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Abstract

Dielectric elastomer (DE) transducers are suitable candidates for the development of compliant
mechatronic devices, such as wearable smart skins and soft robots. If many
independently-controllable DEs are closely arranged in an array-like configuration, sharing a
common elastomer membrane, novel types of cooperative and soft actuator/sensor systems can
be obtained. The common elastic substrate, however, introduces strong electro-mechanical
coupling effects among neighboring DEs, which highly influence the overall membrane system
actuation and sensing characteristics. To effectively design soft cooperative systems based on
DEs, these effects need to be systematically understood and modeled first. As a first step
towards the development of soft cooperative DE systems, in this paper we present a finite
element simulation approach for a 1-by-3 silicone array of DE units. After defining the system
constitutive equations and the numerical assumptions, an extensive experimental campaign is
conducted to calibrate and validate the model. The simulation results accurately predict the
changes in force (actuation behavior) and capacitance (sensing behavior) of the different
elements of the array, when their neighbors are subjected to different electro-mechanical loads.
Quantitatively, the model reproduces the force and capacitance responses with an average fit
higher than 93% and 92%, respectively. Finally, the validated model is used to perform
parameter studies, aimed at highlighting how the array performance depends on a relevant set of
design parameters, i.e. DE-DE spacing, DE-outer structure spacing, membrane pre-stretch,
array scale, and electrode shape. The obtained results will provide important guidelines for the
future design of cooperative actuator/sensor systems based on DE transducers.

Keywords: dielectric elastomer, array actuator, distributed actuator, spatial coupling,
electro-mechanical coupling, finite element modeling, simulation
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1. Introduction

Nowadays, cooperative actuator systems have found applica-
tion in a variety of fields, ranging from social communication
(i.e. haptic devices [1, 2]) to safe human-machine collabor-
ation [3]. On the one hand, large-scale cooperative systems
have gained popularity thanks to their reliability, fault toler-
ance, and ability to perform tasks in a faster and more efficient
way compared to stand-alone ones. Some examples include
cooperative multi-robot systems for object transportation [4],
cooperative manipulators [5], and cooperative robotic vehicles
used especially in rescue missions [6]. On the other hand, con-
cepts of distributed micro-motion systems have also been pro-
posed [7]. In this case, simple movements of many coordin-
ated microactuators (arranged in a serial or parallel layout)
permit to perform more advanced tasks compared to the ones
achieved by each individual microactuator. In this way, com-
plex macroscopic behaviors naturally emerge from the cooper-
ation of simple micro-scale systems, allowing the realization
of innovative concepts, e.g. air-flow distributed [8] or silicon-
based [9] actuator arrays micromanipulators, or microconvey-
ors for sorting of small objects [10].

The successful development of such systems depends on
the availability of actuator/sensor components capable of
meeting scalability and energy-efficiency features. A critical
point is represented by the design trade-offs between range
of motion, strength, speed (i.e. actuation frequency), power
consumption, control accuracy, system reliability, and robust-
ness. As an example, thermal and magnetic actuators exhibit
relatively large forces and displacements, but require high
power input and cooling. Similarly, even though the silicon-
based actuators mentioned above are suitable for miniaturiz-
ation, they present drawbacks such as low energy efficiency
(compressor) and camera-based closed-loop control (no self-
sensing capabilities).

An alternative, unconventional, and less bulky way to
enable cooperative devices is based on using dielectric elast-
omers (DEs) transducers. A DE consists of a thin elastomer
film (acrylic, silicone) covered between compliant electrodes
[11]. When a high voltage (HV) is applied to the electrodes, the
resulting electrostatic forces squeeze the film, causing a reduc-
tion in thickness and a consequent expansion of the electrodes
area, which can be used for actuation [12, 13]. A DE can also
work as a sensor, since it is possible to infer information on
the membrane deformation or the force acting on it by simply
detecting changes in the transducer capacitance [14]. Actu-
ation and sensing can be also executed simultaneously, thus
realizing the so-called self-sensing, which permits to imple-
ment closed loop DE architectures with no need for external
sensors [15-17]. Because of their lightweight, high strain
range (above 100%) [18], low cost, high energy efficiency, and
scalability, DEs can be effectively used in applications such as
fluidic systems [19], haptic devices [20, 21], valves [22], loud-
speakers [23-25], pumps [26], artificial muscles [27], med-
ical systems [11, 28], and wearable stretch sensors [29, 30],
to mention some prototypes presented in the literature. The
high scalability, energy efficiency, and dual actuator/sensor

behavior (self-sensing) of DEs have made them also popu-
lar for the development of small-scale cooperative systems.
In contrast to alternative cooperative devices based on micro-
valves and MEMS actuator technologies, the intrinsic flexib-
ility and large deformation of DEs enables the development
of new applications, e.g. intelligent wearables, smart skins,
and soft robots. By coupling cooperative DE systems with
distributed self-sensing control algorithms, complex tasks can
be achieved within a fully integrated soft system. Despite the
great potential of DE technology for such application fields,
only few examples of cooperative small-scale actuator sys-
tems have been presented in the literature so far. These include
cooperative DE actuators for tactile display applications [31],
haptic communication based on a wearable actuator array [32],
and cooperative hydraulically amplified DE actuator (DEA)
cell arrays for feedback devices [33]. In all the examples
above, cooperation is achieved via software, since all DE ele-
ments are mechanically and electrically decoupled. This solu-
tion has the advantage of simplifying the system design and
control, but it comes with the drawback of requiring addi-
tional rigid components (e.g. spacers, compressors for pneu-
matic biasing), which unavoidably affect the overall system
flexibility and weight. In addition, by keeping the single actu-
ation unit mechanically independent, those system loose some
features in terms of embedded intelligence, e.g. the possibility
of implementing self-sensing based cooperative controls.

A shift in paradigm can be obtained by developing fully-
polymeric cooperative systems, in which several DE elements
share a common elastic layer in an array configuration. In this
way, flexibility of the overall system can be maintained while
introducing cooperative features at hardware level (i.e. spa-
tially coupled electro-mechanical interactions among nearby
DE elements). To understand how to design and optimize the
geometry, the layout, and the number of active DE elements
for such kind of applications, numerical simulation tools play
a key role. Among them, the finite element (FE) method is
among the most promising ones. Due to their ability to perform
accurate structural simulations and address coupled problems
involving large deformations, FE methods have been extens-
ively used to analyze DE systems, see, e.g., [34—38]. The
vast majority of the FE models presented so far, however,
focused on simple (i.e. stand-alone) DE systems. In principle,
FE simulations appear as an ideal tool to analyze and optim-
ize cooperative DE devices as well, which are significantly
more complex than their stand-alone counterparts. By means
of FE simulations, one can systematically study how the sys-
tem parameters (i.e. geometry, pre-load, electrode shape and
location) affect the system performance as well as the spa-
tial coupling among neighbor DEs, and use this information
to embed smart cooperative functionalities into the design. To
date, however, the investigation of cooperative DE systems
based on FE analysis has only received little attention in the
literature [39].

As an initial step towards the realization of a flexible and
cooperative DE system, in this work we present and validate
for the first time a FE model of a soft array of DE trans-
ducers. The system consists of a silicone membrane with
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compliant carbon-based electrode patches on both faces, form-
ing a 1-by-3 array layout. This concept, initially presented in
[40], can be combined with a layer of soft biasing systems
(e.g. the bi-stable dome proposed in [41]) that provide the DE
units with an off-plane pre-load. This allows the units to gener-
ate a linear actuation in response to a voltage, and potentially
makes it possible to use the array as a cooperative actuator/
sensor system capable of large strokes and intrinsic compli-
ance. Possible applications based on the presented DE array
layout include soft conveyors (in which an object is transpor-
ted in between two target points passing through a series of DE
units), or conformable multi-unit tactile displays (e.g. Braille
displays). Due to spatial coupling effects caused by the con-
tinuous elastic substrate, the activation of one DE in the array
influences the actuation and sensing properties of its neigh-
bor elements [42]. To understand how the system paramet-
ers affect the resulting coupled performance, and to achieve
optimal system designs which allow effective implementation
of cooperative actuation/sensing paradigms, a FE model is
proposed here. Large deformations, electro-mechanical coup-
ling, and geometric nonlinearities are accounted for by means
of a physics-based membrane formulation of the FE problem.
The model is calibrated and validated based on a large num-
ber of experimental data, which aim at characterizing how
spatial coupling affects the force (actuation) and capacitance
(sensing) responses of the different elements in the array, when
subject to different combinations of loading conditions. An
overall good accuracy is achieved, with force and capacitance
fit on the order of 93% and 92%, respectively. The validated
model is finally used to perform a parameter study, which
allows us to gain an initial understanding on how the intrinsic
coupling can be affected by modifying the array design para-
meters (e.g. geometry, pre-stretch, scale, electrode shape).
The obtained results will provide fundamental insights for the
future optimization and control of cooperative DE systems. We
also point out that the considered paper extends the prelim-
inary results presented in [39], by including: a more detailed
formalization and description of the FE model; a detailed dis-
cussion on FE model implementation issues; the inclusion of
the DE capacitive response in both model and experiments;
a more extensive experimental campaign; an extensive para-
meter study based on the calibrated model.

The remainder of this paper is organized as follows. In
section 2, the operating principle of DE actuators and sensors
is presented. The 1-by-3 array concept is then described in
section 3, followed by the FE model formulation in section 4.
Model calibration and validation then shown in section 5. A
model-based parameter study is finally conducted in section 6,
followed by concluding remarks in section 7.

2. DE working principle

The working principle of DE transducers is briefly described
in this section, focusing on both the actuator and sensor work-
ing modes. As previously stated, a DE is a flexible capacitor
consisting of a polymer membrane covered by two patches of

. Compliant electrode

[j Elastomer membrane

(b)

Figure 1. Operating principle of a DEA: configuration without
(a) and with electrical activation (b). Due to the Maxwell stress, the
membrane thickness reduces while its area expands.

compliant electrodes. The polymer film is generally made of
acrylic or silicone material [43, 44], while carbon or silicone-
carbon mixtures represent common material choices for the
compliant electrodes [45]. More recently, novel approaches
based sputtered thin metal films (thickness in the nanometer
scale) have been proposed as alternative solution for highly
stretchable and conductive electrodes, which appear especially
suitable for energy efficient and miniaturized applications
[46].

The basic working mechanism of a DEA is described in the
following, and schematically shown in figure 1. The applica-
tion of a HV between the compliant electrodes (typically in the
range 1-10 kV for a film thicknesses within 20-100 pm [14])
results in an electrostatic compressive force which squeezes
the membrane, causing it to reduce in thickness and expand
in area (figure 1(b)). The resulting voltage-induced stress,
referred to as Maxwell stress, is denoted o, and is quantified

as follows [12]:
2
Vv
Oe = —Eosr(t> ) (1)

where ¢ is the vacuum permittivity, ¢, is the DE relative per-
mittivity, V is the applied voltage, and ¢ is the thickness of the
film (note that the ratio V/t represents the average electric field
in the material). In order to achieve a usable actuation stroke,
a DE membrane is generally coupled with a biasing element
(e.g. amass or a linear spring). In this case, the electrical activ-
ation causes a softening of the DE which, in turn, allows the
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Figure 2. Operating principle of a DES: configuration without

(a) and with external force applied (b). The external force causes an
area expansion and a thickness reduction, resulting in a capacitance
increase.

biasing system to displace it further, until a new equilibrium
state is reached. The resulting DEA stroke is defined as the dif-
ference between the elastomer deformations when the voltage
is on and off, respectively. In the literature, a number of stud-
ies have shown how the use of negative-stiffness biasing ele-
ments (NBS) can allow to significantly increase the actuation
performance, compared to conventional biasing springs (LBS)
or masses. In DEA applications, those negative-stiffness ele-
ments are generally obtained via pre-compressed steel beams
[47], attracting permanent magnets [48], or buckling silicone
domes [41], the latter being particularly suited for achieving a
fully-polymeric design.

Other than being used for actuators, DEs also appear as
highly suitable for the realization of sensors. The operating
principle of a DE sensor (DES) can be easily understood by
approximating the capacitance of a DE membrane, denoted
with C, with that of a parallel-plate capacitor [14]:

A
C= foer s (2)

where A is the electrode area, while all the other parameters
have been defined previously. As shown in figure 2, if an
external in-plane force is applied to the DE, it causes A to
increase and ¢ to simultaneously decrease (since the volume A-¢
remains constant because the elastomeric material is incom-
pressible). Both effects cause C to increase (cf (2)). This way,
a monotonic relationship can be established between the DE
capacitance and its state of deformation. Both DEA and DES

working modes can be eventually executed at the same time,
obtaining a self-sensing device [15, 16].

3. Soft DE array

This section describes a prototype of a 1-by-3 array of circular
DEs, which is here used as an archetypal layout of soft and
cooperative DE system.

3.1 Array geometry description

The general layout of the DE array experimental prototype
used as reference for this study is shown in figure 3. The
device is made of a bi-axially pre-stretched rectangular mem-
brane of silicone material (Wacker Elastosil 2030, 50 um
thickness [49]), with three carbon-based circular electrodes
screen-printed on both surfaces. The main geometric paramet-
ers of the system are also reported in figure 3. The electrode
patches define three independent active parts on the DE mem-
brane, which can be deformed out-of-plane (e.g. via a bias-
ing mechanism) and electrically actuated via a HV (thus res-
ulting in an out-of-plane stroke). Each electrode region has a
circular shape with diameter D = 20 mm. The minimum dis-
tance between electrode patches and between the electrodes
and the external border are denoted d and b respectively, with
d = b = 15 mm. Finally, radius r = 2.5 mm identifies a circu-
lar area, within the electrode patches, on which external forces
are applied (in the experiments presented here, by means of an
indenter, as discussed in [42]).

The layout shown in figure 3 can be used to develop actu-
ator systems by coupling the DE with elastic biasing elements
(as shown in figure 4 and further discussed in section 3.2), that
provide the single units with an out of plane pre-load. This
way, the single units have a behavior qualitatively similar to a
so-called cone DEA [16], and can separately produce off-plane
linear strokes when subject to a voltage. If no rigid frames
are applied in between the different units so as to render their
response independent, the equilibrium shape of the array and
the resulting electro-mechanical response are complex func-
tions of the deformation of the single units.

The main reason for the choice of this layout for the aim
of the present analysis is its simplicity and fully-polymeric
structure. On the one hand, it enables a clear characterization
of spatial coupling electro-mechanical effects among neigh-
bor DEs. On the other hand, its geometry provides a simple
proof-of-concept for the validation of the developed FE model.
Although this layout with only three active units represent a
first archetypal implementation of a DE array, more complic-
ated concepts might be built upon the same principle, using a
larger number of in-line elements or complex multi-row multi-
column configurations.

3.2. Spatially coupled electro-mechanical effects

With the aim of pointing out the importance of investigat-
ing and characterizing coupling effects in DE arrays, in this
section we present an example of a DE system based on the
layout discussed in section 3.1, and discuss the implications of
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Figure 3. Picture of the 1-by-3 DE array prototype, also showing NBS £,
the main geometric parameters. 4N
PR ”, ‘\‘\
AN _,f” “‘
\ .
(a) — < \Stroke with LBS
DE membrane
r | 1 Stroke (b)
v h >
| ! icd < Figure 5. Nominal DE characterization curves: (a) deformation of
Polymeric dome the second DE membrane starting from the initial undeformed array
configuration; (b) characteristic curves of the second DE membrane,
(b) showing the effects of different types of biasing systems.

Figure 4. DEA array layout. (a) 1-by-3 array 3D rendering;

(b) cross-sectional view of the DE membrane coupled with a
polymeric biasing dome. On the left-hand side, the actuator is in the
undeformed configuration. On the right-hand side, upon voltage
application, the actuator reaches a different equilibrium position.
The out-of-plane displacement of the DEA results in a linear
actuation stroke.

interactions among neighbor elements on the system design.
For this purpose, we make reference to the system shown in
figure 4. In this layout, each DE element in the array is pre-
loaded with a bi-stable silicone dome. As discussed in [41] as
well as in section 2, if properly matched to the characteristics
of the DE membranes, those domes ensure a large actuation
stroke while keeping an overall flexible design.

While matching a biasing system to the elastomer force-
displacement curves is generally simple for individual DEAs,
this process presents several challenges in case of the con-
sidered array. In this case, indeed, the proximity among the
different DEs causes strong electro-mechanical interactions,
because the deformations and electric loads applied on one of
the elements affect the stress and electric field distribution on
its neighbors. More explicitly, given the same displacement
and voltage applied to a DE within the array, its force and capa-
citance responses will differ depending on the loading state
of the neighboring elements. This effect makes the actuation
and sensing characteristics of each DE strongly coupled to the
state of their neighbors. If properly exploited, this coupling
might be used to embed cooperative features within the array,

e.g. the DEs can detect when their neighbors are moving by
monitoring their own capacitance, and use this information to
propagate a wave pattern. Conversely, if not properly accoun-
ted for in the design stage, the coupling could also lead to det-
rimental effects, which may severely affect the overall system
performance.

For a better understanding of the phenomenon, we con-
sider the examples shown in figures 5 and 6. Those figures
depict the qualitative force-displacement curves of the cent-
ral DE of the array in two testing conditions, namely when its
neighbors are undeflected (figure 5), and when the neighbors
are pre-deflected out of plane by a constant amount (figure 6),
respectively. In both cases, solid lines correspond to the out-
of-plane force-displacement characteristics of the second DE
in the array, obtained for low (blue) and high (red) applied
voltage, respectively. Two distinct types of biasing elements
are considered, namely a LBS (solid black line) and a NBS
(dashed black line). As it can be observed from figure 5(b), if
the NBS curve is properly matched to the DE ones, it allows
for a much higher stroke compared to the LBS. In case the
neighbors are deflected, however, the curves of the second
DE undergo a change (compare the dotted and solid lines in
figure 6(b)). Therefore, if we use the NBS optimized for the
nominal case (on a single DE unit) while allowing the neigh-
bors to deflect, the resulting DE stroke is drastically reduced.
This issue is especially critical when a NBS is used as bias-
ing element. In fact, the optimal design of a NBS is usu-
ally performed graphically, based on DE force-displacement
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Figure 6. Perturbed DE characterization curves: (a) deformation of
the second DE membrane starting from an initial condition with
pre-deflected neighbors; (b) the characteristic curves of the same
membrane undergo a change compared to the nominal case (dotted
lines). In this case, coupling the second DE membrane with same
bias element from the previous case causes a sensible decrease in
stroke.

characteristics measured in nominal conditions, and is gen-
erally highly sensitive to the shape of those curves [41]. We
conclude that, for a DE array, the design of a suitable biasing
system capable of guaranteeing large strokes for each actu-
ator must be performed in a monolithic way, explicitly keeping
into account the interactions among neighbor elements. Sim-
ilar considerations can be made concerning the sensing beha-
vior, since the capacitance of a DE in the array depends not
only on its deformation state, but also on the displacement of
its close neighbors. Therefore, a capacitive sensing strategy
which ignores the intrinsic coupling effects is destined to fail.

4. FE model and implementation

In this section, a FE model is developed for the 1-by-3 DE
array in figure 7. The model considers the out-of-plane dis-
placement and the voltage of each DE in the array as inde-
pendent inputs, and predicts their resulting out-of-plane force
and capacitance as outputs. For the aim of the present analysis,
we set our attention on the static response of the array and
neglect the contribution of dynamic effects (e.g. inertial loads
or viscoelastic effects). The validation presented in section 5
shows that, even with this simplified setting, the model is able
to capture the main coupling effects among the different array
elements, which arise as a consequence of mutually-induced
deformations among the units.

y
2ox @ Passive DE membrane

[ Active DE membrane

Figure 7. Three-dimensional rendering of the 1-by-3 array of DEs,
showing the meaning of the nomenclature for the geometric
parameters.

4.1. Continuum model

In this subsection, details related to the model governing
equations and boundary conditions are discussed.

4.1.1. Assumptions and equilibrium equations. — The DE
membrane is treated as a continuum elastic body with coupled
electro-elastic response, subject to large deformations [50].
The same assumptions as in [51] are made. The DE is mechan-
ically modeled as an initially-flat thin membrane element with
negligible bending stiffness. Stresses/stretches are assumed
uniform along the thickness, and no stress acts in the thickness
direction. The electrically active portions of the membrane
(i.e. the areas covered by electrodes) are electrically modeled
as ideal dielectrics subject to an electric field perpendicular to
the membrane surface, and the contribution of the electrostatic
stresses (Maxwell stress) in the presence of an applied elec-
tric field is accounted for resorting to established continuum
electro-elastic formulations [52]. We denote X-Y-Z a material
frame describing the coordinates of the points on the unde-
formed membrane, such that the membrane undeformed sur-
face lies on the X-Y plane and the thickness is aligned with the
Z direction (see figure 7). The thickness direction is a principal
deformation direction for all the membrane points, with the
other principal directions lying on the membrane surface (and
generally varying throughout the different membrane points).

In static condition, neglecting the effect of distributed body
loads (e.g. gravity, which are assumed negligible compared to
the electro-elastic contributions), inertia and viscous effects,
the equilibrium of the membrane is described by the following
equation:

DIV(P) =0 3)

where P is the first Piola-Kirchoff tensor, whose elements rep-
resent the nominal stresses on the membrane, and operator
DIV is the divergence calculated with respect to a material
frame (i.e. with respect to the coordinates of the material points
in the undeformed configuration). Because of the thin mem-
brane assumption, P; 3 = 0 for i = 1, 2, 3 with i = 3 denoting
the Z direction (whereas the elements P3; in general might be
different from 0). Stress tensor P is related to the membrane
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stretches and the electric field applied on the DE via a suitably
defined constitutive model (see section 4.1.2).

4.1.2. Constitutive equations. In terms of the constitutive
mechanical model, the membrane is treated as an incompress-
ible hyperelastic solid [50], in which the relationship between
the stress tensor P and the stretches/applied electrical load is
formulated in terms of a free-energy function.

The active DE areas (grey regions in figure 7) are described
via a free-energy density function in the form ¥ = Uy, + Wg.
The first term of ¥ describes the membrane elastic energy by
means of a Yeoh constitutive model [50], while the second one
represents an added electrostatic co-energy potential, which is
used to render the contribution of electrostatic stresses [51].
The mechanical and electrostatic contributions to the free-
energy density are formulated as follows:

3 .
Uy=Y coM+XN+M-3)+p(U/-1), @
i=1

1% 2
Up=—05c0 0 — | . 5
E €0E (Am) 5

where: c;jo, i = 1, 2, 3 are constitutive parameters describ-
ing the Yeoh model (here assumed constant and independ-
ent of the ambient conditions, at a first order); A;, Ay A3
represent the principal stretches, in particular A\; and A, are
the principal stretches in the in-plane principal directions,
whereas A3 is the stretch in the thickness direction; p is a Lag-
range multiplier that accounts for the material incompressib-
ility constraint; J = A\; A\ A3 represents the volume ratio (i.e.
the determinant of the deformation gradient); 7y represents
the initial (unstretched) membrane thickness; V represents the
applied voltage (hence, V/fy represents the nominal electric
field on the dielectric).

The passive areas of the array (blue regions in figure 7)
are described via a free-energy density function which only
includes the elastic contribution, i.e. ¥ = W,, (where ¥y, is
modeled with the same Yeoh free-energy function used for the
active part). No electrostatic contribution is accounted for in
the passive regions, i.e. the effects of fringing electric fields
due to the neighbor active regions is neglected.

The elements of the Piola-Kirchoff stress tensors (used in
(3)) can be expressed in terms of the strain energy function as
follows:

ov

P:ail?

(6)
where F indicates the gradient of the deformation.

Finally, the capacitance of a given DE element is computed
as follows:

ALA
C, :/ MdAo,k, 7
Aoi T0A3

where Agy (k = 1,2,3) represents the area of the kth unde-
formed DE patch.

—Ir, - NL External normal vector

(a)

| Pre-stretch result

(b)

Figure 8. FE implementation of the 1-by-3 DE array: (a) boundary
conditions applied; (b) final resulting array including pre-stretch.

4.1.3. Boundary conditions.  The control inputs, boundary
conditions, and computed outputs emulate the real constraints
present on the experimental prototype. In particular, the model
makes use of prescribed displacements and voltage as the
inputs, chosen independently for each DE unit.

Prescribed displacements u, v, and w in the X, Y and Z dir-
ections respectively are applied on the external perimeter I'
of the membrane, so as to account for an equi-biaxial pre-
stretch )\, applied during the manufacturing process, before
the membrane is rigidly clamped to the external rigid frames
(figure 8(a))

,—1)Y , (X,v,2)"eT. (®)

The in-plane pre-stretch deformation resulting from the
application of boundary condition (8) is represented in
figures 8(a) and (b).

To control the DEs out-of-plane deformation, a prescribed
displacement boundary condition is applied on circular areas
(with radius r) at the center of one or more of the active annular
elements:

u=(\—-1X
v=(\—-1Y , (X,Y,2) eI} ©)

Wde
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where dj, represents the axial displacement applied of the k-th
unit (with k = 1, 2, 3), which is subject to a prescribed dis-
placement. This boundary condition is used to emulate the
behavior of a rigid indenter of radius r that, driven by a linear

motor, pushes the membrane out-of-plane during the char-
acterization tests (cf figure 3). The reaction-force Fj in the
Z-axis direction from the same circular surface can be calcu-
lated from the membrane stresses as follows:

F.=1 / PN, dI; (10)

Ty

where the integral in (10) is calculated along the undeformed
inner perimeter of the kth annular patch, and Ny, represents the
nominal outer normal unit vector of frontier I';.

4.2. FE implementation

The model described in section 4.1 is numerically tackled
by means of a FE formulation, implemented in COMSOL
Multiphysics®. The 3D rendering of the implemented model
(showing the membrane in the reference undeformed con-
figuration) is reported in figure 7. The developed FE imple-
mentation makes use of in-built membrane elements from the
nonlinear structural module. The built-in form of the Yeoh
hyperelastic free-energy is modified in the active portions of
the membrane via custom-defined expressions, so as to include
the contribution of the applied voltage (equation (5), where V
is a user-defined input). The domain is discretized using free
triangular meshes (see section 4.2.2).

4.2.1. Comparison with a fully-coupled three-dimensional
formulation.  Because of the extremely high surface-to-
thickness ratio of the considered membrane (on the order of
10° m), the formulation presented in section 4.1 treats the DE
as a thin membrane element, assuming that the electric field
distribution is the same as in a parallel plate capacitor, and
neglecting fringe electric fields (the latter assumption is also
motivated by our previous studies in [53], in which we showed
that fringing fields have a negligible impact on the overall
array output). In this section, we validate these assumptions by
comparing the predictions of the presented formulation with
those of a fully-coupled three-dimensional formulation. The
latter is implemented following the approach presented by Ver-
techy et al [54]. The 3D model is implemented via the built-in
Nonlinear Structural and Electrostatic modules in COMSOL
Multiphysics®, treating the membrane as a thin parallelepiped
(figure 9(a)) with prescribed electric potential on the outer sur-
faces of the active portions, and explicitly solving for the stress
and the electric field distributions over the entire membrane
volume. The electro-static coupling is implemented using the
approach described in [54], i.e. by introducing a dependency of
the free-energy function on the spatial components of the elec-
tric field. Compared to the membrane formulation presented
in section 4.1, the fully-coupled 3D implementation requires
a much larger number of mesh elements (since the domain is
fully discretized also in the thickness direction), and brings

e N
W W
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Solid Membrane
(a)
0.08
Solid, LV &
Solid, HV
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Figure 9. Comparison between 3D and membrane physical
interfaces in terms of the force-displacement response up to 6 mm:
(a) solid and membrane physical interfaces solutions, highlighting
the difference over the two models is the thickness built in addition
in the full 3D one; (b) force-displacement curves resulting from
both the full 3D physical interface and the membrane solutions.

along a significantly larger computational burden (since also
the electrostatics are explicitly solved for).

For the sake of this analysis, we consider a single DE mem-
brane with the dimension defined in figure 9(a) (the same
numerical values as discussed in section 3.1 are used), subject
to a pre-stretch A, = 1.10. For the simulations, the material
parameters are chosen as in our previous work [53], while the
boundary conditions are set equivalently to section 4.1.3. The
membrane deformation is applied on the central portion of
the active area as a prescribed displacement (9), and the
reaction-force along the Z-axis is evaluated accordingly. The
two models (3D and membrane) are compared in terms of
the force-stroke response of the membrane at V = 0 V and
V =2730V (figure 9(b)). The 3D and membrane models turn
out to be equivalent, since they produce the same characteristic
curves shown in figure 9(b). The membrane model shows an
average error of less than 1% compared to the 3D one, while
requiring only 30% of its simulation time.

Based on this outcome, we conclude that the membrane ele-
ment represents a suitable choice to perform FE simulation
studies on the DEs array, and it presents significantly lower
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Figure 10. Mesh convergence study: (a) quantification of the
average relative percentage error resulting among the actual
mechanical characteristic (obtained with a given mesh), and those
resulting from the previously set mesh; (b) 2D FE, with a finer mesh
defined.

computational burden than the three-dimensional model,
without causing significant loss in prediction performance.

4.2.2. Mesh refinement study.  The computational accuracy
in the FE model depends on the distribution of dependent vari-
ables in the geometry. For this reason, a mesh is generated to
induce a discretization of the model. The greater the number
of mesh elements, the more accurate the results will be, with
the drawback of increasing the number of operations and con-
sequently the computation time. In this section, we perform a
convergence analysis aimed at identifying a suitable dimen-
sion for the FE model mesh. To this end, we use different
standard mesh sizes available in COMSOL, each one result-
ing in a different number of elements in the model:

o Coarser—214 elements;

o Normal—414 elements;

o Finer—1076 elements;

o Extremely fine—4542 elements.

An unstructured free triangular mesh is initially set. Next,
the model is run on a set of progressively finer meshes, and
the results for the different cases are compared. The standard
in-built options for mesh size are used for this analysis (ran-
ging from the coarser to the extremely finer mesh). For the
convergence analysis, we considered the same material prop-
erties as in section 4.2.1, and simulated a scenario in which

the 3-by-1 array shown in figure 7 has no voltage applied on
the active patches (V = 0O for all DEs), and an axial displace-
ment of 15 mm is applied on the central unit (whereas the outer
units are left unconstrained). The average relative percentage
error, computed by comparing the force-displacement curves
of the central DE for two consecutive mesh choices, is repor-
ted in figure 10(a). A progressive reduction of the percentage
error occurs as the mesh is gradually refined, indicating that
the solutions reach convergence. In fact, even with the coarser
mesh, the relative error is on the order of 1%. This suggests a
possible use of a relative coarse mesh as a means to reduce the
computational cost for the overall model, without a significant
loss of information on the system behavior. For this work, we
selected the finer mesh type for the entire structure, as it rep-
resents an acceptable trade-off between simulation time and
accuracy. The 3D rendering of the selected mesh is shown in
figure 10(b).

5. Experimental results

To evaluate the accuracy of the presented FE model, a calibra-
tion and validation campaign is presented in this section. These
are conducted on a large set of experimental data, which high-
lighting the mechanical coupling among DEs in a variety of
loading conditions. In this way, the effectiveness of the model
can be evaluated in a large variety of interaction scenarios.

5.1 Experimental characterization

An experimental setup was assembled to perform several
experiments, which highlight the mechanical coupling among
DEs in a variety of loading conditions. The setup, shown in
figure 11, allows measuring the force (in the presence of a
LV or HV) and capacitance (when no voltage is applied) of
a target DE unit, while at the same time applying a static
pre-loading to the remaining units. The static pre-loading of
the non-measured DEs is applied by means of an indenter
module, while the force-displacement response of the target
DE unit is measured through a separate indenter connected
with a linear motor (Aerotech Inc., ANT25-LA) and a load
cell (ME-MeBsysteme GmbH, KD40s). Capacitance meas-
urements, instead, are acquired via an LCR-meter (Rohde &
Schwarz GmbH & Co. KG, HM8118).

A large set of experimental data is created by selecting dif-
ferent combinations of the following array parameters:

o Static pre-deflection applied to neighboring (non-measured)
DE elements (before taking force-displacement measure-
ments of the membrane of interest): 0 mm, 4 mm, 6 mm,
8 mm;

e Biaxial pre-stretch of the DE array: 10%, 20% of the array
height and length (two separate arrays with a different pre-
stretch are manufactured for this purpose);

e Voltage applied on the DE: a low voltage (LV) level of 0 V
and a constant HV level, the latter computed in such a way
to achieve a safe electric field value of 80 V yum~' when
reaching the maximum displacement [49].
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Figure 11. Picture of the experimental setup use to characterize the
1-by-3 DE array.

It shall be pointed out that the chosen combinations of pre-
loads do not necessarily represent operating configurations for
the final DEAs array, but they are relevant for highlighting
interactions among neighbors and developing optimal bias-
ing system design algorithms. For each considered combina-
tion of pre-deflection, biaxial pre-stretch, and applied voltage,
characterization tests are conducted by deforming the DEs
off-plane up to 15 mm. Under this condition, the applied HV
value equals 2730 V for the 10% pre-stretch, and 2300 V for
the 20% pre-stretch, respectively. The tests are conducted in
quasi-static conditions, so as to eliminate the DE viscoelastic
hysteresis, whose effects are not included in the developed
model. For additional details on how the experimental meas-
urements are carried out, the reader may refer to [42].

5.2. Model calibration and validation

Most of the model parameters are known in advance, i.e. those
related to the array geometry and the material permittivity
and pre-stretch (table 1). The only parameters that require a
calibration are those describing the hyperelastic Yeoh model,
namely cjg, ¢a9, and c3g in (4). Datasheet information about
the elastic response of the material is indeed provided only
for the case of uniaxial strains, and is not sufficiently descript-
ive of the complex multi-axial deformation state considered in
this work. Moreover, because the hyperelastic parameters used
here describe, in an average manner, the response of the com-
posite electrode-dielectric membrane structure, they are prone
to a certain degree of variability among different DE samples’
batches. Such parameters are calibrated a-priori using a part of
the experimental dataset, namely the curves corresponding to
the array with a 10% pre-stretch and neighbors pre-deflected
by 4 mm and 6 mm.

The optimization module in COMSOL is using for identi-
fying the structure parameter, by choosing the Nelder-Mead
optimization method. Identification is performed by finding
the parameter values that minimize a cost function express-
ing the deviation between the simulated and the experimental
force-displacement characteristics. The optimal values of the
calibrated parameters are reported in table 1.

Table 1. Known and identified model parameters.

Coefficient Symbol Value Unit
Array geometry—known

Total array length L 200 (mm)

Total array width H 50 (mm)

Electrode diameter D 20 (mm)

Electrode spacing d 15 (mm)

Electrode-outer edge spacing b 15 (mm)

Biaxial pre-stretch Ap 1.10, 1.20 (—)

Array thickness to 50 (pum)

Material coefficients—known
Vacuum permittivity €0 8.85 (pF/m)
DE relative permittivity €r 2.8 (—)
Material coefficients—identified

Yeoh model parameters €10 0.18 (MPa)
20 10.84 (kPa)
C30 —0.11 (kPa)

As a first validation step, the calibrated model is compared
with experimental capacitance measurements. To this end, two
separate experiments are considered, both of them performed
under LV conditions. In the former test, the second DE is
deformed up to 15 mm while its capacitance deviation from
the initial value is measured, and its neighboring elements are
not subject to any pre-deflection. In this case, a large capacit-
ive change is observed. In the second experiment, we always
measure the capacitance deviation of the second DE, but this
time we only deflect the first DE out of plane up to 15 mm.
Interestingly, the deformation on the first DE causes a small,
yet measurable change of capacitance on the second element
in the array. The same experiments are repeated for both arrays
having 10% and 20% pre-stretch, and the results are reported
as solid green lines in figures 12 and 13, respectively. Here,
it can be noted that the first DE undergoes a larger change in
capacitance than the second one for both pre-stretch values,
even though their initial sizes are identical. In addition, the
higher the pre-stretch, the bigger the capacitance change, in
agreement with what expected from (7).

The simulated capacitance deviations are reported in the
same plots as dotted grey lines in figures 12 and 13. The model
succeeds in predicting the overall capacitive trends with sat-
isfactory accuracy. A residual error still exists, mostly vis-
ible in the extra-diagonal plots, as well as in the bottom-right
one (reasonably due to manufacturing inaccuracies and exper-
imental misalignments). Since the capacitance solely depends
on the membrane kinematics (cf (7)), and since the capacitive
experiments are performed in displacement-control mode, it
was not possible to improve the model accuracy by simply re-
tuning the Yeoh parameters. A potential way to explain this
deviation is due to the presence of unmodeled phenomena.
By considering the characteristics of the experimental setup,
it can be assumed that such effects could be caused by a hori-
zontal slipping of the membrane, occurring while the motor
is deforming it. In practical experiments, this effect may be
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Figure 12. Simulated capacitance deviation before and after boundary condition calibration (depicted in grey and black, respectively),
compared with experimental results (depicted with shades of green depending on the applied pre-stretch), for array pre-stretched by 10%.
The table reports info on which DE is deformed out-of-plane (row), and which one is subject to capacitance measurements (column). The
experiments used for calibration of ~y are explicitly denoted with a bold title, while the remaining plots depict model validation.

due to non-perfectly tight clamping at the membrane edges.
As a means to further improve the model accuracy, we tried to
account for this effect by introducing a correction factor in the
boundary condition for the prescribed displacements u in (8):
u= (X = D)Xv(di)
v=(\—-1)Y

w=0

, (X,v,2) eT. (11)

This way, the pre-stretch along the X-axis (i.e. the longer
side of the array, which is possibly most affected by slipping
effects) is not kept constant at the original value, but is pro-
gressively reduced by a factor v which depends on the dis-
placement value d, described in (11). Function ~y is calibrated
based on only two experiments for the array with 10% pre-
stretch, i.e. the extra-diagonal plots in figure 12. The resulting
expression for 7y is shown in figure 14.

The results obtained with this model modification are
reported as dashed black lines in figures 12 and 13, and

show how the implemented mechanism succeed in increas-
ing the accuracy of the capacitance prediction for all the tests
(not only for the calibration ones). The improvement due to
g can be especially noticed in the cross-diagonal plots, for
which the model calibrated at the 10% pre-stretch provides
an accurate extrapolation to the 20% case as well. It is also
observed how the newly identified variable boundary condi-
tion does not significantly affect the force-deformation curves
(results are omitted for conciseness), thus (11) can be imple-
mented without requiring re-calibration of the Yeoh model. We
conclude, therefore, that determining whether or not to include
g solely depends on the required accuracy for the capacitive
behavior, while it has no meaningful impact on the elastic
parameters identification process.

A further validation is performed by comparing the force-
displacement curves obtained for different configurations. The
results are shown in figures 15 and 16 for the arrays hav-
ing 10% and 20% pre-stretch, respectively. Each plot depicts
the corresponding system configuration, clarifying which DEs
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Figure 13. Simulated capacitance deviation before and after boundary condition calibration (depicted in grey and black, respectively),
compared with experimental results (depicted with shades of green depending on the applied pre-stretch), for array pre-stretched by 20%.
The table reports info on which DE is deformed out-of-plane (row), and which one is subject to capacitance measurements (column). All
plots depict model validations.
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Figure 14. Scaling function + for the modified boundary condition, used to model the effects of slipping due to non-perfect clamping.
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Figure 15. System configuration simulated with the FE model (left column), and corresponding force-displacement characteristics of the

first (center column) and second (right column) DEs, by considering different amounts of pre-deflections applied to the neighbors (different
rows) for the 10% pre-stretched DE array. Experiments are reported as solid blue (LV) and red (HV) lines, while model predictions as black
dashed lines. The experiments used for calibration of the Yeoh parameters are explicitly denoted with a bold title, while the remaining plots

depict model validation.
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Figure 16. System configuration simulated with the FE model (left column), and corresponding force-displacement characteristics of the
first (center column) and second (right column) DEs, by considering different amounts of pre-deflections applied to the neighbors (different
rows) for the 20% pre-stretched DE array. Experiments are reported as solid blue (LV) and red (HV) lines, while model predictions as black
dashed lines. All plots depict model validations.
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Table 2. FIT values for the capacitance curves.

Pre-stretch 10%

Pre-stretch 20%

Capacitance measured DE1 DE2 DE1 DE2
DEl is deformed 86.83% 98.80% 84.05% 99.22%
DE2 is deformed 99.03% 86.39% 99.31% 85.45%
Total average FIT >92%
Table 3. FIT values for the force-displacement curves.
Pre-stretch 10% Pre-stretch 20%

Force measured DE1 DE2 DE1 DE2
Pre-load 0 mm 95.65% 96.85% 89.11% 94.84%
Pre-load 4 mm 97.09% 98.04% 86.21% 92.79%
Pre-load 6 mm 94.24% 97.13% 86.55% 91.23%
Pre-load 8 mm 94.44% 95.87% 87.33% 91.50%

Total average FIT

>93%

are deflected and which one is measured (left column), and
the corresponding DE force-displacement curves for the first
(center column) and second (right column) DE. Experimental
results are reported as solid blue and red lines for the LV and
HV cases, respectively, while model predictions are shown as
dashed black lines. Two of the plots in figure 15 correspond to
those experiments previously used to calibrate the Yeoh model
(marked with a bold title), while the remaining ones are used
for model validation (about 87% of the total data). An over-
all satisfactory accuracy is obtained even in this case, with
the model showing a good ability to extrapolate for different
neighbor pre-deflections and pre-stretch values. In particular,
the model well predicts the small, yet observable reduction in
force occurring as the neighbors pre-deflection is increased,
clearly visible in the experiments. A numerical quantification
of the model accuracy is reported in tables 2 and 3, which
report the corresponding FIT for the capacitance and force
experiments (considering the boundary condition (11)). The
FIT between a measured signal x and its corresponding model
prediction x,, is computed as

The closer FIT to 100, the better x,, approximates x. The
computed FIT quantitatively confirms the high accuracy of the
model, with average values larger than 92% for the capacitance
and 93% for the force, respectively. Small inaccuracies are
observed in some cases (e.g. force data with 20% pre-stretch),
reasonably due to manufacturing tolerances. Nevertheless, the
obtained results qualify our model as an accurate tool to pre-
dict spatially coupled effects in DE arrays.

llx — x|

FIT =100 <1 12)

 |]x — mean (x)]|

6. Parameter study

In the following, the FE model validated in section 5 is used to
perform a parameter study on the array. Our main goal here is

to gain a general understanding how one can affect the coup-
ling among neighbor DEs by acting on the free design para-
meters. These results will play an essential role in developing
design scaling rules, which in turn will assist future studies
targeted at optimizing the array design.

6.1. Tests definition

To study the dependency of the array coupling effects on the
free parameters, a FE simulation study is conducted, based on
the previously model validated. The aim of the simulations is
to evaluate a number of performance indexes, which quantify
the amount of coupling for the currently investigated config-
uration. For the purpose of this study, three different coupling
indexes are considered, which are computed as follows:

e Low voltage force coupling among neighbor DEs—To com-
pute the first index, we perform a simulation study in
which we deflect the central DE out-of-plane up to 0.75D,
and evaluate its force-displacement curve in two distinct
conditions, i.e. when its two neighbors are not deflected
(figure 17(a)) and when they are pre-deflected by a constant
amount of 0.4D (figure 17(b)). Both simulations are per-
formed under LV conditions, i.e. V = 0 V. A pair of curves
like blue ones shown in figure 17(c) are obtained, with
the solid line hereby called default configuration (neighbors
undeflected) and the dashed line called perturbed configur-
ation (neighbors deflected by 0.4D). The LV force coupling
among nearby DEs is quantified by means of the following
index

AF max,L.V

(13)
Fnax Lv.default

77F,LV = 100
where AF v denotes the difference between the max-
imum values of the two force curves, while Fax Lv.default
represents the maximum force value of the default curve,
see figure 17(c). The smaller ngLy, the less the force of the
second DE depends on the deflection of its neighbors in a
relative (%) sense;
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Figure 17. Simulation tests conducted for evaluating the force
coupling, (a) lateral DEs not-preloaded and (b) first and third DE
deformed out of plane by 0.4D; (c) resulting force-displacement
curves of the second DE in both configurations and relevant
parameters for performance evaluation. The plots are obtained by
considering nominal values for all parameters.

e High voltage force coupling among neighbor DEs—this
parameter is obtained similarly to the previous one, but with
the difference that this time the characterized DE (i.e. the
second one) is subjected to a non-zero constant HV value.
In particular, the amount of applied voltage is computed in
such a way that the electric field in the initial flat configura-
tion always equal Ec = 80 kV mm~!. The amount of applied
voltage is computed as a function of E¢ as follows

V= %. (14)
Z
Note that (14) explicitly depends on both the dielectric ini-
tial thickness ¢y and pre-stretch A, therefore changing those
parameters will modify the applied voltage accordingly. In
this case, curves such as the red ones in figure 17(c) are
obtained, with the continuous and dashed lines correspond-
ing again to the default and perturbed configurations. To

quantify the HV force coupling among nearby DEs, the
following relative index is considered

AF max,HV

(15)
Finax,HV.default

nF,HV = 100
with AFp.nv denoting the difference between the max-
imum values of the two high-voltage force curves, and
Frnax Hv.default TEpresenting the maximum force value of the
default HV curve, see figure 17(c). Also in this case, a smal-
ler nrpy implies a weaker coupling among neighbor DEs;

e Capacitance coupling among neighbor DEs—to quantify
the capacitance coupling, two different simulations are con-
sidered, in which we deflect out-of-plane the second and
the first DE respectively, up to a maximum displacement of
0.75D. In both cases, we acquire the increment in capacit-
ance (with respect to the default configuration) of the second
DE (cf figures 18(a) and (b)). To quantify the capacitance
coupling among DEs, we use the index

A Cmax ,perturbed

nc = 100 , (16)

A Cmax,defaull

in which ACax defautt ad ACax perturbed are the maximum
values of capacitance increment when the second and first
DE are deformed, respectively. The bigger 7n¢, the bigger
the changes in capacitance due to self-deformation of the DE
relatively to the changes in capacitance due to displacements
of its neighbors (in %).

Simulation studies are performed under the above condi-
tions, in order to compute coupling coefficients (13), (15), and
(16) for a number of distinct array configurations. All simu-
lation studies are conducted by considering all the array para-
meters equal to their nominal values, except for a specified one
(or a specified subset), which is (are) changed appropriately
for the given study. The nominal values of the geometric and
material parameters are chosen as in table 1, while the nominal
bi-axial pre-stretch is set to A, = 1.10.

In the above analyses, the measured DE unit, used for
the evaluation of the coupling factors, is the second one (i.e.
the central one) of the array. Because this unit is located in
between a couple of neighbor units, it is expected that even in
the case on larger arrays (with more three units), internal units
would show responses (in terms of the coupling parameters)
similar to those discussed in the following.

Based on practical design considerations, the following
parameter studies are chosen for the subsequent investigation:

e FElectrode spacing—for the first investigation, we consider
the electrode spacing d ranging from 1 mm to 11 mm,
with increments of 2.5 mm. The minimum spacing value
is chosen based on considerations on air dielectric strength
(i.e. 3kV mm~! [55]). Reducing the spacing between DEs
allows increasing the actuation density of the system given
the same total array area, but it is also expected to increase
the amount of coupling among neighbors;
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Figure 18. Simulation test conducted for evaluating the capacitance
coupling, (a) undeformed configuration and (b) deformed
configuration of first DE (c) resulting capacitance deviation-
displacement curves of the second DE in both configurations and
relevant parameters for performance evaluation. The plots are
obtained by considering nominal values for all parameters.

e Distance between electrodes and outer edges—for the
second investigation, we consider the distance between elec-
trodes and outer edges b ranging from 10 mm to 50 mm,
with increments of 5 mm. This study will allow us to under-
stand the impact of boundary effects on the array coupling
behavior;

Membrane bi-axial pre-stretch—for the third investigation,

we consider a bi-axial pre-stretch A, applied to both A\; and

Az ranging from 1.10 to 1.80, with increments of 0.05. The

study of this parameter will allow us to understand if we can

affect the amount of coupling by also pre-stretching more
the membrane (thus making it stiffer) during the array man-
ufacturing process;

e Area scaling factor—for the fourth investigation, we con-
sider a down-scaling of all the membrane geometric
parameters except the thickness (i.e. L, H, D, d, and b) by
the same factor (ranging from 1 to 100). This analysis is of
practical interest in view of a down-scaling of the DE array;
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Figure 19. Results of parameter study, electrode spacing.

o Electrode shape—for the fifth and final study, a dedic-
ated investigation is conducted to understand whether the
shape of the electrode has any impact of the performance
of the array, or if only its area represents a relevant design
parameter.

6.2. Parameter study results

Simulation studies are conducted according to the modalities
described in section 6.1. The results of the first four paramet-
ers (i.e. electrode spacing, distance from the edge, pre-stretch,
area scaling) are shown in figures 19-22, where each plot
reports three different coupling indexes ngry (blue circles),
nenv (red stars), and 7¢ (green diamonds), computed for dif-
ferent values of the parameter under investigation. For the
fifth parameter (electrode geometry), the results are shown in
figure 23 in terms of actual force and capacitive curves only,
for a better visualization. A more detailed analysis of the res-
ults is reported in the following.

The first results, reported in figure 19, show the effects of
the electrode spacing. It can be observed that the closer the
DEs are, the more pronounced the coupling effect is, both
in terms of force and capacitance measurements. This beha-
vior is somehow expected, since the closer the membranes the
higher the mutual interference of their corresponding stress
fields. The two values of force couplings are on the order of
12% for the minimum spacing of 1 mm (minimum spacing
which avoids breakdown through air when adjacent electrodes
are at different potentials), and decrease progressively until
they reach a value of 1% for the maximum spacing value of
15 mm, i.e. 75% of the DEs diameter. Although the two force
coupling parameters are overall similar, the HV one is always
slightly higher than the LV, confirming that DE stiffness is
less affected by the spatial coupling than the actuation force.
Interestingly, the capacitance coupling shows a different trend.
While showing similar values to the force coupling in case of
minimum spacing (about 15%), it converges to a 8% plateau
for increasing spacing. This effect can be explained as follows.
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Figure 20. Results of parameter study, distance between electrodes and outer edges.

Even though the DEs are located far apart from each other, and
thus their forces are overall independent, the overall membrane
still undergoes significant global deformations even when only
one of the DEs is deformed. This result appears to be particu-
larly interesting for the future application of the array in dis-
tributed sensing applications.

Next, the boundary effects are investigated in figure 20,
in which simulation studies are conducted for different dis-
tances between electrodes and passive edges of the mem-
branes, where the boundary conditions are applied. As it can be
noted, the force coupling values increase for higher distances
between DEs and outer edges. Also in this case, the coupling
increases more for the HV case, rather than the LV one. This is
due to the larger surface relaxation of the array, as the clamp-
ing effect of the outer edge is attenuated by the higher spa-
cing value. Conversely, increasing the distance between DEs
and the outer edges results in a lower capacitance coupling,
which converges from an initial 10% to almost 0%. Therefore,
combining this result with the previous one, we can determine
that the residual capacitance coupling observed in figure 19
for widely-spaced DEs was mostly due to boundary effects,
rather than the deformation of the neighbor units. By properly
playing with this parameter, one can tune the amount of capa-
citive coupling in the array, making the sensing properties of
the different membranes more or less interdependent.

Figure 21 shows the results for different amounts of bi-
axial pre-stretch applied to the membrane. As the pre-stretch
increases, the array thickness decreases accordingly, resulting
in an increase in capacitance (cf (7)). However, since the pre-
stretch also increases the membrane stiffness, it suppresses
the influence of the deformed DE membrane on the capacit-
ance variation of the measured one, thus reducing the capacit-
ance coupling to a value of approximately 2%. Conversely,
the force coupling trends remain somehow unchanged at
about 8% for increasing pre-stretch values above 25%. These
results highlight how the pre-stretch represents an effective
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Figure 21. Results of parameter study, membrane bi-axial
pre-stretch.

tuning parameter when one wants to reduce the sensing coup-
ling without significantly suppressing the force and actuation
ones.

Figure 22 shows the results of the study in which the over-
all array surface is downscaled, while keeping the membrane
thickness and pre-stretch constant. This study represents a
scenario in which miniaturization of the DE array is sought.
As can be seen, as the scaling varies, all the three coupling
factors remain unchanged. This result is expected and con-
sistent with the assumptions of a membrane model, accord-
ing to which the capacitance and force scale with the area
and the down-scaling factor, respectively. Such a result con-
firms that the spatial coupling effects are practically invari-
ant to the scale of the given application, and represents a
key aspect for future cooperative micro-actuator applications.



Smart Mater. Struct. 31 (2022) 084001

S Croce et al

20 ¢ .
O LV force coupling among nearby DEs
o ¥ HV force coupling among nearby DEs
S Capacit li by DE
<151 pacitance coupling among nearby DEs
en 1
g i
e |
210} :
5} | .
o |
z ® ® &G & &6
= 5] |
0 :
=2 :
0 | |
10° 10! 102

Down-scaling factor

Figure 22. Results of parameter study, area down-scaling factor.
The black dotted line highlights the scaling factor value over which
the electrode spacing d becomes smaller than the minimum value
allowed to avoid breakdown through air.

In practice, we expect this outcome to hold true as long as
the membrane assumption remains valid for the DE, i.e. the
overall surface dimensions are much larger than the thickness
of the membrane (fp) = 50 pm in this specific study). In the
case of highly miniaturized applications (in the mm and sub-
mm scale), modifications to the model might be required,
as some of the assumptions underlying elastic membranes’
theory would no longer hold true. Nevertheless, the detailed
investigation of those effects falls beyond the scope of this
paper. As an additional remark, we point out that those sim-
ulations were conducted by keeping the same pre-stretch and
thickness, thus resulting in the same amount of voltage accord-
ing to (14). Reducing the scale by a factor higher than a certain
threshold (here, approximately 13), the electrode spacing d
becomes smaller than the minimum value allowed by electrical
breakdown through air (1.1 mm for this particular case). This
critical value is marked with a black dotted line in figure 22.
When developing real applications, this factor must be appro-
priately taken into account, e.g. by using thinner DE mem-
branes (so as to reduce the applied voltage) or using further
low-stiffness insulation layers on top of the array.

Finally, we perform a further study to investigate the effects
of the shape of the electrode. In particular, we are interested
in understanding if the actuation and sensing performance of
the array depends on the particular shape of the electrodes, or
rather on its area only. To this end, we perform an additional
comparative study in which we consider two electrodes hav-
ing the same active areas but different shapes, namely a circle
(as in the nominal case) and a square, see figure 23(a). For
the sake of clarity, this study is performed by simply show-
ing the effects of the electrode shape on the resulting force-
displacement and capacitance curve of the second DE, while
it undergoes an out-of-plane deformation. Therefore, no ana-
lysis of the coupling indexes is presented in this case. The res-
ults, reported in figure 23(b) for the force and in figure 23(c)
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Figure 23. Effects of electrode shape on the resulting array
performance. (a) Top view of the array, showing overlapping round
and square electrodes; (b) comparison among force-displacement
curves obtained with both types of electrode shape; (c) comparison
among capacitance deviation curves obtained with both types of
electrode shape.

for the capacitance deviation, clearly show that the shape of
the electrode has virtually no impact on the resulting array
behavior. As a result, we conclude that the electrodes can be
shaped in an arbitrary way, and only their areas should be
considered as a relevant parameters. For instance, one may
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prefer squared electrodes over circular ones, since they would
result in a higher amount of active area (i.e. actuation and sens-
ing features) given the same minimum distance among DEs.

7. Conclusions

In this paper we presented a FE study conducted on a 3-by-1
soft array of DEs. The layout considered in this study rep-
resents a simple archetypal concept of DE array, based on a
fully-polymeric architecture, which potentially lends itself to
the development of more complex multi-actuator layouts (e.g.
with a larger number of active DE units). A physics-based
model of the array was calibrated and validated based on an
extensive experimental campaign, in which spatially-coupled
electro-mechanical effects have been investigated under sev-
eral array configurations and parameters. The model allowed
us to reproduce the behavior of the DEs force and capacit-
ance responses for different types of electro-mechanical load-
ing conditions, and by considering different combinations of
deflected neighbors. Average fit values on the order of 93% and
92% were obtained for the force and capacitance responses,
respectively. The calibrated model also allowed us to under-
stand the role of some design parameters on the cooperat-
ive performance of the array, quantified in terms of the vari-
ations of the force and capacitance of a DE element due to the
deformation of the neighbor elements (force and capacitance
coupling). The following main findings were obtained, which
will be used as reference rules for the design of future cooper-
ative DE applications:

e Increasing the spacing among DEs reduces their force
coupling while keeping the capacitance coupling constant
(provided that a certain threshold is exceeded);

Increasing the distance between DEs and outer edges
increases the force coupling and decreases at the same time
the capacitive one;

Increasing the pre-stretch has virtually no impact on the
force coupling, while it reduces the capacitive coupling;
All the coupling effects remain unchanged when scaling the
array surface area geometry while keeping the film thickness
unchanged, provided that the resulting array still satisfies a
membrane assumption (large surface-to-thickness ratio);
Only the surface area of the electrodes, and not their specific
shapes, has an impact on the resulting array actuation and
sensing performance.

In future studies, the obtained findings will be used to per-
form design optimization studies, aimed at designing cooper-
ative DE actuator/sensor systems with desired performance. In
particular, further extensions of the model will be conducted,
to explore feasibility of the concept in a more accurate way
i.e.: numerically efficient routines for optimizing the design
of the biasing elements for the full cooperative DEA array;
additional dynamic studies with a consequent inclusion of hys-
teretic, inertial, and thermal effects in the model, to improve
its prediction capabilities in a wider set of operating condi-
tions and loading scenarios; investigation of more complex
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array layouts, featuring a larger number of units or complex
matrix arrangements.
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