.Itshowsthat

theaxialdisplacementwithbendingisalmostthesameasthedisplacementwithoutbend-

ing,whichcanbeexpectedfromtheresultofaxialforceT∗.Thebendingeffectdoesn’t

havesignificanteffectontheaxialdisplacementatthedebondedtipofthepiezoelectric

actuator.Itcanbeobservedthatwiththeincreaseoftheadhesivelayerthicknessorthe

normalizeddebondinglength,thenormalizedaxialdisplacementincreases.Thenormal-

izedaxialdisplacementatthedebondedtipofthepiezoelectricactuatorforfivedifferent

materialmismatchλisshowninfigure5.19. Whenthepiezoelectricactuatorbecomes
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Figure5.12: Shearstressdistributionofcurrentmodelforpartialdebondingactuators(
λ=1,b/c=0.5andh/c=0).

softer(largerλ),thenormalizedaxialdisplacementdecreases. Whenλisverylarge,the

remainingactuatorwillactasafixedboundary,limitingtheaxialdisplacement.

5.4 Thecasefortheinteractingofthetwopiezoelectricactuators

Toevaluatetheinteractionbetweenmultipleactuators,twoidenticalactuatorsbondedto

anelastichoststructureareinvestigated,asshowninfigure5.20.Inthiscase2brepresents

thedistancebetweenthetwoactuators.Fivenormalizeddistancesb/c=0.7,0.5,0.3,0.1

and0.01areselectedforλ=1andc/h=10.Figures5.21and5.22showthenormal-

izedshearstressandnormalstressdistributionsalongthepiezoelectricactuatorwithand

withoutadhesivelylayer,respectively.y/c=1correspondstotheouterendoftheactuator,

y/c=−1correspondstoitsinnerendoftheactuator.Theresultsareshowninfigures5.21
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Figure5.13: Normalstressdistributionofcurrentmodelforpartialdebondingactuators(
λ=1,b/c=0.5andh/c=0.01).

and5.22.Itisobservedthatwiththedecreaseofthedistance,thestressmagnitudesbecome

unsymmetrical,whichisinducedbytheinteractionbetweenthetwobondedpiezoelectric

actuators.Althoughthestressneartheinnerendissignificantlyaffectedbytheinterac-

tion,itisinterestingtonotethatthestressattheouterendshowverylimitedeffectofthe

interaction.Afterconsideringtheadhesivelayer,thestressmagnitudesbecomelessun-

symmetrical,especiallyforthenormalstress.Also,thelevelofstressconcentrationatthe

endsofthepiezoelectricactuatorsdecrease.

5.5 Concludingremarks

Thischapterisfocusedontheeffectsofmaterialproperties,thegeometryandtheadhesive

layerontheloadtransferbetweenthepiezoelectricactuatorandthehoststructure.The
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Figure5.14:Thenormalizedaxialforceofcurrentmodelatthetipsofthedebondedpart
(c/h=20andλ=1).

validityofthecurrentmodelhasbeendemonstratedbycomparingwithFEMresults.The

simulationresultsindicatethatadhesivelayercanreducethestressconcentrationlevelat

theendsofthepiezoelectricactuatorandincreasethestresslevelalongthepiezoelectric

actuator. Then,foractuatorwithpartialdebonding,theredistributionoftheinterfacial

shearandnormalstressesunderdifferentmaterialandgeometryconditionshasbeendis-

cussed.Similartosituationwithoutdebonding,theincreaseoftheadhesivelayerthickness

canreducestressconcentrationatthetipsofdebondedpartandincreasethestresslevel.

Thevariationofthenormalizedbendingmoment,axialforceandaxialdisplacementwith

thenormalizeddebondinglengthisalsoinvestigatedforvariousadhesivelayerthicknesses

andmaterialmismatches.Theintroductionofbendingeffectprovidesamoreaccuratede-

scriptionofthedeformationandloadingconditioninthedebondedpartofthepiezoelectric

64



Figure5.15:Thenormalizedaxialforceofcurrentmodelatthetipsofthedebondedpart
withdifferentλ(c/h=20andh/c=0.000).

actuator,however,theaxialforceanddisplacementatthetipsofdebondedpartkeepal-

mostthesameafteraddingthebendingeffect. Withtheincreaseofthedebondedlength,

thenormalizedbendingmomentandaxialdisplacementincreased.However,thenormal-

izedaxialforcedecreasesslightlywhenthedebondinglengthincreases.Theinteraction

oftwopiezoelectricactuatorshasalsobeenstudied. Withthedecreaseofthedistancebe-

tweenthetwobondingactuators,themagnitudesofthenormalandshearstressesbecome

unsymmetrical,correspondingtothedirectinteractionbetweentheactuators.Withthead-

hesivelayerincludedthestressmagnitudesbecomelessunsymmetrical,especiallyforthe

normalstress,indicatingrelativelyweakerinteraction.
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Figure5.16:Thenormalizedbendingmomentofcurrentmodelatthetipsofthedebonded
part(λ=1andc/h=20).

Figure5.17:Thenormalizedbendingmomentofcurrentmodelatthetipsofthedebonded
partwithdifferentλ(c/h=20andh/c=0).
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Figure5.18: Thenormalizedaxialdisplacementofcurrentmodelatthetipsofthe
debondedpart(λ=1andc/h=20).

Figure5.19: Thenormalizedaxialdisplacementofcurrentmodelatthetipsofthe
debondedpartwithdifferentλ(c/h=20andh/c=0).
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Figure5.20:Theschematicconfigurationoftwopiezoelectricactuators.

Figure5.21: Thenormalizedshearstressdistributionofcurrentmodelforinteracting
actuators(λ=1andc/h=10).
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Figure5.22: Thenormalizednormalstressdistributionofcurrentmodelforinteracting
actuators(λ=1andc/h=10).
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Chapter6:Contributionsandfuturework

Thischaptersummarizesthemaincontributionsofthisthesisonthemodellingofpiezo-

electricactuatorandillustratesseveralproblemsthatremaintobeaddressedinthesubse-

quentresearch.

6.1 MaincontributionsandConslusions

Thisthesisaimstoestimatetheeffectsoftheimperfectbondingconditiononthestatic

electromechanicalbehaviorofthesurface-bondedpiezoelectricactuators.Thisstudyisan

extensionofthepreviouswork,inwhichanadhesivelayerisincludedbetweenapiezoelec-

tricsensor/actuotorandansemi-infinitehoststructureandonlytheinterfacialshearstress

isconsidered(JinandWang,2011a,b).Themaincontributionsofthisthesistothefieldof

theresearcharesummarizedasfollows.

1. Anewtheoreticalmodelconsideringthebendingdeformationofthethin-sheet

piezoelectricactuatorwithanadhesivelayerhasbeenestablished. Theintegratedsys-

temcontainsanelasticsemi-infinitehoststructure,attachedbyanadhesivelayerandthen

apiezoelectricactuatoronthetopofadhesivelayerunderinplaneelectricloading.

2.ThetheoreticalanalysisandthecorrespondingFEMsimulationshavebeencon-

ductedunderstaticloadingconditions.Consideringthatpiezoelectricactuatorsaremostly

usedunderdynamicloadingconditions.Thecurrentmodeliscorrespondingtoaquasi-

staticloadingconditionwheretheloadingfrequencyissolowthatthewavelengthismuch

largerthanthelengthofthepiezoelectricactuator.Theeffectsofthegeometry,thematerial
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mismatch,thematerialpropertyofthepiezoelectricactuatorontheelectromechanicalbe-

haviourofthesystemhavebeenanalyzed,forthecasesunderperfectbondingandpartial

debondingconditions.

3.Theresultsofthestudyprovideguidelinesforthedesignofpiezoelectricactuator

systems.Forexample,withtheexistenceoftheadhesivelayer,thestressconcentration

attheendsofactuatorisdecreased. Theresultsalsoindicatethatthethicknessofthe

adhesivelayersignificantlyaffectsthestressdistribution.Thickeradhesivelayerspossess

lowerstressconcentrationaroundtheendsofthepiezoelectricactuators.Thus,thereisless

chancetopeeloffofthepiezoelectricactuatorfromthehoststructure.

Thespecificconclusions,basedontheresultsandobservationsonthevariationsof

theinterfacialstresses,theaxialforce,thebendingmomentandtheaxialdisplacement

conductedinchapter5,areasfollows.

1.Itisfoundthatinordertoreducetheinterfacialstressconcentration,thepiezoelectric

layershouldbebondedtothehoststructurethroughanadhesivelayerwithlowstiffness,

namelylargethickness.

2.Theleveloftheinterfacialstressconcentrationiscloselyrelatedtotheratioofthe

lengthtothicknessofthepiezoelectricactuator. Whentheratiodecreases,thestresscon-

centrationwilldecrease.Also,largerthicknessoftheadhesivelayerwillmakethemodel

moreresistanttothedebondingbetweenthepiezoelectricactuatorandthehoststructure.

3.Thematerialcombinationofthepiezoelectricactuatorandthehoststructureneeds

tobecarefullydetermined.Whenthepiezoelectricmaterialisverysoftincomparisonwith

thehoststructure,thebendingmomentsatthetwodebondedtipsapproachzeroandthe
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axialforceisclosetotheblockingforceofthepiezoelectricactuator,correspondingtoa

highstressconcentrationneartheendsofthepiezoelectricactuator.Astifferpiezoelectric

actuatorwillinducehigherinterfacialstressintheinterioroftheinterface.

4.Thedebondinglengthalsohasasubstantialinfluenceontheinterfacialstresses.With

theincreasingdebondinglength,theinterfacialstressconcentrationlevelatthedebonding

tipsbecomeshigher.

Theseconclusionscouldbepotentiallyhelpfulforthedesignofsmartsystemsand

structureswithpiezoelectricactuators.

6.2 Futurework

Oneofthemainobjectivesofthisthesisistoinvestigatetheeffectoftheadhesivelayer

propertiesonthestaticelectromechanicalbehaviourofthepiezoelectricsystemwithbend-

ingdeformation.Althoughthisthesishastriedtocovertheimportantchallengesandlim-

itationsofthecurrentmodelwithpiezoelectricactuators,therearestillsomeissuesthat

needtobefurtheraddressedinthefuturework,whicharelistedasfollow.

1.Undercertainloadingconditions,bucklingofthedebondingactuatormayoccur.The

effectofthebucklingofthepiezoelectricactuatorcouldbeconsideredtobetterinvestigate

theelectromechanicalbehaviourofthesystem.

2.Tomakethepiezoelectricmodelmorerealistic,itcouldbeextendedfromtwodi-

mensionsintothreedimensions.

3.ThisthesisismainlybasedonthetheoreticalanalysisandFEMsimulationsofthe

piezoelectricmodel.TheresultsofcurrentmodelwithbendingmatchtheFEMresultsvery
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well.However,correspondingexperimentsneedtobeconductedtovalidatetheeffective-

nessofthecurrentpiezoelectricmodel.Propermodificationofthemodelmaybeneeded

accordingtoexperimentresults.

4.Somecrackswithdifferentsizesandorientationscouldbeintroducedintothehost

mediumtoformahealthmonitoringsystem,whichcouldshowthepotentialsofthismodel

forpracticalapplications.
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Appendix

A.1 Effectivematerialconstants

Thispartisintendedtoprovidethefundamentalequations,whichcanfullydescribethe

mechanicalandelectricpropertiesofthepiezoelectricmaterials.Thegeneralequationof

motionis

σij,i+fi=ρ̈uj. (A1)

AccordingtoGauss’law,

Di,i=0. (A2)

Theconstitutiveequationsofthepiezoelectricactuatorare

{σ}=[c]{ε}−[e]{E}, {D}=[e]{ε}+[λ]{E}, (A3)

withthestrainfield{ε}andtheelectricfieldintensity{E}givenby

εij=
1

2
(ui,j+uj,i), Ek=−V,k. (A4)

Here,{σ}and{ε}arethestressandstrainfields,fiandρrepresentthebodyforceandthe

massdensity,respectively.{D},{E}andVaretheelectricdisplacement,theelectricalfield

andthepotential,respectively.[c]iselasticstiffnessconstantmatrixforaconstantelectric

potential,[e]representsatensorcontainingthepiezoelectricconstantsand[λ]represents
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thedielectricconstantsforzerostrains.EquationA3canberewritteninamatrixformas
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(A6)

Inthisstudy,planestrainconditionisassumed,whichmeansεx=0.Then,thefollowing

relationcanbeobtainedfromequation(A4)

σy=c11εy+c13εz−e31Ez, (A7)

σz=c13εy+c33εz−e33Ez, (A8)

Dz=e31εy+e33εz+λ33Ez. (A9)
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Equations(A7)and(A9)alsocanberearrangedas

σy=E
∗εy−e

∗
31Ez, (A10)

Dz=e
∗
31εy+λ

∗
33Ez, (A11)

inwhichE∗,e∗31,andλ
∗
33aretheeffectivematerialconstantsofthepiezoelectricactuator

model. Accordingtotheelectroelasticlineactuatormodel,thesematerialconstantsare

givenby

E∗=c11−
c213
c33
, e∗31=e31−e33

c13
c33
, λ∗33=

e233
c33
+λ33, (A12)

wherethepolingdirectionisdesignatedalongthez-axis.

A.2 ThepropertiesusedinthecontextofChebyshevpolynomials

ThepolynomialofthefirstkindTi(x)isdefinedas

Ti(x)=cos(iarccosx), (A13)

orequivalently

Ti(cosθ)=cos(iθ). (A14)

ThepolynomialofthesecondkindUi(x)isdefinedas

Ui(x)=sin(iarcsinx), (A15)

orequivalently

Ui(cosθ)=
sin(i+1)θ

sinθ
. (A16)
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Inwhatfollows,thefollowingrelationcanbeobtained

Ti(x)=iUi−1(x). (A17)

AdirectintegrationoftheChebyshevpolynomialoffirstkindTi(x)ontheinterval

[−1,1]canbederived,

ˆ1

−1

Ti(x)

(x−y) (1−x2)
dx=πUi−1(y), i>1and|y|<1. (A18)

ThepolynomialsofthefirstkindTi(x)areorthogonalwithrespecttotheweightfunc-

tion 1√
(1−x2)

ontheinterval[−1,1],

1

π

ˆ1

−1

Ti(x)Tj(x)

(1−x2)
dx=






0, i=j,

1,i=j=0,

1/2,i=j≥1.

(A19)
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