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Abstract. Sensitivity Analysis is a branch of numerical analysis which aims to
quantify the affects that variability in the parameters of a numerical model have on the
model output. A finite element based sensitivity analysis formulation for piezoelectric
media is developed here and implemented to simulate the operational and sensitivity
characteristics of a piezoelectric based distributed mode actuator (DMA). The work
acts as a starting point for robustness analysis in the DMA technology.



1. Introduction

Finite element methods and formulations for dynamic modelling of piezoelectric media
have been the focus of many studies [1] [2] since the original work of Allik and Hughes
3].

Local sensitivity analysis is a branch of numerical modeling which aims to quantify the
affects of variation in individual parameters on the solution variables of differential
equation models by means of partial derivatives [4] [5] and has found widespread
scientific applications [6] [7]. Finite element methods for performing sensitivity analysis
methods are well established [8] [9] [10] [11] [12]. A common approach is to conduct
sensitivity analysis on the discretised finite element model by differentiating the standard
stiffness matrices with respect to a parameter. The adjoint sensitivity method is
beneficial in cases where the number of parameters greatly exceeds the number of
outputs. For example Kapadia et al [13] apply the adjoint method to a fuel cell
system with 180,000 design variables. This is several orders of magnitude greater
than the number of piezoelectric parameters considered in this paper and therefore the
computational advantage of the adjoint method has to be weighed against it complexity
of its implementation.

In the work presented here a finite element local sensitivity analysis formulation is
applied to the governing equations of piezoelectric media and implemented to simulate
the relative importance of design parameter variability in a piezoelectric based cantilever
beam actuator application. The analysis is performed by directly differentiating the
semi-discretised (time continuous-spatially discrete) governing equations of motion and
integrating the resulting equations using a time stepping algorithm, following the
methodology outlined in [8].

2. Governing Equations of Piezoelectric Theory

The dynamic electro-elastic response of a piezoelectric body of volume €2 and regular
boundary surface S is governed by a coupled system of electrostatic and mechanical
equilibrium boundary value partial differential equations.

The electrostatic boundary value system is defined by

oD,

oz, ¢ in € (1)
subject to the boundary condition

Dn;=—qg, on S (2)
and the mechanical boundary value system is defined by

(9in 32ui
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subject to

oinj =1t on S (4)
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where ¢4, ¢, and p are surface charge, volume charge, and mass density respectively,
x; are spatial cartesian vector components, n; are components of the outward normal
of S and t; are components of a traction vector applied to S. Following usual tensor
convention, repeated subscripts indicate summation. o;; and D; are components of the
symmetric Cauchy stress tensor (oj; = 0;;) and electrical flux vector respectively, and
are related to those of the strain tensor ¢;; and electric field vector E; through the
piezoelectric constitutive equations

Oij = Cz‘jklﬁkl - ekijEk (5)
D; = ejpen + Kij B (6)
where Cjjki, erij, and kg, denote elastic, piezoelectric and dielectric material constants

respectively. The strain and electrical field components are linked to mechanical
displacement components u; and electric field scalar potential ¢ by

€= 3 (a_ + a> (7)
__9¢

For arbitrary virtual displacements du; and potential d¢ the differential equations (1)
and (3) can be written together the weak form variational principle representation for
PZT media

dQui
_/pﬁéuiaﬁ-i-/ti(suias—/Uji5€ijaQ:/qU5¢8Q+/q55¢8S—/DidEiaQ(g)
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the details of whose derivation are outlined in [1]. Using the Rayleigh-Ritz method [14],
(9) can be discretised to give a piezoelectric finite element formulation.

3. Piezoelectric Finite Element Formulation

For 1st order 3-d tetrahedral elements each of volume 2¢ with corresponding linear shape
functions Nf ¢ =1,...,4, the displacement vector u is approximated elementally by

{u} = [N"{u"} (10)
where [N*] is a matrix of elemental shape functions
Ne NS Ne Ne 0 0 0 0 0 0 0 0
N=| 0 0 0 0 N Nf N6 N 0 0 0 0 |(11)
0O 0 0 0 0 0 0 0 Nf N N¢ Ng
and {u"} is the vector of elemental nodal displacement components

n _ e e e e e e e e e e e e T

{u } - [uxwuz‘z?um?uu’uy1>uy2’uy3’uy4’uz1’uZz>UZ3’UZ4] (12)
where for clarity the mechanical displacement components wu; described are now termed
Uy uy and u,, and ug, corresponds to the value of u, at the it" node of element e .

The elemental scalar potential is similarly approximated across each element as

¢° = [N[{¢"} (13)



where

[N?] = [Ny N5 NsN;] (14)
and {¢"} is the vector of elemental nodal potentials

{07} =[5, 05, 05, ¢5]" (15)
The mechanical strain tensor (7) and the electric field vector (8) then respectively take

the discretised forms

{e} = [B“{u"} and {E°} =—[B{¢"} (16)
where
2 0 0
0 a% 0
0o 0 2 o o a]17
BY = 9z | [N B = |—. — —| [N? 1
Pr= |y o b wa = |G o e o)
o 0 2
%Z 5 ox
[y o O

The discretised constitutive equations of piezoelectricity (5) and (6) are then
{0} = [CHe} - [el{E} (18)
{D} = [e] {e} + [KI{E} (19)

where [C], [e] and [k] are now matrices of elastic, piezoelectric and dielectric material

parameters respectively.
The discretised elemental form of the variational principle (9) is then given by

- [ Gwyogicyonr + / RUGRGES / YT IOHe) — {0 YT ()] 00 =
/ 406700 + / 1,06°05° / [(SEY el (e} + {SEY (W] {E°)] 09 (20)
e Se Qe

where i represents a double time derivative and {t} is a vector of the traction
components t;. (20) can be expanded to give

eyt [ i + ey [ vres:
oy [ BB o — gy [ (BB 0w =
@y [ Ng00r + oyt [ (vTgost

ooy [ (BT yorr — ooy [ (BB (60 (21)

Imposing the stationary requirement of the variational principle on (21), that the
integral terms corresponding to {d¢"} and {du™} must vanish, results in two independent



equations that define system equilibrium:
/ SINYT [N i} 002 — / V{05 +
/ clBryorr + [ (BB om0 = 0 (22)

1T 4,00° + /[Nﬂ’quasw

Qe

/Q BT By — [ (BT BN 60 =0 (23)

Equations (22) and (23) yield the elemental system of equilibrium finite element
equations

m{ur} + [K™{u"} + [K"){¢"} = {f} (24)

(K {u"} + [K]{¢"} = {9} (25)

where the stiffness matrices are given by
ml = [ N INo0r
K = [ BC B0
K] = [ (e B0
K = [ B elBonr = (K
K == [ 1B (00

and the excitation vectors by

(1= [ st (26)
0 = [ vra00 - [ Tgos (27)

The elemental system is summed over all elements to assemble a final global system.
The parametric matrices [C], [e], and [«] in the formulation are given in full by

cin ciz2 ¢z 0 0
Co1 Cyp ca3 0 0

0 0 0 Cqq 0
0 0 0 0 Cr5
0 0 0 0 0 Ce6 |

0
0

] = c31 ¢z ez 0 0 8 (28)
0

O 0 0 0 e5 O
[6] = 0 0 0 €24 0 0 (29)
es; ez ess 0 0 0



K11 0 0
[H] = 0 K922 0 (30)
0 0 K33

If the piezoelectric body in question is loaded by an electric potential in the form

¢ = o coswt (31)
the displacement response will adopt the form

u = ug cos wt (32)
where w represents the system operational frequency. With

i = —wu (33)

the governing system (24) and (25) is written in the single stiffness matrix from

[ K 2 K9 u" | ) f
(TR

For a static (constant input) analysis with w = 0 then

i K uu Kuqb u™
SalaEn

When analysing a piezoelectric system in n-dimensions, with /V finite element nodes, the

global stiffness matrix of (34) will be symmetric and square with dimensions (n + 1),
since at each of the N nodes there are n nodal displacement components and 1 nodal
scalar potential value.

4. Finite Element Sensitivity Analysis Formulation

The matrices (28)-(30) contain the piezoelectric material system parameters. A system
sensitivity analysis formulation based on the governing finite element equations is
developed here whose solution will identify the system parameters whose value changes
will have most affect on system operation by way of partial derivatives (sensitivity
coefficients).

The equations to describe the nodal system sensitivity coefficients can be derived by
directly differentiating the governing system finite element formulation with respect to
a chosen parameter.

The finite element sensitivity formulation for the elastic parameters in the matrix [C]
are defined directly from (34) by

K" —w?m K% g:; | K0 u" 26
K ou Ko g¢" - 0 0 o ( )
Cij

, gi and 22° are vectors of the nodal
Cij Oc;j

where ¢;; is the chosen element of the matrix [C]
sensitivity coefficient values and

a[C]

)= [ (B S o (37)



7

Similarly, the nodal sensitivity coefficient vector corresponding to any piezoelectric
parameter e;; in the matrix [e] is defined by

K" —w?m  Kv¢ SZ’; B 0 —Kw u"
K ou Ko gf: - _Kg)u 0 ¢n (38)

)= [ e iseon - ey (39)

eij

where

The dielectric nodal sensitivity coefficients are given by
Kw — 2 KU Gt 0 0 ur
ogn (= (40)
Ko K% g0 0 K% "

K= [ g pon ()

where

and k;; is any element of the dielectric matrix [x].
The mass density p is a further system parameter whose nodal sensitivity coefficient

vector is given by
uw 2 u Qu™ 2 n
K" —w?m  Kv® an w’m, 0 u (42)
Ko K% i 0 0] ¢
P

= [ N0 (43

where

Altogether the matrix systems (36) (38) (40) and (42) are the piezoelectric elemental
finite element formulation for the nodal sensitivities of displacement and potential to
each of the parameters in the elastic, piezoelectric and dielectric matrices and the system
mass density. The sensitivity equations can be solved in parallel with the governing
system with the nodal solution vectors determined from the governing solution used to
construct the sensitivity formulation at each solution iteration.

4.1. Implementation Frample

By way of example, for the case of sensitivity with respect to the parameter ez, the
elemental nodal sensitivity coefficient vector in (38) is given by

n T
{ 523 }_ [8%1 ous, ouS,  Oul, dus,  Oul, O O

= 5 eens s 5 eeny , PP , 5 eens
Dear 8631 8631 8631 6631 8631 8631 8631 6631

with the right hand side vector in (38), returned as the nodal solution vector to the
governing system, given by

u" T
{ o } = [ufcl,...,u§4,u§1,...,u;,uil,...,uz,gbﬁ,...,qu] (45)

(44)
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The stiffness matrix in (38) has already been determined and decomposed in the
governing solution and the matrix in (39) is determined numerically or otherwise where
000O0O0O
0
% =10000O0O0 (46)
“ 1100000

Upon constructing and solving the system (38) the sensitivity coefficients are
approximated across each element in terms of their nodal values using

ou’ ou™
N* 0

e _ Oe

e31 €31

ou’ ou® 09°¢ __ 0¢°

where Dess — Dest (z,y,2), des1  Oem

dimension 4x16 in accordance with (11) and (14).

(x,y,2) and the interpolating matrix in (47) has

The elemental sensitivity equations outlined here can be summed over all elements
for a global piezoelectric finite element sensitivity analysis, and the analysis is readily
extendable to any system parameter other than es; using the same formulation.

4.2. Normalized Sensitivity Coefficients

The sensitivity coefficient ge—qi computed above represents a linear estimate of the

percentage change in u® as a result of a unit change in e3;. With many different physical
units involved between system outputs and parameters, a more widespread measure of
sensitivity is a normalized sensitivity coefficient defined as

ut _ en Ou” (48)

8631 N u® 8631
The normalized sensitivity coefficient indicated by the overline represents a linear

estimate of the percentage change in the variable u® given a 1% change in e3;. Being
independent of the original system units in this way, normalized system sensitivity
coefficients are readily comparable with each other and therefore offer a more informative
description of parameter importance [7].

By defining new system sensitivity stiffness matrix terms as

_ 1
€31

—_— 1

(K4, = —[K){u"}; i=1,.,4,j=1,..12
€31

oot 1 - .

where subscript i, j denotes the (4, j)th element of the sub matrices in (38) and subscript
j denoting the jth element of the vectors (12) and (15), then from (38) an elemental
formulation for the normalized nodal sensitivity coefficients is given by

Foun — )2 K ud Ou™ _Ku¢ n
w*m dear 0 e u (49)
Kou K%¢ 9¢n —Kf“ 0 o

Oes1




9

The normalized sensitivity coefficients can be interpolated across the element in terms
of their nodal values derived from (49) in the usual way by

ou® u ou™
dg° 0 N¢ 9™
des Oe31

Modifying the original sensitivity formulation stiffness matrix to return normalized

sensitivities directly in this way is a process that avoids the numerical complications
often associated with explicitly multiplying the original sensitivity solution by a factor

of %L say, at the point where u¢ = 0.

5. Numerical Results

Distributed Mode Actuators (DMA) are piezoelectric based devices that can be used to
excite a flat surface in order to produce sound. The DMA comprises one or more small
piezoelectric crystal layers, each separated by an electrode layer and attached to a sup-
porting beam. The overall assembly is clamped at one end to a common stub to make
a cantilever beam. DMA’s have become widespread in micro-engineering applications
[15] and their optimisation has been the focus of much recent work [16].

A finite element model for simulation of a single piezoelectric layer DMA | as shown
in figure 1, was developed in the commercial software package COMSOL Multiphysics.
The discretised DMA system geometry of tetrahedral elements used for the finite ele-
ment simulations is presented in figure 2. The accuracy of this DMA simulation model
has been validated against experimental measurements [17].

A useful feature in COMSOL is the ability to export finite element simulation mod-
els into MATLAB. This COMSOL-MATLAB link allows models to be manipulated and
solved from within the MATLAB environment, using special MATLAB functions pro-
vided by COMSOL. This feature was used to import the DMA simulation model into
MATLAB where it was modified according to the formulation presented in Section 4 and
solved to produce not only the standard system responses, but also the corresponding
sensitivity solutions. In this way, the sensitivities are computed at reduced computa-
tional cost, when compared with traditional finite difference methods, as the sensitivity
formulation presented in Section 4 is always linear.

Here we present simulation results on a DMA comprising of the lead zirconate
titanate ceramic PbZr 53704703 (PZT-5H). This piezoelectric ceramic has relatively
large characteristic piezoelectric coupling parameter values allowing for maximal and
well controlled displacements; as such it is ideally suited for use in actuator applications.
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Room temperature PZT-5H has characteristic material parameter matrices [18]

[ 1.26e™ 7.95¢10 841e0 0 0 0
7.95¢10 1.26e!! 8.41e'0 0 0 0
8419 841 1.17¢t 0 0 0
O] = GPa) (51
€] 0 0 0 23¢9 0 (GPa) (51)
0 0 0 0 2.3 0
0 0 0 0 0 233! |
0 0 0 0 17 0
le] = 0 0 0 17 0 0| (C/m? (52)
6.5 —6.5 233 0 0 0
1.503¢~8 0 0
k] = 0 1.503¢™® 0 (F/m) (53)
0 0 1.3¢78

and p = 7500kg/m?>.
The simulated static displacement response of the single layer PZT-5H based DMA
under the influence of an input DC voltage of 5V is presented in figure 3.
In the piezoelectric matrix (52), es; = ezy and ey = ey5, such that there are three
piezoelectric material parameters to consider in a sensitivity study of a PZT-5H based
application. It is these three parameters that are subject to variation under the influence
of temperature changes [19], and as such tolerance to these potential variations is of
interest from a design perspective.
The sensitivity coefficients % for each of the piezoelectric parameters es; e33 and eq5,
simulated by solving finite element formulation in section 4, are plotted in figure 4
against distance along the DMA. The sensitivity calculations are also performed using
the finite difference method, that is by changing the relevant parameters by 1 unit and
observing the simulated change in beam displacement returned by the governing model,
are also presented in figure 4. If 9 is considered to be a unit change in parameter e;;,
the finite difference calculations are performed using the standard approximation
Ou _ u(ey +9) —uley)
de;j - )

The normalised sensitivity coefficients, simulated by solving the formulation outlined in

(54)

section 49, are presented in figure 5 alongside the corresponding finite difference results.
Normalised sensitivities represent the percentage change in output displacement given
a 1% change in the parameters. These values are seen to be uniform along the length
of the beam, indicating that beam displacement in figure 3 is proportional to the sensi-
tivity coefficient values in figure 4.

The good agreement between the analytical and empirical sensitivity results in both
figures 4 and 5 acts as a validation of the sensitivity analysis finite element formulation
for piezoelectric media. However, analytical sensitivity analysis methods hold computa-
tional advantages over empirical studies since empirical studies often require repeated
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re-runs of a governing non-linear system where as the sensitivity equations are always
linear [20] .

In figure 4 it can be seen that changing es; by 1 unit has more impact on the output
displacement of the DMA than a similar change in any of the other piezoelectric pa-
rameters. However, from the normalised sensitivity results in figure 5, as a percentage
of nominal value, it is seen that changes in e33 will have most effect on system output.
This comparison is evidence to the advantages in normalising the simulated sensitivity
coeflicients prior to interpretation.

From the sensitivity analysis results, changing the value of e;; for this particular
design is seen to have no effect on DMA displacement. This is a significant result since,
of all the parameters, e;5 undergoes greatest variation under the effects of changing
temperature [19], indicating that this particular design is robust to variation in ejs.
Local sensitivity analysis results also provide important information for ranking the
importance of parameters and for deciding effective parameter value ranges in design
optimisation studies. They may also be used directly by gradient-based numerical
optimisation algorithms.

6. Conclusions

A finite element based formulation for sensitivity analysis studies of piezoelectric media
was developed and an existing finite element piezoelectric solver was extended to
implement its solution. The solver was applied to simulate the static operational and
sensitivity characteristics of a piezoelectric based distributed mode actuator. The finite
element sensitivity solutions were verified against empirical results obtained using the
original system model.

The sensitivity analysis was performed with respect to the material piezoelectric
coupling parameters since it is these parameters that are subject to variability under
operational conditions. As such, these sensitivity results are of interest from a robust
design perspective. However, the analysis presented here is easily extended to other
system parameters using the same basic formalism.
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Figure 1.
Actuator

Figure 2.
calculations
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Figure 3. Simulated displacement response of the PZT-5H DMA shim at an applied
input voltage of 5V DC alongside the original DMA position prior to application of the
voltage.
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Figure 4. Analytic and empirically simulated values of the sensitivity coefficients 88;‘
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plotted against distance along the shim of the PZT-5H DMA .
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Figure 5. Analytic and empirically simulated values of the normalised sensitivity
coefficients % plotted against distance along the shim of the PZT-5H DMA .
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