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Abstract: This paper presents an overview of cooperative actuator and sensor systems based on
dielectric elastomer (DE) transducers. A DE consists of a flexible capacitor made of a thin layer of
soft dielectric material (e.g., acrylic, silicone) surrounded with a compliant electrode, which is able
to work as an actuator or as a sensor. Features such as large deformation, high compliance, flexibil-
ity, energy efficiency, lightweight, self-sensing, and low cost make DE technology particularly at-
tractive for the realization of mechatronic systems that are capable of performance not achievable
with alternative technologies. If several DEs are arranged in an array-like configuration, new con-
cepts of cooperative actuator/sensor systems can be enabled, in which novel applications and fea-
tures are made possible by the synergistic operations among nearby elements. The goal of this paper
is to review recent advances in the area of cooperative DE systems technology. After summarizing
the basic operating principle of DE transducers, several applications of cooperative DE actuators
and sensors from the recent literature are discussed, ranging from haptic interfaces and bio-inspired
robots to micro-scale devices and tactile sensors. Finally, challenges and perspectives for the future
development of cooperative DE systems are discussed.

Keywords: dielectric elastomer (DE); dielectric elastomer actuator (DEA); dielectric elastomer
sensor (DES); cooperative actuator; micro-actuator; array actuator; soft actuator

1. Introduction

The development of cooperative systems, in which several entities (or agents) per-
form a complex task by sharing information with their neighbors and coordinating in a
decentralized fashion, represents an attractive and highly challenging goal for researchers
working in many areas [1]. Compared to centralized system architectures, the advantages
of cooperative solutions include ability to adapt to a great variety of configurations and/or
environments, modularity, robustness to failures and disturbances, and a reduced
amount of computational effort. The paradigm shift from centralized to cooperative ar-
chitectures has been made possible by recent technological advances in miniaturized ac-
tuators and sensors [2], as well as by the development of reliable and communication par-
adigms [3] and distributed control algorithms [4]. At the macro-scale, the introduction of
cooperative strategies has led to a number of novel concepts and applications, which
range from the intelligent management of smart grids [5] and sensor networks [6] to the
coordination of teams of autonomous vehicles [7], robots [8], and unmanned aerial vehi-
cles [9], to mention few examples. At the same time, cooperative concepts have also been
successfully applied to micro electro-mechanical systems (MEMS), leading to devices in
which a complex global task is accomplished via the cooperation of several micro-actuator
units. Some relevant examples include arrays of micro-actuators functioning as micro-
conveyors [10-13], micro-manipulators [14-16], micro-fluidic systems [17], and reconfig-
urable structures [18,19].
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In macro-scale cooperative systems, the individual behavior of each agent is gener-
ally well understood, and most of the technological issues are related to communication
and control strategies, as well as energy autonomy. In case of meso- or micro-scale coop-
erative devices, however, integration and miniaturization efforts also represent highly
critical technological challenges [20]. Moreover, even though some authors succeeded in
implementing advanced control paradigms in cooperative micro-actuators [21-24], most
such devices are still controlled via centralized or open-loop methods, possibly due to the
challenges in miniaturizing the sensing, communication, and online processing units. As
a result, the full exploitation of the benefits of cooperative control in micro-actuator sys-
tems is still far from being achieved. Examples of micro-actuator application areas that
may benefit from new features introduced by cooperative control methods include haptics
[25,26], wearables [27], and reconfigurable displays [28].

A potential means to enhance miniaturization while keeping the desired actua-
tion/sensing and cooperative functionalities consists of adopting highly integrated multi-
functional transducers based on smart materials. This term refers to active materials ca-
pable of modifying their mechanical properties (e.g., geometry, force, stiffness) when sub-
jected to an external stimulus of electrical, magnetic, thermal, or chemical nature [29-31].
Thanks to the so-called self-sensing operating mode, smart material transducers are able
to work as actuators and sensors at the same time, thus allowing to reduce cost and size
of the final device [32-34]. Even though most of the state-of-the-art cooperative micro-
actuators are driven by conventional technologies (e.g., silicon actuators, microfluidic
valves), a number of smart-materials-based prototypes have also been successfully devel-
oped. Some notable examples include tactile displays made of shape memory alloy [35],
piezoelectric unimorph actuators [36], shape memory polymer flexile tactile displays [37],
and artificial skins based of stimuli-responsive hydrogel [38].

Among the many transducers that appear as potential candidates for the design of
cooperative micro-actuators, dielectric elastomers (DEs) represent a highly promising al-
ternative [39]. A DE consists of a flexible and highly stretchable capacitor made of poly-
meric material. Thanks to their large deformability, design scalability, high energy density
and efficiency, and dual actuator/sensor behavior, DEs have become a popular technology
in various areas of mechatronics, including industrial actuators [40,41], soft robotics
[42,43], wearables [44,45], and artificial muscles [46,47]. Despite most of currently devel-
oped DE-based devices are stand-alone systems that operate at the macroscopic level [48],
these active materials offer many opportunities for the development of innovative small-
scale cooperative applications [30,49]. In contrast to other types of cooperative systems
based on micro-valves and silicon MEMS technologies, the intrinsic flexibility and large
deformability of DE transducers open up new areas of applications, such as intelligent
wearables, smart skins, and bio-inspired soft robots.

The goal of this review paper is to provide an overview of recently developed coop-
erative actuator and sensor systems based on DE technology. Throughout this work, the
term cooperative is used to refer to those devices in which many DE units are arranged in
an array-like layout, resulting in a fully integrated system where the single elements in-
teract with each other to perform coordinated tasks of various complexity. Potential ex-
amples include reconfigurable haptic displays, bio-inspired robots capable of coordinated
motion, conveyors of small objects, and wearable sensor surfaces for the detection of local
pressure distributions. After describing the basic operating principle of DE transducers
and presenting the most common types of DE actuator configurations, a wide variety of
cooperative DE systems from the recent literature is presented, focusing on both actuation
and sensing applications. Although most of the current cooperative DE systems are de-
veloped to operate at the macro-scale, examples of concepts that push the miniaturization
limits of the technology will also be highlighted.

The remainder of this paper is organized as follows. Section 2 describes the basic
operating principle of DE transducers and presents the most common types of actuator
configurations used in cooperative applications. A variety of cooperative DE actuators
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and sensors from the literature are then reviewed in Section 3. Finally, Section 4 outlines
future perspective and possible new research directions for cooperative DE systems.

2. Dielectric Elastomer Transducers

This section summarizes the basic operating principle of DE transducers. After de-
scribing the basic actuation and sensing principle of the transducer, the most common
types of DE layouts encountered in cooperative applications are presented.

2.1. Dielectric Elastomer Material and Operating Principle

A DE basically consist of a thin (typically 20-100 um) layer of highly elastic dielectric
material coated with compliant electrodes on both surfaces. Common materials used as
dielectric are acrylics [50], silicones [51], natural rubbers [52], synthetic rubbers [53], and
polyurethane [54], while the compliant electrodes can be manufactured via carbon-based
compounds [55] or thin metal films [56]. The first documented investigation of DEs is due
to Rontgen, who demonstrated their operating principle back in 1880 [57]. The effect was
then rediscovered more than one century after by Pelrine and coworkers [58], causing a
renovated interest in the technology by the smart materials research community. Over the
last two decades, DEs have generated a large amount of basic and applied research, which
led to the publications of the first standards in 2015 [59].

To understand the operating principle of a DE actuator (DEA), we consider the sketch
provided in Figure 1a in which an undeformed DE membrane is depicted. When an elec-
tric voltage difference is applied between the electrodes, charges of opposite signs are
stored onto them. The combination of attractive electrostatic forces among charges of op-
posite signs (i.e., between the two electrodes), and repulsive electrostatic forces among
charges on the same sign (i.e., on the same electrode) cause the DE membrane to reduce
in thickness and expand in area, as shown in Figure 1b. This electro-mechanical transduc-
tion principle can be quantified via the following equation [58]:

2
v
T (Zj , 1)

where oM is the Maxwell stress, i.e., the compressive stress that arises as a consequence
of the applied voltage (cf. Figure 1b), e0 and €r are the vacuum and DE relative permittivity,
respectively, while E is the electric field in the material and is given by the ratio between
applied voltage v and membrane thickness z. In order to practically understand the effect
of Maxwell stress in Equation (1) on the overall material response, Figure 1c reports an
example of (in-plane) force-displacement curves of a DE membrane for different applied
voltages [60]. As it can be seen, the application of the voltage results into a change of the
elastic force. This fact plays a key role when designing a DEA, as it will be discussed in
Section 2.2. Furthermore, it can be noticed that the DEA curves also exhibit nonlinearities
and a rate-dependent hysteresis because of the complex response of the elastomer.
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Figure 1. Operating principle of a DEA, deactivated state (a), activated state (b), and example of
force-displacement characteristics for different applied voltages (c).

Other than working as an actuator, a DE membrane can also be used in sensing ap-
plications. With respect to the DE sensor (DES) layouts shown in Figure 2a,b, we can ex-
press the electrical capacitance via the usual parallel-plate capacitor equation:

C; =606,ﬁ, i=0,1, ()

i
where Cj, Aj, and zi represent the capacitance, surface area, and thickness of the DES when
being undeformed (i = 0, Figure 2a) and deformed by an external in-plane force (i = 1,

Figure 2b), respectively. Since the DE material is incompressible [39], the total volume of
elastomer remains constant in both states, i.e., zoAo = z1A1. Using this fact in conjunction

with Equation (2) leads to:
2 2
G _(a) (4 o
Co \z 4 )"

which implies that we can use the change in capacitance to detect geometric changes in
the DES membrane thickness or area. An example of experimental capacitance-displace-
ment curve of a DES is shown in Figure 2c, confirming the monotonic relationship be-
tween the two quantities.
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Figure 2. Operating principle of a DES, undeformed state (a), deformed state (b), and example of
capacitance-displacement characteristics (c).

In general, the performance of a DE are strongly dependent on the adopted material.
For instance, while acrylic elastomers are able to sustain reversible deformations up to
400-500% and exhibit a relatively low elastic modulus (on the order of 20 kPa), they are
also subject to high electro-mechanical losses which, in turn, results in inefficient and slow
operations [53,61]. On the other hand, silicone elastomers are more rigid (on the order of
100-1000 kPa) and can sustain deformations up to 100%, but are significantly faster (> 50
times), exhibit smaller losses, and have a longer (>100 times) cyclic lifetime [62,63]. An-
other important aspect is represented by the compliant electrodes, which are used to ap-
ply a high voltage. Since the elastomer can undergo very large deformations, the electrode
must also be capable of high stretchability and compliance, while exhibiting at the same
time low mechanical degradation and resistivity [56,64]. Commonly, these features are
achieved with carbon-based materials, such as carbon powder [65], carbon grease [66], or
carbon black [67], whose manufacturing can be systematically addressed via inkjet print-
ing [68], screen printing [55], or dip-coating processes [69]. While this process usually re-
sults in electrodes thickness on the order of 5 pm and sheet resistances of 50 k()/g, it has
recently been shown that ultrathin (10 nm) sputter-deposited metallic electrodes result in
a sheet resistance on the order of 0.5 k()/o, and are able to withstand a strain up to 200%
while remaining electrically conductive [70]. Nanoscale electrodes, in conjunction with
laser-structuring methods [71], open up the possibility of using DE transducers in micro-
scale applications.

2.2. Dielectric Elastomer Actuators Confiqurations

The Maxwell stress described by Equation (1) represents the main physical principle
that enables the use of DE in actuator applications. The main advantages of DEAs include
large deformations, high compliance and flexibility, low power consumption (on the or-
der of mW), high energy density and efficiency, broad bandwidth (from DC up to several
kHz), lightweight, and low cost [39]. The intrinsic multi-functionalities of DE transducers
makes it possible to use them as actuators and sensors at the same time, by exploiting the
so-called self-sensing mode. In this way, one can reconstruct the DEA displacement
[34,72-74] or force [75] via online processing of electrical quantities only (e.g., electric
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voltage and current), and eventually use this information to implement a sensorless con-
trol system [76-78]. Major drawbacks of DEA technology include the need to generate a
high voltage on the order of several kV (for membrane thickness within the range 20-100
um) to produce a meaningful actuation. This, in turn, results into high electric fields which
are close to the breakdown strength of the material [79,80], negatively affecting the life-
time of the device. In addition, the strong nonlinearities of the material, in combination
with the large deformations, makes their accurate modeling and control a highly challeng-
ing task [81,82].

The high flexibility of DEAs makes it possible to generate a variety of layouts and
actuation modes [83]. It can be noted that the Maxwell stress principle shown in Figure 1
can be exploited to generate two different actuation modes, i.e., thickness contraction and
membrane expansion. Those two modes are exploited to develop different types of DEAs.

The thickness reduction mode can be naturally used to develop contractile actuators.
Since the absolute thickness reduction of a single DE layer is on the order of few microm-
eters, one generally achieves a macroscopic stroke by stacking together several layers,
which are then activated simultaneously with the same high voltage signal [84,85]. A
sketch showing the layout and principle of such actuators is reported in Figure 3a. Stack
DEAs allow to simply tune the actuation stroke and force by changing the number of lay-
ers and the electrode surface areas, thus they appear as highly scalable. Other advantages
of this topology include high compactness and energy density. In general, stack DEAs are
preferred when one needs to generate higher forces rather than large stroke.

At the same time, the electrode area expansion mode can be also exploited as a means
for an actuation. In this case, differently from the stack actuator case, the motion is an
elongation rather than a contraction. Membrane DEAs can be further divided into two
sub-categories, i.e., in-plane actuators and out-of-plane actuators. On the one hand, when
an in-plane membrane DEA is electrically activated, its motion is always restricted to a
two-dimensional plane, see Figure 3b. Examples of in-plane membrane DEAs include
strips [86,87], uniaxial rolls [88,89], and lozenge-shaped [90]. On the other hand, the mo-
tion of out-of-plane membrane DEAs is not constrained to a two-dimensional plane,
thanks to the adoption of design solutions that generate external forces directed orthogo-
nally to the elastomer, see the example in Figure 3c. Examples in this category include
cones [91-93], double-cones [91,94,95], and bending structures [96,97]. A wide variety of
actuation patterns can be realized through membrane actuators, depending on the type of
geometry and pre-loading condition to which the membrane is subjected. Membrane ac-
tuators are preferred when one needs to generate a larger stroke, possibly in combination
with a complex motion pattern, even though stacking concepts can be used also in this
case to multiply the amount of force [98].

Stack actuator In-plane membrane actuator Out-of-plane membrane actuator

Voltage OFF
End plate

End plate

bE membranes

DE membrane

Spring Frame DE membrane

4 e~
Voltage ON é
7 p
7 1 4 Spring — Voltage ON
Voltage OFF le- > Y
7
Voltage OFF
Voltage ON <
(b) (c)

Figure 3. Different types of DEAs: stack actuator (a), in-plane membrane actuator (b), out-of-plane
membrane actuator (c).
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In order to generate a meaningful actuation stroke, a membrane DEA is usually com-
bined with a mechanical biasing system which provides a pre-load force. It is remarked
that the role of such a biasing system is fundamental in determining the performance of
the actuator [99], and can lead to an increase in stroke up to one order of magnitude given
the same DE membrane layout and applied voltage [86]. To understand why, we notice
that at equilibrium the force of the DE membrane and the one of the biasing system must
be equal. Graphically, such equilibrium condition can be obtained by plotting the biasing
system force-displacement curve on top of the DE membrane characteristics, and checking
for the corresponding intersection points. In particular, the intersections between the bi-
asing curve and the low/high voltage DE curve correspond to the equilibrium position
when the DE is deactivated/activated; thus, their inspection allows to readily estimate the
stroke. Figure 4 provides several examples of commonly adopted biasing systems, to-
gether with the corresponding force-displacement curves for prediction of the stroke. As
it can be seen, conventional biasing solutions, such as hanging masses [88,100], linear
springs [101,102], pressurized air [103,104], or a second DE membrane [105,106] leads to a
relatively small actuation stroke. In contrast, the use of negative-stiffness types of springs
results in a significantly larger amount of stroke, since the resulting change in slope allows
the biasing system curve to fit between the two DEA characteristics (note that the slope of
the biasing curve appears as positive even though the stiffness is negative, since we are
plotting the bias curve with respect to the DE deformation, not the biasing one). In the
literature, this type of negative-stiffness biasing has been achieved in several ways, e.g.,
via bi-stable beams [91,99], attracting permanent magnets [107], compliant [92] as well as
spring-based mechanisms [108], or buckling polymeric domes [109].

Linear spring bias Pressurized air bias
N i T 14F I I
——DE,v=0kV “'| |[——DE,v=0kV
——DE, v=25kV ——DE, v=25kV
Biasing element 1.2 Biasing element
1 -
z
(.8 |
[0}
8
S06¢F
0.4}
0.2
1 2 3 4 5 0 1 2 3 4 5
Displacement (mm) Displacement (mm)

(a) (b)
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Figure 4. Examples of biasing elements used in membrane DEAs: linear spring (a), pressurized air
(b), a second DE membrane (c), and negative-stiffness spring (d). In each case, the green segment
quantifies the resulting actuation stroke.

3. Dielectric Elastomer Applications in Cooperative Actuator and Sensor Systems

The unique combination of large strain, scalability, high energy density, low power
consumption, low cost, and self-sensing has made DE technology highly attractive for the
realization of cooperative actuator and sensor systems. A prototypical example of such
device is shown in Figure 5. Here, several DE elements are arranged in an array-like lay-
out, and can be operated either as actuators or as sensors (or, eventually, as self-sensing
actuators capable of executing both modes at the same time). The synergistic coordination
among the various taxels enables complex tasks that are not achievable with individual
actuators. Possible examples include wearable haptic interfaces capable of recognizing
different touch inputs from the user and sending them wave patterns accordingly, recon-
figurable displays, and micro-conveyors. Clearly, a system as the one in Figure 5 requires
a synergistic combination of system design, miniaturization, microfabrication, as well as
modeling and cooperative control to enable intelligent self-sensing operations.

Individual
DE element

-

OFF state

-

ON state

Figure 5. A prototypical example of cooperative DE actuator/sensor system.

3.1. Towards Meso- and Micro-Scale Dielectric Elastomer Actuators

Over the last two decades, progresses in DE micromachining [110-113] have made
possible to systematically scale size and accuracy of DEAs to the mm and sub mm scale
[114]. As an example, Carpi et al. presented in [115] a bio-inspired lens having a size sim-
ilar to human eyes (7.6 mm diameter), and capable of actively adjusting its focal length of
about 26%, see Figure 6a. The same group proposed in [116] a hydrostatically coupled
bubble-like DEA for tactile displays, having a size of about 6 mm capable of producing an
out-of-plane displacement of 18% and stresses up to 2.2 kPa under a static actuation at
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2.25kV. A similar concept was presented by Kim et al. in [117], in the context of a button-
like haptic actuator application. This completely transparent DEA is about 5 mm large,
and exhibits a stroke of ~1 mm when actuated via 3 kV. Hau et al. [118] presented a high-
speed micro-positioning stage consisting of 2 DEAs arranged in agonist-antagonist con-
figuration, shown in Figure 6b, which can produce a stroke of 40 pm with a maximum
error of 2 um when operating at a frequency of 60 Hz. A method to fabricate miniaturized
DEAs embedded between gold electrodes was proposed by Soulimane et al. in [119], re-
sulting in a controllable actuation of 2 um. More DEA-based micro-fluidic actuators have
also been presented in [120-123].

It has been remarked how one of the main impediments to DEA miniaturization is
the high voltage needed to drive the elastomer. Equation (1) implies that, by either in-
creasing the material permittivity or reducing the membrane thickness, the same amount
of actuation stress can be obtained with a smaller input voltage [66]. By pursuing the path
of thickness reduction, several authors have developed DE micro-actuators capable of op-
erating below the 1 kV threshold. In [124], Ren et al. proposed a high-lift micro aerial robot
that weighs about 150 g and achieves a high lift-to-weight ratio of 3.7, see Figure 6c. Ac-
tuation is provided by means of 20-layer DEA membrane with each layer being 10 pm
thick, which is operated via 630 V at a frequency of 400 Hz. In [125], Rosset et al. developed
and characterized a DEA micro-actuator based on a 30 um thick layer with compliant
electrodes based on metal ion implantation, which exhibits a displacement of ~100 um
when operated at ~500 V. A remarkable milestone in DEA miniaturization was achieved
by Poulin et al. [126], who developed a pad printing method to produce 3 pm thick DEA,
which, in turn, can be operated at 245 V while maintaining an actuation strain on the order
of 7.5%. A picture of the resulting actuator is shown in Figure 6d.

All-polymer electrically tunable lens High-speed micropositioning stage
wls -
E*: o
A = > -

© (d)

Figure 6. Examples of meso- and micro-scale DEAs: (a) All-polymer electrically tunable lens [115],
reproduced with permission from John Wiley and Sons, copyright 2011; (b) High-speed micro-po-
sitioning stage [118], reproduced with permission from IEEE, copyright 2017; (c) High-lift micro-
aerial robot [124], reproduced with permission from John Wiley and Sons, copyright 2022; (d) 3 pm
thick low-voltage actuator [126], reproduced with permission from AIP Publishing, copyright 2015.

All the devices and micro-actuators mentioned above, however, make use of DEAs
as stand-alone transducers. The subsequent sections will present cooperative systems in
which multiple DEA/DES units are combined together in an array-like fashion.
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3.2. Cooperative Dielectric Elastomer Actuators
3.2.1. One-Dimensional Arrays

The simplest types of cooperative DEAs are represented by macro-scale one-dimen-
sional arrays. An example of such a system is the object of investigation of the DECMAS
project, which aims at developing fully polymeric intelligent arrays of DEA elements that
can be used, e.g., in intelligent wearables and soft robotics. The key elements of the
DECMAS project are the multi-stable polymeric domes shown in Figure 7a, which are
used as biasing elements for the individual DEA units. In this way, a large stroke can be
obtained without the need to use pressurized air or metal beams, making the overall con-
cept significantly easier to miniaturize while keeping it flexible [109]. The potential for
miniaturization is also enhanced by the adoption of ultrathin (10 nm) and highly stretch-
able sputter-deposited metallic electrodes [70]. By means of model-based optimization, it
was possible to optimize the design of the biasing domes and, in turn, achieve a fully
polymeric DEA capable of a stroke on the order of 3 mm for an actuator with a radius of
20 mm [109], see Figure 7b. Current research studies focus on the characterization [127]
and modeling [82] of the electro-mechanical coupling effects occurring when many of
those elements are placed onto a common elastic substrate in an array configuration (cf.
Figure 7c), as well as on the development of laser-structuring electrode techniques for
enabling local activation of the DEAs [71]. A picture of the first prototype of 1-by-3 actu-
ator array is shown in Figure 7d.

Bi-stable polymeric dome Fully-polymeric DEA unit

(b)

(d)

Figure 7. Fully polymeric DEA array developed in the context of the DECMAS project: (a) Bi-stable
polymeric dome; (b) Fully polymeric DEA unit; (c) Silicone membrane with a screen-printed 1-by-3
electrode layout; (d) First prototype of 1-by-3 actuator array.

Another example of a 1D array of DEAs was presented by Yu et al. in [128], reported
in Figure 8a. Here, a 1-by-4 array of DEAs, each one having a size of 160 mm x 135 mm
and characterized by a different pre-stretch, is used to achieve a broadband tunable reso-
nator. In particular, the amount of pre-stretch and applied DC voltage can be used to tune
the natural frequency of each DEA and, in turn, the attenuation bandwidth of each reso-
nator. The synergy among the four elements allows the combination of the attenuation
bandwidth of each individual DEA, leading to an increase in the effective bandwidth by
a factor of 10, with a bandwidth tunability up to 14%. An untethered 1-by-10 array of feel-
through haptic elements was presented in [129], based on a 18 um thick silicone DEA
membrane, see Figure 8b. The device can be worn on the user’s fingertip, and can generate
perceivable vibrations up to 500 Hz when operated below 500 V. Lotz et al. presented in
[113] a fabrication technique for silicone-based miniaturized stacked DEAs, and used it to
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develop a 1-by-8 array operating as a microfluidic pump, where every actuator contains
30 layers of 50 um each and has a total length of 40 mm. The periodic activation of the
DEAs causes the wall of the pump to undergo a periodic motion, which, in turn, propels
the fluid at a flowrate of 12 yL/min under a maximum pressure of 0.4 kPa. A similar ac-
tuator was then used in [130] to develop a fluidic micro-mixer, shown in Figure 8c. Here,
three 1-by-4 arrays of stacked DEAs were used to activate two pumping chambers and
one mixing chamber, distributed over a 33 mm x 25 mm layout. In [131], Schlatter et al.
presented a multi-material inkjet printing method for integrated and soft multifunctional
machines, and used it to develop a 1 DEA flexible peristaltic pump with six integrated
actuators capable of pumping up to 13.8 uL/min when operating at 1 Hz and 3.8 kV, see
Figure 8d.

1-by-4 tunable resonator 1-by-10 untethered feel-through haptic actuator

. o)

- U

Fluidic micro-mixer based on three 1-by-4 arrays  Flexible peristaltic pump with 6 actuators

Figure 8. Examples 1D DE arrays: (a) 1-by-4 tunable resonator [128]; (b) 1-by-10 untethered fee-
through haptic actuator [129], reproduced with permission from John Wiley and Sons, copyright
2020; (c) Fluidic micro-mixer based on three 1-by-4 arrays [130], reproduced with permission from
IOP Publishing Ltd., copyright 2018; (d) Flexible peristaltic pump with 6 integrated actuators [131].

3.2.2. Cooperative Bio-Inspired Robots

Different types of 1D array concepts have also been proposed for the development of
bio-inspired DEA conveyors. O’Brien et al. presented in [132] modeling and experimental
validation of a 1-by-4 array of acrylic-based bending DEA, with the aim of replicating the
generation of travelling waves generated by ctenophores. By implementing a coordinated
mechano-sensitivity concept, in which the motion of one element triggers the actuation of
the subsequent one via a capacitance measurement, the authors succeeded in propelling
tubes of various materials and sizes, i.e., a 13.9 g and 10.11 mm diameter Teflon tube and
an 18.63 g and 4.77 mm diameter brass tube. In [133], a different concept of cilia array
conveyor was presented based on a DE matrix and dielectric barium titanate nanoparti-
cles. A transportation experiment showed how the array of cilia can drive a cargo at an
average speed of 30 mm/min when operating at a frequency of 2.25 Hz with a voltage of
20 kV. A compliant slug drive capable of generating travelling waves for object micro-
transportation by taking inspiration from the motion of invertebrate animals was pre-
sented by Schlatter et al. in [131], see Figure 9a. The slug drive has an area of 25 cm? and
contains 28 integrated DEAs, each one having an area of 0.126 mm?. The authors showed
how the slug drive allows conveying a 15 mm long, 0.26 g plastic object, achieving a trav-
elling speed of 6.1 um/s when using a 3.5 kV, 0.2 Hz square wave driving signal.

The generation of travelling waves through cooperation of several DEAs has also
been used to achieve bio-inspired robotic locomotion. Zhao et al. [134] presented the de-
sign of a soft creeping robot consisting of a 1-by-4 array of elliptic frames, which can
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deform under high voltage application thanks to the use of DEAs. The cooperative acti-
vation of each actuation unit allows each one of the four segments to switch between an
elliptical and a circular shape, leading to a forward peristaltic motion. Although the re-
sults are preliminary, they show the high potential of cooperative DEAs for the achieve-
ment of complex actuation patterns. An annelid-like peristaltic crawling robot based on a
1-by-4 array of acrylic DEAs operating in bending mode was proposed by Lu et al. in
[135], shown in Figure 9b. The developed robot is 150 mm long, weights 8 g, and achieves
a forward or backward motion with a maximum speed of 11.5 mm/s and a maximum
speed/mass ratio of 86.23 mm/min-g thanks to the cooperative coordination of all the ac-
tuated segments. A multi-segment annular soft robot driven by acrylic DEAs was pre-
sented by Li et al. in [136]. The system layout corresponds to a circle with 6 DEA segments
distributed along its circumference, as shown in Figure 9c. The resulting actuator weights
less than 1 g, has a diameter of ~50 mm, and can achieve a variety of motion patterns (i.e.,
rolling, creeping, and peristalsis) thanks to the synergistic activation of different combi-
nations of DEA units. Pfeil et al. [137] presented a bio-inspired worm-like crawling robot,
consisting of a 1-by-3 serial connection of silicone-based cylindrical DEAs with additional
textile reinforcement. Relative elongations of 2.4% and generated forces of 0.29 N were
achieved, which, in turn, resulted into a locomotion speed of 28 mm/min. A bio-inspired
robot capable of mimicking the crawling motion of a caterpillar was presented in [138]. A
1-by-6 array of DEAs is powered through a DE-based electronic oscillator, which auto-
matically generated the coordinated periodic signals that were needed to set the robot in
motion. A speed up to 50 mm/min is achieved with a driving voltage of 4 kV. A different
concept of walking hexapod robot is presented by Nguyen et al. in [139], also reported in
Figure 9d. Here, a silicone-based double-cone silicone DEA with a patterned electrode is
used to generate different motions of the robot legs. In particular, by activating different
combinations of electrode segments, translation along both in-plane axes as well as rota-
tion of the robotic leg can be achieved. By properly coordinating and synchronizing those
three motion modes on the six legs of the robots, the authors successfully demonstrated
the ability of the robot to move at an average speed of 30 mm/s (about 12 body
lengths/min).

Slug drive micro-conveyor with 28 actuators 1-by-4 annelid-like crawling robot

T IR

(b)

1-by-6 multi-segment annular robot Multiple-degrees-of-freedom hexapod robot

Soft Actuators
(3 DOFs)

@

Figure 9. Examples of DEA bio-inspired robots: (a) Slug drive micro-conveyor with 28 integrated
actuators [131]; (b) 1-by-4 annelid-like peristaltic crawling robot [135], reproduced with permission
from IOP Publishing Ltd., copyright 2020; (c) 1-by-6 multi-segment annular soft robot [136], repro-
duced with permission from IOP Publishing Ltd., copyright 2018; (d) Multiple-degrees-of-freedom
walking hexapod robot [139], reproduced with permission from Elsevier, copyright 2017.
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3.2.3. Two-Dimensional Arrays for Out-of-Plane Actuation

Two-dimensional cooperative DEA concepts, capable of operating both out-of-plane
and in-plane, have also been explored by several authors. Chen et al. [140] developed a 3-
by-3 array of acrylic DEAs. Each actuator operates out of plane, is biased via pressurized
air at 2 kPa, and has a circular shape with a radius of 10 mm. A model-based design tech-
nique is adopted to suppress the snap-through instability of the device, thus allowing
continuous actuation of each element. The authors showed that by modulating the high
voltage signals applied to each DEA, the array can be programmed to achieve different
desired configurations. An optically addressable and stretchable DEA matrix was pre-
sented by Hajiesmaili and Clarke in [141], see Figure 10a. By integrating percolating net-
works of zinc oxide nanowires into the soft elastomer array, the authors showed the pos-
sibility of achieving a localized control of each DEA in a 6-by-6 array. A micro-actuator
concept for microfluidic is discussed in [30]. Here, a 7-by-7 array of DEAs operating in
enhanced thickness mode is presented, in which localized patterns of out-of-plane bumps
can be created upon electrical activation. A 9-by-9 array of DEA-based varifocal micro-
lenses was proposed by Wang et al. in [142]. The array, shown in Figure 10b, has a total
size of is 40 mm x 40 mm, while the diameter of each actuator element is of 1 mm. The
DEA is based on a 1 mm thick acrylic membrane, which is activated at 5 kV. The authors
show how the device enables tunability of the focal length from 950 mm to infinity. A
concept for enhancing the performance of cooperative DEAs through the use of a fractal
interconnection architecture was presented by Burugupally et al. in [143], see Figure 10c.
Here, the authors presented bi-dimensional arrays of various sizes in which DEAs are
arranged alternatively onto a common substrate. The actuators are based on a 100 um
thick acrylic DE membrane, and undergo a radial expansion when activated. The most
complex design comprises 25 actuators having a diameter of 1.8 mm each, arranged alter-
natingly on a square frame. In-plane displacements on the order of 0.1 mm are achieved
for a voltage of about 5 kV.

6-by-6 optically addressable matrix

Actuated

Actuated

(@)

9-by-9 array of varifocal micro-lenses Array of 25 actuators with fractal interconnects

(b) (©

Figure 10. Examples of two-dimensional DEA arrays operating out of plane: (a) 6-by-6 optically
addressable matrix [141], reproduced with permission from Royal Society of Chemistry, copyright
2022; (b) 9-by-9 array of varifocal micro-lenses [142]; (c) Array of distributed electrodes with fractal
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interconnects architecture [143], reproduced with permission from IOP Publishing Ltd., copyright
2021.

3.2.4. Two-Dimensional Arrays for in-Plane Actuation

While the previously discussed concepts of two-dimensional arrays operate out of
plane, several authors also investigated the possibility of generating a cooperative in-
plane actuation via DEA systems. A concept of a two-dimensional array of hollow DEA
cylinders is presented in [144]. By means of finite element simulations, the authors studied
the propagation of an acoustic wave, and confirmed that adjusting the DEA voltage ena-
bles an effective tuning of the acoustic band gap of the device. No experimental validation
was presented.

A soft-wave handling system capable of transporting fragile and soft objects was pro-
posed by Wang et al. in [145]. The system consists of a 4-by-4 array of hydrostatically
coupled acrylic DEA units, each one having a diameter of 55 mm. By concurrent activation
of different DEA elements with phase-shifted 1 Hz sinusoidal waves, the authors were
able to generate a travelling wave that set a rolling ball in motion. Although the proposed
systems exhibit a high potential for future DEA-based conveyor systems, the authors
acknowledge the high losses of the adopted acrylic material as one of the limiting factor
for the actuator performance.

Akbari and Shea investigated the use of in-plane operating micro-arrays of DEAs to
provide in-plane mechanical actuation to cell cultures. The first generation of those de-
vices, shown in Figure 11a, is based on a 30 um thick silicone membrane consists of an 8-
by-9 array of 0.1 mm x 0.2 mm DEA elements capable of a strain of 4.7% at 2.9 kV [146]. A
second generation of cell stretcher, always based on the same type of DE membrane, is
made of 0.1 mm x 0.1 mm DEA elements and can produce a strain of 37% when driven at
3.6 kV [147]. An expanded view of the micro-actuator grid is reported Figure 11b. Those
devices represent some of the most remarkable examples of micro-scale cooperative DEA
systems.

First generation cell stretcher Second generation cell stretcher

with 0.1 mm X 0.2 mm micro-actuators with 0.1 mm X 0.1 mm micro-actuators

(b)

Figure 11. Examples of two-dimensional DEA arrays operating in plane: (a) First generation cell
stretcher based on a 8-by-9 array with of 0.1 mm x 0.2 mm micro-actuators [146], reproduced with
permission from IOP Publishing Ltd., copyright 2012; (b) Second generation cell stretcher based on
0.1 mm x 0.2 mm micro-actuators [147], reproduced with permission from Elsevier, copyright 2012.

3.2.5. Two-Dimensional Arrays for Haptics and Wearables

Two-dimensional cooperative DEAs have also found natural applications in the field
of haptics. Matysek et al. [148] presented a concept for a tactile display consisting of a 3-
by-3 array of 1 mm x 1 mm DEA taxels. Each actuator is based on a stack of 25 um thick
silicone elastomer layers. Marette et al. developed in [111] a 4-by-4 array of independently
controllable circular DEAs, each one characterized by a diameter of 4 mm and a thickness
of 17 um. Each DEA produces a stroke of 0.25 mm when activated via a 1.4 kV driving
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voltage, which is switched by using high-voltage metal-oxide thin-film transistors that
can be switched with a 30 V gate voltage. The tactile display operates under pneumatic
bias at 50 mbar, and can still generate a stroke even when bent to a 5 mm radius of curva-
ture, as shown in Figure 12a. A bidirectional haptic display, which combines a 4-by-4 ar-
ray of DEAs with a 5-by-5 array of resistive sensors, was proposed by Phung et al. in [149].
The device is 130 mm long x 130 mm wide x 13 mm high. The design is based on rigidly
coupled double-cone DEAs made of a 50 pm thick silicone elastomer, operated at a driv-
ing voltage of 3.5 kV. The device reaches frequencies up to 300 Hz, providing 0.52 mm of
displacement and 0.6 N of normal force. The device can also measure normal forces up to
6 N and the position of touches, and use this information to control the corresponding
tactile actuator units. A 2-by-3 tactile display is presented in [150] and also shown in Fig-
ure 12b. The device makes use of the liquid coupling between touch spot and DEA to
transmit the tactile sensation to the user. The radius of each actuator is 4 mm, while the
radius of the touching spot is limited to 1.5 m. A 90 pm thick silicone film is chosen to
fabricate the actuators, operated up to a voltage of 7 kV. Displacements of about 240-120
pum at 3-10 Hz are achieved, with forces large enough to simulate the sensation of touch.

In the area of wearables, Lee et al. [151] presented a textile-embedded haptic display
consisting of a 3-by-5 array of circular DEAs. Each actuator unit has a diameter of 20 mm
and is on the skin of the user via a cylindrical polymer indenter. The overall display has a
thickness of 7 mm and a weight of 60 g; thus, can be easily worn on the user’s forearm. A
multi-layered actuator design permits the use of driving voltages of 1 kV only, while en-
suring, at the same time, a bandwidth of 240 Hz. A wearable tactile communicator, con-
sisting of a 2-by-2 array of circular DEAs embedded in a wearable armband, is proposed
by Zhao et al. in [152]. Each actuator consists of a 10-layer silicone DEA with a hollow
cylindrical shape, having an outer radius of 5 mm. A free displacement of ~60 mm and a
blocking force of ~30 mN are obtained at a frequency of 300 Hz, considering a driving
frequency of 300 Hz.

4-by-4 low-voltage flexible tactile display 2-by-3 tactile display with liquid coupling

Single
HV bias cable

Commol
GND cable

Bias resistors.

(a) (b)

Figure 12. Examples of two-dimensional DEA arrays for tactile displays: (a) 4-by-4 flexible array of
low-voltage actuators [111], reproduced with permission from John Wiley and Sons, copyright 2017;
(b) 2-by-3 tactile display based on liquid coupling [150], reproduced with permission from Elsevier,
copyright 2014.

3.2.6. Two-Dimensional Arrays for Refreshable Braille Displays

Several authors have also investigated the use of DE technology to develop refresh-
able Braille displays. A 2-by-8 array concept for a refreshable Braille display was discussed
in [30]. Each Braille dot has a diameter of 1.5 mm and a relative spacing distance of 2.3
mm. Actuation is provided by spring-biased circular DEAs having a diameter of 2 mm,
each one resulting in forces up to 25 g. Chakraborti et al. [153] developed a 2-by-3 Braille
matrix of refreshable dots. The actuation is provided by silicone-based thin-walled DEA
tubes, having outer and inner diameters of 0.51 mm and 0.94 mm, respectively, and a
length of 20 mm. A steady displacement of 1 mm and a response time of 0.1 s are achieved
with a driving voltage of 1 kV. Qu et al. [154] also proposed a 2-by-3 refreshable Braille
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display based on DEAs. The device operates under pneumatic bias, adopts 0.25 mm thick
acrylic membranes as elastomer. The total size of the device is of 30 mm x 22 mm x 16 mm,
while the diameter of the single Braille dot is of 2 mm. An actuation displacement larger
than 0.6 mm is achieved for a biasing pressure of 4 kPa and a driving voltage of 3.25 kV.
The ability of this prototype in reproducing different letters is illustrated in Figure 13a. A
prototype of a 2-by-4 refreshable Braille display was presented by Frediani et al. in [155],
based on acrylic DEAs, see Figure 13b. Each actuator unit has the size of about 1.5 mm,
and is capable of out-of-plane displacements of ~ 750 um. In this case, electrical insulation
with the user’s finger is achieved via hydrostatic coupling with a passive membrane,
which acts as a bias for the DEA.

2-by-3 pneumatically-biased Braille display

® O ® O [ N J
Letter ‘A" [O O Letter ‘B” |®@ O Letter “C" [0 ©
O O © O O O
PR T A — ‘@n
L ram——— — - - R —— \
—— . o —— et s
(a)

2- by—4 Braille display with hydrostatically coupled actuated dots

(b)

Figure 13. Examples of two-dimensional DEA arrays for refreshable Braille displays: (a) 2-by-3
pneumatically biased Braille display [154], reproduced with permission from John Wiley and Sons,
copyright 2020; (b) 2-by-4 Braille display with hydrostatically coupled actuated dots [155], repro-
duced with permission from Elsevier, copyright 2018.

3.2.7. Three-Dimensional Reconfigurable Structures

All concepts presented so far permit the achievement of cooperative actuation by
means of an array of actuators distributed on a surface, all operating either in plane or out
of plane. Few authors have proposed more advanced concepts of cooperative reconfigu-
rable structures based on DE technology. An example of reconfigurable 3D meso-struc-
tured driven by DEAs is introduced in [156]. The developed 3D meso-structures can be
morphed into several distinct geometries, which are based on 100 um thick circular DEAs
made of acrylic materials. By combining theoretical and experimental studies, the authors
are able to develop a large variety (~30) of actuated 3D structures, one of which shown in
Figure 14a. Sun et al. presented in [157] an origami-inspired 3D folding actuator based on
DEAs. The actuation is based on bending elements driven by circular (~10 mm diameter)
DEAs of acrylic material, which are able to generate a bending angle of 120° and 90 ° when
activated with 5.5 kV and 4 kV, respectively. Those two types of bending are then used to
develop actuators capable of folding in pyramidal and cubic shapes, respectively, also
shown in Figure 14b. The authors demonstrated how the bending actuator can be used to
develop gripping and locking functions.

The idea of combining cooperative DE actuation and bi-stability was also explored
in the literature. In [158], Aksoy and Shea proposed a reconfigurable and latchable soft
structure that combines layers of DEAs and shapes memory polymers. Joule heating
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allows reducing the stiffness of the shape memory polymers by two orders of magnitude.
Actuation of DEAs allows then the structure to bend along the selected soft axis, thus
allowing it to dynamically tune the orientation and location of soft and hard regions. Cool-
ing down the shape memory polymers causes them to become stiff again, thus permitting
them to lock in place the shape of the structure without requiring further DEA activation.
This mechanism allows the development of several types of complex shapes, as illustrated
in Figure 14c, which can be kept in place without requiring additional energy consump-
tion. Tip-bending angles up to 300° and blocking forces over 27 mN can be achieved with
a driving force of 5 kV. The authors then demonstrate how this concept allows the devel-
opment of grippers for grasping objects of various shapes. A similar principle was also
used by Meng et al. in [159] to develop a bending structure. Here, a bending angle of 50°
is achieved with an activation voltage of 6 kV for the DEA, and a heating up to 50 °C for
the shape memory polymer.

Reconfigurable meso-structure

’ 8 MHz 10 MHz

NONE
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Vertical fibers stiff
Horizontal fibers soft

Horizontal fibers stiff
Vertical fibers soft

Reconfigurable and latchable self-morphing structure

Steps

Actuating device #1

Power disconnection #1
Actuating device #2

Power disconnection #2
Actuating device #3

Power disconnection
all devices

Figure 14. Examples of three-dimensional DEA reconfigurable structures: (a) 3D reconfigurable
meso-structure [156]; (b) 3D origami-inspired folding actuator [157]; (¢) Reconfigurable and latcha-
ble shape-morphing structure [158], reproduced with permission from John Wiley and Sons, copy-
right 2020.

3.3. Cooperative Dielectric Elastomer Sensors

Although the main focus of this paper is on actuators, in this section we present a few
relevant examples of DE applications in the area of cooperative sensors. In this context,
one usually leverages on the large deformations of DE transducers to reconstruct large
deformation or pressure patterns localized over a 1D or 2D region. An example of a one-
dimensional DES array was presented by Xu et al. in [160], shown in Figure 15a. The de-
vice consists of a 1-by-4 array of silicone DES elements. By means of a capacitance recon-
struction method built upon a multi-frequency technique, the deformed element within
the array is detected using only a single-data acquisition channel.

A 2-by-2 array of silicone-based DESs was proposed by Zhang et al. [161], also re-
ported in Figure 15b. The sensor module allows the detection of the location and magni-
tude of compressive forces applied on a surface area of 15 mm x 15 mm. By embedding
an air chamber in the sensor, the authors achieved an increase in sensitivity by a factor of
~20, with a corresponding a detection range of 382 kPa. A further example of 2-by-2 DES
array suitable for tactile sensing applications was proposed by Ham et al. in [162]. The
device has a size of 10 mm x 10 mm x 3 mm and can conform to curved surfaces, such as
a robotic arm or a prosthetic hand. The sensor array has a dynamic range of 500 kPa in the
normal direction, can provide tactile information with a frequency up to 100 Hz, and is
robust to electromagnetic interference during contacts thanks to the use of active shield-
ing. A further example soft tactile sensor based on acrylic DE was presented by Kadooka
etal. in [163]. The device comprises a DEA module, based on an unimorph-type structure
that undergoes a bending upon high voltage application, and three 2-by-2 arrays of DES
element. The total size of the device is 15 mm x 35 mm, while the area of each sensor is
~1.2 mm?, and the footprint of each 2-by-2 element equals ~ 8 mm?2. Dome-shaped bumps
positioned over the DES array permit the redistribution of tactile forces, allowing the
proper scaling up of the magnitude of the sensed load. The recorded resolution equals 27
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mN for normal forces and 67 mN for shear forces, respectively, for a maximum applied
force of 5 N.

Zhu et al. [164] proposed an example of a multi-modal sensor, consisting of a 4-by-4
array of silicone DES, see Figure 15c. A multi-layer structure was used, comprising a top
protection layer (0.1 mm thick), a first sensor layer (0.6 mm thick) used to measure the
applied pressor, a second underlying sensor array (2.4 mm thick) enabling localization
features, and a passive substrate (1.9 mm thick). A digital acquisition system was used to
identify the unique location of each taxel. A 4-by-4 DES grid was presented by Meyer et
al. in [165], shown in Figure 15d. The DES taxels were based on a 50 mm thick silicone
membrane on which four rows and four columns of electrode lines were screen-printed
to enable the eight required electrical connections. The resulting structure was a fully pol-
ymeric and highly stretchable membrane, with 16 taxels each one having a size of 10 mm
x 10 mm, for a total array size of 65 mm x 65 mm. Different types of load distributions
applied on the grid, corresponding to out-of-plane displacements up to 4 mm, are effec-
tively estimated via a commercially available integrated circuit for capacitance estimation.

A similar sensor array concept was also proposed by Lee et al. [166], this time based
on a 5-by-5 grid applied on a silicone DE film with micro-pores, see Figure 15e. The device
size equals 33 mm x 33 mm, while the size of the single-sensing element equaled 5 mm x
4.45 mm. The device allows reconstructing localized pressures below 0.02 kPa with a high
sensitivity of 1.18 kPa™, and a fast response time of 150 ms. A further example of a 5-by-5
DEs array was proposed by Kwon et al. in [167]. Due to the presence of 3D micro-pores in
the DES layer, the sensitivity of the device can be dramatically increased while maintain-
ing the large deformation features. The sensor is characterized by a sensitivity of 0.6 kPa™
for pressures below 5 kPa, and has a maximum range of 130 kPa, which makes it suitable
for tactile sensing applications. The effectiveness of the sensor in detecting spatially dis-
tributed pressure patterns shaped as alphabetic letters is also demonstrated. Kyaw et al.
[168] proposed a 5-by-5 array for a pressure-sensitive electronic skin, shown in Figure 15f.
Each electrode has a size of 3 mm x 3 mm, for a total active sensing area of ~500 mm?. The
device is able to sense pressures up to 40 kPa with a sensitivity of ~0.01 kPa™'. Compared
to silicone-based DES, the adopted Ecoflex material is characterized by a higher accuracy
due to a higher linearity in its response. A deformable interface for human-touch recogni-
tion was developed by Larson et al. [169]. Here, a concept is developed named Orbtouch
in which a 5-by-5 soft array of DES is integrated onto a deformable bubble-like structure.
The overall circular membrane has a radius of 45 mm and is 2 mm thick, while each taxel
has a size of 5 mm x 5 mm, and spacing among neighboring elements is also equal to 5
mm. A convolutional neutral network is used to classify the sensing information from the
various channels in the array, allowing, in turn, to localize interactions with the interface
with an accuracy of 97.6%. The authors showed the flexibility and effectiveness of the
concept by letting users play Tetris with it.

1-by-4 pressure sensor array 2-by-2 soft compression sensor

(a) (b)
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4-by-4 multi-modal sensor 4-by-4 soft sensor grid

5-by-5 flexible pressure sensor 5-by-5 pressure-sensitive electronic skin
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Figure 15. Examples of arrays of DES: (a) 1-by-4 pressure sensor array [160], reproduced with per-
mission from John Wiley and Sons, copyright 2015; (b) 2-by-2 soft compression sensor [161], repro-
duced with permission from IOP Publishing Ltd., copyright 2016; (c) 4-by-4 multi-modal sensor for
simultaneous detection of amplitude and location of touch pressure [164]; (d) 4-by-4 soft sensor grid
[165], reproduced with permission from SPIE, copyright 2020; (e) 5-by-5 flexible pressure sensor
[166], reproduced with permission from Elsevier, copyright 2016; (f) 5-by-5 pressure-sensitive elec-
tronic skin [168], reproduced with permission from Royal Society of Chemistry, copyright 2017; (g)
8-by-8 tactile feedback display with spatial and temporal resolution [170], reproduced with permis-
sion from Springer Nature, copyright 2013.

As a final example of more complex sensor layout, Vishniakou et al. [170] developed
a tactile feedback display with spatial and temporal resolutions based on an 8-by-8 array
of circular DES, reported in Figure 15g. The array is based on an acrylic elastomer and is
capable of distributed-pressure sensing with a spatial resolution of 3 mm. The same device
can also be operated as an actuator, exhibiting a maximum out-of-plane displacement of
~150 pm under an applied voltage of 4 kV and a blocking force on the order of 10 mN.
The estimated sensitivity is of about 15 kPa.

4. Conclusions

This paper presented an overview of cooperative actuator and sensor systems based
on soft dielectric elastomer technology. DE transducers make it possible to develop coop-
erative arrays of actuators with improved lightweight, flexibility, controllability, and en-
ergy consumption compared to alternative technologies (e.g., pneumatics), thus enabling
applications such as wearable soft robots and sensors, haptic interfaces, or reconfigurable
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structures. The provided overview showed how cooperative DE technology has allowed
the development of a variety of systems, which range from coordinated micropumps and
bio-inspired crawling robots to bi-dimensional reconfigurable structures, soft conveyors
haptic interfaces, refreshable Braille displays, and wearable tactile sensors. The surge of
publications in this field over the last few years suggests that the interest in cooperative
DE actuator and sensor technology will steadily increase in the near future.

Even though the presented prototypes have succeeded in showcasing the potential
of DE technology for a variety of applications, many practical limitations still exist. In
general, the corresponding taxel size is on the meso- (order of mm?) rather than micro-
scale, and only few prototypes succeeded in delivering actuation in the sub mm regime,
e.g., [146,147]. Therefore, additional effort in both design and manufacturing is still
needed to effectively scale the systems at the micro-scale level. Additionally, most current
devices are based on a limited number of elements per array, each one producing a rela-
tively small stroke compared to the potential DE large deformation. This is essentially due
to limitations in current microfabrication methods for both DE membrane and electrodes,
lack of bias systems suitable for miniaturization (e.g., pneumatic), as well as challenges in
miniaturizing the control and sensing electronics. In this sense, the multi-stable polymeric
domes presented in [109] may offer a great potential means for future miniaturization of
cooperative DEAs with large stroke. Finally, it is worth noting that almost the totality of
the current devices are controlled via centralized feedforward approaches rather than by
means of feedback cooperative strategies, without taking advantage of the DE self-sensing
functionalities. This may be partially due to the highly nonlinear and hysteretic behavior
of such materials, which complicates the design of control and self-sensing algorithms. In
principle, by properly exploiting self-sensing, each individual actuator unit can autono-
mously reconstruct information on its current electromechanical state based on simplified
sensing hardware, i.e., local measurements of voltage and current, and use this infor-
mation to perform a desired cooperative task in a fully autonomous and fault-tolerant
way. Some examples include the generation of a specific shape, the propagation of a dy-
namic motion pattern (e.g., a wave as in [132]), or the transportation of an object on a path
by avoiding damaged taxels. This concept, although highly attractive, is still largely un-
exploited in current cooperative DE systems. As a result, the full potential and intelligence
offered by the technology are yet to be realized. Once those novel design and control con-
cepts are developed, it will be possible to develop the next generation of fully autono-
mous, intelligent, and fault-tolerant DE cooperative micro-actuator/-sensor systems.
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