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Electrical coupling analysis of 2D time-multiplexing memory actuators
exhibiting asymmetric butterfly hysteresis

A. E. M. Schmerbauch,a) A. I. Vakis, and B. Jayawardhana
Engineering and Technology Institute Groningen, Faculty of Science and Engineering, University of Groningen,
9747AG Groningen, The Netherlands

We present the modeling and analysis of electrical coupling in a hysteretic deformable mirror with 2D memory piezoac-
tuators, which are made of a purposely-designed piezomaterial sandwiched between electrodes arranged crosswise and
actuated by a multiplexing approach. Using a modified Miller model to describe the memory effect which is based on
the ferroelectric domain switching processes, the proposed framework is used to simulate the electric field dependence
of the strain in the piezoelectric material that exhibits asymmetric butterfly loops with remnant deformation through
the finite element method. The desired butterfly memory effect in the material is obtained by modifying the saturated
dipole polarization curve in the Miller model. The proposed method allows us to numerically investigate the electrical
coupling between actuators in more detail and correspondingly understand their influence to the mirror facesheet.

I. INTRODUCTION

Deformable mirrors (DMs) have been designed and de-
ployed to control wavefronts precisely in optical systems.
Their reflective surface can be shaped by controlling the actua-
tors, placed underneath in an array, through an applied electric
field. In space-based astronomical instruments, DMs are criti-
cal components in the adaptive optics and are required to meet
the extreme wavefront control requirements for high contrast
imaging of exoplanets with coronographic instruments. While
their performance increases as the density of actuators in-
creases, scaling of the current DM designs to the needed ca-
pabilities remains challenging1,2.

New solutions and technologies are developed for realis-
ing high actuator densities in DMs3,4 as well as novel materi-
als tested and manufactured5–8. A recently presented concept
of a hysteretic deformable mirror (HDM)9 for an exoplanet-
imaging space mission opens up the possibility of deploying
an extremely dense actuator array where 2D memory piezoac-
tuators are realized by placing a newly developed piezoelec-
tric shape memory material between two orthogonal layers
of electrodes as illustrated in Figure 1. In this configura-
tion, any pair of top and bottom electrodes constitutes a single
piezoactuator that can be actuated by applying a local electric
field through this pair of electrodes. Correspondingly, each
actuator can be addressed independent to the others through
a set-and-forget principle and by time division multiplexing
(TDM).

While local electric fields can be applied to actuate any
piezoactuator via the corresponding pair of electrodes, the
electrode array configuration can introduce undesirable elec-
trical coupling and is a critical aspect in the design and work-
ing principle of the HDM. The relationship between surface
profile and voltage distribution needs to be studied10. Par-
ticularly, neighboring actuators can become electrically cou-
pled due to the distribution of the electric potential within the
piezoelectric memory material used as a base structure when
one single actuator is addressed. If the electric field strength
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FIG. 1: Conceptual visualization of the hysteretic deformable
mirror consisting of a piezoelectric PNZT ceramic pellet as

base structure and electrode grids perpendicular to each other
forming the actuators at the intersections. On top an isolation

layer and the reflective facesheet are placed.

at these neighboring actuators is too high, the remnant de-
formation will be activated and an additional displacement
in crossline grids around the addressed actuator will affect
the mirror facesheet and degrade the precision of the HDM.
Correspondingly, in order to investigate the limiting effect of
the electrical coupling on the HDM concept, we present in
this paper: 1) numerical modeling and analysis of an indi-
vidual piezoactuator of the HDM that incorporates the asym-
metric hysteresis property of our piezoelectric shape mem-
ory material; and, 2) numerical validation on the behavior of
the memory material and electrical coupling between actua-
tors based on an integrated high-fidelity multiphysics model
of the HDM simulated via a multiphysics software. In our
first contribution, we present a modified Miller model to de-
scribe accurately the memory effect of our piezomaterial in a
single actuator. The model is used to show the electric-field
dependence of the strain in the material that can exhibit the
measured asymmetric butterfly loops with remnant deforma-
tion. In our second contribution, we integrate the modified
Miller model with the piezoelectric material nodes of Comsol
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Multiphysics that we use to build the integrated model of the
HDM. Our integrated multiphysics simulation results confirm
that the electrical coupling in the current array configuration
can introduce undesirable displacement. It mainly affects the
actuators on the crosslines whose positions are set at approxi-
mately 25% of the addressed actuator’s memory position after
direct addressing of the remnant displacement. The simula-
tion results show a lower cross-coupling effect than the initial
estimate of 50% that is used in the previous closed-loop con-
trol systems simulation in Ref. 9. Another notable observa-
tion from additional simulations is that this phenomenon can
permeate the whole actuator array when a pair of electrodes
undergoes multiple cycles of applied electrical field. Further
studies are required on the long-term operations of the HDM.

This paper is organized as follows: Section II presents
the theoretical background of the individual component sub-
systems such as modeling of the mechanical system, hystere-
sis modeling, and a framework for optimization work within
the design based on a sensitivity analysis. In Section III the
simulation results of the integrated system in its full complex-
ity are presented, and are discussed in Section III D. Finally,
the conclusions are given in Section IV.

II. THEORETICAL FRAMEWORKS

Section II presents the theoretical background on modeling
the HDM with its shape memory material and hysteresis, and
discusses the electrical coupling of actuators with the aid of
different criteria for its influence.

A. Model of the hysteretic deformable mirror

The HDM is characterized by a high actuator density and
a compact design which requires only a single high voltage
amplifier to address the actuators through TDM. The concep-
tual visualization of a demonstrator can be found in Figure 1.
The base structure of the mirror corresponds to a piezoelec-
tric PbNb0.04(Ti0.48Zr0.52)0.96O3 pellet called PNZT9,11 with
thickness tp. This purposely-designed material is based on
lead zirconate titanate and belongs to the group of piezoelec-
tric ceramics12–17 which is characterized by superior ferro-
electric and piezoelectric properties18,19. PNZT is a highly
nonlinear material that has a strain memory effect, meaning
that there are two stable piezoelectric strain states at zero
field20. Consequently, this material has an asymmetric Strain -
Electric field (S-E) loop, which is commonly known as butter-
fly hysteresis loop. This asymmetry has been achieved by ap-
plication of niobium as soft dopant21. The origin of the rema-
nent strain is the internal electrical field induced by the elec-
trode configurations and the result of the ferroelectric domain
state which is not symmetrically switched during its applica-
tion. An example of such a hysteresis loop and its correspond-
ing polarization loop from experimental data are presented in
Figure 2. The memory effect amounts to approximately 40%
of the maximum deformation of the material.

(a) Polarization loop

(b) Butterfly loop

FIG. 2: Polarization (a) and hysteresis loop (b) of a common
PNZT pellet used for the HDM showing the significant

points of the remnant polarization Pr, coercive field Ec and
the memory effect.

On the top and bottom there are electrode grids which con-
sist of several strips that are perpendicular to each other and,
therefore, define n×m actuators, where n is the number of
bottom electrode strips and m is the number of top electrode
strips. This electrode layout offers the possibility to make use
of TDM and transmit and receive independent signals over
shared electrodes in periodic intervals. Due to this method,
only a single amplifier per layer is needed instead of n+m
(when we consider each strip to be energised independently)
or n×m (when we consider the use of standard piezoactuators
that must be actuated independently). This leads to a compact
and lightweight design. On the surface of the upper electrode
grid, a thin isolation layer with thickness ts and a reflective
top layer, named the facesheet, with thickness t f are mounted.
The isolation layer is in contact with the upper electrode grid.

To address one actuator, an electric potential is applied to
the top electrode while the bottom electrode is grounded. Due
to the distribution of the electric field within the piezoelectric
pellet, neighboring actuators can become electrically coupled.
Previous simulations, which deploy simplified models based
on standard PZT materials without memory effect and station-
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ary analyses for pellets22 and thin layers9, show a surrounding
cross-coupling of up to 50%. Since these high values of cross-
coupling could present a serious limitation for the presented
concept, we investigate the electrical coupling in combina-
tion with the memory for elucidating their influences on the
performance of the HDM. Therefore, we distinguish between
two criteria, namely the primary influence and the secondary
influence.

The primary influence reflects the case when the activation
threshold for the surrounding actuators of the addressed one
is reached and a cross-coupling is evoked so that additional
deformations on the facesheet at other actuator positions are
visible. This would lead to the inability to shape the mirror
according to the desired modes and requires a complicated
control architecture to adjust the leveling of electrically cou-
pled actuators and reset them individually to their intended
positions.

The secondary influence presents the case where the activa-
tion threshold is on the borderline and might lead to small ef-
fects in the operating behavior. Here, the problem could be ad-
dressed by optimizing the design: changing ts and t f to tweak
the mechanical coupling between actuators on the facesheet.
By calibrating the mechanical coupling to a range from lo-
cal to global interaction, small cross-coupling deformations at
surrounding actuators can be covered. For this, a sensitivity
analysis is proposed in Section II C studying the divide and
allocation of uncertainty between the maximum deformation
of the mirror facesheet to different sources of uncertainty in
its layer thickness and the mechanical properties.

If the activation threshold is not reached, an undesired de-
formation profile is not expected in relation to the memory
material and a limiting effect can be excluded.

B. Modeling of the memory material

Hysteresis occurs in ferromagnetic materials, ferroelectric
and piezoelectric materials, shape-memory alloys and numer-
ous other natural systems and phenomena. It is characterized
by its nonlinearity, and often involves memory. While the
piezoelectric strain hysteresis is a nonlinear phenomenon be-
tween the applied electric field and the output displacement,
the hysteresis in ferroelectrics is mostly caused by the irre-
versible displacement of domain walls involving many mech-
anisms that depend on the nature of the ferroelectric material
itself. The presence of butterfly loops has been shown and
observed e.g. in piezoelectric actuator systems23 and magne-
tostrictive materials24. A number of models have been pro-
posed in the literature that describe the hysteresis behavior
well25–28.

We study a class of theoretical approaches to model mem-
ory materials with remnant deformation and butterfly hystere-
sis behavior, which are suitable for implementation in finite
element analysis and multiphysics simulation software. Com-
mon ferroelectric materials have two states of polarization and
can switch between them when an external field is applied.
For example, an applied positive voltage V leads to a positive
state of polarization p+ and an applied negative voltage −V

to a negative state of polarization p− due to the switching of
dipole orientation. While in ferroelectricity the source of po-
larization is the dipole interaction energy itself, in piezoelec-
tricity the crystal is polarized by the application of an external
stress.

Considering a ferroelectric capacitor, the increase of the
positive polarization state can be given by the following
equation29

∆p+ = (1− p+) f+∆V (1)

where ∆p is the incremental change of the state, ∆V the in-
cremental voltage and f+∆V the transition probability for the
case when the amount of negative polarization becomes a pos-
itive tendency when a positive voltage is applied. Moreover,

f+ =
1

1+ e
−(V−Vc)

V0

1
V0

(2)

where Vc and V0 are the coercive voltage and thermal voltage,
respectively. Based on Eq. (1) and Eq. (2), the analytical
expression for the positive and negative polarization state is
obtained29

p+ = 1− (1− p+i )
1+ e

(Vi−Vc)
V0

1+ e
(V−Vc)

V0

p− = 1− (1− p−i )
1+ e

(Vi−Vc)
V0

1+ e
(−V−Vc)

V0

(3)

where Vi is the initial voltage and p+/−
i is the initial increas-

ing/ decreasing polarization state. Hence, the electric dis-
placement D for positive and negative applied voltages can
be given by

D+ = Psat(2p+−1)

D− =−Psat(2p−−1)
(4)

where Psat denotes the saturation polarization.
Miller30,31 presented a differential hysteresis model which

can simulate the polarization-field (D-E) response to deal with
arbitrary applied fields, in which minor unsaturated loops are
modeled by scaling the major saturated loop. The model has
three parameters which are the coercive field Ec, remanent po-
larization Pr and spontaneous polarization Ps, and does not
consider history-dependent effects. Based on this model of a
ferroelectric capacitor with saturated dipole polarization hys-
teresis loop30, the derivative of the dipole polarization is given
by

∂Pd

∂E
= Γ

∂Psat

∂E
(5)

where Psat is the value of the polarization on the saturated hys-
teresis loop at the field of interest, and Γ is a positive function
less than or equal to one. Γ is defined as

Γ = 1− tanh
[(

Pd −Psat

ξ Ps −Pd

) 1
2
]

(6)
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where ξ =±1 for increasing or decreasing fields, respectively.
The saturated dipole polarization curve is defined utilizing

the hyperbolic tangent function whose behavior satisfies the
physical requirements. It is written as a function of the electric
field and can be given according to Ref. 31 by

P+
sat(E) = Ps tanh [(E −Ec)/2δ ] (7)

where

δ = Ec

[
ln
(

1+Pr/Ps

1−Pr/Ps

)]−1

. (8)

By means of an imprint electrical field and its control as
per Refs. 20 and 32, we create a memory effect in the initially
modeled symmetric butterfly curve. With the imprint electri-
cal field, the D-E hysteresis of the ferroelectric material shifts
to the direction of the axis of the electrical field. It can be
described as follows,

P+
sat(E) = Ps tanh

[ (E + ςs −Ec)[ln
1+Pr/Ps
1−Pr/Ps

]

2Ec

]
(9)

where ςs presents a shifting factor for the saturation curve.
By eliminating the physical assumption that the two

branches of the saturated switching dipole polarization curve
are symmetric P−

sat(E) =−P+
sat(−E), we introduce a modifica-

tion in the original mathematical form where

tanhE =
sinhE
coshE

(10)

by relocating the applied electrical field due to

sinh(κs +E)
cosh(κc +E)

(11)

where κs and κc are case-based constants greater or equal to
zero with asymmetric relation on the left-hand side or right-
hand side, respectively.

C. Sensitivity analysis of the facesheet

A sensitivity analysis is used to obtain the rate of per-
formance measure change with respect to design variable
changes. It provides critical information, the gradient, in order
to facilitate structural modifications and optimization. Since
a thin and compliant facesheet with high reflection is crucial
for providing a desired mechanical coupling between actua-
tors and the optical capabilities for the DM, we establish a
sensitivity analysis for studying the effect of layer thickness
starting from its initial size. This analysis can be extended in
case of design changes of the HDM, e.g. structuring the isola-
tion layer in several thin layers of nanometer scale, because it
enables a direct comparison between the quantities since the
analysis is parametrized based on the mass difference.

When considering the HDM as a framework consisting of
thin layers, we want to identify the effects of changing the
thicknesses of the individual top layers. Hence, we define

the most relevant parameter here to be the thickness of the
facesheet t f . The variable ∆m f defines the mass changes for
the facesheet and its relation between added mass ∆m, and
thickness change ∆t, can be given by

∆m = ρA∆t (12)

where ρ presents the density of the material and A the affected
area by the thickness change.

The design optimization problem can be posed mathemati-
cally by minimizing the objective function which is chosen to
be the stiffness ratio SR. The output of the sensitivity analysis
using that function and the differential mass ∆m f is

Θ f =
∂SR

∂m f
. (13)

With the assumption that the changes from the current con-
figuration are incrementally small, we expect the change in
stiffness ratio to be

∆SR = Θ f ∆m f . (14)

III. IMPLEMENTATION AND RESULTS

Section III presents the results of simulations which were
made to validate the proposed theoretical frameworks for
modeling the HDM as an integrated system including its
memory material and a parameter identification for the
facesheet. Finite element analyses were performed in Com-
sol Multiphysics 5.5 and ran in a compute cluster (Peregrine
HPC cluster). For all simulations, we used a partition of four
Intel Xeon E7 4860v2 or 48 cores @ 2.6 GHz CPUs with 1024
GB or 2048 GB, respectively. Mesh refinement studies were
undertaken to ensure convergence of the results.

A. Hysteretic deformable mirror model in 3D

A 3D model of a piezoelectric pellet with thickness tp and
radius rp was generated in Comsol Multiphysics 5.5 by means
of the Structural Mechanics module of Solid Mechanics. The
facesheet and isolation layer radii are r f = rs. The dimensions
correspond to the predictions from Ref. 9 and, based on pre-
vious studies4,33–35, adequately dimensioned values based on
the forces occurring in the pellet were chosen for the isolation
layer and the facesheet. The proposed materials are silicon
dioxide and CVD diamond, respectively. Table I summarizes
the geometrical parameters used for generating the 3D mod-
els.

The bottom of the pellet was mechanically clamped by us-
ing the fixed boundary condition. The electrodes were mod-
elled as 2D structures by means of the thin layer boundary
condition and were electrically potentialized or grounded, re-
spectively. The surrounding electrodes were provided with a
floating potential node. The central actuator of a 5×5 actuator
array was addressed as an example in all simulations.
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TABLE I: Geometrical parameters for 3D mirror model.

Parameter Unit Value
tp [mm] 0.25
rp [mm] 5
r f [mm] 4
rs [mm] 4
ts [µm] 85
t f [nm] 50
Actuator area [mm2] 0.25
Actuator spacing [mm] 0.5

Between the piezoelectric pellet, the isolation layer and
facesheet, there is a mechanical contact modelled by introduc-
ing contact pairs. Each transition assumes a layer of adhesion
which is permanently active so that the upper thin layers are
free to move and do not need to be clamped.

The piezoelectric material is based on PZT-5H, contains the
modifications from the presented characteristics from Section
II B and is implemented as described in Section III B.

B. Memory material implementation

The implementation of the memory material model pre-
sented in Section II follows the approach of Ref. 36. The
Piezoelectric Devices interface combines Solid Mechanics
and Electrostatics together with the constitutive relationships
required to model piezoelectrics. Here, the particular material
characteristics can be defined by introducing an electric field
as a parameter of remanent displacement. In addition, the the-
oretical relationship between the piezoelectric coefficient dmi j
is expressed as a derivative of strain to the electric field

dmi j =
∂Si j

∂Em
=

Qi jklPk∂P
∂Em

+
Qi jklPl∂Pk

∂Em

= Qi jklPkεlm +Qi jklPlεkm

(15)

where Qi jkl is the electrostrictive coefficient, ε is the dielectric
permittivity, and i, j,k, l and m take the values of 1, 2 or 3.

More specifically, the relationship between the piezoelec-
tric constant d33 and electric displacement D for positive and
negative applied voltages is introduced in the piezoelectric
matrix by

d+/−
33 = 2Q33ε

T
33D+/− (16)

and

d+/−
33 = d+/−

32 = 2Q12ε
T
33D+/−. (17)

In an initial simulation, a sinusoidal voltage is applied to a
piezoelectric PNZT ceramic pellet with memory effect (Fig-
ure 3) which was modelled in a 2D axisymmetric manner, and
a time-dependent study was executed. Using Comsol’s finite
element nonlinear analysis, the polarization curve and butter-
fly loop were obtained for the center point of the pellet and
presented in Figure 4 and 5. Table II lists the parameters used

FIG. 3: Sinusoidal voltage applied to the pellet of the
modelled PNZT ceramic.

for the implementation of the memory material model (ac-
cording to the curves exemplified in Figure 2) and the time-
dependent simulations. For the remaining materials such as
silicon dioxide, CVD diamond and PZT-5H, the material pa-
rameters were taken from the Comsol material library.

The results agree with the experimental data from Ref. 9
with exclusive consideration of the memory effect and the sig-
nificant point of E = 0 in the S-E curve of Figure 2 which
amounts to approximately 40% of remnant deformation. The
slightly lower maximum deformation results from having sim-
ulated a thinner pellet.

TABLE II: Parameters for memory material and
time-dependent simulations.

Parameter Unit Value
Frequency [Hz] 0.5
Ps [µC/cm2] 14.9
Pr [µC/cm2] 0.99·Ps
Ec(+) [kV/cm] 12
Ec(−) [kV/cm] -10
ςs [kV/cm] -7.5
κs [kV/cm] 0
κc [kV/cm] 1

The results of the complex HDM model in 3D were ob-
tained by performing a stationary analysis which initializes
the facesheet to a flat surface and, subsequently, another sta-
tionary study using these positions as initial input for the rem-
nant deformation by applying E = 0 to set the central actuator
directly to its memory location. The memory position was
energised by using the first point of the asymmetric butterfly
loop since the model starts at positive memory position.

Figure 6 shows the contact pressures distribution between
the piezoelectric base structure and the top layers. The max-
imum contact pressure in the memory position amounts to
34.5 MPa while the maximum contact pressure at the max-
imum deformation of the butterfly loop amounts to approx-
imately 150 MPa. From this, an estimation on the occur-
ring forces for the sensitivity analysis can be made. Figure 7
presents the deformation profile after actuation at E = 0 when
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FIG. 4: Polarization hysteresis loop of the modelled HDM
memory material. The curve traces the data of the center
point of the pellet without upper thin layers of the mirror.

FIG. 5: Strain - Electric field butterfly hysteresis loop with
asymmetric shape and memory effect. The curve traces the

data of the center point without upper thin layers of the
mirror.

making use of the remnant deformation. In this profile, the
electrical coupling is already visible due to the distribution of
the electric field during actuation. This phenomenon is dis-
cussed further in Section III D.

C. Sensitivity of the facesheet

The sensitivity analysis was implemented in a stationary
analysis using a PZT-5H base structure of the mirror with-
out the floating potential condition; this was done to consider
purely the maximum deformation of the central actuator when
addressed with an electrical potential of 650 V at the top elec-
trode while the bottom electrode was grounded. The simu-
lation was solved by using Comsol’s forward method due to
few scalar parameters to get the sensitivity of the entire so-
lution with respect to the sensitivity variables in addition to
the sensitivity of the objective function. The analysis showed
that the maximum sensitivity of the facesheet corresponds to
Θ f = 7.48 when the thicknesses of the isolation layer and the
facesheet are 85 µm and 50 nm, respectively. Figure 8 shows

FIG. 6: Contact pressure distribution after actuation of the
central actuator when the positions are on hold due to the

memory effect. The maximum contact pressure in that
position is 34.5 MPa.

FIG. 7: Cross-section of the deformation profile after
actuation of central actuator when the positions are hold due

to the memory effect. The maximum deformation in that
position amounts to 175 nm. The deformations visualized in

the plot are scaled with a factor of 2000 compared to the
physical dimensions of the HDM.

the sensitivity of the facesheet. These deformations give a lin-
ear approximation of the deformation that would result from
a 10 nm increase in the layer thickness. These interactions
are the result of bending since the layer becomes stiffer when
increasing its thickness.

D. Discussion

Figure 9 shows the HDM in isometric view when there is no
voltage applied and the mirror dwells in the memory effect. It
is clearly visible that the cross-over actuators are electrically
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FIG. 8: Sensitivity for the facesheet with a thickness of
50 nm. The deformations give a linear approximation of the
deformation that would result from a 10 nm increase of the

thickness.

coupled, while the intermediate neighbors are slightly acti-
vated. The cross-coupling pervades the mirror surface. This
shows the fundamental electrical coupling between the actua-
tors and their position.

FIG. 9: Isometric view of the HDM when E = 0 showing the
electrical coupling between the actuators. The maximum

deformation of the central actuator amounts to 175 nm, the
electrically coupled neighbors on the cross-line have a

deformation of approximately 45 nm and the intermediate
actuators have a small displacement of < 3 nm. The

deformations visualized in the plot are scaled with a factor of
2000 compared to the physical dimensions of the HDM.

Based on the proposed criteria in Section II A, we consider
the results and can infer that a primary influence on the cross-
over neighbors is present: when the activation threshold of
these actuators is reached, they exert a deformation of approx-
imately 48 nm under the given conditions. The intermediate

actuators show small deformations ranging from 3 to 5 nm and
thus, underlie a secondary influence. These small deforma-
tions could be corrected by optimizing geometrical and mate-
rial parameters and considering the proposed sensitivity anal-
ysis in case that the desired accuracy of the mirror is affected.
Considering the results of the sensitivity analysis presented in
Figure 8, we can see that this adjustment is feasible since the
facesheet is already highly sensitive to changes in the order of
10 nm.

IV. CONCLUSION

In this work we studied the influence of the electrical cou-
pling between actuators of the HDM which arises from the
proposed electrode layout of the concept and its signal trans-
fer method of TDM. By means of modeling the individual
components of the general structure and the memory material
of the mirror, we were able to integrate the system in its full
complexity in a numerical simulation and draw the conclusion
that the major influence is primary for cross-over actuators. In
addition, the influence of intermediate actuators is essentially
negligible and can be corrected by optimizing the layer thick-
ness with the proposed sensitivity analysis. This summarizes
the fundamental electrical coupling relation between the actu-
ators and their position when the central actuator is addressed.

A complex framework was generated which can be used
to run virtual experiments with the mirror and help optimiz-
ing the design concept of the HDM. Since we experience a
more complicated cross-coupling between all actuators of the
array in initial 3D time-dependent simulations with an applied
electric field in waveform functions for addressing one actua-
tor, further research work is necessary to identify the electric
field distribution in possible operating conditions of the HDM.
We suggest to disable certain features (dependent on the made
assumptions) for reducing the computational effort and simu-
lation time during further simulations to study some aspects
in more detail. Hence, simulations such as the optimization
of the top layer thicknesses, combinations of addressing cer-
tain actuators in time or controlling the electrical coupling by
means of different surface initialization become realistic and
could be studied.
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