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Abstract Dielectric elastomer actuators (DEAs) are
flexible lightweight actuators that can generate strains
of over 100%. They are used in applications ranging
from haptic feedback (mm-sized devices), to cm-scale
soft robots, to meter-long blimps. DEAs consist of an
electrode-elastomer-electrode stack, placed on a frame.
Applying a voltage between the electrodes electrostati-
cally compresses the elastomer, which deforms in-plane
or out-of plane depending on design. Since the elec-
trodes are bonded to the elastomer, they must reliably
sustain repeated very large deformations while remain-
ing conductive, and without significantly adding to the
stiffness of the soft elastomer. The electrodes are re-
quired for electrostatic actuation, but also enable re-
sistive and capacitive sensing of the strain, leading to
self-sensing actuators. This review compares the differ-
ent technologies used to make compliant electrodes for
DEAs in terms of: impact on DEA device performance
(speed, efficiency, maximum strain), manufacturability,
miniaturization, the integration of self-sensing and self-
switching, and compatibility with low-voltage opera-
tion. While graphite and carbon black have been the
most widely used technique in research environments,
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alternative methods are emerging which combine com-
pliance, conduction at over 100% strain with better
conductivity and/or ease of patternability, including
microfabrication-based approaches for compliant metal
thin-films, metal-polymer nano-composites, nanoparti-
cle implantation, and reel-to-reel production of um-
scale patterned thin films on elastomers. Such electrodes
are key to miniaturization, low-voltage operation, and
widespread commercialization of DEAs.

Keywords Dielectric Elastomer Actuators - compliant
electrodes - carbon - metal thin-films

1 Introduction

Dielectric Elastomer Actuators (DEAs), also known as
artificial muscles, are a new type of soft transducer con-
sisting of a thin elastomer membrane sandwiched be-
tween two compliant electrodes. When a voltage is ap-
plied between the electrodes, the opposite charges on
each electrode give rise to an electrostatic force (Maxwell
stress) which squeezes the dielectric layer and causes de-
formation of the device. The thickness strain s, caused
by the Maxwell stress is defined by [1]:
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where €, and € are respectively the relative and vac-
uum permittivity, Y is the Young’s modulus of the elas-
tomer, and z the thickness of the membrane. Driving
voltages are in the order of a few kilovolts, for an elas-
tomer membrane thickness of around 50 pum and with
a Young’s modulus of about 1 MPa, leading to typi-
cal compression strains in the range of 10% — 30% or
higher.
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The first report of electric field-induced deformation
of a solid material is attributed to Alessandro Volta who
observed rupture of highly charged Leyden jar capaci-
tors in 1776 [2]. One century later, charge-induced de-
formation on elastomers was reported by Réntgen [3],
and in 2000, Pelrine et al. presented electrostatically ac-
tivated elastomeric actuators exhibiting surface strains
up to 215% in a landmark publication [4]. This article
has marked the dawn of dielectric elastomer actuators,
which quickly attracted worldwide attention.

Twelve years after its birth, the field of DEAs has
made a giant leap forward, and applications are emerg-
ing in many fields and at different size scale, from ocean-
wave energy harvesters to haptic feedback devices in-
tegrated in smartphones or miniaturized devices capa-
ble of mechanically stretching single biological cells [2].
The large strains and intrinsic softness of these elas-
tomeric actuators allow for completely different motion
and systems compared to traditional rigid actuators,
thus allowing different approaches, such as bioinspired
systems [5].

Much research effort has been invested in the selec-
tion and optimization of the elastomers used as dielec-
tric [IL4L6HI0], as well as on applications of DEAs [IT].
However, much less attention has been devoted to the
devices’ compliant electrodes, which are most of the
time completely neglected. The fundamental deforma-
tion equation (equation[I]), which can be found in most
of the DEA-related articles, doesn’t take the influence
of the electrodes into account and consequently assumes
them to be infinitely thin and compliant, which they
most certainly are not.

In order to enable the widespread use of DEAs,
a number of challenges have yet to be solved: opera-
tion at low voltage, miniaturization, large-scale man-
ufacturability and integrated sensing to add “smart-
ness” to the devices. The answer to these key challenges
resides in better dielectric elastomer membranes, and
also — though often overlooked — in optimized compli-
ant electrodes. This review presents the most important
technologies used to make electrodes for DEAs, and ex-
plores some new developments for electrode fabrication
and application that will open a broad new spectrum of
applications, from high-volume production for commer-
cial products, to miniaturized devices with micrometer-
sized patterned electrodes.

Strictly speaking, electrodes are not absolutely nec-
essary to induce deformation of a DEA, as shown by
Keplinger et al. in a re-enactment of Réntgen’s exper-
iment with today’s materials [3]. Electric charges can
be directly sprayed on the elastomer’s surface by an ex-
ternal emitter, causing electrostatic charging and defor-
mation of the soft dielectric due to Maxwell stress. The

absence of electrodes presents some undeniable advan-
tages: it avoids the complication of manufacturing com-
pliant electrodes, and the operation in charge-controlled
mode (as opposed to voltage-controlled in the case of
the standard DEA structure) avoids the electrostatic
pull-in instability. Additionally, the deformation is not
limited by the stiffening effect of the electrodes, or by
the strain at which they loose their conductivity or
break. However, if spraying charges on a dielectric is
relatively easy, efficiently removing them is more diffi-
cult. Electrodes thus allow to bring and remove charges
quickly on the elastomer’s surface provided they are
conductive enough. By patterning the electrodes with
precise shapes, they can also bring the charges to pre-
cise locations, thus allowing complex structures with
several electrically and well defined independent active
zones on a single membrane, which is impossible in
an electrode-free configuration. These two requirements
are very well illustrated by the DEA-based rotary mo-
tor from Anderson et al. which combine the need for
4 separate electrodes on a single membrane with the
necessity of high frequency actuation [12]. Electrodes
of DEAs are a therefore a practical necessity, and care
must be taken in their design in order to profit from
their ability to efficiently move the charges at precise
locations, without too much impact on the stiffness of
the actuator.

2 Stretchable electrodes for soft machines and
conformable electronics

Although located on the actuator’s surface, the elec-
trodes of dielectric elastomer actuators are at the core
of the device’s performance: they must be conductive,
yet they must be soft; they must sustain large defor-
mations while remaining conductive, yet they must be
able to do so for millions of cycles. The life of a com-
pliant electrode for DEAs is a tough one, and it comes
as no surprise that the ideal electrode has yet to be de-
veloped. However, much progress has been made from
the first reported devices whose electrodes were hand-
painted carbon grease, and over the years, creative new
methods and technologies have started to emerge.
Compliant electrodes are needed in a wide range
of applications, well beyond DEAs. Indeed, the boom-
ing field of soft and deformable electronics also relies on
flexible interconnects that can sustain stretching and/or
bending, as recently highlighted in the march 2012 spe-
cial issue of the MRS Bulletin [I3]. The requirements
regarding strain amplitude, lifetime and conductivity is
quite different between DEAs and stretchable electron-
ics: the electrodes of a DEA must typically sustain bi-
axial strains of 10%-100%, while the deformation of soft
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Fig. 1 Application of deformable electrodes: a) Electronic
artificial skin with integrated organic transistors and pressure
sensors. From [15], (©2012 Materials Research Society. Repro-
duced with permission. b) Stretchable and deformable inter-
connects between two PCBs. From [16], (©2012 Materials Re-
search Society. Reproduced with permission. ¢) Deformable
electronic circuit applied on the backside of a temporary tat-
too. The circuit and tattoo can conform to the skin and sus-
tain deformation. From [17], ©2011 AAAS. Reproduced with
permission from AAAS. d) Dielectric elastomer-based wave
energy converter from the company SBM offshore. From [18],
(©2012 SPIE. Reproduced with permission. e) DEA-based
ring oscillator with smart self-sensing and self-switching inte-
grated on the compliant electrodes. From [19].

electronic circuits is often limited to about 20% uniaxial
or bending strain. An electrode which is highly stretch-
able will also be bendable, while a bendable electrode
is not necessarily highly deformable. DEA must typi-
cally survive a large number of stretching cycles (> 50
millions cycles in the case of an ocean wave energy har-
vester (c.f. section[6.4])), while in the case of stretchable
electronics it is generally lower and varies from a sin-
gle deformation in the case of an implantable sensor to
several thousand cycles in the case of a wearable flexi-
ble displays. Regarding electrical conductivity, flexible
electronics require electrodes with a good conductiv-
ity to avoid voltage drop along the conductive tracks,
while DEAs, being electrostatic devices can tolerate
electrodes with a much higher surface resistance, al-
though a good conductivity is needed for high speed op-
eration. Despite these differences, electrodes for DEAs
and stretchable electronics have many common char-
acteristics, such as materials, deposition methods and
patterning solutions. Consequently, the applications of
the soft electrodes technologies presented in this re-
view largely exceed the sole domain of DEAs, but en-
compasses bioinspired stretchable electronics [14], soft
electronic skins [I5] or PCB-inspired stretchable cir-
cuits [16] to give a few examples (Figure [I).

The electrodes of a DEA are subjected to the same
amount of deformation as the polymer and must con-

sequently sustain strains typically between 10%-100%
without being damaged and while remaining conduc-
tive. Their mechanical impact on the stiffness of the
dielectric must be low to avoid reducing the strain out-
put. In one word, they must be compliant. As stated by
Pelrine et al.: “The ideal electrode would be highly con-
ductive, perfectly compliant and patternable, and could
be made thin relative to the polymer thickness” [I].
The general compromise found in the first EAP-related
publications is to use electrodes based on carbon pow-
ders applied with a brush or a spray, which — except
for the compliance — are far from the perfect electrodes
described by Pelrine. Graphite and carbon black pow-
ders, conductive carbon grease, or carbon powders in
an elastomeric matrix were the first types of electrode
used, because of their low stiffness and ability to remain
conductive at large strains. [1L4I20L21]. Although well-
adapted to lab experimentations, carbon-based compli-
ant electrodes applied with a paintbrush have limita-
tions in terms of patternability, scalability for large-
volume production, compatibility with clean-room pro-
cesses, reliability, lifetime and ease of application. To
overcome these limitations, new types of electrodes have
emerged over the last few years. Metallic thin-films, al-
though not intrinsically stretchable beyond a few per-
cent, can be patterned in-plane or made to ripple out-of
plane, and can then remain conductive and undamaged
at strains above 30%. Other methods including nano-
composites are also emerging, based on metal ion im-
plantation, Platinum salts, exfoliated graphite or car-
bon nanotubes.

In the following sections, the different compliant
electrodes used for DEAs will be presented, starting
with the most widely used carbon-based electrodes (sec-
tion B]), followed by the metal thin-film electrodes (sec-
tion[]), and finally by some emerging more exotic meth-
ods (section ). The main characteristics of each elec-
trode type are investigated, as well as the methods
available to pattern these electrodes on thin elastomeric
substrates. In the discussion (section[@]), several practi-
cal applications (miniaturization, reduction of driving
voltage, integrating sensing and energy harvesting) are
presented; the impact of the electrodes for each of these
examples is examined in detail.

3 Carbon-based electrodes
3.1 Carbon powder, grease, and rubber electrodes

The most commonly used electrodes for DEAs are based
on carbon particles and can be categorised in 3 main
variants (figure [2): loose particles of carbon simply de-
posited on the elastomeric membrane; carbon grease,
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Fig. 2 The three main types of carbon-based electrodes. a) Loose carbon powders consists of carbon black (or graphite)
particles directly applied on the elastomer membrane. b) Carbon grease consists of carbon particles dispersed in a viscous oil.
¢) Conductive rubber consists of carbon particles dispersed into a crosslinked elastomer. Photos adapted from [22], ©2007

SPIE. Reproduced with permission.

which consists of carbon particles dispersed into a vis-
cous media such as oil; and conductive rubber, which
is formed by dispersing carbon particles into an elas-
tomer, which is crosslinked after it has been applied on
the membrane.

Carbon powder

One of the main advantages of powder-based electrodes
is that they do not contribute to the stiffness of the
membrane on which they are applied, due to the ab-
sence of a strong binding force between the agglomer-
ates. Loose carbon powders (mainly carbon black and
graphite), directly applied on the dielectric membrane,
were thus the material of choice in the early days of
DEAs, as they allow demonstrating the large strain ca-
pabilities of these soft actuators. Although metals are
intrinsically more conductive than carbon, their pow-
ders have a tendency to form an insulating oxide layer
at the surface [23]. Additionally metal particles are too
large to create sufficient contacts, and a better con-
ductivity can be obtained with carbon particles [24].
Metallic powders are therefore rarely used for DEAs, al-
though a few articles report on the use of silver grease
electrodes [25[26]. The relatively high electrical resis-
tance of carbon-based electrodes does not play a pri-
mary role for actuators, as long as the electrical time
constant of the device remains smaller than the me-
chanical bandwidth. For instance a 1 ¢m?, 40 pm thick
DEA with a silicone membrane has a capacitance of
about 65 pF. With electrodes whose resistance would
be in the M2 range, it could still be driven up to 1 kHz.

In addition to being quite difficult to handle due to
their high sensitivity to static charges, loose powders

present several disadvantages: maintaining full cover-
age at large strains is difficult, [927] and the lifetime of
the electrode is limited due to the possibility of the con-
ductive particles to detach from the electrode. Conse-
quently, electrodes with loose powders are mainly found
in combination with adhesive acrylic elastomers (such
as VHB from 3M) as dielectric layer: because this ma-
terial is intrinsically sticky, the conductive particles be-
come bound to its surface. A notable exception where
loose graphite powder electrodes are used in combina-
tion with a silicone elastomer is in the multilayer pro-
cess of Prof. Schlaak’s group [28431]. But as each elec-
trode is effectively covered by the next dielectric layer,
one cannot strictly speak of loose powders for this par-
ticular case.

Carbon grease

One way to solve the issues mentioned above is to bind
the powders into a viscous matrix, such as grease. Al-
though easier to handle than loose powders and capa-
ble of sustaining larger strains while remaining conduc-
tive, carbon grease electrodes also have disadvantages:
grease can have long term stability issues caused by
drying or diffusion into the dielectric membrane, which
can cause short circuits or swelling of the elastomer
membrane. As any viscous material, grease also creeps
under gravity, which negatively impacts the lifetime of
these electrodes, particularly for devices stored verti-
cally. The absence of a reliability study on these kinds
of electrodes (and DEAs in general) makes it difficult
to assess the importance of these factors. Furthermore,
grease, similarly to loose powder, can be subject to me-
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Table 1 Main carbon powder-based compounds used to
make electrodes for DEAs.

Type Name Ref.
Carbon black  Vulcan XC72 321133]
Carbon black  Ketjenblack EC-300J 3211341[35]

Carbon black
Graphite
Graphite

N-77 (Spray) 20]

I
I
Ketjenblack EC-600JD  [36]
|
Merck 4206 132]

chanical abrasion, which also negatively impacts the
lifetime.

Conductive rubber

Finally, the conductive carbon black particles can be
incorporated into an elastomer matrix, such as a sili-
cone, which is cured after the electrode is applied on
the membrane, in order to obtain a polymer-carbon
conductive composite. Because in that case the elec-
trode is bound to the membrane, it is much less prone
to ablation or migration of the electrode material with
time, which positively impacts the electrode’s life ex-
pectancy. However, because of the elastomeric matrix,
the electrode’s contribution to the stiffness of the elas-
tomer cannot be neglected anymore, compared to car-
bon powder or grease. As Pelrine et al. pointed out,
these types of electrodes work best for thicker dielectric
films, i.e. when the thickness of the electrode is negli-
gible in comparison with the thickness of the dielectric
elastomer [I]. The stiffness of an elastomer-carbon black
compound is very dependant on the quantity of filler
particles, which must be sufficiently high to be above
the percolation threshold. The percolation threshold is
very dependent on the surface area of the carbon black,
as well as the matrix in which it is dispersed and can
vary between 1%-24% [23]. In silicone, we have observed
a percolation threshold of about 6% for Ketjenblack
EC-300J from AkzoNobel, and of about 3% for Ketjen-
black EC-600JD, due to its extremely high surface area
(1400 m?/g according to the datasheet, compared to
800 m?/g for the former)m. With graphite (4206 from
Merck) in DowCorning Sylgard 184, Kofod observed a
percolation threshold of 23% [32].

Assuming the same silicone is used to produce the
dielectric membrane and the conductive electrodes, the
mechanical stiffness of the filled polymer will be larger
than the membrane’s, thus showing the importance to
apply the material in a very thin layer.

The main carbon-based compounds reported in lit-
erature for the fabrication of compliant electrodes for
DEAs are summarized in tables [H3l In addition to

L unpublished results

Table 2 Main carbon grease-based compounds used to make
electrodes for DEAs. * indicates a compound prepared in the
research laboratory.

Name Ref.
CW 7200, Chemtronics [9,120]
Nyogel 755G, Nye Lubricants [37]
Nyogel 756G, Nye Lubricants [19]

PDMS oil + Ketjenblack EC-300J*  [32]

Table 3 Main conductive rubber-based compounds used to
make electrodes for DEAs. * indicates a compound prepared
in the research laboratory.

Composition Ref.

RTV 60-CON, Stockwell
Rhodorsil CAF4, Bluestar
RTV23, Altropol

Elastosil E43, Wacker
Sylgard 184, DowCorning

[9,25]
Vulcan XC72*  [33]
KB EC-300J*  [35]
KB EC-300J*  [32]
Vulcan XC72*  [3§]

these three main types of carbon electrodes for DEAs,
some other ideas have been presented, for example us-
ing carbon nanotubes (c.f. subsection [(.3]) or exfoliated
graphite [39].

3.2 Application methods for carbon electrodes

While simple prototypes and demonstrators can be man-
ufactured without much regard of the shape, precision
and thickness homogeneity of the electrodes, which can
simply be smeared on the elastomeric membrane [19,
211[37,/40], most actuators for commercial applications
require electrodes of a precise shape, patterned on a
cm, mm, or even um scale. Several techniques can be
used to apply and pattern carbon electrodes on a di-
electric elastomer (figure []), as described in the next
paragraphs.

Shadow masking

A shadow mask, or stencil can be placed on the elas-
tomer membrane to selectively expose the surface that
needs to be coated with the conductive material [IJ.
If the thickness homogeneity and reproducibility is not
a main concern, the conductive solution can be sim-
ply applied on the mask with a brush, which has been
demonstrated by Pelrine et al. for loose powders and
carbon grease [9]. For better uniformity, spray coat-
ing can be used in combination with a shadow mask
to apply a thin uniform layer on the elastomeric mem-
brane. For their automatized stack process, Schlaak et
al. have tested spray coating through a shadow mask of
both dry graphite powder and graphite in suspension in
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Fig. 3 Different ways to pattern carbon electrodes. a) Using a shadow mask to selectively protect part of the elastomeric
membrane. The carbon-based electrode material can then be dispensed (for example by spraying) on the surface. The shadow
mask is subsequently removed to expose the patterned electrode. b) Using a patterned elastomeric stamp to pick-up the
electrode material and apply it on the elastomeric membrane. c¢) Using standard printing techniques, such as drop-on-demand

inkjet printing.
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Fig. 4 Main process steps of the Schlaak et al. process for
manufacturing stacked DEAs with patterned carbon sprayed
electrodes. From [31], ©2011 IEEE. Reproduced with per-
mission.

isopropanol [28H3TI41]. With their process, which alter-
nates between the application of a silicone layer by spin
coating, the heat-activated cross linking of the silicone,
and the subsequent deposition of the electrodes (figure
M), they have developed an efficient production method,
which allows building actuators of up to 100 layers with
a production time of 5 minutes per layer, thus demon-
strating that carbon electrodes can also be used for
larger scale and commercial applications. Araromi et
al. reported on a similar stacked actuator fabrication
process with a sequence of silicone and electrode depo-
sition by spray coating with an airbrush [42]. Because
the dielectric layer is also sprayed, there is no need for
a spin-coater, thus reducing the cost of the installation.
Their electrode consists of graphite powder put in sus-
pension in a solvent (1:4 ratio). Spray coating through
a shadow mask can also be used with conductive rubber
if mixed with solvent to decrease viscosity [32,35].

One drawback of using a stencil to define the shape
of the electrodes is the contact between the mask and
the elastomer membrane, particularly in the case of
very thin suspended membranes. If applying the mask

and spraying the electrode can be done quickly, remov-
ing the mask at the end of the process must be done
slowly and carefully in order not to damage the mem-
brane stuck on the mask. Leaving a small gap between
the mask and the membrane is not advisable because
shadowing will occur at the mask border and the airflow
from the spray coating system can deform the mem-
brane, leading to a loss of resolution.

Stamping

Patterned structures can also be obtained by stamping
the conductive electrode on the dielectric membrane. A
soft stamp with the desired pattern is fabricated, for ex-
ample by replication on an etched silicon negative mas-
ter. Small structures and a good resolution can be ob-
tained with this method. For instance, Aschwanden and
Stemmer have used this technique to pattern 100 pum-
wide lines with loose carbon black powder on an acrylic
elastomer (VHB 9460) membrane [43]. The lines of elec-
trodes on both sides of the membrane formed a ma-
trix of 100 pm x 100 pm actuators which exhibited up
to 35% linear strain for a 500V actuation voltage (fig-
ure [B)). Stamping loose carbon black powder is made
possible for this particular application by the use of
the VHB adhesive as dielectric layer: the stickiness of
the surface assures the transfer of the carbon particles
from the stamp to the membrane, and fixes them on
the elastomer surface. Commercially available stamp-
ing techniques can also be used with carbon grease or
conductive rubber when adequately diluted to form a
conductive ink.

Printing techniques

There is still room for development of effective, rapid
and high-resolution patterning techniques for carbon-
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500 Volts

Fig. 5 100 pum-wide loose carbon black electrodes applied
with a structured stamp on an acrylic elastomer membrane.
From [43], ©2007 SPIE. Reproduced with permission.

based electrodes for DEAs. The three major types of
carbon electrodes presented here can be prepared in
the form of a conductive ink, and most of the tech-
niques developed for the printing industry, including
inkjet printing, screen printing or roll-to-roll processes,
can be applied to pattern conductive electrodes on elas-
tomers. The polymer solar cell community, for example,
is using these printing methods for the manufacturing
of flexible devices [44]. Their production lines require
high throughput, the coating of large surfaces, and the
patterning of precise features (down to the um scale).
This is similar to the needs of compliant electrodes for
DEASs in case of a large-scale commercial application.

Among the standard printing methods, inkjet print-
ing is particularly interesting, because it is a purely non-
contact method, and it is therefore well adapted for thin
suspended membranes. This is a versatile method, as
the shape of the electrode can be adapted at will just by
modifying the bitmap used to print the electrode. This
represents a very interesting advantage over shadow
masks for the research community, because different de-
signs can quickly be printed and tested, which allows for
quick optimization of the electrode shape. Large-scale
printers with multi-nozzle (up to 1000) printheads are
capable of large throughput, which renders this tech-
nique also attractive for commercial high-volume pro-
duction of DEAs. A major difficulty resides in the de-
velopment of a jettable ink for EAP applications, which
is not a straightforward task. The parameter space is
limited by a large number of factors: first, there are the
printer /nozzle requirements on liquid viscosity, surface
tension and vapour pressure, which must be followed in
order to obtain regular and stable generation of drops
on demand. These requirements are nozzle-related and
can be quite tight. For example, the R&D printer Di-
matix DMP-2800 from Fujifilm requires inks with vis-
cosities between 10 and 12 mPa-s, and surface ten-
sion between 22 and 33 mN/m. To avoid clogging the
small nozzle orifices (typically 10 — 100 pum depending
on manufacturer), the carbon particles must be care-

Electrode
properties

Printing process

-Stiffness
-Thickness
-Compliance

rface resistance

N

-Ink viscosity
-particle diameter

-ink surface tension
-ink vapor pressu
-ink pot life

ontact angle
-Drying speed
-"Coffee stain" effect

Ink for DEA

applications
Ink-membrane
interaction

Fig. 6 Schematic representation of the reduced parameter
space available to design an inkjettable ink for DEAs appli-
cation. The fluid must fulfill the requirement of the printer’s
manufacturer in order to be reliably dispensed. Once the ink
droplets reaches the polymer’s surface, it must cover it and
dry uniformly, and finally the cured ink must be conductive
and compliant in order to be used for DEAs.

fully dispersed and no flocculation or sedimentation is
allowed. The evaporation rate of the ink must not be
too high, to avoid clogging the nozzle when it is not
jetting (i.e. when the nozzle is travelling above a zone
which must remain free from ink). Secondly, the inter-
action between the droplet and the membrane, once the
former reaches the latter, adds further requirements on
the fluid formulation. The contact angle between the
ink and the elastomer must be low enough to obtain
good wetting. If the contact angle is too high, there is
a risk that adjacent droplets merge together and form
a large ink pool, causing a dramatic loss of resolution.
This is especially problematic with silicones, which have
a very low surface energy and present highly hydropho-
bic surfaces. Different surface treatments (plasma acti-
vation, UV exposure) can help to temporarily increase
the surface energy, and Robinson et al. have recently
demonstrated how the wetting of a silicone substrate
by a solvent-based ink can be improved by structur-
ing the silicone substrate with micropillars [45]. The
ink’s evaporation rate must be controlled so as to avoid
the “coffee stain” effect, which is caused by the mo-
tion of the ink’s solid content to the periphery of the
droplet, leading to a non-uniform coating once the layer
is dry. This effect can be avoided by carefully choos-
ing the solvents used for the ink formulation, using a
mix of solvents with different vapour pressures [46]. Fi-
nally, the ink formulation must be selected so that the
dry and cured film fulfils the requirement for compliant
electrodes: low stiffness, compliance, conductivity etc.
Figure [@lillustrates the requirement that an ink formu-
lation must fulfil.
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3.3 Electrical properties of carbon electrodes

Because of the absence of suitable commercial products,
most carbon-based compounds are prepared in research
laboratories, with different amount of fillers, different
degrees of dispersion of the agglomerates, and applied
in a broad range of thicknesses. Consequently, a large
spectrum of surface resistance has been reported in the
literature. Kornbluh et al. commented on this large re-
sistivity spectrum by stating: “Typical surface resistiv-
ities of our electrodes are on the order of tens to hun-
dreds to thousands of ohm” [§]. Toth and Goldenberg
measured a surface resistance of about 20 k/square
for carbon grease. They observed an exponential in-
crease of the electrodes resistance when submitted to
an uniaxial strain, that they modelled with the follow-
ing equation [25]:

R = Rof* Y, (2)

where R is the resistance of the stretched electrode,
Ry the initial resistance of the undeformed electrode,
« the uniaxial stretch, and S a constant character-
izing the sensitivity of the resistance to strain. They
tested different types of electrodes and reported the
following values for f: 4 for carbon conducting grease,
6.5 for conducting RTV silicone, 6.8 for silver conduct-
ing grease, and 22 for graphite powder. Carbon grease
electrodes was thus expected to remain conductive at
larger strain compared to the other electrodes tested in
the study. Carbon grease is thus the electrode material
used by Keplinger et al. to demonstrate gigantic strain
(1692% surface strain) on a DEA balloon, using insta-
bility snap-through [47]. However, with another home-
made carbon grease, Kofod observed that grease mi-
gration starts to occur at large strains (above 100%
biaxial), and full coverage of the electrode surface is
not ensured anymore [32]. This highlights how the elec-
trical properties (initial resistivity and behaviour when
strained) of home-made carbon-based compounds de-
pend on the method of preparation.

In addition to their primary role of transporting
and storing the charges for the generation of the elec-
trostatic force (and hence actuation), the electrodes,
and their change in resistance while being deformed
can be used to monitor the strain and operate the ac-
tuator in close-loop mode. O’Brien et al. character-
ized the three main types of carbon-based electrodes
(loose powder, grease and conductive rubber) for re-
sistive self sensing (figure 2)) [22]. For the three elec-
trode types, they obtained a surface resistance of about
9 kQ/square. The electrodes were then submitted to
uniaxial strain, while measuring the change in resis-
tance for self-sensing applications. Loose carbon pow-
der exhibited the best resistance as function of strain

behaviour: no noise, and no overshoot, while carbon
grease produced a noisy signal and bound carbon pow-
der — although mechanically the best — presented a
time-dependent signal with strong overshoot at each
change in strain rate (figure [f]). As explained by Wang
et al., the resistance time-dependency of a carbon-filled
elastomer exhibit the same forms as the corresponding
mechanical properties of a viscoelastic material, thus
explaining the jumps in resistance at the times at which
the strain rate is modified [48]. The plot of the resis-
tance as a function of the applied strain shows the lack
of hysteresis of the loose carbon electrodes compared
to the two other alternative, which is very important
for self-sensing applications (figure[7ld). One also notes
the higher sensitivity of the resistance of loose carbon
powder electrode compared to grease, which is in good
agreement with the empirical relation and observations
of Toth and Goldenberg reported in the previous para-
graph.

Compliant electrodes are necessary to obtain a large
displacement of the active area (the zone which is cov-
ered by two electrodes). In order to bring the electrical
charges that will create the electrostatic force and the
displacement of the active zone, it is necessary to con-
nect one end of the electrode to a high voltage power
supply. The interface between the electronic driving cir-
cuit and the soft electrodes must be made in a way
to ensure a reliable electrical contact without damag-
ing the electrodes and while assuring a long lifetime of
the interconnect. Because of their crosslinked state and
good adhesion to the dielectric elastomer layer on which
they are applied, conductive rubber electrodes are eas-
ier to reliably connect to an external rigid electrical
connection point compared to loose powder or carbon
grease. There are several methods to connect an elec-
trode to the driving circuit. One possibility in the case
of suspended membranes is to combine the supporting
frame holding the membrane with the electrical contact
interface, by using an insulating structure with conduc-
tive tracks, such as a printed circuit board (PCB). It is
then possible to integrate the actuator with the electri-
cal driving circuit on the same board (figure [§]).

4 Metallic thin-films electrodes

The microelectronics and MEMS industry has devel-
oped a broad range of microfabrication technologies to
create patterned conductive thin-films. Metals can be
deposited in thin layers on a broad range of substrates
by electron beam evaporation, cathodic sputtering, or
electroplating and patterned down to the nm scale us-
ing photolithographic processes. Reproducible results
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Fig. 8 Left: example of interface between a compliant elec-
trode and an electronic circuit with the help of a double-sided
PCB playing the double role of a support frame and electrical
interface through the use of metallized vias. Right: applica-
tion of the concept to a DEA with a home-made single-sided
PCB. The absence of copper on the backside (in contact with
the electrode) is compensated with a conductive silver varnish
in the via hole.

at a large throughput can be obtained with these meth-
ods (for instance over one billion interconnects on mod-
ern microprocessors), which consequently have the po-
tential of moving the EAP technology from the lab to
the industry. The ability to pattern the electrodes on
a small scale allows for the fabrication of many elec-
trically independent actuators on the same membrane,
which paves the way for a broad range of new applica-
tions based on arrays of microactuators.

However, there are two major obstacles to the direct
use of metal thin film as electrodes for DEAs. First, the
Young’s modulus of metal is several order of magnitude
higher than that of dielectric elastomers (50 — 100 GPa
compared to 0.2 — 1 MPa), which means that even 50
nm-thick electrodes on a 50 pm-thick elastomer will
have a significant stiffening impact on the elastomer,
leading to a negligible actuation strain. For example,
we have shown that sputtering a 8 nm gold layer on
a 30.6 pm PDMS membrane with an initial Young’s
modulus of 0.77 MPa caused a relative increase of the
Young’s modulus of the membrane of 440% , up to 4.2
MPa [49]. Secondly, the limit of elasticity for metals
is very low, typically 2-3% and if a metal electrode is
strained above this limit, it will crack and form islands
separated by non-conductive polymer.

Despite this limitation some research groups pro-
posed and tested clever solutions to use metallic thin-
films for DEA applications, even though they present
a very high Young’s modulus and a low limit of elas-
ticity. These methods, summarized in figure [ include
the use of patterned electrodes (section E]), of out-
of-plane buckled electrodes (section [£2]), and of corru-
gated membranes (section [£.3)).
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a)

Top View
Metal thin-film

Corrugations

Fig. 9 Different methods to create stretchable electrodes
based on metal thin films. a) Using a patterned electrode
defined by photolithography instead of a plain electrode. b)
Depositing the metallic thin film on a stretched elastomeric
membrane, in order to create out-of-plane buckling when the
substrate is relaxed. c) Fabricating a corrugated elastomeric
membrane on which to deposit the thin-film electrode.

4.1 Patterned metal electrodes

Patterning metal traces can be used to define several
independent devices on the same membrane, but on
a smaller scale, it can also be advantageously used to
replace a sheet (i.e. continuous) electrode by a pat-
terned one (figure [[0). When carefully designed, the
patterned electrode still allows for the membrane to
move and expand in the desired direction without dam-
aging the metallic thin-film. Compared to a plain elec-
trode with the same external dimension, the patterned
electrode has a smaller active area, and therefore the
capacitance formed by two aligned electrodes between
an elastomeric membrane is lower, leading to a smaller
electrostatic force and strain. However, if the patterned
structure is carefully designed, the capacitance can be
increased due to the fringing field capacitance, and ap-
proach that of plain electrodes.

Pelrine et al. have deposited a thin layer of gold (<
100 nm) on an elastomeric membrane by cathodic sput-
tering. The layer was subsequently patterned by pho-

Fig. 10 Patterned compliant metal thin-film electrodes. a)
170 nm Cr/Au/Cr electrodes evaporated on a 30 — 40 pm-
thick DowCorning Sylgard 186 membrane and patterned
to optimize out-of-plane displacement of the diaphragm.
Adapted from [50], ©2007 IEEE. Reproduced with permis-
sion. b) Horseshoe-shaped metal tracks optimized for uniaxial
extension. From [5I];DOI: 10.1088,/0960-1317/22/1/015002
(©2012 IOP publishing Ltd. Reproduced with permission

tolithography to form zig-zags with a conductive width
down to 5 um [9l[27]. They report that the electrodes
can be stretched in the direction of the zigzags up to
80% while remaining conductive. It should be pointed
out that the mechanical properties of a membrane with
such zig-zag electrodes patterned on its surface become
anisotropic, and that the membrane is softer in the di-
rection of the zig-zags than across them. When used for
DEAs these electrodes promote uniaxial strain, which
can, depending on the practical application in which the
actuator is intended to be used, be seen as an advan-
tage or a disadvantage. To reduce the stiffening impact
on the membrane, the zig-zag electrodes of Pelrine et
al. are separated by a space many times their width.
Consequently, to ensure a better electric field coverage,
the authors point out that a second electrode material
is necessary to carry the charges in-between the zig-zag
traces, and they have shown that the humidity con-
tained in ambient air makes it sufficiently conductive
to conduct charges between two gold traces, if speed is
not an issue.

Although not directly targeted at DEAs, Gonzalez
et al. have studied the maximal elongation of mean-
dering metallic tracks deposited on a silicone elastomer
and submitted to uniaxial strain (figure [0 right) [52].
The authors have conducted FEM simulations to op-
timize the shape of the meanders in order to maxi-
mize the elongation of the conductive track at break.
They found that a “horseshoe” shaped track with a
conductive width as small as possible was the best so-
lution, and they reported elongation at break up to
100%, which is slightly above the non-optimized zig-
zags tracks of Perlrine et al. presented in the previ-
ous paragraph. The technique was further developed
by Verplancke et al. by sandwiching the meandering
track between two spin-coated polyimide layers as a
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means to improve mechanical performance [51]. They
obtained reproducible uniaxial stretching up to 100%
without noticeable change in resistance (Ry ~ 18042)
or hysteresis. A life time of 500000 stretching cycles
has been demonstrated for a strain of 10%.

Pimpin et al. have designed a diaphragm micro-
actuator capable of out of plane buckling made with
a 180 nm gold electrode deposited by e-beam evapora-
tion. A 10 nm chromium adhesion layer was deposited
first, followed by the gold layer and a final chromium
layer to avoid stress gradients. The metallic layer was
finally patterned in concentric rings to form a compli-
ant electrode [50,[53]. This example is particularly in-
teresting, because it presents a small-size device (2 mm
diameter) made in a clean-room environment with mi-
crofabrication production methods. Carbon-based elec-
trodes are consequently out of question for this process,
and using electrodes patterned in concentric rings is a
clever workaround. To obtain the best strain perfor-
mance, the electrodes must be carefully designed. For
example increasing the spacing between the conductive
tracks while keeping the width of these lines constant
reduces the stiffening effect of the metal, but reduces
the effective area of the electrode. Pimpin et al. have
conducted FEM simulations and experimental verifica-
tions to optimize the fill factor of their patterned elec-
trode. Taking the width of the conductive tracks w, the
gap between the concentric rings g, and the thickness
of the dielectric membrane h, they found that the dis-
placement was maximized when the electrodes have a
g/w ratio of 0.33, and a w/h ratio as small as possi-
ble. Consequently, g should be made as narrow as the
patterning process allows, and w 3 times larger than g.
With g =7 pm and w = 23 pm, the authors obtained a
static deflection of 112 pm at an applied electric field of
75 V/um, which represents 5.6% of the membrane’s di-
ameter. The authors also tested unpatterned electrodes
of the same total size and obtained a static displace-
ment 6 times smaller, thus showing the necessity of
patterning a metallic thin-film electrode when used for
DEAs. However, even with the patterned electrode, the
5.6% height over diameter ratio is not a large strain:
assuming the membrane’s buckled shape is a spherical
cap, this vertical displacement corresponds to a surface
strain of the membrane of 0.31%. On the same elas-
tomer (Dow Corning Sylgard 186) but with extremely
compliant electrodes made with carbon grease, we have
me?éured surface strains of 14.8% at the same applied
fiel

2 unpublished results

Fig. 11 Out of plane buckling of a thin metallic film de-
posited on an elastomer membrane due to different coefficient
of thermal expansion. From [54], DOI: 10.1038/30193| ©1998
Macmillan Publishers Ltd. Reproduced with permission

4.2 Qut-of-plane buckled electrodes

The high coefficient of thermal expansion of silicones
(910=* K~! (volume) for Dow Corning Sylgard 186
according to the datasheet) is often problematic when
they are used in conjunction with other materials with
much lower thermal expansion. However, this property
can be advantageously used to make compliant elec-
trodes out of plain metallic thin-films. In a letter to
Nature, Bowden et al. showed how they were capable of
creating complex out-of-plane structures by depositing
a thin-metallic film (50 nm) by E-beam evaporation on
a piece of heated silicone (figure [I]) [54]. The contrac-
tion of the silicone when it was cooled down to room
temperature created a compressive stress in the metallic
thin-film, causing it to buckle out of plane, forming an
undulating structure with a wavelength of 20 — 50 pm.
These kind of structures can be induced either by heat-
ing the silicone substrate, or just by using the heat gen-
erated by the deposition process. Lacour and Wagner
evaporated 100 nm-thick gold tracks that were 28 mm
long and 0.25 mm wide on a 1 mm-thick silicone sub-
strate and observed the formation of out-of-plane struc-
tures perpendicular to the track length [55]. They mea-
sured the resistance increase of the track when submit-
ted to uni-axial strain, and observed that it remained
conductive for strains up to 23%, which greatly exceeds
the yield strain of gold. This is due to the fact that the
out-of-plane waves flatten out when the composite is
stretched. Similar out-of of plane wavy electrodes in-
duced by thermal stress have also been reported by
Maghribi et al. for a stretchable micro-electrode ar-
ray [50].

Controlling the amplitude of the out of-plane struc-
tures is difficult if one relies uniquely on the thermal
stress induced during the deposition. However, gener-
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ating compressive stress in the mechanical layer is also
possible by prestretching the elastomeric substrate be-
fore the deposition of the metallic thin-film (figure
b) [B5,57]. Lacour et al. have uni-axially prestretched
a silicone substrate by 10%-20% before depositing a
25 nm-thick gold layer [55]. Following deposition and
patterning of the metallic tracks, the substrate was al-
lowed to relax, leading to out-of-plane buckling of the
gold electrode. The resistance of 0.5 mm x 4.6 mm
stripes was measured as a function of strain. Electrodes
that were evaporated on a substrate that was stretched
15% during the deposition process could be uni-axially
strained up to 28% before losing conductivity because
of crack formation in the metallic layer. It should be
pointed out that this value is far superior to the 15%
strain state applied during the electrode deposition,
strain at which the out-of-plane waves are expected to
completely disappear when subsequently stretched in
the same direction. After the release of the 15% de-
position prestretch, the metallic stripes formed a sinu-
soidal profile with wavelength of 8.4 pm and an ampli-
tude of 1.2 pm. The authors report on a large varia-
tion of the initial surface resistance of the stripes, from
0.8 ©/square up to several M§2/square [55]. The sample
whose resistance was characterized as function of strain
had an initial surface resistance of ~ 14 €/square.
Upon uni-axial stretching, the resistance of the stripe
decreased down to ~ 8.2 /square, for a strain of 17%,
i.e. slightly higher that the deposition prestretch. At
higher strain, the surface resistance increases slowly.
Above 28% strain it rises sharply up to electrical fail-
ure. Cyclic testing of up to 100 cycles have shown that
the samples remain stable. To apply this kind of elec-
trode to DEAs, however, the cyclic loading tests should
be pushed further. This method can also be used with
a biaxial prestretching for deposition, in order to make
actuators capable of expanding in the two in-plane di-
rections, depending on the application.

Electrodes which remain conductive when stretched
are one of the two important requirements for compliant
electrodes for DEAs, the second being a negligible stiff-
ening impact on the dielectric membrane. This effect
has not been analysed for these buckled electrodes, and
they have not been directly applied to build and char-
acterize DEAs. However, their close similarity with the
corrugated electrodes (c.f. subsection E3]) which have
been successfully used to make reliable DEAs, indicates
that similar performance should be expected.

Corrugated Membrane  Metallization

Lamination

~_Compliant direction

>

Fig. 12 Corrugated membrane with thin-film metallization
applied on the corrugated surface. The sandwiched config-
uration necessary to make dielectric elastomer actuators is
obtained by laminating two metallized membranes back to
back.

4.3 Metal thin-film electrodes on corrugated
membranes

One of the main limitations of the method presented
in the previous paragraph is the need for mechanically
prestretching the membrane. Metal thin-film deposi-
tion and patterning via photolithography are methods
which are compatible with a microfabrication process
flow, but prestretching is not, due to the need to re-
move the membrane from its substrate, mechanically
deform it and fix it on a retaining frame. As an alterna-
tive method to mechanical or heat-induced prestretch
to generate out-of-plane wavy electrodes, Benslimane
et al. have introduced the use of a structured dielec-
tric elastomer membrane [58]. The silicone elastomer
is applied on a mold with a quasi-sinusoidal corruga-
tion profile. After curing, the membrane is separated
from the mold, and a 70 — 110 nm thick Ag thin-film
is deposited on the corrugated side. The wave profile
of the mold has been optimized to obtain elongations
of 33% in the compliant direction before the metallic
electrode breaks. The capacitor configuration needed
for DEA applications is obtained by laminating two
films together with their flat sides in contact (figure
[[2)). The lifetime of the corrugated electrodes was inves-
tigated by cyclic activation of an actuator with corru-
gated electrodes. The test setup consisted of two mem-
brane actuators mounted in a push-pull configuration.
One membrane was activated, and the other acted as
a counter-balancing spring. The actuation signal was
2.5 kV at 30 Hz, and more than 3 million cycles were
demonstrated without change in the actuation strain or
damage to the electrodes [58].

This technology has been developed by the Danfoss
group in Denmark in collaboration with RIS® DTU. In
July 2008 a separate entity, Danfoss Polypower A/ dﬁ,

3 http://www.polypower.com
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has been founded to further develop this process, and
to manufacture DEAs with corrugated electrodes on a
large scale. Danfoss Polypower were the first to manu-
facture in high volume an electrode-coated DEA mate-
rial. They have developed custom machinery that en-
able roll-to-roll production of hundreds of meters of
DEA membranes, from the corrugated membrane fab-
rication to the lamination of two films to form a capac-
itor [59]. The electrodes are deposited by a roll-to-roll
vacuum sputtering process, which follows the delami-
nation of the membrane from the mould, whose profile
height and period are respectively 4 pm and 10 pm.
Plasma treatment is used to promote the adhesion of
the metal on the elastomer prior to the metallization.
The infrastructure allows the coating of different met-
als, and a roll-to-roll masking mechanism can be used
to pattern the electrode, if needed. Recent research ef-
fort for the optimization of the corrugation profile has
lead to metallized membranes capable of sustaining a
strain of 80% without inducing damages to the metal-
lic layer, by using a mold profile with a 1:1 height over
period ratio [60]. The authors have computed an exper-
imental “compliance factor” describing the stiffness of
the coated membrane in the compliant direction, and
estimated that the new profile is about 4.5 times more
compliant than the previous one, which should lead to
a strain gain for the same applied electric field when use
in a DEA configuration. According to their model, the
corrugated metallic electrode with this new profile is
8100 times more compliant than the same metallic film
deposited on a non-structured (i.e. flat) membrane.

Push actuators named InLastor were fabricated by
rolling the DEA membrane in a cylinder of many lay-
ers. With 2500V actuation (~ 31 V/um), the actuators
exhibit a 3% linear strain, a blocking force of 6 N/cm?
and a response time below 10 ms [59].

4.4 Patterning methods for metallic thin-films
electrodes

One of the main advantage of using metallic thin-film as
electrode material is the ability to precisely define the
shape of the electrode via different methods of pattern-
ing (figure [[3)). The three techniques compatible with
elastomer membranes are:

Shadow masking

A shadow mask can be used to selectively expose the
surface of the elastomer during the coating process, sim-
ilar to what can be done with carbon-based electrodes.
Laser cutting of thin (< 100 pm) steel sheets can be
used to obtain structures down to ~ 100 pm. Smaller

structures, down to a few micrometers, can be achieved
through the use of a microfabricated stencil [61]. Us-
ing focused ion-beam milling for the fabrication of the
stencil, deposition of metallic structures smaller than
100 nm has been demonstrated [62]. But the fabrica-
tion process of nano-stencil is quite complicated and
expensive.

The patterning steps (figure [[3] left) involve (a) the
application (and alignment, if needed) of the shadow
mask on the membrane, (b) the deposition of the metal
film and (c) the removal of the mask. The main advan-
tage of this technique is its rapidity due to the possi-
bility of re-using the masks. The disadvantages include
the contact of the mask with the dielectric membrane,
and the shape limitation (i.e. the difficulty of pattern-
ing closed paths such as a ring). Lacour et al. have
used shadow mask made in a polyimide foil to define
conductive stripes on a silicone substrate [63], and the
Danfoss Polypower metallization process can be used
in conjunction with a roll-to-roll shadow mask [59].

Metal etching

Photolithography combined with metal etching is an-
other possibility (figure [[3 center). It consists in de-
positing a blanket metal electrode on the elastomer
(a). A thin photoresist layer is then applied on the
metal and patterned to selectively protect the metal
layer (b). This step is followed by the etching of the ex-
posed metal (c), and finally the photoresist is stripped
from the metal (d). This process, which is the standard
patterning method used in the integrated-circuit (IC)
industry, has been successfully demonstrated to pat-
tern metallic electrodes on elastomeric membranes for
DEA applications by several authors [9,127,50,53]64].
Compared to the shadow mask process, any shape can
be realized with photolithography, and features with
size down to 5 pum have been demonstrated on soft
polymers [9]. However, the number of steps and the re-
quired processing time are higher than for the shadow
mask process.

Lift-off

Another patterning possibility using photolithography
and requiring a reduced amount of steps is the lift-off
process (figure [[3] right). A layer of photoresist is ap-
plied and patterned on the elastomer membrane (a).
Unlike the metal-etch case, the exposed zones of the
membrane after the development of the resist are the
regions that need to be coated. The metal is then de-
posited over the patterned photoresist (b). Finally, the
metal-covered resist is stripped in solvent, leaving the
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Fig. 13 The three principal methods to pattern metallic thin-films: Shadow masking (left), blanket deposition followed by a

photolithography and a metal etch (center), and lift-off (right)

patterned metallic electrode on the elastomer (c). The
lift-off process has been successfully used to pattern
metallic layers on soft elastomers [55,[65H67].

Photolithography on silicone membranes

Conventional recipes for photolithography involve pre-
and post-bakes of the photoresist at high temperature,
which must be avoided with a silicone substrate because
of the risk of generating cracks in the metallic and pho-
toresist layers due to the difference in the coefficient
of thermal expansion (CTE) between the elastomeric
membrane and the photoresist. A specific process for
photolithography on soft elastomer must be developed,
as stated by Pelrine et al. without giving details on their
method [9]. A few authors have published specific infor-
mation on their photo-lithographic process on silicones,
whose focus is mainly aimed towards avoiding the for-
mation of cracks in the resist caused by the expansion
of the silicone layer. For example, Pimpin et al. have
placed the photoresist-coated substrate in a desiccator
at room temperature for 12 hours in order to remove the
solvent from the resist, instead of the traditional hot-
plate or oven baking [50]. Some research groups have
used the negative photoresist SU-8 to pattern struc-
tures on a silicone layer, because it is stronger and has a
much larger coefficient of thermal expansion compared
to conventional resists, thus avoiding the formation of
cracks during the process [65H67]. Because SU-8 is an
epoxy, it can therefore not be stripped in solvents after
cross-linking, and the SU-8 mask must therefore be me-
chanically peeled off from the substrate. This imposes
limitation on the mask design, as the crosslinked SU-8
must form a continuous single part. Guo and DeWeerth
have solved this limitation by using an intermediate sac-
rificial layer: a water-soluble poly(acrylic acid) (PAA)
was coated directly on the PDMS, the photopatternable
SU-8 being then spun on top of it. The PAA layer is

dissolved in water as a last step, to allow the stripping
of the SU-8 mask [65].

In addition to CTE mismatch-induced cracking of
the photoresist layer, the proper wetting of the silicone
surface by the photoresist and the adhesion thereof rep-
resent another challenge, due to the extremely low sur-
face energy of silicone. Consequently, standard novolak-
based resists have a tendency to dewet when directly
applied on silicone, which is the case in the lift-off pro-
cess. To address this issue, Maghribi et al. have used
oxygen plasma activation (1 min at 100 watts with
an oxygen flow of 300 sccm) just before spin-coating
the resist, in order to increase the surface energy of
PDMS and ensure proper wetting by the photoresist
[56]. Diebold and Clarke present another approach with
the use of a mixture of Polydimethylglutarimide (PMGI)
and standard Novolak resist, as PMGI was shown to
present a good adhesion on silicone [6§].

4.5 Interconnects

Depending on the targeted application and required
output strain, metal thin-film electrodes may have too
large a stiffening effect on the elastomer membrane,
even when applied with one of the methods described
above. There are therefore situations for which carbon
electrodes would be more suited. However, one of the
main advantage of metallic electrodes are their high
conductivity and ease of patterning down to the mi-
crometer scale. Even for actuators which would require
a highly compliant active zone made with a carbon-
based electrode, compliant metal thin-films can be used
as interconnect to bring the electrical signals from the
actuator’s frame to the active zone. Long and narrow
tracks with a low electric resistance can be patterned
on the dielectric and used as soft interconnects, which
is not feasible with carbon electrodes: in addition to
the difficulty of patterning small structures, a narrow
and long interconnect made with a material having a
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surface resistance in the tens of k{)/square range is not
realistic.

The important parameters of interconnects are a) a
high conductivity and b) the ability to be repeatably
stretched without damage. The stiffening effect on the
membrane is of secondary importance. In addition to
the three types of thin-film electrodes presented above
(patterned electrodes, buckled electrode and corrugated
electrodes), there are a few other technologies that can
be used for interconnects, while having a too large stiff-
ening impact to be used as active electrode in a DEA.
For example, several authors reports on large uni-axial
strains (up to 30%) obtained with metallic thin-films
deposited on a flat elastomeric substrate, greatly ex-
ceeding the usual 3-4% yield strain of metals [641[69].
The authors have discovered that microcracks are cre-
ated in the strained metallic tracks. As these cracks do
not propagate completely across the track, a conduction
path is conserved up to large strains. It is difficult to
evaluate the importance of the deposition parameters
and of the stretching profile (very small increments with
long pauses between each steps [64,[69]) on the elonga-
tion at break for metallic thin-films. As a comparison,
we have previously strained sputtered gold layers on
PDMS at a constant speed and observed loss of con-
ductivity for strains as low as 3% [70].

5 Novel techniques for compliant electrodes

In addition to the two mainstream types of electrodes
(carbon and metal thin-films) described in the previous
sections, some research groups have worked towards de-
veloping new types of compliant electrodes for DEAs,
in order to progress towards the perfect electrodes for
DEASs combining compliance with ease of patterning, or
to develop new useful features such as self-clearing in
case of dielectric breakdown. This section presents some
of the emerging and exotic methods to make compliant
electrodes for DEAs and pinpoints the advantages com-
pared to the more conventional methods.

5.1 Implantation of metallic nano-clusters

Carbon powder electrodes are extremely compliant be-
cause they are formed by nano/micro particles that can
slide relative to each other when the elastomeric mem-
brane on which they reside is stretched. However, their
adhesion to the membrane is extremely weak, mak-
ing them messy and unreliable. On the other hand,
metal thin-films present a much better adhesion but
lack compliance. Implantation of metallic nano-clusters

at low energy takes the best of the two worlds by creat-
ing metallic nano-particles in the first tens of nanome-
ters below the elastomer surface (figure [[4] a-b). These
metallic clusters can move relative to each other, thus
forming an electrode much more compliant than a plain
thin-film, and because they are located inside the elas-
tomer matrix, the adhesion and resistance of these elec-
trodes is excellent.

Two different implantation methods leading to the
formation of metallic nano-clusters into PDMS have
been presented in the literature: Filtered Cathodic Vac-
uum Arc (FCVA) implantation [f0H74] and Supersonic
Cluster Beam Implantation (SCBI) [75].

Filtered cathodic vacuum arc

In FCVA, a plasma is generated between the cathode
(the metal to be implanted) and a counter electrode
(anode) by a high voltage pulse that vaporizes the cath-
ode material (figure [[4] ¢). The plasma, consisting of
electrons, metal ions and large, undesirable particles is
then filtered by a magnetic filter to remove the macro-
particles [76]. The metal cations are finally accelerated
towards the target by an electric field. Our group has
worked extensively on low energy (2 — 10 keV) FCVA
implantation of titanium, palladium and gold ions into
PDMS targeted at the fabrication of compliant elec-
trodes for DEAs. Our investigation of gold implanted
PDMS have shown a percolation threshold of about
1.5 - 10'® at/cm?, leading to reasonably low surface
resistance (~ 1 k{)/square), large stretching capabil-
ities while remaining conductive and low impact on the
Young’s modulus of the silicone membrane [70]. Con-
ductive strips were implanted with gold on a silicone
membrane and stretched. The resistance versus strain
was measured with a four-points setup. Strains of up to
175% were observed before the electrode was damaged,
which is much larger than a gold-sputtered strip of iden-
tical size (figure[IH]). The implanted layer extended from
the surface to a depth of 20 — 30 nm depending on ac-
celeration energy. The Young’s Modulus of this ultra-
thin implanted layer was measured to be 0.2 — 5 GPa
depending on energy and dose, much lower than the
Young’s modulus of bulk gold [74]. When used to make
electrodes on a 25 pm PDMS membrane whose initial
Young’s modulus is 1 MPa, ion implantation creates a
100% relative increase of the stiffness, which is much
lower than the impact of a plain evaporated thin-film
of comparable thickness. Gold-implanted tracks were
cyclically stretched to 20% without degradation [70].
Circular buckling DEAs with FCVA gold implanted
electrodes were fabricated and characterized [73][77].
They exhibited vertical displacement over diameter ra-
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Fig. 14 (a) TEM cross-section of Au nanoclusters implanted
by FCVA into PDMS with an energy of 10 keV and a dose of
1.5 x 1016 at - cm—2. From [74] (©2010 Elesevier Itd. Repro-
duced with permission. (b) TEM cross-section of a Au/PDMS
nano-composite obtained by SCBI for an equivalent thickness
(i-e. thickness obtained when depositing on a hard substrate)
of 35 nm (exact dose unknown). From [75], ©2011 WILEY-
VCH Verlag GmbH & Co. Reproduced with permission. (c)
Schematic representation of the FCVA implantation process:
the high density plasma is created by a high-voltage pulse
that vaporizes the cathode material. A 90° bent solenoid fil-
ters the plasma by trapping the large, heavy macroparticles.
From [74], ©2010 Elesevier ltd. Reproduced with permission.

tios up to 25%, which is 4.5 times higher than a similar
actuator made with patterned thin-film electrodes (c.f.
section M]). FCVA implantation is particularly interest-
ing for the fabrication of compliant electrodes: First,
the low energy limits the penetration depth of the ions
into the elastomer, and allows percolation at low doses.
The low energy also limits the collision-induced dam-
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Fig. 15 Change of resistance versus strain for a gold sput-
tered and a gold implanted strip up to the damage threshold.
The sputtered layer can only sustain a few percent strain
whereas the implanted strip can be stretched up to 175%
before loosing conductivity. From [70], ©2009 WILEY-VCH
Verlag GmbH & Co. Reproduced with permission.

age at the surface of the elastomer which contributes to
stiffen the polymer (carbonisation, broken bonds, etc.).
Secondly, the high ion flux allows obtaining a conduc-
tive layer in a short amount of implantation time (a few
minutes).

Supersonic cluster beam implantation

In plasma assisted SCBI, the metal is vaporized in the
same manner as with FCVA, but the plasma is subse-
quently quenched by a pulse of inert gas and it con-
denses to form neutrally charged clusters. The clusters
are then injected into the deposition chamber where
they impact the target [78]. With this technique, neu-
tral atoms are implanted and charging of the elastomer
surface is therefore avoided. Corbelli et al. have used
this method to create electrodes composed of conduc-
tive gold clusters into PDMS [75]. Even if the energy
per atom is low (~ 0.5 eV/at), whole clusters consisting
of several thousand of atoms are reaching the target,
and their kinetic energy is large enough to penetrate
about 100 nm into the PDMS [75]. Using this method,
Corbelli et al. obtained electrodes with a very low sur-
face resistance (about 100 §2/square) for an unspecified
atom dose (180 minutes of implantation were necessary,
which makes it a slow process). The conductive tracks
were stretched up to 100% while remaining conductive.
The upper limit was defined by the mechanical fail-
ure of the elastomer, and not by the electrode ceasing
to conduct. Cyclic stretching to 40% for 50000 cycles
showed a decreasing variation of the resistance change
between the two extreme positions with the number
of cycles. Because the authors of this study are not
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targeting DEA application specifically, they have not
characterized the Young’s modulus increase caused by
the implantation, but as the technique is very simi-
lar to FCVA implantation, a comparable impact should
be expected. Indeed, TEM cross-sections of FCVA [74]
and SCB [75] implanted silicone look similar, but with
much larger clusters and penetration depth in the case
of SCBI, probably due to the higher kinetic energy of
the clusters for SCBI (figure [I4] a-b).

Patterning methods for metallic nano-clusters electrodes

Similar to metallic thin-films, implanted metallic clus-
ters can be patterned with the techniques presented in
subsection 4} shadow masking and photolithography.
In the latter case, only the lift-off process can be used. It
is indeed not possible to selectively remove the clusters
with a metal etchant, as they are implanted and thus
below the surface. Using shadow masking, our group
has fabricated an array of 100 x 100 um? actuators for
single cell stretching that are capable of deformation up
to 80% actuation strains [79], thus demonstrating that
implanted electrodes can be patterned on the micron-
scale while being much more compliant and presenting
a better adhesion to the substrate compared to their
thin-film cousins. The process of creating metal clus-
ters electrodes is similar to that of depositing metal
thin-film by evaporation or sputtering in terms of in-
volved equipment (vacuum chamber) and process flow.
However, metal cluster electrodes have the advantage
of being intrinsically compliant without the need of a
special membrane micro-structure (c.f. subsection [3)),
prestretching (c.f. subsection 2 or patterning of the
electrodes (c.f. subsectionl]), as necessary for metal
thin-films. Furthermore, unlike corrugated and buck-
led electrodes, metal cluster electrodes are compliant in
the two in-plane directions, hence placing no restriction
on the strain direction. Implanted metallic cluster elec-
trodes are thus representing a progress towards metallic
compliant and patternable electrodes for DEAs.

5.2 Photopatternable electrodes

Patterning of the compliant electrodes presented up to
now was always made extrinsically, with the help of
stencils or photoresists. However, intrinsically pattern-
able compliant electrodes are very desirable, for they
can greatly simplify the structuring process. Delille,
Urdaneta et al. have reported on photosensitive elec-
trodes based on platinum salts mixed in a photosen-
sitive elastomer (Loctite 3108) [80H82]. The ingenuity
of the process resides in the use of a filler (Pt salt)

o0 e W

Fig. 16 Photopatternable and stretchable platium salt elec-
trodes on elastomer [80] (©2007 WILEY-VCH Verlag GmbH
& Co. Reproduced with permission.

which is transparent to UV light. Indeed, previous at-
tempts to produce a photopatternable conductive elas-
tomer by mixing conductive fillers in a photosensitive
elastomeric matrix weren’t conclusive because of the
absorption and the scattering by the filler particles of
the UV light needed for the cross-linking [81].

The elastomer-salt composite is applied on a sub-
strate and exposed to UV light through a mask to lo-
cally induce cross-linking of the loaded elastomer, and
the uncrosslinked elastomer is then subsequently flushed
away in acetone. The composite is then immersed into
an aqueous reducing solution, causing the Pt salt to
diffuse to the surface, reducing to the metal at the
polymer /liquid interface. The percolation threshold is
observed for 6-7% vol Pt salt at which point the sur-
face resistance of the electrode is ~ 200 2/square, and
it drops down to 2.2 Q/square for 15% vol [80]. The
Young’s modulus of the composite is shown to be un-
affected by the quantity of filler and remains close to
that of pure Loctite 3108 (10 MPa) [82]. However, the
stiffness of the photosensitive elastomer used in this
study is one order of magnitude higher than elastomers
commonly used for DEAs, and direct comparison with
the stiffening effect of the other kind of compliant elec-
trodes is not possible. For an application as compliant
electrodes for DEA, the Loctite 3108 elastomer should
be replaced by an UV-sensitive low-durometer silicone,
such as the SEMICOSIL 945 UV (Wacker, Germany).

Patterned structures down to 350 pm were obtained
with the Loctite 3108/Pt salt compound, whereas a res-
olution of 310 pm was observed for pure Loctite 3108.
The slight decrease in resolution in presence of the salt
is attributed to light scattering [80]. These electrodes
can be stretched up to 150% before losing conductiv-
ity and have been cyclically stretched up to 30%, at
which point mechanical failure occurs after about 1000
stretching cycles. For smaller strains, a degradation is
observed during the first hundreds of cycles, but it then
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stabilizes. The mechanical and electrical properties of
these electrodes depend on the content of Pt salt, which
was varied between 9 and 14%.

The downside of this pioneering method, although
intrinsically patternable, is its relatively poor resolution
compared to the previously mentioned techniques, such
as stencil, or photolithography.

5.3 Self-clearing electrodes

One of the principal failure mode of DEAs is electri-
cal breakdown of the dielectric membrane due to an
excessive electric field applied between the electrodes.
The global electric field is equal to the applied volt-
age divided by the average thickness of the membrane.
However, the electric field can be locally higher, for
example because of defects in the membrane. When
breakdown occurs, a current flows through the mem-
brane at the location of the defect. The consequence of
breakdown is usually a permanent conductive carbon
track being created through the membrane, effectively
short-circuiting the electrodes, and thus preventing the
actuator to charge and move. Depending on the current
output capability of the source used to drive the actu-
ator, breakdown can also cause puncture of the mem-
brane, which may result in the complete tear thereof,
depending on the tear strength of the elastomer.

Self-clearing electrodes can greatly increase the life-
time of DEAs by being able to survive a certain amount
of localized breakdowns. This effect is well known to
the film capacitor industry: the extremely thin metal
layer forming the electrodes vaporizes around the de-
fect upon breakdown, effectively insulating the short-
circuited zone from the electrode.

single-walled carbon nano-tubes

In the field of DEAs, Yuan et al. have observed self-
clearing on electrodes made with single-walled carbon
nano-tubes (SWCNT) [83,84]. They tested actuators
that were made from an acrylic elastomer (VHB 4905)
prestretched bi-axially by 200% and with two types of
electrodes: carbon grease and SWCNT. They applied
a 3kV signal between the electrodes and mechanically
punctured the membranes in the active area with a
wood pin. After the damage was inflicted, the actuators
with carbon grease electrodes exhibited no strain when
activated and behaved resistively (drawing a current
proportional to the voltage input). The actuators with
SWCNT still behaved like capacitors after the damage,
drawing current only when the voltage changed, and
their strain amplitude was reduced from 100% to 80%,

a value corresponding to the area of the electrodes that
was cleared by the defect.

The downside of these SWCNT electrodes is that,
similar to the case of loose carbon black, they are not
physically bound to the dielectric membrane (unless
the adhesive VHB acrylic elastomer is used as mem-
brane material). In addition, the handling and pattern-
ing difficulties of carbon-based electrodes also concern
SWCNT, which are therefore not the best candidate
for miniaturization and mass fabrication, without men-
tioning the prohibitive cost of carbon nano-tubes.

It is because conductive SWNT electrodes are ex-
tremely thin (5 — 250 nm for surface resistance of 20 —
0.1 k/square) that they exhibit self-clearing capa-
bilities while carbon-grease electrodes do not. Conse-
quently, self-clearing is also expected from the different
metal thin-film electrodes (c.f. section [)) if the deposi-
tion parameters are carefully chosen, similar to the case
of film capacitors.

Other self-clearing compliant electrodes

Self-clearing of compliant electrodes on elastomers has
also been observed and characterized with electrolessly
deposited silver, a method to deposit thin silver layers
from liquid precursors [85]. This technique is normally
used to apply the reflective coating on mirrors, and has
recently been applied to the fabrication of compliant
electrodes for DEAs [86]. The initial resistance of these
electrodes is extremely low (3 — 5 Q/square), and upon
stretching, microcracks are formed on the layer, simi-
lar to what was observed for some standard thin-film
metallic electrodes (c.f. subsection [H]). Upon localized
dielectric breakdown, the metallic layer is thin enough
to be vaporized around the defect [85,86]. These elec-
trodes were shown to sustain uniaxial strains of 10%
while remaining conductive. This electrode technology
has been applied to the fabrication of bending uni-
and bi-morph DEAs, a configuration in which the elec-
trode is not strained much [85,[86]. In the more con-
ventional surface strain configuration, Low and Lau re-
ported actuation surface strains up to 21% (10% lin-
ear) with electrolessly deposited silver [87]. Self clearing
was also reported for doped conductive polymer elec-
trodes made with poly(3-dodoxylthiophene) or polyani-
line nanofibers [83,8§].

Even though the self-clearing process can electri-
cally save the membrane from permanent damage by
clearing the electrodes, a breakdown can also cause dra-
matic mechanical failure, depending on the elastomer
used as membrane. A tiny defect in a prestrained mem-
brane made from a low tear-strength silicone will at
once propagate and and destroy the membrane. In sum-
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mary, the ability of a DEA to self-heal in case of local-
ized breakdown depends on a combination of factors,
such as the electrode type, the material used as mem-
brane, and the current delivered by the voltage source
driving the actuator. A careful choice of these three
parameters can lead to more robust actuators with in-
creased lifetime.

5.4 Transparent electrodes

Conductivity and compliance are two necessary require-
ments for DEA applications which characterize all of
the electrode types presented in the previous sections.
Some electrodes present additional interesting charac-
teristics, one of them being partial transparency, which
opens the door to optical applications. Kovacs and Dii-
ring report the fact that extremely thin layers of loose
carbon black smeared on an adhesive acrylic elastomer
membrane are semi-transparent but quantified results
are not provided [36]. Transparency is also reported by
Hu et al. for carbon nano-tubes sprayed on acrylic elas-
tomer membranes [89]. In actuator configuration (i.e.
two electrodes), they report a transmission in the visi-
ble domain between 25% and 40% at 0 V. The transmis-
sion increases with increasing voltage and area strain,
to reach 40% to 50% at 2.7 kV. The carbon nano-tubes
electrodes from Hu et al. sustained up to 700% strain
when uni-axially stretched, which represents the largest
stretch under which a conductor has remained conduc-
tive [89]. Gold and palladium implanted electrodes also
presents partial transparency with values between 35%
and 70% for a single electrode, depending on the metal
and the implanted dose [70]. Finally, silver nano-wires
(AgN'W) are also reported to be partially transparent
by Yun et al. with transmission in the visible range be-
tween 45% and 80% depending on the surface density
of the the nano-wires [90]. In addition to their trans-
parency, AgNW electrodes can also sustain high cur-
rent density and have been used as electrodes for Joule
heating [90].

The transmission values mentioned for these differ-
ent compliant electrodes are highly dependent on the
quantity of conductive material applied on the mem-
brane. Better transmission is achieved with as little
electrode material as possible, which can have a neg-
ative impact on the maximal strain at which the elec-
trodes lose their conductivity, and consequently limit
their actuation strain. Shian et al. have studied the re-
lation between the optical transmission and the achiev-
able actuation strain for SWCNT and AgNW at differ-
ent surface densities [91]. Through the use of a figure of
merit, they showed that SWCNT outperformed AgNW,

with an optimal transmission of 91% leading to an area
actuation strain of 190%.

Transparency, even partial, of compliant electrodes
opens a new range of potential applications, such as
flexible screen with haptic feedback or adaptive optics.
However, due to the light scattering induced by the par-
ticles forming the transparent electrodes [89], very de-
manding applications such as imaging are not realistic.
In this situation DEA-based optical systems are more
likely to keep the electrodes out of the optical path,
such as for the tunable lens from Carpi et al. which
consists of an annular electrode encircling the optical
zone [92].

6 Discussion

Because of their high energy density and large strains,
DEASs present characteristics unmatched by any other
kind of mainstream actuators (electromechanical, piezo-
electric, thermal, etc.), and their ability to hold a posi-
tion without drawing current (if one neglects the small
leakage current through the dielectric) makes them at-
tractive for a broad range of battery-powered consumer
applications. On the other hand, their 0.3-4 kV driving
voltage can be an impediment to commercialisation due
to the size and efficiency of the driving electronic cir-
cuit.

A large part of the research effort of the EAP com-
munity has been targeted towards the optimization and
characterization of the elastomeric membrane. Different
types of elastomer, their non linear stress-stretch rela-
tionship, breakdown strength, dielectric constant, vis-
coelasticity, and processing methods have been stud-
ied in details, as they are key parameters that impact
the performance of the actuator. However, the compli-
ant electrodes play an equally important role relative
to the actuator performance, a fact that has been un-
fortunately partially neglected by groups working on
DEAs. Quickly applied and extremely compliant, car-
bon powders and greases are practical to rapidly pro-
duce macro-scale demonstrators, but their limited life-
time and reliability make them an unsuitable choice
outside a research laboratory environment.

Because of the many practical applications which
would benefit from the use of DEA structures encom-
passing a large spectrum of sizes and operational condi-
tions, there is no unique compliant electrode technology
that emerges as the ideal solution. In the following para-
graphs, we will examine some of the potential uses of
DEAs and the implied requirements on the compliant
electrodes.
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6.1 Miniaturization

Miniaturized DEAs are of particular interest due to
their large actuation strain compared to other micro-
actuators, and envisaged applications include Braille
displays [93,[94], biological single cell-stretching [79],
microfluidic pumps [40], localized haptic feedback [94],
etc. The key requirements for compliant electrodes in
small-scale applications include ease of patterning, and
compatibility with microfabrication processes and clean-
room environment. With respect to these criteria, metal
thin-film electrodes (section M), implantation of metal-
lic nano-clusters (subsection [B.I]), and platinum salt
electrodes (subsection [£.2) are the best suited meth-
ods. If large strains (i.e. minimized stiffening impact)
and biaxial strain is required, then metal implanta-
tion is the best compromise. Using this method, our
research group demonstrated up to 80% strain on pat-
terned 100 x 100 pm? actuators [79]. This is one of
the smallest reported DEA to this date, and the large
obtained strain shows the low stiffening impact of low
energy metal ion implantation.

The ability to precisely pattern mm- or pm-size
electrodes allows the fabrication of arrays of actuators
on a single membrane, either electrically independent or
connected. This can be used to fabricate devices which
are not necessary small, but which are formed by a
collection of miniaturized electrodes, such as tunable
gratings [43], arrays of single cell-stretchers or Braille
displays.

6.2 Towards low actuation voltages

The reduction of the driving voltage is an important ob-
jective for the widespread use of DEA-based devices in
consumer goods. Indeed, DEAs are potentially energy-
efficient devices, capable of large work output compared
to their size and weight, but at this time, they un-
fortunately require DC-DC converters and heavy-duty
switching transistors for the generation of the high volt-
age driving signals. Even though some companies are
already selling small-scale DEA-based products, such
as a haptic feedback device for iPod Touch using the
ViviTouc}H technology developed by Artificial Muscles
Inc, or a Laser speckle reducer from Optotuneﬁ, there
is still much room for improvement. Instead of a bulky
add-on, the future of the ViviTouch device will be a
direct integration inside small portable devices such as
smartphones, whose next generation could also contain
laser-pico projectors with DEA-based de-speckler us-

4 www.vivitouch.com

5 www.optotune.com

ing Optotune’s technology. The Schlaak group, using
its stack fabrication technology (c.f. subsection Bl de-
veloped a vibrotactile display for mobile applications
such as a portable media player, giving haptic feedback
to the user [95]. They designed a battery-powered elec-
tronic circuit that generates the control signals (up to
1.1 kV) for the actuators, in order to make the device
truly independent and portable [96]. However, because
of the driving voltage is still over 1 kV, and even though
tremendous effort has been made to reduce its footprint,
the electronic circuit is still very large and the device
(haptic feedback actuator and controlling electronics)
is larger than a complete commercial portable media
player.

Direct integration of DEAs into consumer electronic
products puts tough requirements on the power and
size of the driving electronic. Reducing both of these
inevitably requires the use of lower voltages. There are
several possibilities to decrease the actuation voltage
while keeping the output strain constant:

— The use of an elastomeric membrane with a lower
Young’s modulus. However, soft silicones tends to
exhibit a strong viscoelastic effect, have a reduced
breakdown strength, and generate less force.

— The use of an elastomeric membrane with a higher
relative permittivity to increase the device’s capac-
itance. Several research groups have attempted to
disperse nano particles (titanium dioxide, BaTiO3)
or dipole molecules into silicones in order to increase
the permittivity of the elastomer [97H99]. However,
the increase of the permittivity often comes at the
cost of a reduced dielectric breakdown field.

— The use of thinner elastomeric membranes which
also increases the capacitance of the device, and
therefore reduces the voltage needed to generate the
electrostatic force. This solution presents the advan-
tage of having no impact on the intrinsic material
properties of the elastomer (Young’s Modulus, vis-
coeslastic behavior, elongation at break, dielectric
strength, etc). The loss of output force can be com-
pensated by using a multi-layered actuator.

Reducing the thickness of the membranes places
tougher requirements on the electrodes regarding com-
pliance. In the case of the linear material model approx-
imation valid for small deflections, the voltage induced
thickness strain s, for a DEA under free boundary con-
ditions is defined by equation[Il It is therefore expected
that an actuator with a membrane twice thinner would
require half the driving voltage to achieve the same
strain level. The situation is unfortunately more com-
plex, as Y does not represent the Young’s modulus of
the membrane alone, but that of the sandwich formed
by the elastomer/electrodes composite. Considering a
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Fig. 17 Schematic representation of the effect of the thick-
ness of the elastomer layer on the stiffening impact of the
electrode. a) A DEA made with a relatively thick dielectric
layer, which has a high driving voltage. b) The thickness of
the elastomer is reduced by a factor of 4 in order to reduce the
driving voltage. ¢) To compensate for the force decrease due
to the thinner dielectric, it is possible to stack 4 layers on top
of each other. The ratio of electrode material over dielectric
material is higher for case b) and c) than for case a).

3-layers DEA stack (electrode/elastomer/electrode), the
effective Young’s modulus for in-plane deformation (i.e.
isostrain) is given by the Voigt model [100]:

Yoty - 2Yete

3
ty + 2t ®)

Yerr =
where Y. ¢y is the effective Young’s modulus of the com-
posite, Y is the Young’s modulus, ¢ the thickness, and
the indices p and e respectively refer to the polymer and
the electrode. (The equation is not valid for the out-of-
plane buckled electrodes (section and section E3)):
because these electrodes flatten without being strained,
the isostrain condition is not met, and this is precisely
the reason why these electrodes are compliant while a
flat metallic thin film is not).

When scaling down the thickness of the dielectric
layer, it is reasonable to assume that the thickness of
the electrodes is not going to change, as it is linked to
their fabrication process and already kept at the min-
imal value necessary to obtain the desired surface re-
sistance. Consequently, the thinner the membrane, the
more crucial the need for ultra-compliant electrodes,
as the stiffening effect of the electrodes becomes more
dominant. This effect is illustrated in figure It to re-
duce the driving voltage of a relatively thick actuator
(a), the thickness of its dielectric is reduced by a fac-
tor of 4 (b). Because the thickness of the electrodes is
linked to the fabrication process, it remains unchanged.
The ratio of electrode thickness over membrane thick-
ness (t./tp) increases, which causes an increase of the
Young’s modulus of the sandwich in case the electrodes
are not perfectly compliant (eq.[B]). This is also the case
if 4 layers are stacked on top of each other to compen-
sate for the loss of output force due to the decreased
membrane thickness (c). For a constant electric field,
the output strain of configuration (b) and (c) is smaller
than for situation (a).

As an example, let us take a 50 pm-thick PDMS
membrane with a Young’s modulus of 1 M Pa, on each
side of which a gold-implanted electrode is made (as-
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Fig. 18 Computation of the stiffening effect of two gold elec-
trodes (one on each side of the membrane) made by metal
ion-implantation on elastomeric membranes with a Young’s
modulus of 0.5 and 1 MPa as a function of membrane thick-
ness. The implantation is assumed to be made with an energy
of 2.5 keV, leading to an ion penetration depth of 20 nm, and
a Young’s modulus of the implanted composite of 550 MPa
in the region with gold ions. a) Resulting effective Young’s
Modulus of the actuator b) Relative increase of the Young’s
modulus compared to the non-implanted elastomer.

sumed penetration depth: 20 nm and Young’s modulus
of the implanted layer: 550 MPa for an implantation
energy of 2.5 keV [T4]). Using equation [B] one obtains
an equivalent Young’s modulus of 1.44 MPa, corre-
sponding to a moderate stiffening effect of 44%. Now
if the dielectric membrane is scaled down to 10 pm
and implanted with the same parameters, the result-
ing Young’s modulus would be 3.2 MPa (stiffening of
220%), thus showing the crucial role that the stiffness
and thickness of the electrodes play in the overall stiff-
ness of the actuator. For this particular example, re-
ducing the membrane thickness by a factor of 4 doesn’t
allow to reduce the driving voltage by the same amount
to keep the strain unchanged, because the thickness re-
duction causes a stiffness increase of the actuator sand-
wich. Figure [I8§ represents the increased stiffening im-
pact of the electrodes for different membrane thickness
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Fig. 19 Miniaturized 2 layers DEA fabricated by etching
grooves into a silicon wafer, which are then subsequently filled
with conductive and non-conductive PDMS. At this size scale,
the relative thickness of the electrodes becomes important
(see also figure [I7] ¢). From [101], ©2011 IEEE. Reproduced
with permission

in the case of gold implantation, and highlights the in-
creasing impact of the electrodes when the elastomer
layer becomes thin.

The preponderant impact of the electrodes for minia-
turized devices is also clearly visible on the Bergbre-
iter’s group process (figure [[9). By subsequent steps
of deep reactive ion etching on a SOI wafer and fill-
ing of trenches with PDMS, they were able to obtained
miniaturized suspended structures in silicon and sili-
cone [I02]. They also combined conductive and non-
conductive silicone to make thermal micro-actuators
[38] and DEAs [I01]. The process is extremely inter-
esting, because it is the closest one to standard MEMS
fabrication and it allows the fabrication of stacked ac-
tuators with easy access to the electrodes located in
the middle. The fabricated 2-layers DEAs were 1 mm
long, 40 pm wide and 100 pm thick (5 x 20 pm). In
that case, each layer (electrode and dielectric) has the
same thickness, which shows how critical the impact of
the electrodes becomes when the device’s size is scaled
down (figure [I9).

Even though it is possible to produce very thin elas-
tomeric layers (the fabrication of silicone membranes
down to 1 pm by spin-coating has been reported [I]),
there is currently a lack of an electrode technology that
would be compliant enough for such thin-membranes,
while meeting the requirements for ease of patterning,
clean-room compatibility and large-scale manufactura-

bility. Developing such an electrode would be a key
achievement, as it would allow the fabrication of DEAs
with an actuation voltage below 100V.

6.3 Integrated sensing

Adding self-sensing to DEAs, i.e. the capability for an
actuator to feel its deformation is a necessary step to-
wards smart devices, as it enables feedback control or
can give distributed intelligence to a device by incor-
porating switches and logic gates directly alongside the
actuator in the form of a dielectric elastomer switch
(DES) [19]. As DES allows the high voltage switching
to be done directly on the membrane (figure 20)), this
considerably reduces the complexity of the driving elec-
tronics, and hence its size.

Self-sensing on DEA membranes can be done either
resistively by sensing the change in resistance of the
electrode while it is being strained, or capacitively by
measuring the change in capacitance of the DEA’s elec-
trode during actuation. For macro-scale devices capac-
itive sensing is expected to give more reliable results
as it mainly depends on the geometry of the electrode
whereas resistive sensing is also very sensitive to the
electrode material and its possible degradation with the
number of cycles. For miniaturized devices however, the
actuator’s capacitance decreases and capacitive sensing
becomes almost unusable.

Using resistive sensing for feedback control, or self-
sensing, puts additional requirements on the electrodes:
in order to be able to relate the resistance of an elec-
trode to its deformation, its surface resistance must be
well controlled, its degradation with the number of cycle
must be limited, and the resistance as function of strain
characteristic must not show too large an hysteresis.
For smart switches [19], the electrodes must combine
the above characteristics with a well controlled coating
process allowing to create resistive tracks close to the
percolation threshold: when deformed the resistance of
a DES much change by several orders of magnitude
(from well-conductive to poorly-conductive) in order to
obtain a switching characteristics. The reader should
refer to the review of Anderson et al. for a detailed
investigation of DES and self-sensing [11].

Loose carbon powders and carbon grease electrodes
are unsuitable candidates for resistive self-sensing and
self-switching beyond the demonstrator stage because
of their weak adhesion to the membrane. Metallic thin-
film electrodes (either on a corrugated membrane made
to buckle out of plane) are also not suitable for resistive
self-sensing, because their effective length do not change
much during actuation and they exhibit therefore a
small change of resistance when stretched. Conductive
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Fig. 20 Ball rolling oscillator based on dielectric elastomer
switches. Strain-sensitive resistors are patterned alongside the
actuators and are used in a voltage divider configuration to
turn the next actuator on and off, thus sustaining an oscilla-
tion of the 3 actuators and allowing the ball to roll along the
rail. a) Photo of the finished system. b) layout of the switches
and actuators. ¢) Equivalent electrical circuit. From [19].

rubber can be used to make electrodes for self-sensing
applications, as they combine a high change of resis-
tance when deformed with a good adhesion to the mem-
brane, as well as resistance to wear and abrasion. Fur-
thermore, combined with a patterning method, resistive
meanders can be created for effective self-sensing. Elec-
trodes made by metal ion implantation are now also
being tested for self-sensing applications and dielectric
elastomer switches [103].

6.4 Energy harvesting

A DEA sandwich can be used as actuator (i.e. respond-
ing with a mechanical energy output to an electrical
input), but it can also function as energy generator, us-

ing the change in capacitance to transform mechanical
deformation into electrical energy. Prototypes of dielec-
tric elastomer generators (DEG) of different sizes have
been built, from a small device integrated to a shoe
heel, to large actuators mounted on a buoys for energy
harvesting from ocean waves [I8,[T04}T05].

Although very large deformations exceeding 100%
[4] or even 1000% [47] have been demonstrated in actu-
ator mode, electrically-induced strain in DEAs typically
lies around 10%-50%, and their electrodes are therefore
designed accordingly. In generator mode, the deforma-
tion of the elastomer is mechanically-induced and con-
sequently mainly limited by the elongation at break of
the elastomer, although other important failure modes
must be accounted for, such as dielectric breakdown
and loss of tension [I06]. Generated energy from the
deformation of a dielectric elastomer is based on a cy-
cle during which charges are placed at low voltage on
a stretched membrane, which is subsequently relaxed.
The decrease of capacitance causes a voltage boost and
the charges are harvested at a higher voltage [105]. The
generated energy per cycle is proportional to the differ-
ence of capacitance of the generator between the two
states [107], which is linked to the 4*® power of strain.
A dielectric elastomer generator designed to maximize
the output energy per cycle is therefore likely to oper-
ate at large strain, within limit of the different failure
modes. Because the electrodes are submitted to that
same amount of strain, and as they must survive being
deformed to this high strain level for a large number of
cycles (1000 km for a heel-strike DEG is a little short
of 1 million cycles, and 10 years operation of a ocean
wave harvesting device represents about 70 million cy-
cles), the electrodes, and not the dielectric, are likely to
be the limiting factor defining the strain at which the
DEG can operate.

We have mentioned above that the energy output
of a perfect material is increased with increasing strain
levels, but the reality is a bit more complex because
internal losses degrades the performance of the DEG.
For acrylic-based DEGs, Foo et al. have analyzed the
impact of mechanical and electrical losses, respectively
due to the viscoelasticity of the elastomer and the leak-
age current through the dielectric [108]. They showed
that the performance are highly dependent on the max-
imal stretch and on the cycle time, and can, in some
cases lead to negative amounts of energy being pro-
duced. They showed the existence of optimal parame-
ters to optimize the performance, and that these pa-
rameters differ depending on the optimization target,
namely energy generated per cycle or energy conversion
efficiency. For a cycle time shorter than the visco-elastic
mechanical and electrical self-discharge time constants
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of the generator, the energy per cycle tends to increase
with strain, while there exists an optimum value for
the efficiency. The authors present a practical exam-
ple of a generator with an initial prestretch of 4 and
a cycle time of 4 seconds. Considering deformation up
to a final stretch value of 6, they note that maximiz-
ing the harvested specific energy implies deforming the
generator to its maximal strain, whereas if the goal is
to maximize the conversion efficiency, then a stretch of
5 should be used [I08]. Assuming that the electrodes
are applied to the membrane after it is prestretched
by the initial factor of 4, the two optimal strains corre-
spond to electrode stretches of respectively 1.5 and 1.25,
although for the first case, higher strains would even
be better. This strain, although higher than the typi-
cal deformation encountered in actuator mode, remains
quite moderate and in the range of most of the electrode
types presented previously. However, it is crucial that
the compliant electrodes survive being stretched by this
amount for a large number of cycles.

Unfortunately, there is not much published data on
the lifetime of compliant electrodes and their degrada-
tion with time. It has been characterized by Urdaneta
et al. for their platinum salt electrodes [80] (c.f. sec-
tion [B2]) and by Rosset et al. for gold implanted elec-
trodes [70] (c.f. section [B.]). Both types of electrodes
show a stable resistance for a strain of 20%, even though
none of them were tested up to 1 million cycles. Both
types of electrodes show a continuous degradation of the
resistance for cycles up to 30% strain, suggesting that
an operation around the maximal efficiency zone should
be possible, but the maximal specific energy strain zone
(stretch of 1.5 and above) is out of reach.

In addition to their elongation at break and life-
time, the electrical resistance of the electrodes is also
an important parameter, as it induces losses. Kornbluh
et al. state that the conductivity of the electrodes is
of secondary importance because of the high voltage
and relatively low joules losses [104], and DEG with
carbon-based electrodes have been successfully demon-
strated [TO9HITI]. However, for large-scale devices, min-
imizing the Joules losses becomes important. The com-
pany SBM Offshore@ is developing wave energy convert-
ers in the form of long (target: 400 m) tubes in which
a travelling wave creates a local deformation [18]. The
active sections of the tube consists of a long (150 m)
band of Danfoss’ corrugated material (c.f. section [.3])
rolled into a 60-layers cylinder of 800 mm diameter.
The authors note the crucial importance of a low series
resistance, and that even when using the metal-covered
Danfoss Polypower material, the resistance of their 150
m band was too high if a single localized electrical con-

6 www.sbmoffshore.com

nection was used [I8]. The authors have developed a
multi-layer connection process that links each layer in
parallel, and keeps the overall series resistance of a sec-
tion lower than 10 €.

In addition to the low resistance provided by its
metallic electrodes, the Danfoss material presents the
advantage of being available in large quantity, which
is another requirement for large scale energy scaveng-
ing devices, together with reliability and low cost. The
company has recently developed a new optimized cor-
rugated profile with up to 80% strain in the compliant
direction [60], and the replacement of the silver elec-
trode by another metal could reduce the fabrication
costs. The downside of the Danfoss material is the di-
rectionality of the compliance. Indeed, because the en-
ergy generated per cycle depends on the deformation-
induced change of capacitance, equi-biaxial stretching is
preferable. In addition, many of the published designs,
such as SRI’s shoe-heel generator [104], McKay’s push-
pull self-priming configuration [I09,110] or Kaltseis’
balloon [I11] involve a bi-axial deformation of the mem-
brane and could not be made with the corrugated mate-
rial. However, SBM Offshore’s approach shows that it is
possible to design DEG with uni-axial deformation, and
alternatively, a method such as the prestretch-induced
out of plane buckling (c.f. section 2] could be used
to produce metal-based well conductive electrodes for
DEG requiring biaxial deformations. The higher stiff-
ening impact caused by metallic electrodes compared to
other technologies causes a reduction of the DEG strain
for a given force input, and hence a smaller amount of
produced energy per cycle. However, as the electrodes
can be considered as purely elastic (compared to the
elastomer membrane), they are not dissipating energy,
and do not contribute to the mechanical losses. They
therefore do not negatively impact the conversion effi-
ciency, and should instead improve it by reducing the
electrical losses.

7 Conclusions

The principal properties of the compliant electrodes
presented in the previous sections are summarized in
table [, and the main characteristics of the different
variants of carbon black and metallic electrodes are il-
lustrated on figure 2ZIlwith their strong and weak points
indicated with + and - signs respectively.

Compliant electrodes for DEAs are rapidly evolv-
ing, and much progress has been made since the first
reported devices in 1998 [I]. Ideal electrodes for EAPs
would enable large-strain actuation, efficient energy har-
vesting, with integrated logic or feedback based on self-
sensing. Such an electrode combines outstanding com-
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Table 4 Main advantages and disadvantages of the principal types of compliant electrodes used for DEAs.

Electrode Technology Advantages

Disadvantages

Carbon electrodes (section [3])

—Low impact on stiffness
—Cheap and rapidly made

—High resistivity
—Easily damaged

Metallic electrodes (section [])
—Patternability

—High conductivity

—High impact on stiffness

—Well adapted to large-scale production

Novel techniques (section [

—New specific features

—Complex process
—Expensive

a) Loose powder  Carbon grease

-Binding agent can
diffuse

+low
stiffness

-Difficult to Handle
-Can harden with time

-Prone to mecha
nical abrasion

-Poor adhesion

-Creeps under

-High Resistivity

-Limited pot-life

+moderate stiffness
+Good adhesion
+Time-stable

Conductive rubber

b) Patterned metal

-Trade-off
fill factor/stiffening

Out-of-plane buckling

+Bi-directional
compliance

-Directional
compliance

-small-scale patterning
required

-Limited strain’

+High
conductivity

-High stiffness

+Large-scale
production

-Unidirectional compliance

Corrugated electrodes

Fig. 21 a) Main characteristics of the carbon-based elec-
trodes presented in section Bl b) Main characteristics of the
metallic electrodes presented in section @ !: applies to heat-
induced buckling.

pliance (softer than the elastomer, of order 0.1 MPa),
low sheet resistance (< 1 k{/square), is much thin-
ner than the membrane (a few pm or less), readily
patterned on the pm scale on the elastomer, has ex-
cellent adhesion to the membrane, controllable piezo-
resistance, no visco-elastic response, and no change in
properties after millions of cycles at strains of over 50%.
To date the majority of research labs have used loose
carbon particles or carbon-loaded conductive greases,
which are indeed highly compliant but fail to meet most
of the other criteria. Ingenious methods have been de-
veloped based on standard IC metal thin-film deposi-
tion techniques to make compliant electrodes with a
low stiffening of the dielectric membrane. These metal
electrodes can be patterned using standard microfabri-
cation processes, present a very low surface resistance
and good adhesion to the elastomer. They are however
less compliant than the carbon-based alternatives and
may present limitations regarding the direction of ac-
tuation. Less conventional techniques are now emerg-
ing that combine the advantages of carbon electrodes
(high and isotropic compliance) with those of metal
electrodes (good conductivity, sub- um-scale features,
excellent adhesion to the substrate, etc). Several re-
search groups have demonstrated compliant electrodes
with advanced features such as intrinsic patternabil-
ity or presenting a self-healing effect. Different appli-
cations require different electrodes: in the lab, carbon
electrodes allow fabricating a DEA device in under an
hour, but volume manufacturing for consumer goods
requires new low-cost, reliable techniques. There is a
clear trend towards lower-voltage operation, incorpo-
rating self-sensing for a truly smart device, as well as
an increased interest in miniaturization and integration.
For miniaturized applications, it is crucial to minimize
the stiffening impact of the electrode on the elastomer.
The use of thinner DEAs (which can be stacked to in-
crease the force output) to reduce the actuation voltage
is a prerequisite for the widespread adoption of DEAs
in everyday applications.
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