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A multiscale-multiphysics strategyfor numerical
modeling of thin piezoelectric sheets
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Abstract - Flexible piezoelectric devices made of polymeric piezoelectric ad mechanical propertiedts piezoelectric
materials are widely used for micro- and nanoelectro-  coefficient is around30 pC/N, which is higher than that of
mechanical systems. In particular, numerous recent applicatite  zn0. |ts flexible polymeric nature allows vetyigh strains to
concern energy harvesting Due to the importance of be applied to a PVDF bedsheef thus high piezoelectric
computational modeling to understand the influence that potentias can be expected. Farfield electrospinning was

microscale geometry and constitutive variablesexert on the . :
macroscopic behavior a numerical approach is developed here recently used2] to producepiezoelectricshees of PVDF

for multiscale and multiphysics modeling of piezoelectric Nanofibersdirectly pattened onto the substrate (Fig)L The
materials made of aligned arrays of polymeric nanofibers. At the Stretching force due to thestrong electric field applied
microscale, the representative volume element consists in between the nozzle and the substrate suracepole the
piezcelectric polymeric nanofibers, assumed to feature a linear PVDF nanofibers into théd phase, whichhas a resulting
piezoelastic  constitutive  behavior and  subjected 10 componentof the globalpolarization along thelongitudinal
electromechanical contact constraints using the penalty method. jirectionof the resulting fibers. In previous experimente t
To avoid the drawbacks associated with the noesmooth PVDF sheetvas directly applied between tvetectrodes om

discretization of the maste surface, a contact smoothing flexible plasti bstrate f . lectri tout t
approach based on Bézier patches extended to the multiphysics exible piastic substrate for piezoelectric output measuremen

framework providing an improved continuity of the
parameterization. The contact element contributions to the
virtual work equations are included through suitable electric,
mechanical and coupling potentials. From the solution of the
micro-scale boundary value problem, a suétble scale transition
procedure leads to the formulation of a macroscopic thin
piezoelectric shell element

Keywords 1 Electromechanical Cowling, Multiphysics
Modeling, Multiscale Modeling, Piezoelectricity, Shell elements.
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. INTRODUCTION Fig.1.Scanning electron micrograjoii a piezoelectric PVDF sheet.

The discovery of appreciable piezoelectricity agramic o . ) )
and polymeric materials such as ZnO and Polyvinylidene Theobjectiveof this papeis to model the behavior of the
fluoride (PVDF) and its copolymershas led to the aforementioned PVDF sheanade of polymeric nanofibers
development of a series of Nano Whased piezoelectric Py @multiscaleand multiphysicsapproach This requires the
nanogenerator§l]. Most recent modelhiave showed the definition of a representative volunaement (RVE) at the
capability of powering small electronitevices.n particular, microscale, the formulation and solution of a microscale
PVDF is a polymeric piezoelectric material witgood boundary valugroblem (BVP), and the developmeuit a
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suitable micremacro scale transitionDue to the small respectiveljthe current andnitial position vectors of the shell
thicknesshm << Im, @ discretization with shell elemerasthe middle surfaceg anda arethe initialand currenhormal (shell

macroscalés numerically efficien{Fig.2). directos) and™Q is the initial shell thickness. Moreovere
introduced the quantity:
. . 4
B ”i/,'“" = = h +! h ;
il  : - 1 where_, i is the thickness streh. The shear strain
A S _—~—_"  componentsakethe form:
— ) ey e T (5)
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Fig.2 Determination ohn RVE hmandimare the RVE thickness and
lengthat the microscalevhile hv andim arethe thickness and length

at the macroscalep k< Iu. where n is the electric potential. Furthermore, i+ are the

constant and linear components of the thickness samih

The first parbf thepaper describetie kinematic behaviour ‘'O O represent the constant and linear parts of the electric
of a piezoelectric shefbllowing [3-5]. In the second part a field along the thickness direction
microscale RVE element is definethd the theorpf linear
piezoelasticity §] is briefly introduced along with its finite
element formulatiorj7,8] at the microscale. Moreover some I1l. MICROSCALEFORMULATION
details about the formulation and implementatidrsuitable _ S .
electromechanical contact elements using sniogth At the microscale, theRVE consists in piezoelectric
techniques[9,10] are provided.The third part describes Polymer fibers that feature a linear piezoelastic constitutive
numerical homogenization procedures for piezoelectrRehavior and are subjected to electromechanical contact
nanocompositefl1-15]. A multiscale approach is introduced constraints.Piezoelectric problems are those in which an
to perform the scale transition between thmicro- and e€lectric potential gradient causes deformation, \dcelversa.
macroscalesDetails regating the linearization of the finite The governing equations are the Navier equations and the
element equations animplementation of this multiscale straindisplacement relations for the mechanical field and
formulation are also provided. Finally, based onpttesented Gauss and Faraday laws for thiectrostatic field [6,7].
multiscale and multiphysics framewoitke RVE geomety is Moreover theconstitutive equationare

analyzedo determine the effectiveateral properties suitable = v s ~v o o- b0 0 °Y P50 (7)
for a macrscopic shell element definition. Advanced ’
symbolic computationaltools available in the AceGen where# , A |, andX are respectively the elastic,

AceFem finite element environment within Mathematicgiezaelectric, and permittiviticonstantswhereasY RY are
[16,17] are used throughout this work, with the advantage thijfe strain and stress components ‘@D are the electric
the tasks elated to the finite elemenmplementation are gisplacement and the electfield componentsrespectively
largely automated. Clearly, the coupling between mechanical and electric figlds
determined by the piezoelectric coeiints The 3D
electromechanical frictionless contact elemenhgemented

Il. MACROSCALEFORMULATION with the folowing maincharacteristics:
Based on the alysis of the shell kinematicshe Green A the contact formulation is based on the masleve
Lagrangean strains and the electric field components in _ Cconcept _
convective coordinates can be arranged in a generalized strain A  Bézier patches are used for smoothing of the master
column vector: _ surface; - -
VTV A The impenetrability conditions extended to the

£ bt Al Al T FORQR B HO FO D electromechanical settiriry imposing equality of the

where the membrane strain componentsnd the change of electric potential in case of closed contact. The

electromechanical constraintse regularized with
the penalty method.
2 For each slave node, the norrgap is computed as:

(3) Q oy O, 6, (8)

wheree yis the position vector of the slave nodg, is the
position vector of its normal (i.e. minimum distance)
projection point onto the master surface, and the outer
normal to the master surface at the projection point. The sign

curvaturell, r read

=1 _l-fv}:)-ﬁ? F BQ- !
My —v, o v OB ?I—ﬁqm oF mds

In the previous equationshe comma indicategartial

derivation Greekindices take the values 1; 2h are the
natural coordinates of the shell middle surfac& are
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of the measured gap is used to discriminate between active and requires that the macroscopic volume average of the
inactive contact conditions, a negative value of the gap leadingriation of work performed on the RVE is equal to the local
to active contact. The electric field requires tigdinition of  variation of work on the macroscale. In the previous equation:

thecontact electric potential jump: Y, Y, 0 andO represent respectivetiie average values of
"0 % %o 9) stress, strain, _electrlcz displacementand electric field
componentsHi | | 6s | emma | eads to th

where%o and%. are the electric potential values in the slave . o ~
node and in its projection poiah the master surfaca.tensor Y -a YQo ¥ -a YQ@
product representation of cwmensionaBézier polynomials 0 -a 0Q¢p O -a 0Qw (14)

IS used 1o mterpola_te the_ master surfaces In the Contﬁqhssically three types of boundary conditions are used for an
interfacefor a threedimensionalproblem accordingo the RVE: prescribed displacements, peeibed tractions and

relation: periodic boundary conditions. Among thenperiodic
boundary conditiontead toa more reasnable estimation of
®, h I'ﬁ 6 (10) the effetive properies and therefore armeften preferred.In
this work, periodic boundary conditions are expressed as linear
whered , and® , are he Bernsteipolynomialsand constraints and are implemented in Acegen as multipoint

® the coordinates of the control pointélith the same constraints usingthe Lagrange multiplier method For
procedurefo interpolate the electric potentiah themaster Simplicity, meshing of theRVE is performed uniformlysuch

surfacethe following relation is introduced: t_hat identigal _nodes are present on all faces of _the RYE.
final constitutive equation ithehomogenized setting remd
[» R 0 A A 11
%, h %00, O, (11) J|| F ,u ‘” (15)

T | [y

where %o is the potential evaluated B control points as a .
or in compact form:

function of the potential @he auxiliary pints%. and at the N
master node$é . According to standard finite element 1=MST T N (16)

techniques, the global set of equations can be obtained \Pyeregl 0, andi [ are respectively théomogenized
adding to the waation of the energy potential representing th%lastic, piezelectic, and permittivity constantdVith some

continuum behavior the virtual worlassociatedto the . algebra and after integratiomthe shell thickness the previous
electromechanical contact contribution provided by the aCt"é%uation becomes:

contact elementdf ¢ is the set ofdegres of freedom DOF) N
used to discretize the displacent fieldu = u(¢), and isthe SV 54 (17)
set of DOFused to discretizethe electric potential field | ..

G =(), sothat z~ isthevectorof all nodalDOF,1 e

is the global energy of the discretized systetime residual 1 &fefE.Rfafa.mmA Qh oft B A QR0 Y (18)
vector and the stiffness matrix terms resulting from the ﬁn"\‘/?/here g,

. o : ; are the membrane force§, 1 are the bendin
element discretization are determined accortiing T ] 9

momens, 1} are the shear forces add e , Qh Q are
=| vy . the constant and linear componentsm@mbrane force and
o ' dielectric displacement in the thickness direction

e i 12) V. RESULTS

4 If an RVE with PVDFfibers alignedin one directionis
L . —Lr  —. consideredthe final materialconstitutive equation will be
those of a transversely isotropic piezoelectric soliahd
consequentlyhe stiffness matrix, the piezoelectric matrix and
the dielectric matrixwill simplify so there remain in all0Ol
IV. HOMOGENIZATION PROCEDRE independent coefficientsn this work it is assumed thétte
The main idea of homogenization ts find a globally —elastic modulusE =150N/mni and Poisson ratios= 0.29
homogeneousnedium equivalent to the orizal composite, While the piezoelectristrain coefficients &, dso, desareequal
where theequivalence is intended in an energetic sense as §r20°10 %, 3*10%,  F1835 m/V, respectively, and the
Hi | Halanse conditionCoupling between the macroscopidPermittivity coefficient§ b,7 6,7 b are all equal to 12k,
and microscopic scales is here based on averaging theorewiere T & = 8.854*10'2 F/m is the void permittivity.
see[18,19] Formulated for the electromechanical problem ahccording to the experimentagsults, each fiber in the RVE
hand, Hilb sriterion in differential form reads i's assumed to hmWenceatheRdmhasias R
cubic geometry with a side lengtb=2R) of 2 micron For the
1Y 010 P YUY Q® P 01 0Qw (13 evaluaton of the effective properties, suitabloundary
w w conditions have to be applied to the waillin such a way that,
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apart from one component of the strain/electric field vector, all
other componentare equal to zero[20, 21. Then each
effective coefficient can be easily determined by multiplying
the corresponding row of the material matrix by the
strain/electric field vectotn Fig.3the mesh and the boundary
conditions used during the analysis illtestrated In particular
different colors correspond to different degrees of freedom
constrained during the analysis. Moreover, in figures 4 and 5
the contours of displacemeanand stresss are provided for
boundaryconditionsallowing only stretching along the fiber
longitudinal axis

C) b
Fig.4. Microscale behavior, countour levels of displacement
distribution in theRVE. Maximum and minimuntorresponding to
the vertical color scalesare:ay®/. 104 [ €Om]1 8 b[)e m]/;
0.1/0 [&em].

Fig.3. RVE mesh and boundary conditions.
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