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Abstract: Due to their unique combination of features such as large deformation, high compliance,
lightweight, energy efficiency, and scalability, dielectric elastomer (DE) transducers appear as
highly promising for many application fields, such as soft robotics, wearables, as well as micro elec-
tro-mechanical systems (MEMS). To generate a stroke, a membrane DE actuator (DEA) must be
coupled with a mechanical biasing system. It is well known that nonlinear elements, such as nega-
tive-rate biasing springs (NBS), permit a remarkable increase in the DEA stroke in comparison to
standard linear springs. Common types of NBS, however, are generally manufactured with rigid
components (e.g., steel beams, permanent magnets), thus they appear as unsuitable for the devel-
opment of compliant actuators for soft robots and wearables. At the same time, rigid NBSs are hard
to miniaturize and integrate in DE-based MEMS devices. This work presents a novel type of soft
DEA system, in which a large stroke is obtained by using a fully polymeric dome as the NBS ele-
ment. More specifically, in this paper we propose a model-based design procedure for high-perfor-
mance DEAs, in which the stroke is maximized by properly optimizing the geometry of the biasing
dome. First, a finite element model of the biasing system is introduced, describing how the geomet-
ric parameters of the dome affect its mechanical response. After conducting experimental calibra-
tion and validation, the model is used to develop a numerical design algorithm which finds the
optimal dome geometry for a given DE membrane characteristics. Based on the optimized dome
design, a soft DEA prototype is finally assembled and experimentally tested.

Keywords: dielectric elastomers; dielectric elastomer actuators; bi-stable bias; polymeric dome; soft
robotics; wearables; flexible actuator; finite element simulations

1. Introduction

In recent years, dielectric elastomer (DE) transducers have attracted the interest of
several researchers due to their unique mix of features [1]. A DE is composed by a thin
polymer membrane of acrylics or silicone material [2,3] covered in a sandwich configura-
tion by two compliant electrodes. The application of a high voltage to the electrodes (gen-
erally within the range 1-10 kV for a polymeric membrane with thicknesses of 10-100 pm
[4]) results in a change in shape, i.e., a reduction of the membrane thickness followed by
a subsequent expansion in area due to the incompressibility of the elastomer. Perline et
al. explained in [5] that this actuation mechanism is due to a combination of attracting
forces between charges of opposite signs on the two electrodes, which lead them closer
towards each other, and repulsive forces between charges of the same sign on each
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electrode, which cause the surface to expand. The combined effect of those forces is usu-
ally referred to as Maxwell stress, and represents the main operating principle of DE ac-
tuators (DEAs) [6]. Another important feature that makes DEAs particularly attractive is
the self-sensing, i.e., the possibility of estimating the DEA deflection during electrical ac-
tuation by measuring the membrane electrical capacitance [7,8]. These unique features,
combined with other advantages such as large deformations (above 100%) [1], high energy
efficiency [9], low cost, and lightweight, make DE transducers attractive for a wide range
of application fields, e.g., valves [10], pumps [11,12], loudspeakers [13,14], Braille displays
[15], artificial muscles [16,17], and medical systems [18,19]. More recently, the use of DE
technology has also been investigated in less conventional application fields such as wear-
ables [20,21] and soft robotics [22], as well as cooperative micro electro-mechanical sys-
tems (MEMS) [23]. In these specific cases, compliance and scalability of DE material rep-
resent key features for the development of successful applications. As a particular exam-
ple, soft robotics arises from the need to replace conventional rigid robots with compliant
and deformable bio-inspired materials. Soft robots can be integrated more easily in social
activities and unstructured environments, while ensuring at the same time a safer inter-
action with humans [24]. The high flexibility, compliance, and lightweight requirements
of these systems can be naturally met by DE transducers, which appear then as ideal can-
didates for the realization of soft actuators and sensors for soft robots. Some examples of
DE-based soft robots prototypes presented in recent literature include bioinspired crawl-
ing robots [25], miniature underwater vehicles [26], soft tentacle arms [27], and translucent
swimming robots [28].

In all those types of systems, the actuation is made possible by the softening effect
that a DE membrane undergoes upon electrical activation, which results in a stroke from
the undeformed to the deformed configuration. In particular, the amount of stroke that a
DEA undergoes is determined by the type of biasing system which is coupled to the mem-
brane. A comparison between different types of bias elements has been presented by
Hodgins et al. in [29,30]. In these works, it is shown that coupling the DE membrane with
anegative-rate biasing spring (NBS), designed in such a way its force—displacement curve
properly matches the mechanical characteristics of the DE, allowing the achievement of a
significantly larger stroke compared to the one obtained with conventional biasing masses
and linear springs. A mechanical system exhibiting the features of a NBS can be manufac-
tured in several possible ways (cf. Figure 1), i.e., as a pre-compressed steel cross [31,32], a
pre-compressed buckled beam [33], a pair of attracting permanent magnets [34], or via
more complex types of mechanisms [35]. Even though currently available NBS elements
allow remarkable improvement of the stroke performance of the overall DEA system, they
are all fabricated based on rigid materials (e.g., steel) and components (e.g., clamping el-
ements, connectors). Consequently, the resulting actuators end up losing all the flexibility
and high compliance advantages of DE technology and, in turn, become unsuitable for
application fields such as soft robotics and wearables. In addition, rigid biasing elements
turn out to be hard to miniaturize, thus preventing the integration of DE transducers
within MEMS technologies. The impossibility of using currently available types of NBS in
those application fields unavoidably restricts the high potential of DE technology. To
overcome this limitation, innovative NBS elements need to be developed such that, when
coupled with a DE membrane, provide large strokes without affecting the compliance and
flexibility of the overall actuator system. In addition to that, it would be desirable to un-
derstand how to properly optimize the design of such biasing systems (e.g., in terms of
geometry) to adapt them to a given DE membrane, in order to maximize the stroke per-
formance of the resulting actuator.

Three-dimensional polymeric domes represent a possible way to overcome the above
issue. When properly designed, those domes present the characteristics of a NBS, while
keeping an overall compliant and flexible structure. Therefore, they appear as highly suit-
able to develop soft and large-stroke DEA systems. Although the feasibility and charac-
teristics of those types of domes have been previously proven by Madhukar et al. [36] and
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Alturki and Burguefio [37], their use as a biasing elements for DE membranes has been
proposed only recently [38]. In particular, in [38] we performed a systematic characteriza-
tion of a dome-like NBS, and used it to develop the first prototype of actuator concept
which showcases the feasibility of the design. To properly optimize the stroke of such
kind of DEAs, the dome must be designed so that its negative-rate (i.e., stiffness) region
matches the positive stiffness of the DEA. If the relationship between the free design pa-
rameters of the dome (i.e., its geometry) and the shape of its mechanical characteristics is
properly understood, it can be exploited to properly optimize a dome design for a given
DE membrane, thus allowing full exploitation of the true potential of compliant DEA sys-
tems.

Pre-compressed buckled beams [33] Attracting permanent magnet [34] Buckling polymeric dome [38]

(@)

(b) (c)

Figure 1. Examples of NBS elements: (a) pre-compressed buckled beam; (b) attracting permanent magnet; (c) buckling

polymeric dome.

In this paper, we propose a novel approach that allows optimization of the design of
the polymeric dome NBS for DEAs. The method relies on a finite element (FE) model of
the dome, which allows an accurate description of the relationship between its geometry
and the resulting mechanical response. FE tools are selected, as they represent a powerful
means to simulate complex structures, to improve their weaknesses, and to understand
their behavior in response to different external loading conditions [39,40]. After present-
ing the model, its experimental calibration and validation are performed, based on a num-
ber of pre-defined dome geometries. Then, the model-based design algorithm is dis-
cussed, and an example of its application is presented based on a real-life case study. After
the ideal geometry of the dome is determined, the optimized DEA prototype is fabricated,
assembled, and experimentally characterized. We also remark that this work represents
an extended and refined version of the preliminary results presented in [41], by including
a detailed discussion of the FE approach with a wider validation range, a different and
more effective performance optimization approach, as well as an experimental validation
based on an assembled real-life prototype. The obtained results will allow, in a future
stage of our research, the development of cooperative arrays of micro-scale actuator arrays
composed of layers of novel DEs and polymeric dome NBSs. Each micro-actuator will
reach large stroke (due to the novel bias system) and high flexibility without losing con-
ductivity, due to the novel sub-micron metal and carbon thin film electrodes presented by
Hubertus et al. [42]. The use of such DEA arrays in wearable smart skins and loudspeak-
ers, haptic gloves, and microconveyors will open a new generation of flexible and compli-
ant, cooperative, and polymer-based micro-actuator devices.

The remainder of this paper is organized as follows. Section 2 presents the operating
principle of DEs, and briefly discusses the NBS dome concept. In Section 3, an FE model
for the novel biasing dome is presented. Experimental validation of the dome model is
discussed in Section 4, while Section 5 illustrates the model-based design algorithm to-
gether with its application to develop a functioning DEA prototype. Finally, Section 6 pre-
sents concluding remarks and future research directions.
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2. DEA Operating Principle

The operating principle of DEAs, as well as the role of the biasing system in deter-
mining their performance, are discussed in this section.

2.1. DEA Operating Principle

As explained above, a DE consists of a dielectric elastomer film sandwiched between
two soft electrodes, forming a flexible capacitor. Its principle of operation is based on the
shape change undergone due to the electric field applied through the dielectric. Specifi-
cally, when a high voltage is applied to the electrodes, a compressive Maxwell stress o is
generated, quantified as follows:

2
o = (K] , ()

t

where

e e is the vacuum permittivity;

. €r is the DE relative permittivity;

. Vis the applied voltage;

. t is the thickness of the dielectric film.

The stress defined by (1) squeezes the dielectric film between the electrodes, resulting
in area expansion due to incompressibility of the elastomer (Figure 2).

@ Compliant electrode

(] Elastomer membrane

Figure 2. DE working principle: undeformed configuration on the left-hand side, deformed one due to electrical actuation
on the right-hand side. Due to the combination of Maxwell stress 0. and incompressibility of the elastomer, the reduction
in thickness results in an expansion of the area.

For the manufacturing of both polymer film and electrodes, several methods and ma-
terials are available [43,44]. Silicone and acrylics represent the most typical choices for the
elastomer membrane [2,3], while the electrodes are commonly based on carbon black [45].
More recently, a novel type of electrodes has been proposed by Hubertus et al. [42], con-
sisting of thin metal sheets sputtered onto an initially pre-stretched silicone film. The main
advantages of this electrode are represented by the negligible impact on the DE stiffness
(due to its thickness of only 10 nm), and by the ability of maintaining a high conductivity
while being stretched, thus furthering both energy efficiency and speed of the resulting
actuator.

2.2. Bias Elements for DEAs

DEAs allow transformation of electrical inputs into motion by exploiting the Maxwell
stress principle discussed in Section 2.1 (cf. (1)). In order to generate a stroke, a membrane
DEA must be coupled with a biasing element, such as a mass or a pre-tensioned spring.
When the DEA is electrically activated, the resulting Maxwell stress induces an equivalent
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in-plane softening within the membrane. This causes the biasing system to further pull
the DE membrane until a new equilibrium state is achieved, thus resulting into a stroke.
The biasing mechanism plays a crucial role for the determination of the system stroke, so
its design represents a critical aspect for the performance of a DEA.

In this work we will focus on a specific DEA geometry, namely the circular out-of-
plane DEA (COP-DEA) depicted in Figure 3, in both the undeformed (a) and the deformed
out-of-plane (b) configurations. The actuators is based on a silicone DE membranes (Elas-
tosil 2030 by Wacker Chemie [46]), with thickness of 50 um and inner radius equals to 10
mm, in combination with the sputtered metallic electrodes mentioned in Section 2.1. The
biasing element is connected to the passive center part of the DE membrane. When a volt-
age is applied, the center passive part is pushed upwards, thus generating an out-of-plane
stroke.

To better clarify the importance of the biasing mechanism, as well as to understand
how to quantify the stroke, Figures 4 and 5 show a cross-sectional view of the entire DEA,
consisting of a COP-DEA (depicted in blue). The actuator in Figure 4 is coupled with a
positive-rate biasing spring (PBS), while the one in Figure 5 is pre-loaded with an NBS
(both depicted in black). To compare the strokes obtained with the two types of mecha-
nisms, one shall consider the force—displacement characteristic curves describing the op-
erating range of the system, sketched in the lower parts of Figures 4 and 5. In particular,
the blue and red continuous lines show the behavior of the DE without and with the high
voltage applied. Note how the electrical activation results in an overall softening of the
elastomer membrane. The dashed curves, instead, represents the qualitative behavior of
the corresponding biasing element. Note that the spring rate of the PBS appears as nega-
tive in Figure 4, while the NBS curve shows a region of quasi-linear and positive stiffness
in Figure 5. This apparent change in sign of the expected slope is due to the fact that we
are plotting the bias force with respect to the DE membrane displacement. Note also that,
by changing the pre-stretch of the biasing element (with respect to the DE), it is possible
to shift the corresponding characteristic curve along the x-axis. Notably, the gray curve
represents the PBS (cf. Figure 4) and NBS (cf. Figure 5) when the DE membrane is in the
undeformed configuration (cf. Figures 4a and 5a), while the black ones describe the bias-
ing elements after that the DE membrane has been preloaded out-of-plane (cf. Figures 4b
and 5)). By using a simple force equilibrium argument, it can be concluded that the inter-
section points between the force—-displacement characteristics of the DE and the biasing
mechanism determine the equilibrium states the actuator. Note that the equilibrium state
explicitly depends on the applied voltage. Therefore, the horizontal distance between low
and high voltage equilibrium points defines the DEA stroke. The equilibrium points
reached by the whole system before and after electrical activation are called p1, p2 for the
PBS and d, d2 for the NBS, respectively. By comparing those two cases, the performance
gain achieved with the NBS can readily be observed.

@ Compliant clectrode

() Passive membrane

(@) (b)

Figure 3. Three-dimensional (3D) rendering of a DEA: (a) undeformed flat configuration; (b) de-
formed out-of-the plane configuration.
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Figure 4. (a—c) Sketch of the DEA actuator composed by a DE membrane coupled with a PBS element, for three different
configurations. (d) Actuator force equilibrium analysis, intersection points pl and p2 represents the equilibrium states

obtained by switching the voltage.
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Figure 5. (a—c) Sketch of the DEA actuator composed by a DE membrane coupled with a NBS element, for three different
configurations. (d) Actuator force equilibrium analysis, intersection points di and d2represents the equilibrium states ob-
tained by switching the voltage.

2.3. Bistable and Monostable NBS Elements

The analysis conducted in Section 2.2 is rather general and holds true for any type of
biasing element whose mechanical characteristics resemble the one in Figure 5. The most
common type of NBSs consist of pre-compressed metal beams, in which the negative stiff-
ness feature is generated by means of a bi-stable behavior [33,47]. An example of this kind
of system is depicted in Figure 6a. When an increasing vertical load is applied to the center
point, a snap occurs which results into a switch from State 1 to State 2. The corresponding
force—displacement characteristic curve is depicted in the left-hand side of Figure 6a,
which shows three equilibrium points in correspondence to the null external force case.
The first and last ones are stable equilibria, and represent State 1 and State 2 configura-
tions, while the middle one corresponds to an unstable equilibrium point. The key feature
which allows use of a NBS as the biasing element for DEs is not the bi-stability itself, but
rather the negative stiffness region which surrounds the unstable equilibrium point. A
similar negative stiffness behavior can also be obtained by means of a monostable nonlin-
ear structure. The monostable behavior can be achieved by as-fabricated beam designs,
by combining a pre-compressed steel cross with linear spring [31], or via three-dimen-
sional buckling polymeric domes [38]. The latter clearly represents the design solution
adopted in this manuscript, due to its lack of metal parts and rigid parts. A cross-sectional
sketch of this type of system, together with a qualitative example of its mechanical char-
acteristics, is depicted in Figure 6b. Compared to the previous case, the curve intersects
the horizontal axis only once, thus resulting in a single stable equilibrium point. Therefore,
contrary to the previous case, the configuration State 2 turns out to be unstable, as upon
removal of the load a snap back to the initial configuration occurs.
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Displacement |

( Pomrmrmimrm i iy et State 1 —» -
/_\ State 1 Displacement

Displacement

Bistable structure Force

'

State 2
State 1+ v : >
State 1 Displacement
State 2
(@)
A
Monostable structure Force

(b)

Figure 6. A sketch of (a) the bi-stable NBS and (b) the monostable structure is presented on the left-hand side, while the
corresponding mechanical characteristics are shown on the right-hand side, respectively.

3. Nonlinear Biasing Dome

In this section, the FE model development for the three-dimensional fully polymeric
dome is presented. The model shall predict how the dome force-deflection characteristic
changes for various geometries. The FE simulation study will allow identification and im-
provement of the weak points of the realized structure, providing a feedback for the ex-
perimental fabrication feasibility. Moreover, the model will allow us to understand how
the bias element and the DE membrane interact with each other and, in turn, to predict
the performance of the coupled system for different dome geometries.

3.1. Dome FE Model

A sketch of a real-life prototype of three-dimensional polymeric dome is shown on
the left-hand side of Figure 7 (for more details on the dome material and fabrication pro-
cess, the reader may refer to [38] as well as to Section 4 of the present manuscript). Using
the FE framework, it is possible to recreate a physics-based model of the dome experi-
mental prototype. A 3D rendering of the FE model of the dome, implemented within
COMSOL Multiphysics® environment, is shown on the right-hand side of Figure 7.
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(a) (b)

Figure 7. Fully polymeric dome: (a) real-life prototype; (b) 3D rendering implemented in COMSOL
Multiphysics®.

As the dome exhibits a rotational symmetry along the vertical axis, its behavior can
be equivalently described through a simple 2D axisymmetric model, shown in Figure 8.
Once the 2D cross-section of the dome is implemented, a revolution around the z-axis
permits generation of the complete 3D rendering, as illustrated in Figure 9. Describing the
full 3D dome via an equivalent two-dimensional model allows substantial reduction of
the computational complexity, without significantly affecting the significance of the result
(asin our application we are solely interested in the first radial-symmetric bending mode).
Based on the presented model, we will be able to perform large deformation studies by
considering several geometrical configurations.

The relevant geometric parameters of the considered dome are highlighted in Figure
10. Starting from a spherical structure with wall thickness t, a flat top part with height h
and radius r is added, in order to implement the connection with the DE membrane. Dur-
ing characterization experiments, a displacement is prescribed in the central flat part via
a linear motor, and the resulting reaction force is evaluated by means of a load cell. An
indenter, having also radius equal to 7, is used in the experimental setup, to ensure a ho-
mogeneous distribution of the external load force on the top part (see [38] for details). An
additional benefit of this design solution is the already available flat base, which offers a
further support to connect the DE membrane. With regards to the FE model, the addition
of this extra component allows bypassing of the simulation of the structure compressive
stress through a prescribed in-point displacement, which is an important prerequisite for
a correct post-buckling analysis. Indeed, the knowledge of the surface on which compres-
sion occurs facilitates the computation of the resulting force. Furthermore, the selection of
a bottom base height of # permits avoiding taking into account tolerance errors in the
dome clamping phase, resulting in more repeatable experimental results.

For concluding this section, we point out that some of the dome geometric parame-
ters, i.e., H and r, will be left free for the optimization, while the remaining ones are fixed
by design in agreement with [38]. The corresponding numerical values of the known pa-
rameters are shown in Figure 10.
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mm

Boundary conditions:
prescribed displacement

] L

Boundary conditions: Boundary conditions:
fixed constraint fixed constraint

&

by

Figure 8. Two-dimensional (2D) FE model of the dome. Boundary conditions are explicitly reported
as black solid lines. The non-colored image indicates the undeformed configuration, while the col-
ored one shows the dome deformation through the colormap on the right-hand side. Note: due to
radial symmetry, only the part of the dome which is located at positive y-coordinates is actually
modeled.

C) (b)

Figure 9. Three-dimensional (3D) FE of the dome, obtained from a rotation of the 2D model in Figure 8 along the z axis:
(a) Undeformed configuration; (b) Deformed configuration.
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h=2 mm
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H

1, =5 mm

R=7.5mm

Figure 10. Two-dimensional (2D) sketch of the dome, containing the set geometric parameters.

3.2. Post-Buckling Analysis and Numerical Implementation Aspects

To properly simulate the snap-through behavior of the polymeric dome, a post-buck-
ling analysis must be performed. In this way, it is possible to track the behavior of the
polymeric dome during the applied solicitation, which will allow us to capture infor-
mation about applying loads at both the critical buckling value and above. The expected
shape of the force—-displacement characteristic should exhibit a critical point, followed by
a gradual snapping phase with a subsequent increase in stiffness. In order to perform a
correct post-instability analysis, appropriate strategies must be adopted to ensure conver-
gence of the solver. The instability represents a bifurcation problem: at the critical load,
there is more than one solution. Therefore, the buckling instability will manifest numeri-
cally through an ill-conditioned or singular stiffness matrix, that results in numerical in-
stability. On the other hand, the buckling instability represents the main feature which
allows us to use polymeric domes as large-stroke biasing elements for DEs (as also dis-
cussed in Section 2). Therefore, properly account for it in the numerical simulation is of
fundamental importance for DEA performance optimization.

Figure 11 illustrates an example of mechanical characteristic of the dome, based on
the results in [38]. Such a curve clearly illustrates the snap-through behavior to be mod-
eled. The critical load point (denoted as 1 in Figure 11) mathematically represents the state
when the stiffness matrix becomes singular, while physically it describes the beginning of
the “jump” dynamic event of the structure from state 1 to 2. Two different approaches can
be adopted in FE modeling to avoid numerical instability, and thus enable solver conver-
gence:

e Load control mode: the load force must necessarily be prescribed via nonlinear dy-
namic solver to solve the singularity of the problem, thus performing a time-depend-
ent study. If a time-based analysis is conducted, there is a balance between the ap-
plied external load and elastic forces (note that all dynamic forces are neglected in
this study). After that, the axial displacement represents the quantity calculated as
the output. The final result is equivalent to the dashed red curve depicted in Figure
11, in which the dynamic jump from state 1 to state 2 is clearly visible.

e Displacement control mode: as the deformation represents the quantity increasing
monotonically, it can be used as an input control parameter. In this way, the descrip-
tion of the load softening effect (occurring after the critical point) is derived unam-
biguously based on the simulation output.

To this end, the axial deformation is prescribed in the nonlinear static solver by set-
ting a range of consecutive and uniformly spaced values. Consequently, the output is
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represented by the resulting force calculated over the same area. The final result is shown
as the solid blue curve in Figure 11. The curve shows that, after the critical point is over-
come, the load decreases despite the larger deformation due to a softening effect.

With the aim of fully visualizing the force values within the snap-through range, the
preferred choice in our case is represented by the deformation control mode. Therefore, a
prescribed displacement boundary condition is applied as input on the flat upper part,
considered alongside the other boundary condition describing the fixed dome base (cf.
Figure 8). Note that such boundary conditions reproduce the real constraints occurring in
the experimental setup. Moreover, as we are mostly interested in the steady performance
of the actuator, all the studies are conducted in quasi-static conditions to decrease the
computational effort.

For simulation purpose, it is important to further define the mesh type and the size
of its elements. In order to make the obtained results insensitive to the latter parameter, a
force-displacement curve convergence study is performed for several planned meshes.
To this end, an unstructured free triangular mesh is initially set. This type of mesh is the
most widely used one for 2D models, as it represents a simple and fast way to conform at
the whole geometry with localized resolutions [48]. In particular, three different types of
default discretization (coarse, normal, fine) are evaluated, in order to determine the opti-
mal one. The mesh named extremely fine is chosen as a reference solution for evaluation
of the other three ones, as, due to its densely meshed design, the FE simulation converges
to a tighter solution. The whole system is discretized with quadratic serendipity elements.
The constitutive material behavior is modeled as described in the following. The hyster-
etic behavior of the material, which is observed in the experimental characterization
curves, is neglected in our study in order to simplify the material description. In particu-
lar, the dome is described via a hyper-elastic material model. To account for large defor-
mations, a nearly-incompressible Yeoh mechanical free-energy density (¢) is selected in
the solid mechanics interface [49], defined as follows:

N 2, 42, 52 'K 2
W=D (4 + 442 -3 +(-1) @
i=1

The meaning of all the quantities in (2) is described in the following;:

. Principal stretches A1, A2, A3;

. Material constitutive parameters cio, i = 1, 2, 3;

e  Bulk modulus x, which allows practical accounting of the material incompressibility
in a numerically efficient way;

e  Volume ratio ], equal to the determinant of the deformation gradient.

A problem encountered when simulating the considered dome geometry is that
stress convergence does not occur nearby sharp corners, due to a local stress singularity
in the model. This issue is numerically handled by including rounding parameters for the
sharp corners, denoted as Ai, Az, As in Figure 8. The Comsol integrated direct solver
MUMPS (MUltifrontal Massively Parallel Sparse) is selected, with a nonlinear Automatic
(Newton) method, to solve the system of equations. The solver parameters are set as fol-
lows: maximum number of iterations of 25, initial damping factor of 10-4, and a tolerance
factor of 10-2. Representative values of cio = 0.05 MPa, c20 = 1.52 kPa, c30 = 5.11 kPa, x =22
x 106, are chosen for the study.
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0.6
Displacement control
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Figure 11. Experimental force-displacement curve of polymeric dome. The red and blue lines are
derived by applying the load and displacement control methods, respectively. Points 1 and 2 indi-
cate the dynamic jump occurring under load control mode, from state 1 to 2.

The average relative percent errors, computed by comparing the reference character-
istic curves with the ones obtained with different discretization methods, are depicted in
Figure 12a. It is interesting to note that, even with a coarse mesh, the error is always less
than 1%. This result suggests that, in future steps in which dynamic studies will be con-
ducted on the full actuator system (i.e., biasing dome coupled with the DE membrane),
the choice of a coarser mesh might lead to a good trade-off between accuracy and simula-
tion time. On the other hand, as the extremely fine mesh requires a higher computation
time for a steady-state study, we decided to set the default mesh type to normal and to
customize it in the areas where the stress is more concentrated (i.e., the blue lines repre-
sented in Figure 12b). To this end, an additional element-local size is defined only along
the concerned edges, ensuring a higher node density. This solution permits achievement
of the same accuracy as the extremely fine mesh defined before, while also requiring less
computation time. To implement this feature, we start by setting the maximum element
size of the mesh equivalent to the default normal mesh value (about 1.2 mm). This param-
eter is then gradually decreased, until a value of 0.1 mm is reached. The last size value
generates the finest possible mesh, which will be considered as reference. Afterwards, the
average percent deviations between the different force-displacement curves and the ref-
erence one is quantified and shown in Figure 12c. From this study, it can be seen that the
resulting curves tightly match the reference one, thus leading to a very low average per-
centage error for the different mesh designs. Note that, however, the smaller the maxi-
mum size of the mesh elements, the finer the resulting mesh, thus resulting in improved
convergence of the relative percent error. Nevertheless, we choose a parameter-dimension
value equal to 0.15 mm, as it allow mitigation of the computational time (about 1 min)
while maintaining a satisfactory accuracy (percentage error smaller than 0.02%).



Actuators 2021, 10, 209 14 of 25
0.16 03
X
025 X
0.155
02
< 0I5 < x
g g 0.15
©0.145 ©
0.1
0.14 X
0.05
x
0.135 - - oL—%
Coarse Fine . ) 0.1 02 03 04 05 06
Default mesh type : - o Bom  Gom i TR Maximum element size [mm]
(b) (c)

Figure 12. Mesh convergence study: (a) quantifies the average percentage error between the curve obtained by setting the
mesh extremely fine (considered as reference) and the other default types listed on the x-axis; (b) 2D FEM, with mesh
defined as normal and customized along the blue edges. (c) quantifies the average percentage error between the charac-
teristics curves resulting from varying the maximum size of the mesh elements along the blue edges.

4. Dome Calibration Based on the Experimental Characterization Process

Experimental validation of the dome model presented in Section 3 is presented in
this section.

4.1. Dome Experimental Characterization Process

Prior to parameter identification, an experimental characterization process is carried
out on the dome, in order to obtain a dataset of repeatable force—displacement measure-
ments. The dome is made with a WACKER SILGel® 612 EH silicone [50], through a process
of casting into 3D-printed molds. The experiments are conducted by deforming the flat
upper part of the dome with a 0.1 Hz sinusoidal displacement, via an indenter connected
to a linear actuator (Aerotech, Inc., Model: ANT-25LA). During the deformation, the force
is acquired via a load cell (ME-Mefisysteme GmbH, KD40s). In this way the force—dis-
placement characterization curve of the dome is obtained. Due to the tolerances of the 3D
printer for mold manufacture and the manual mixture of the silicone used for the domes,
several batches representative of the same geometry but made with different molds are
created. In this way, it is possible to quantify the reliability and repeatability of the exper-
imental curves, which will be included in the dataset shown in the next section. For further
details regarding the experimental characterization of the dome, please refer to [38].

4.2. Dome Identification and Validation

The goal of the experimental identification consists of finding the material parame-
ters which allow reproduction of a selected subset of the experimental results. The un-
known parameters are essentially the Yeoh constitutive coefficient cio, the bulk modulus
k, as well as the rounding parameters A1, Az, As introduced for numerical robustness pur-
pose (see Section 3.2 for details). Clearly, the numerical values of those coefficients are
chosen identically for each dome geometry. Once the constitutive parameters are known,
we can use the model to reproduce the experimental trends obtained for different geomet-
ric configurations of the dome structure, in order to make reliable and accurate predictions
about its behavior.

Calibration of all parameters is performed based on a repeatable set of experimental
data, characterized through a procedure described in the previous section. The considered
dataset contains force—displacement characteristic curves for different dome geometric
configurations, built through different combinations of H and r values (cf. Figure 10). The
measured force—displacement curves exhibit a moderate hysteresis, which is due to the
polymeric material viscoelastic behavior. As this paper represents the first attempt at
model-based dome optimization for DEA systems, we decided to neglect hysteresis



Actuators 2021, 10, 209

15 of 25

modeling due to its high numerical complexity (as stated in Section 3). Such a hysteresis
introduces a continuous range of possible intersections between the DE and bias curves
(recall the argument in Section 2.2). Among all those values, the system naturally choses
the equilibrium position which minimizes the motion range and, in turn, the actuation
stroke. Therefore, we expected that neglecting the hysteresis will produce an overestima-
tion of the true performance. Keeping this aspect in mind, the original dataset is post-
processed by replacing the experimental characteristic curves with interpolating polyno-
mial functions. The corresponding experimental curves are shown as solid black lines in
Figure 13. Table 1 provides an overview of the considered geometric values, and how the
dataset is split for the calibration and validation steps. The different values of H are chosen
according to a preliminary investigation carried out by Madhukar et al. [36], thus resulting
in a final height of the dome that ensures a monostable behavior. The range for r, instead,
is chosen in such a way to match the inner radius of the experimental DE [38]. Note that 3
experiments are used for calibration and 6 for validation, respectively.

Table 1. Experimental dataset splitting.

r=2mm r=3 mm r=4 mm

H=3mm Validated Validated Validated
H=35mm Validated Validated Validated
H=4mm Identified Identified Identified

Subsequently, the optimization module integrated in COMSOL is used for identify-
ing the structure parameter. The Nelder-Mead optimization method is set internally, i.e.,
a gradient-free algorithm able to remesh the whole structure as the geometric parameters
change, allowing automatic testing of different material parameter values for different
model configurations [48]. The output of this step consists of those parameter values that
minimize the overall variance between the experimental and simulated curves. The re-
sulting values of the identified optimal parameters are reported in Table 2.

Table 2. Identified parameters values.

c10 c20 C30 K A1 A As
0.11 MPa 3.29 kPa 5.73 kPa 0.25 x 108 0.44 mm 0.78 mm 2.2 mm

Afterwards, simulations of the entire dataset are performed based on the calibrated
material parameters, and the results are shown as dashed black lines Figure 13. Note that
a wide variability is observed among the considered experimental curves, especially con-
cerning the shape of the negative stiffness region. Therefore, we conclude that changing
both H and r represents a feasible and effective way to arbitrarily shape the characteristic
curve of the dome. This fact will be of fundamental importance when optimizing the dome
geometry for a given DE, as we will see in the subsequent section. Figure 13 further shows
that the model allows reliable prediction of the effects of changes in geometry in each case,
as the validation process describes the trend of the curves with remarkable accuracy. In
particular, an average error between simulations and experiments of less than 5% is ob-
served. We recall that our model is built upon an axial symmetry assumption. Despite
that manufacturing tolerances may induce axial asymmetries in the experimental dome,
the high accuracy of our predictions seems to confirm that such effects are indeed negli-
gible. Small deviations (observed, e.g., for the H =3 mm, r = 4 mm case) are reasonably
due to manufacturing tolerances and misalignments. As a result, we conclude that our
model represents an effective tool to foresee how the dome geometry affects the shape of
the resulting mechanical characteristic curve.
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Figure 13. Matrix of plots showing the comparison among experimental (depicted in black) and simulated (depicted in
red) curves, for different dome geometries.

5. Dome Design Optimization and Experimental Validation

This section provides a description of the proposed optimization procedure for the
dome geometry. In this way, the stroke-optimal design configuration can be computed
without the need of manufacturing several prototypes in a trial-and-error fashion. As dis-
cussed in Section 2, the intersection points between the dome force-displacement curve
and the DE membrane characteristics determine the stroke of the system. To further illus-
trate this aspect, we consider the curves shown in Figure 14. The DE curves correspond to
the ones of the experimental prototype, while a fictious black line is used to represent the
bias. When switching the DE voltage from 0 kV to 3.5 kV, the DE equilibrium position
switches between points A and B (cf. Figure 14). Note that the particular shape of the bias
in Figure 14 is conveniently chosen in such a way to lead to a large actuation stroke. There-
fore, it represents a target behavior for an optimal biasing element. In case of the consid-
ered biasing domes, this target biasing line shall be interpreted as an approximation of the
overall force—displacement characteristics, more specifically of the unstable branch. The
goal of the model-based design consists thus in matching the unstable portion of the dome
curve as close as possible to the ideal linear behavior.

In general, an ideal biasing curve can be specified through the location of intersection
points A and B, such that the line connecting them results in a large actuation stroke and,
at the same time, does not intersect the DE curves multiple times. This target behavior can
be described via four independent pieces of information, i.e., the coordinates of points A
= (Ax Ay) and B = (B, By). These variables can be uniquely related to the following perfor-
mance measures, which allow equivalently describe the target biasing curve in Figure 14
in a more intuitive way:

e  Stroke, computed as the distance between states A and B along the x-axis, i.e., Bx —
Ax;

. Slope, defined as the angular coefficient of the line connecting equilibrium points A
and B, i.e., (By - Ay)/(Bx - Ax),

e  Maximum force, defined as By;

. Horizontal shift, defined as a constant offset applied to both Ax and Bx.

Out of these four quantities, the horizontal shift can be easily modified by changing
the relative distance between DE and dome, e.g., by connecting them with spacers of dif-
ferent lengths. The remaining three parameters, on the other hand, must be determined
by properly designing the dome characteristics through geometry optimization. As a final
remark, we recall that the real-life domes are characterized by a small, yet nonzero
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hysteresis, which is not included in our model. Therefore, for design tolerance purpose, it
is convenient not to let the target biasing curve match the DE curves too tightly.

0.7 :
——DE, 0kV

0.6 -{——DE,3.5kV /
0.5 7
0.4 A

/a2y,

0.3
/" B
0.2 A g% /’é_
]

0.1 r/ %/ o
v —

Stroke

N

\

aximum

Force [N]

|
<
—_
Iy
\

0 2 4 6 8
Displacement [mm]

Figure 14. Intersection between the DE mechanical characteristics without (solid blue line) and with
(solid red line) applied voltage, and ideal biasing behavior ensuring large stroke (solid black line).
Points A e B represent the system equilibrium points for low and high voltage, respectively. Their
distance along the horizontal axis defines the corresponding stroke.

5.1. Optimal Parameter Selection

The aim of this section is to find the optimal dome geometry which, starting from
desired stroke, slope, and maximum force values, finds the optimal dome geometry which
allows as close as possible approximation of the desired behavior. H, 7, and t represent the
geometric parameters that mostly affect the dome force—deformation curve (cf. Figure 10),
thus they will be considered for the following optimization study.

As a first step, we formally define three functions which, given as input the dome
geometry, return the desired performance parameters:

stroke = f (H,7,t)

slope = f,(H,r,1) 3)
maximum force = f,(H,r,1)

In principle, to solve (3) one should be able to freely modify all three geometric pa-
rameters. While changes in H and r can be predicted accurately by means of our FE model,
the reliability for different values of t has not been investigated. This is mainly due to the
practical difficulty of designing domes with different values of t, based on our manufac-
turing process. Therefore, we decide to keep it fixed at t = 0.6 mm (the same value used
during identification) and optimize for H and r only. By considering (3) with t = 0.6 mm,
and manipulating the equations under the assumption that invertibility conditions for-
mally hold, we obtain the following system:

H = g, (stroke,slope)
r = g, (stroke, slope) 4)
maximum force = g, (stroke, slope)

Thus, the values of H and r can be obtained based on the target values of stroke and
slope only, while the corresponding value of the maximum force is implied by the design.
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The major drawback of the proposed approach is that we have no complete freedom in
freely design stroke, slope, and maximum force, but we must somehow find an approxi-
mated solution for the design problem. On the other hand, working with two free param-
eters allows us to exploit graphical intuition to accomplish the design, as well as to sim-
plify the numerical computation. As we will see in the following, the adopted compromise
does not represent a practical issue for the design of our optimal dome geometry.

The steps needed to develop the design optimization algorithm are now summarized
in the following;:

1. The calibrated FE model (described in the Section 4) is used to realize a dataset of
simulated force-strain curves for different dome geometries. For the considered case
study, the ranges of H and r are chosen in a physically meaningful way as follows:
H€[3,5],re(2 4]

2. The entire design algorithm is implemented in MATLABE, based on the obtained
simulation dataset. For each simulated force-strain curve, the minimum and maxi-
mum force points defining the unstable branch of the dome characteristic are calcu-
lated and collected, in order to determine corresponding slope, stroke, and maximum
force. Those minimum and maximum points are therefore considered as representa-
tives of A and B, where the intersection with the DE characteristic curves occurs;

3. Surface fitting functions are generated to express H, r, and maximum force as a func-
tion of the stroke and slope, based on the computations performed in the previous
step. Resulting functions H = gi(stoke, slope), v = g2(stoke, slope), and maximum force =
g3(stoke, slope) are shown in Figure 15. As it can be seen, such surfaces allow unique
determination of H, r, and the maximum force, once the target stroke and slope are
known.

H =g (strokeslope) r= gllstroke.slopej maximum foree = g (strokeslope)

®  Sumubstions dataset ®  Simulations dataser L ®  Simulstions dataset

H [mm]

80 2

60 3 " 40 1 — 30
slope [-] stroke [mm) 4 slope [-] stroke [mm] 0 40 slope [-]

(@) (b) (c)

Figure 15. Surface fitting functions created based on the simulations dataset, with the final goal of deriving the dome
geometric values for H and r based on the desired performance: (a) H as a function of stroke and slope; (b) r as a function
of stroke and slope; (c) maximum force as a function of stroke and slope.

The choice to create surface fitting functions, rather than multidimensional lookup
tables, is motivated by the need of increasing the computational efficiency, in conjunction
with the low impact on memory storage of the former over the latter.

5.2. Design Optimization Algorithm

In this section, the steps required to develop an optimized DEA based on the above
model-based procedure are reported:

1. Select a target DE membrane, and characterize it experimentally under quasi-static
conditions in order to obtain the characteristic curves for minimum and maximum
applied voltage;

2. Based on the obtained DE curves, estimate an ideal biasing behavior, and compute
the coordinates of the corresponding intersection points A and B (cf. Figure 14);
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3. Based on the coordinates of A and B, determine the desired stroke, the slope, and the
maximum force values, i.e., the features that must be satisfied by the dome force-
displacement curve in order to ensure the desired performance;

4.  If the maximum force is not satisfactory, one can eventually start again rom point 2
and try different combinations of stroke and slope values, until an overall desirable
behavior is obtained.

The output of the above procedure consists of the optimal values for H and r, which
allows reproduction of a dome curve that reflects the target behavior.

5.3. Design Procedure Validation

For a better understanding of the working principle, and to verify the reliability of
the design optimization algorithm, a design case study is presented in this section. The
considered DE membrane is the same as the one described in Section 2. Starting from the
measured COP-DEA characteristic curves (depicted in blue and red for low and high volt-
age, respectively), we define the desired intersection points (marked with black circles),
which lead to a desired stroke of 3.6 mm. These points are then used to generate inputs
for the design algorithm, which leads optimal geometry values equal to H =4.6 mm and r
=4.8 mm. Note that those value fall outside the calibration and validation dataset shown
in Figure 13, thus the optimal design relies on an extrapolation performed by our model.

Based on the obtained geometric parameters, the optimal dome characteristic curve
is estimated via an FE simulation, which is depicted as a dashed black curve in Figure 16.
It can readily be observed that the design goal is successfully achieved, as the simulated
dome curve intersects those of the DE in the desired points initially defined. This is true
despite only two free parameters have been optimized (instead of three), thus confirming
the validity of the proposed approach. Based on the curves in Figure 16, a theoretical
stroke of 3.8 mm can be predicted. To quantify the reliability of the design, a dome with
the optimal geometry is experimentally assembled and characterized. The result is shown
as a solid gray curve in Figure 16. Comparing the experimental force-deflection curves
with the simulated one, we conclude that the measured curve tightly matches the simu-
lated, thus confirming the accuracy of our model.
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Figure 16. Design algorithm experimental validation. The input is represented by the desired inter-

section points (black circles), while the dashed black curve and solid gray curve represent the sim-
ulated and experimental results based on the optimized dome geometry.
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The optimal dome is then coupled with the DE membrane and used to manufacture
a complete actuator system. A picture of the assembled DEA device is shown in Figure
17. Manufacturing and assembly are performed similarly to [38]. In particular, before as-
sembly, the electrical connections to the metal electrodes are achieved through a copper
tape. Then, a double-sided tape cut with a cutting machine is used to couple the optimal
polymer dome with the DE membrane. The assembly is performed through the use of 3D-
printed tools, thus avoiding manual positioning and allowing improvement in the accu-
racy. As the DE is controlled with high voltage, it has been placed underneath the insu-
lating dome in order to operate in total safety.

After completing the actuator manufacturing, an electro-mechanical characterization
is performed with the aim of evaluating the stroke achieved for different input voltage
signals. The motion of the DEA flat top is measured through a Laser (Keyence, model: LK-
G87), while the analog voltage output of the voltage amplifier is monitored through NI
LabVIEW module (PXI-7852). A first set of tests is conducted by considering a constant
voltage step, which is applied for a total duration of 10 s. Several steps are considered,
each one ranging from 0 kV up to a different maximum value ranging from 3 kV to 3.5
kV, with steps of 0.1 kV. The minimum voltage is set to 0 kV, as it corresponds to zero
actuation force, while the maximum voltage value is limited by the dielectric breakdown
field strength (i.e., Epc = [80-100] V/um) [46]. The results are shown in Figure 18. For the
maximum voltage, a stroke of about 3.1 mm is observed. This quantity is smaller than the
theoretical value of 3.8 mm predicted with the graphical method, possibly due to una-
voidable tolerances, misalignments, and inaccuracies occurring during the manufacturing
process.

Nevertheless, the obtained stroke is still remarkably high, thus confirming the effec-
tiveness of our design approach. Note that, a different amount of stroke is obtained by
changing the voltage amplitude, thus confirming the possibility of using the developed
DEA as a proportional actuator. Further experiments are conducted by considering sinus-
oidal voltage waveforms having frequency of 0.1 Hz and different amplitudes, ranging
from 3 kV to 3.5 kV with steps of 0.1 kV. The resulting voltage and displacement over time
are shown in Figure 19, while the corresponding displacement over voltage curves are
reported in Figure 20. A maximum stroke of about 3.1 mm is observed also in this case.
Additionally, note that the displacement-voltage curves exhibit a hysteretic behavior,
which is mainly caused by the bi-stability of the dome NBS, rather than from polymer
viscoelasticity. Such hysteresis is commonly observed in NBS-DEA systems and is a direct
consequence of the same mechanism which leads to the large stroke performance.

Figure 17. Picture of the optimized DEA prototype.
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Figure 18. The upper part shows a step voltage signal applied as input, applied for a time of 10 s.
The different colors represent signals of different amplitudes set as the input, which vary in the
range 3-3.5 kV with increments of 0.1 kV. In the lower part, the corresponding stroke reached by
the DEA is depicted.
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Figure 19. The upper part shows a sinusoidal voltage signal applied as input, at the frequency of 0.1
Hz. The different colors represent signals of different amplitudes set as the input, which vary in the
range 3-3.5 kV with increments of 0.1 kV. In the lower part, the corresponding stroke reached by
the DEA is depicted.
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Figure 20. Stroke reached by the DEA as a function of the applied voltage, considering sinusoidal
voltage inputs having frequency of 0.1 Hz and different maximum amplitudes.

6. Discussion and Future Developments

A new model-based design procedure for soft and large stroke DEAs has been pre-
sented in this work. Specifically, a novel soft actuator design is proposed based on a DE
membrane combined with a polymeric biasing dome. The special mechanical characteris-
tics of this type of biasing element allow development of large-stroke DEA systems, with-
out introducing rigid components in the design. First, an FE model of the dome has been
described, identified, and experimentally validated. Based on the obtained model, a de-
sign optimization algorithm has been developed, which allows finding of the optimal
dome geometry that leads to a DEA stroke maximization. The developed procedure has
finally been used to manufacture an optimized DEA prototype. The optimal geometry
found for the dome allowed us to achieve a stroke of 3.1 mm, which is remarkably high
for the considered type of COP-DEA.

In addition, Table 3 provides an overview of the maximum strokes, normalized over
the undeformed membrane length, achieved with different bias elements investigated in
the literature. The chosen references are the works by Loew et al. [34] and Hodgins et al.
[29], which deal with various biasing systems based on PBS, permanent magnets, and NBS
+ PBS combinations. By comparing the normalized strokes obtained in these works with
the value given by our polymeric dome, a remarkably higher performance can be seen. In
particular, our dome outperforms the maximum stroke of the NBS + PBS by a factor higher
than 1.5, making it the most effective type of NBS so far.

Table 3. Normalized stroke reached with different bias elements: positive-rate biasing spring (PBS),
attracting permanent magnets (PM), negative-rate biasing spring (NBS), and novel silicone dome.

PBS PM NBS + PBS Silicone Dome
0.11[-] 0.31[-] 0.41-] 0.62 [-]

Future developments will involve dynamic studies of the presented model, including
identification of hysteresis occurring in the force-deformation characteristic curve, in
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order to improve the matching between model predictions and the experimental perfor-
mance.

Moreover, the background work presented in this paper will be extended by cou-
pling micro-layers of polymer domes with micro-layers of flexible DEA membranes, such
that a matrix of cooperative actuators able to perform complex tasks can be achieved. The
fully polymeric dome will be used for wearables and soft robotics applications, thanks to
its low power consumption and performance that remains unchanged even in bending
configuration. A new generation of cooperative micro-scale actuators, such as haptic sys-
tems, wearable loudspeakers, and microconveyors, will then be developed based one re-
sulting DE-dome systems.
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