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Summary. We proposeanaccurateandefficientapproachto laminatedpiezoelectricplatesbasedon a refinementof elas-
tic displacementandelectricpotentialthroughthe platethickness.Differentsituationsareinvestigatedamongthem(i)
bimorphand(ii) sandwichstructuresfor two kinds of electromechanicalloadsandarecomparedto the finite element
computations.Thepredictionof themodalfrequenciesof vibrationof thepiezoelectricplateis presentedaswell.

INTRODUCTION

Due to the successfulapplicationsof piezoelectricactuatorsandsensors,piezoelectriccomponentsmadeof laminated
plateshavereceiveda particularattentionin recentyears.Themainideais thatcertainkindsof structureenableto adapt
to or correctfor changingoperatingconditions(geometry, behaviour, etc.) accordingto electromechanicalloadsin order
to extendthe optimumbehaviour of the structurein which they arehosted,makingthemvery attractive for innovative
technologicalapplication.Thehigh performanceof piezoelectriccompositesareusedfor multi-purposedevicesor smart
materialsandnumerousapplicationshavebeenproposed,runningfrom aerospacestructures(shapecontrolof largespace
antennas,controlof vibrations)to miniaturedevicesdueto thepossibilityof their integrationonactiveelectroniccircuits
(medicalapparatus,micro-pump,micro-robots,etc.) [1]
Themainobjective of thepresentwork attemptsto presenta consistentandefficient approachto piezoelectriccompos-
itesmadeof laminatedplatewith active piezoelectriclayers.Althougha numberof consistentandaccurateapproaches
to piezoelectriclaminatedplateshave beenproposed[2], mostof thesemodelsareableto accuratlypredictthe global
responsesof laminatedplates,but they cannotprovideexcellentestimatesof thelocal responsessuchasthethrough-the-
thicknessvariationsof the electromechanicalquantitiesandthe frequenciesof thehighermodesof vibration. Here,we
proposean alternative approachwhich combinesanequivalentsingle-layerrepresentationfor the mechanicaldisplace-
mentwith a layerwise-typeapproximationfor theelectricpotential.Thisapproachbecomesaninterestingfeaturebecause
multilayeredpiezoelectricstructuresareappropriateto accommodatemultiplevoltageactuatorinputsandsensoroutputs.
Varioussituationsareconsideredsuchasbimorphandsandwichstructuresundergoing two differentelectromechanical
loads(i) surfacedensityof forceand(ii) electricpotentialappliedto thepiezoelectriclayers.In orderto show thequal-
ity of predictionsof thepresentapproach,the resultsarecomparedto finite elementcomputationsperformedon the3D
problem.In particular, theglobalstructural response(deflection,elongation,electricpotentialor charges,thefrequencies
of the modevibrations),aswell asthe local responseor the variationof the electromechanicalstatesthroughthe plate
thicknessareobtainedanddiscussed.

APPROXIMATION OF THE ELECTROMECHANICAL FIELDS

We consideranexpansionof thedisplacementsandelectricpotentialasa functionof thethicknesscoordinateasfollows���	 ��
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is thelayernumber, � 0 is thethicknesscoordinatewith respectto themid-planeof the ; th layer, � 
is themiddleplanedisplacementcomponent, � is thedeflectionand

 

 representstheshearingfunction. Thefunctions

of thethicknesscoordinatearechoosenasfollows

5 0
�
� 0
�
�.�

60 �
A#B 0
*
C 6
" �

�
�
�
�
BDFE@GIH A D �B C " 7

�
�
�
�
BDKJML)E A D �B C "

where B is theplatethicknessand B 0 is thethicknessof the ; th layerand � 0 %
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However, the continuityof the electricpotentialaswell asthe normalcomponentof theelectricinductionmustbe sat-
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the ; th layer is calculatedfrom theconstitutive equations.Thesecondconditionmustbesatisfiedif no electricpotential
is appliedat �c�d�

�e0!�U , otherwisethe conditionof continuity is not consideredandit is replacedby the jump conditionN N
` -
R Rgf+hifMj k\lm �on 0 where n 0 is theoutputsurfacedensityof electricchargeat the interface �p�q�

�102�U . In orderto account

for theadditionalconditions,Lagrangemultipliersareintroducedin thevariationalformulation[3].



NUMERICAL RESULTS

A collection of benchmarktestsis proposedfor the piezoelectricbimorph and sandwichstructuresfor platessimply
supportedundercylindrical bending. Two kinds of electromechanicalloadsareconsidered(i) sensorfunctionwith a
surfaceforce densityappliedto the top faceand(ii) actuatorfunctionwith an electricpotentialappliedto the top and
bottomfacesof theplateandeventuallyat thelayerinterfaces[3,4].
In order to illustrate the effectivenessof the proposedapproach,we consider, asan example,a laminatedplatemade
of compositematerial(graphitefibersin an epoxymatrix) for the centrallayer sandwichedwith two piezoelectricPZT
layers.Thesandwichplateis thensubjectto a surfacedensityof forcenormalto thetop face.Theprofile of theinduced
electricpotentialat

Y
�sr O * within the piezoeletriclayersis depictedin Fig.1. For an Applied electricpotentialthe

through-the-thicknessdistributionof thedeflectionat theplatecenteris plottedin Fig.2.All theseresultsdemonstratethe
effectivenessof thepresentmodelling.

Figure 1. Sensorfunction Figure 2. Actuatorfunction

We proposethe predictionof modal frequenciesof piezoelectricplates. Table 1 gives the computationalresultsand
comparisonto finite elementsimulationsandto simplifiedmodelfor which no shearcorrectionhasbeenincluded.The
predictionof themodalfrequenciesfor thepresentapproachremainswithin tvu for thefirst sevenflexural modeswhile
the simplified modelbasedon the Love-Kirchhoff kinematicsplate theoryovercomes*w^ u . Suchan investigationof
modalfrequenciesof vibrationis a first stepin controllingvibrationof elasticstructures.

Table1. Modal frequenciesfor piezoelectricsandwich plate(L/h=10).

Frequencies(Hz) - L/h=10
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CONCLUSIONS

Thepresentstudyproposesanaccurateandefficient approximationfor theelasticdisplacementincludinga shearfunc-
tion anda layerwisemodellingfor the electricpotential. Suchanapproachcanincorporatethe local electromechanical
responseof the individual layer andbecomesa necessitywhenan electricpotentialis appliedto metallizedinterfaces
betweenlayers.Thenumericalresultsandcomparisonsto FEsimulationsdemonstratetheefficiency of thepresentmodel
andits capabilityto accuratlypredictthelocal (field distributions)andglobalresponses.
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