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, fast and tough: shrinking down integrated elastomer transducers
PUblIShIng Samuel Rosset™'[)] and Herbert R. Shea!

Ecole polytechnique fédérale de Lausanne, Neuchdtel, Switzerland

We review recent progress in miniaturized dielectric elastomer actuators, sensors and energy harvesters.
We focus primarily on configurations where the large strain, high compliance, stretchability and high level
of integration offered by dielectric elastomer transducers provide significant advantages over other mm or

pm-scale transduction technologies.

We first present the most active application areas, including: tunable

optics, soft robotics, haptics, micro fluidics, biomedical devices and stretchable sensors. We then discuss the
fabrication challenges related to miniaturization, such as thin membrane abrication, precise patterning of

compliant electrodes, and reliable batch fabrication of multilayer dev1ce
miniaturization on strain, force and driving voltage, as well as the i

on the performance of mm-scale DEAs.
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I. INTRODUCTION

Soft and stretchable transducers are key elements in
many areas including soft robotics™, haptic devices for
touch interaction with humans®7, tunable optics® ™, en-
ergy harvesting®® ™ and microfluidics™ 17

Compared to their rigid counterparts, soft actuators

ﬁnally address the impact of
ect of boundary conditions

aling laws

in surfac gheenergy density?? and no power con-
sumption«to d a static position. In addition, they
have a simplegstructure, as they are basically rubbery
Capi(’lt ; e)ielectric membrane sandwiched between

electrodes?®. In actuation mode, when
a oltaga'e;xj applied between the electrodes, the gener-
é ell stress causes the membrane to contract

riews have been published on the subject??, including on

ted 1%
present many unique properties that enable a broad ne\il;wic ness and to increase in surfacé?®, Extensive re-
1 V

actuators work by moving rigid parts relative to e

range of applications. While systems based on traditidh\
ach

riald937 electrodes® ™32 applications?®, and on the

other, soft actuators can modulate their ent1re sh Neory describing their behav101@|@

change their stiffness locally. This provides
actuation and allows soft systems to adapt to
vironment. Thus, soft actuators are ablé to
tasks that would be difficult or impossib

with electric motors and mechanical joiudts, or ether rigid
actuators!'®. In addition, actuation meehaitismis taking
advantage of the non-linear mechanical pro
materials lead to enhanced perf

cal instability, Whereas cleverly design

Yo ?&rea strain®® (cor-
).

responding to —94.4 %
Different actuatio
Pneumatic actuati
chambers in or
Fiber-reinforce
duce uniaxial { io hen used in a McKibben
i C)gqomechamcally active polymers

m of ionic EAP2223 and dielec-

to inflate deformable

c@ be u
cate distributed bending™3:19,

(EAPs), bath in t}s

tric elastomeg actuators (DEAs)?#27 are also interesting
candidates du the direct conversion from electrical

energy, to mec‘lanical deformation. Finally, shape mem-
r phase change materials can be used to
large deformation by thermal activation2 30,
cus this review on Dielectric Elastomer Trans-
DETs)f2427 (j.e. actuators, sensors, and genera-
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Most of the time, DETs are used as actuators: the ap-
plied electric field leads to a mechanical deformation. Ac-
tuators require driving fields of the order of 100V pm™!
to 15,0 Vyum ™!, which translates into actuation voltages
between 1kV and 15kV for the typical membrane thick-
nesses. In the generator configuration, a mechanical de-
formation increases the energy of electrical charges placed
on the device, leading to conversion of mechanical work
into electrical energy. In addition to actuators and gen-
erators, DETs can also be used as soft and stretchable
sensors, by measuring the change of capacitance induced
by deformation. One of the advantages of sensors — com-
pared to actuators and generators — is that they don’t
require high electric fields. This is particularly relevant
in a context of miniaturization. If all dimensions of a
device are scaled down, including the thickness of the
dielectric membrane, then the production of membranes
becomes a critical point (see section [[ITA). Tiny defects
such as inclusion of bubbles or thickness inhomogeneities
are more critical on thin DETSs, and often lead to prema-
ture breakdown when high electric fields are applied. Ca-
pacitive sensors can be probed with a much lower electric
field than what an actuator requires, and they are conse-
quently much more tolerant to defects in the dielectric.

DETSs can also combine multiple functions. An actua-
tor can be simultaneously used as sensor to measure its
own deformation, a principle known as capacitive self-
sensing®43 Self-sensing enables to drive DEAs in close-
loop mode, adapting the control voltage to keep the ca-
pacitance (and therefore the deformation) at a fixed set
point. The generator and sensor functions can also be
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FIG. 2.3 Surface expansion DET: electrodes patterned on
a'presthetched membrane. B) Thickness compression DET: a
stacked transducer composed of several electrode/elastomer
ers. For actuators, an electrical energy input (blue bolt)

to a mechanical deformation (red arrows). For genera-
r's or sensors, a mechanical deformation (red arrows) gener-

ates electrical energy or a change of capacitance (blue bolt).

FIG. 1. Dielectric elastomers transducers at different % lea
scales. Actuators: A) 8m-long blimp with several a
meters of actuatorssL. (©2010 SPIE. Reproducedswith p
mission. B) Bio-reactor for the study of cellula
otransduction with electrode size in the mm rangé2.

tors: C) 10 m-long tubular wave energy convert otot
(©2012 SPIE. Courtesy of SBM Offshore a N
permission. D) Soft generator integratedsi

sneaker™?. (©2012 Auckland Bioengineerin
produced with permission. Sensors: E) 100 mma x 100 mm
compression sensor®2, ©2015 SP oduced with per-
mission. F) capacitive proximity Sensors h interdigitated
electrodes including features dotwn to*L00 n

V.
combined in a single {' e, ei to synchronize the
harvesting cycle, or prowered sensors™ .
DETs have be f;,%cated n size scales ranging
from several s ters in the case of wave en-
ergy converte or a ‘hiomimetic blimp®L, down to
1 x 1072 mm? ngniat rized devices®8, This differ-
ng DETs is illustrated in figure
ctuators, generators and sensors of
Although the 6 examples presented on
itve areas that differ by several orders
,%the thickness of the dielectric membrane
r all of them.
. V%concentrate on small-scale DETs made with
fabrication processes inspired by standard mi-
ication techniques, and compatible with integra-
tion in complex systems. Miniaturized DETSs possess a
unique combination of characteristics compared to tra-
ditional microactuators, including large strains, short re-
sponse time, high energy density, low power consump-

tion, and resistance to shocks and extreme deformations.
Fabrication techniques inspired by the world of micro-
electromechanical systems (MEMS) allow reproducible
and reliable batch fabrication of devices, and enable the
design of complex systems composed of many electrically
independent actuators patterned on the same substrate,
such as braille tactile displays?” or arrays of microactua-
tors to stretch biological celld®5.

The many different DET configurations can be split
into two main categories depending on how the mechan-
ical deformation of the elastomer is exploited. Surface
expansion and thickness compression occur concurrently
in every DET due to the volume invariance of elas-
tomers. The two categories below differentiate which of
the two phenomena is employed in a given application,
and not which deformation modes occurs: both are al-
ways present.

e Surface expansion transducers (figure [2| A), which
exploit the lateral expansion of the electrodes (i.e.
the area strain). These transducers usually consist
of a membrane prestretched on a rigid frame, which
allows taking advantage of the non-linear proper-
ties of elastomers to suppress the electromechanical
instability and reach very large defromations®*48,
In a planar configuration, a surface strain up to
488 % has been observed®, while a more complex
diaphragm setup led to strains up to 1692 %18,
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‘ s I PE) amples of devices relying on the surface ex-

pansion mode include diaphragm Braille tactile

PUb”Shin& play®? tunable gratingsl¥, deformable cell cul-

ture systems*?, or minimum energy structures®?.,

e Thickness compression transducers (figure [2| B),
which rely on the thickness compression of the
membrane (i.e. thickness strain). These actua-
tors are usually non prestretched and are therefore
limited to a thickness strain of —33 % due to elec-
tromechanical instability. Because the elastomer
membrane thickness is typically 10 pm to 100 pm,
compression transducers are usually stacked on top
of each other to increase the total height of the
structure and obtain usable displacements. Ap-
plications of stacked compression transducers in-
clude haptic feedback interfaces?, active vibration
damping®, energy harvesters™® and valvesZ,

In the next section (section [[Il) we review the different
application areas of small-scale DETs. We then discuss
fabrication challenges related with the miniaturization
of DETs (section [III)), before looking at what are the
impacts of miniaturization on the performance of suc
transducers (section@. Finally, we look at ways to com-
bine DETs with other actuation method in order to 1
crease the output force, while keeping the large
that characterize DEAs (section [V)).

\ <

1l. APPLICATION AREAS OF SMALL-SC DE

In this section, we review a few app Nmmia—
turized dielectric elastomer actuators. Thessmallest sig-

nificant dimension of the patter lectrodes“from the
cited examples is comprised beQ m and 25 mm.
£

A. Haptic interfaces /

The sense of touc M&:edback have long been
neglected in the inferaction between machines and hu-

mans. Tactile

ile l?evmes usually have a vibrating
rk at a single fixed frequency and
 sensory output, thus limiting the
be carried to the users.
y “Artificial Muscles Inc. (now part of
) developed a haptic interface based on DEAs
ble eferating vibration over a large frequency
%’1 of about 200 Hz%. The device consists of an in-
né prestretched membrane, partially covered by elec-
An inertial mass is placed on the passive part
of the membrane and is set in motion by the area ex-
pansion of the electrodes. This concept has been used
in two commercial products: a) an add-on case for iPod
Touch aimed at providing gamers with realistic haptic

andihigh voltage control electronics of the
haptic int az}r iPod*Touch by Artificial Muscles Inc.The
three transversal linking bars on the membrane are fixed to
the indrtial*mass:

U

‘dbacleDsuch as a ball rolling on a wooden floor, hit-
ting wallgfor falling into holes in the Maze game (figure

an&-b) headphones that transform the lower end of
the musical spectrum (basses) into vibrations, thus pro-
iding “4D” sound experience. The actuator footprint is

rajq mm x 36 mm and contains several (4 to 7) small-size

tuators patterned on the membrane®.

Another approach for a DEA-based tactile interface
has been developed at TU Darmstadt, based on stacked
compressive actuatorso®455 The device consists of a to-
tally soft portable media player control interface capable
of detecting user input through capacitive self-sensing
(c.f. section , and providing feedback to the user
via vibrotactile feedback. The complete device is about
40mm in diameter and holds 5 electrically-independent
DETs that integrate sensing and actuation capabilities
(for the play/pause, stop, previous, next, and volume
functions). The 5 stacked transducers are produced in
parallel by an automated process that is discussed later

(c.f. section [[II D).

Both devices are good illustrations of the miniatur-
ization of DETSs, as they include multiple independent
transducers (actuators/sensors) on a single membrane
with precisely patterned electrodes, and a production
process — in the case of the AMI commercial devices — op-
timized for mass market production. The second notable
point is that both applications are intended to be inte-
grated into portable consumer products, and must con-
sequently have the smallest possible footprint, including
the driving electronics. Despite the high driving voltage
required to drive DEAs, both applications managed to
fit all the parts in a reduced volume. The “4D” sound
system for headphone including controls fits alongside
the audio components in a normal-size headphone set,
whereas a demonstrator of the media player interface was
assembled together with control electronics in a box of
150 mm x 80 mm x 20 mm5,
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FIG. 4. 3 DEA-based tunable lens concepts. A) Bioinspire

liquid at the center. Upon activation, the annulus-shap
electrodes expand and compress the lens, thus changin

radius of curvaturé®. B) A DEA membrane with transpage
electrodes and a passive elastomer membrane arefplaced
opposite sides of a cavity filled with liquid. Upon

of the DEA, the active membrane expands and the STV
membrane relaxes, leading to a change of cumc\f oftboth
e

lens with two bonded elastomer membranes encapsulating a

membranes?. C) Similar concept than for B), but
is located on the side, thus avoiding the n

transparent
electrodes®0.

B. Tunable optics

The field of tunable g@pti {as ch to gain from
miniaturized soft actu . While conventional devices
are based on rigid me r?i’(}\%mtponents that are moved
relative to each ehr.}oft actuators provide tuning
through deform “ Conventional optical zooms are
based on the tyanslation“ef rigid lenses, often driven by
electromagnetic“er giezo lectric motors. They are lim-
ited in spegd-due he‘inertia of the moving elements,
can be noigy and quite*bulky. In comparison, a soft lens

its raqu;S of curvature to change its focal
re is no parts that need to translate,
uite compact, operate silently and have

short re mimes.

i %concepts of tunable lenses based on small-
scal Ashave been published. They are usually based
on a high-refractive-index liquid encapsulated by a thin
elastomer membrane that deforms upon actuation. This
deformation leads to a change of curvature — and there-
fore of focal length — of the lens. Carpi et al. have de-
veloped a bio-inspired lens that consists of two elastomer

membranes bonded together and encapsulating a small
pocket of liquid at the center, thus forming a lens (fig-
ure A)B'. The annulus-shaped electrodes are applied
around the lens. Upon activation, the actuator expands
in-plane and compresses the lens. The focal length of the
lens changes from 22.7 mm at rest down to 16.7 mm with
an applied voltage of 3.5kV, which represents a tuning
range of —26.4%. Because actuation causes a decrease
of the radius of curvatuge of the lens, and given the pro-
portionality between {{O focal length and the radius of
curvature, the tuning ramge of this design is therefore
fairly limited.

This issue is so
al. with their fluidic
elastomer

ay the approach used by Shian et
coupled lens?. It consists of two
ifferent diameters placed on op-
frame,, A transparent liquid is injected
inguthe cavity and partially inflating the

gure EI B). When a voltage is applied

i embrane, it expands, which causes a re-
(s; internal liquid pressure and deflates the
passive ’ﬁ?mbrane, whose radius of curvature increases,
; usin& increase of the focal length of the system. Us-
an active/passive membrane diameter ratio of 1.6,
thors were able to obtain a relative tuning range
ofel00 % at 5kV, starting from an initial focal length

o of 36 mm?. Although the tuning range of this concept

is about four time larger than the previous approach, it
has the disadvantage of requiring the use of transpar-
ent compliant electrodes. The authors have used single
walled carbon nano-tubes, but the impact of the two lay-
ers of electrodes on light transmission and scattering has
not been quantified.

A third design from Wei et al. presents a large tuning
range without the need for transparent electrodes. It uses
the same principle than of fluidically coupled membranes
from the previous example, but instead of mounting the
membranes back to back, they are positioned on the same
plane, with the actuator having an annulus shape around
the passive lens (figure EI C)m. In theory, it should be
possible to completely suppress the internal fluid pressure
by activating the DEA, leading to a completely flat lens
and to an infinite focal length. With their device, the
authors were able to obtain a relative tuning range of
300 % for a 1kV actuation voltage.

An alternative solution to the requirement for elec-
trodes that do not absorb nor scatter light has been pro-
posed by Keplinger et al. with their electrode-free ap-
proach. Using a design similar to the lens of figure [d] A,
but without electrodes, the authors have sprayed oppo-
site charges on each side of the lens. The electrostatic
force causes an attraction of the two membranes defining
the lens against each other, thus leading to an increase
of the radius of curvaturéZ,

Alongside lenses based on the deformation of a thin
elastomer membrane, other concepts have been proposed,
for example using DEAs to modify the curvature of the
meniscus between two liquid$®®, or between a liquid and
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FIG. 5. DEAs applied to optical components. A) Soft tun-
able lens made with two silicone membranes bonded together
and encapsulating a transparent liquid at the center (concept
shown on figure A)Im. B) Reflective tunable grating with
an array of 100 pm x 100 pm electrodes®d, (©2007 SPIE. Re-
produced with permission. C) Left: Optotune’s Laser speckle

control electronics. Right: speckle contrast of a laser bea
a screen with and without a Laser speckle reducer®’. ©32

target position. However, most of the DEA-based op-
tical devices mentioned above are made with an acrylic
elastomer named VHBSTOHEGG0HG68 which suffers from
high mechanical losses. This leads to slow response time
and viscoelastic creep™ 72, two undesirable properties for
optical applications. Silicone elastomers are also widely
used to make DEAs, and have a much lower mechanical
loss factor than VHB. They are therefore more suitable
than VHB for optical applications. But because they are
generally stiffer, they égnerate less strain, and thus VHB
is often preferred for‘sciéngific publications.

A recent study Maffliiet al. comparing the per-
formance of the bi metic lens design from® has shown
that the respofige speed of a silicone-based lens was up
i aster than a similar lens made
settling time of 175ps, the soft
ns«exhibits an extremely fast response,
all amount of liquid that needs to be

ange the focal length. The same article
3 process flow for the reliable fabrication

also pr
lenses ilicone membranes, patterned electrodes,
al liqrﬁ§ encapsulation.

e to viscoelastic creep in the membrane makes

acitive self-sensing can be used to drive an actuator

Drift d
reducer LSR-10-22 with a diameter 10 mm clear aperture a% %I't for a DEA to hold a static position. But ca-
on

SPIE. Reproduced with permission.

air®, with sub-mm lenses demonstrated in t \@t{

cas®?
In addition to lenses (figure |5 A), other tunablefop-

tical components based on DEAs haw n develeped.
DEA-based tunable gratings use the in-plane ansion

Swiss company Optotun
based device to reduce r?(e co

based projection syste The deyice consists of a dif-
fuser placed at the er of“a prestretched membrane,
with 4 electrically-ifidependent electrodes located around

ccessively activated to move the
h, thus destroying the spatial
renczgf the laser beam (figure (5| C)).
iveh at the in-plane mechanical res-
the membrane (300 Hz) to maximize
reduction of the speckle contrast.
a diameter 5 mm diffuser, the device

Qices based on DETSs include a tunable phase
and tunable photonic crystals elastomers®?,

plications that require tuneable optical compo-
nent usually benefit from the extended tuning range or
compactness offered by DEAs. However, they also often
require the actuator to be able to quickly shift from one
configuration to the other, and then to stabilize at the

1 osed-loop mode to hold a stable position and sup-

\'%ress drift (c.f. section [[IG]). A study from Rosset et

al. on tunable gratings driven in closed loop and relying
on the measurement of the device capacitance has shown
that silicone membranes were more suitable than VHB
for maintaining a completely stable position®2.

C. Soft robotics

Being soft by nature, DEAs are ideal actuators for soft
robots. Pneumatic actuation is common in the field™,
but requires many external components (fluid transmis-
sion lines, valves, pumps, etc.) that can be much more
voluminous than the device itself (see e.g. figure 3 from
referencelzl). With DEAs, the actuator can be integrated
in the robot itself, leading to more compact and inde-
pendent soft robots. The control electronic can also be
mounted on the robot, eliminating the need for tethering
to outside components.

One illustration of this concept is the foldable elevons
from Shintake et al. that are used as control surfaces of a
micro air vehicle (MAV) (figure . The propeller, the
foldable DEAs for attitude control, the electronics and
the batteries are mounted on a 400 mm wingspan remote-
controlled MAV capable of flying and maneuvering. The
actuators used for the MAV elevons are based on dielec-
tric elastomer minimum energy structures (DEMES), a
concept introduced by Kofod et al. and that consists in
fixing a prestretched DEA to a flexible (but not stretch-
able) frame. The partial relaxation of the membrane
leads to complex 3D structures whose shape can be con-
trolled by voltagd™. DEMES have been used for soft
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FIG. 6. A) Elevon actuators used as control surface for a m
cro air vehicle (MAV). The actuator can bend up to 25° w
activated, and provides a torque up to 2750 mN mm. B T
elevon actuators are mounted on a MAV frame with a
wingspan, together with a propeller, battery, and all the
essary control components, for a total mass of 130.%g.
prototype and its ability to be controlled by the DE

has been demonstrated during a 150s flight 1nc
arm-throw take-off and ground landlném @2
produced with permission.

robotic applications by different
gers gripper from Kofod et al 73!

s, such as a 3 fin-
multi-Segmented robot
tralia and Wood™,

tem by Araromi et al.(( elj A
The ability of s N conform to all kind

of shapes makes articularly suitable as micro-
manipulators. I

Ij?nipulators are often optimized
ifi¢ target. But soft actuators, such

to a soft gripper that combines DEA actuation
¢ open-close motion with electroadhesion to con-
form to, the shape of the target and provide the hold-
ing force (figure B)m. The gripper is able to pick up
objects that differ widely by their shape and structure,
such as a flat piece of paper, a chicken egg, a Teflon cylin-
der, a very thin water-filled silicone balloon that changes

7. A Rollable multi-segment DEMES in a four-finger

en conﬁ ratlon@ ©2015 IEEE. Reproduced with permission.

ft gripper combining DEA actuation for grasping ob-
JCCtS and electroadhesion to hold them. The ability of soft
grippers to conform to the shape of the target allows to han-
dle all kind of objects, in that case a thin silicone membrane
filled with Wa‘celIﬁ (©2016 WILEY-VCH Verlag GmbH. Re-
produced with permission. C) Soft DEA gripper using stiff
fibers to produce folding motion that conforms to object. Us-
ing a dual actuator configuration with fibers oriented per-
pendicularly on each side of the device allows obtaining ver-
tical or horizontal bending, depending on which actuator is
activated™. (©2016 WILEY-VCH Verlag GmbH. Reproduced
with permission. D) Multilayer multimorph actuator based on
spin-coated acrylic elastomer layers and capable of 9 different
configurations. i) Top left corner activated. ii) Top right
corner activated. iii) All four electrodes activated™. (©2016
WILEY-VCH Verlag GmbH. Reproduced with permission.

shape while it is being picked up, etc. The device weighs
1.5g and was able to pick up and hold objects up to
82.1g. The authors have shown that an optimal design
of the interdigitated electrodes — that are used both for
the DEA bending actuation and for the electroadhesion
— allows obtaining large shear forces (up to 3.5 N), while
still keeping a large enough area coverage for DEA actua-
tion (23° bending angle, versus 30° for non-interdigitated
electrodes)?.

Another approach to a DEA-based soft gripper that
can conform to the shape of various objects has been pro-
posed by Shian et al. It consists of a non-prestretched
sheet of acrylic elastomer reinforced with stiff fibers (fig-
ure [7] )%, Depending on the density and orientation of
the fibers, the sheet of elastomer exhibit different bend-
ing configurations when a voltage is applied between the
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‘ s |Sp0d 's. Duduta et al. have used a similar concept to

.produce a bending actuator based on a non-prestretched

Pu b“§h§ﬂ(& astomer membrané’. Rather than using a com-
mercial acrylic elastomer film, they have spin-coated UV
curable layers to a thickness of around 25 pm, leading to
an actuation voltage of 1kV to 2kV, i.e. much less than
the >5KkV required for the actuators from Shian et al/78.
To compensate for the loss of force induced by the thin-
ner dielectric layers, Duduta et al. have produced multi-
layer structures with up to 7 layers. Attempts to further
decrease the elastomer thickness have yielded actuation
voltages down to 600 V. However, the results were not
reproducible due to a lower yield caused by the inclusion
of airborne particles’”. The fabrication of layer-by-layer
stacked actuators is discussed in more details in section
ITD] Duduta et al. have used a layout with 4 indepen-
dent electrodes, allowing to activate each corner of the
actuator separately (figure[7]D), thus effectively creating
a multimorph with 9 different configurations.

D. Biomedical applications

Miniaturized DET's are of great interest for deformab
cell culture assays used in mechanotransduction studies.
Indeed, standard static in vitro cell cultures are nog truly
representative of the conditions cells are submitte n
the body, where they are constantly straine

and the pneumatic actuation r
next to the culture wells.
DEA-based deformable ¢

teresting features. Pattefne

scale form arrays of i nden
membrane. This configuration enables stretching small

cell populations (owleven gingle cells) instead of the com-
ators being electrically indepen-

ray of 100 fun x 10@ pm' cell-stretching actuators exhibit-
i . strain®® ™ Unlike the Flexcell device,

roduce uniaxial strain, which is more

for méchanotransduction studies, because closer

up to —12.5 %80,

The high electric field required to drive DEAs (up to
150 Vim~1) is an obstacle to their application for de-
formable cell culture systems. First, it is important that

the zone on which the cells are cultured remains free from
electric field. Second, these devices must operate while
immersed in conductive cell culture media. Poulin et
al. have minimized stray electric field by having overlap-
ping electrodes over the complete device. Additionally,
it is also important to ensure that the conductive me-
dia doesn’t act as a blanket electrode that would create
a large amount of fringing field. The authors present
different designs that prevent the cells from seeing large
electric fields®L, Thez!lso demonstrate long term actua-
tion of a device immérsediin a conductive media without
failure (>45kcycl
formable bioreac
dothelial cells
show that cells su

Y <Poulitet al. have used their de-
1 @eriodically stretch lymphatic en-
to 10 % at 0.1 Hz for 24 h32. They
iittedito the periodic strain align and

periment concﬁct on an immobilized device showed no
alignment in the active zone, thus proving that the ob-

rved phé ena are due to the mechanical stretching
and ot te the fringing electric field2,

Other biomedical applications based on small-scale
D SEh'ave been developed or proposed, such as im-
plantable artificial sphincters®® and implantable artifi-

fal facial muscles. For example, Senders et al. have
developed a DEA-based eyelid sling that was implanted
i human cadavers and was able to make them blink®3.
The study was then extended to live gerbils on which
the device was implanted®®. The DEAs were actuated
continuously with 1kV at 1 Hz. The devices worked on
average for 30.3 days, which represents 2.6 x 10% actua-
tion cycles, and failure was attributed to electrical wire
connection issues, rather than a failure of the actuator
itself®4. The animals were euthanized at the end of the
test to conduct histologic analyses that showed minimal
chronic inflammation. This study shows that despite the
high actuation voltage, carefully designed miniaturized
DEAs can be implanted and activated inside a living an-
imal.

E. Microfluidics

The field of microfluidics is known for its multifunc-
tional platforms that combine multiple assays on a single
chip, such as labs-on-a-chip (LOC), micro total analysis
systems (MicroTAS), and microfluidic large scale inte-
grated systems (MLSI). Although the devices themselves
can be densely integrated to pack a maximum of func-
tions on a small footprint, they often rely on voluminous
external components. For example, MLSI chips usually
consist of an array of pneumatic actuators that can be
used as pumps or valves®3., They require external tub-
ing, pneumatic switches and pressure sources to function.
DEASs can be used in microfluidic applications to provide
actuation where needed, removing the need for external
tubing and pressure sources.
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FIG. 8. A) DEA-powered all-polymer micropump®9. ©2006
The Royal Society of Chemistry. Reproduced with permis-
sion. B) Peristaltic pump based on stacked DEAs. From®™Z,
©2009 SPIE. Reproduced with permission. C) Zipping di-
electric elastomer actuator closing a conical cavity. Left: at
0V the membrane is suspended over the cavity. Right: at
2.4kV the membrane zips down the cavity until it reaches
the bottor™. ©2013 IOP publishing. Reproduced with per-
mission. All rights reserved. D) Dielectric elastomer valve
around a silicone tube. Left: at 0V, the valve squeezes the
tube and creates resistance to the flow of liquid. Right: at
3.2kV the valve is open and does not alter the low®™>. ©2015
IOP publishing. Reproduced with permission. All rights re-
served.

sists of two membranes coupled by a fluid, o

rate of 77.4plmin~! for a total footprint u

with an automated process that is dlscusse more de-
ing through it88, W 00mlh~! is forced

Loverich et al. have developed a micropump th
being a DEA, as well as passive PDMS Valve
driven with 3.3kV at 30Hz, the pump e hlblt
ﬁgureIB)IEI Lotz et al. have demonstzated avpe ta tlc
pump made from multilayer stacked actwg 10duced
tails in section . The pum 1b1ts a rate of
0.36 plmin~—! on a footprint of 5mm (figure [§ l
B).

McCoul and Pei report 4n a/tubu dielectric elas-
tomer valve capable of squieezing a softfsilicone tube pass-

flow “of
through the tube by Nmp, the valve can con-
trol the pressure i th%stem, om 3.3kPa at 0V (the
own to 0Pa at 2.4kV (the valve

ict the flow in the tube) (figure

g D).

oposed the use of electrostatic
lose a$ic omachined chamber with a soft
, as a way to provide integrated ac-

ipdIZ. Unlike typical DEAs with elec-
1§Sides of the membrane, zipping actuators
ectrode on the dielectric membrane; the
ve which the membrane is suspended acting as
cond electrode. The electrostatic force generated
voltage is applied attracts the membrane into
the cavity, sticking (i.e. zipping) the elastomer against
the walls of the chamber, thus effectively closing it (fig-
ure [§] C). This concept allows making valves, and even
peristaltic pumps if several units are placed in series and

actuated with a phase shift’Z.

F. Energy harvesting

Harvesting electrical energy from human motion has
many potential applications, such as powering personal
electronic equipment, or health monitoring devices. Dif-
ferent systems have been developed based on electromag-
netic generators, suc{ backpacks that oscillate up and
down, knee braces, a fl\thhs&rike generators. However,
these approaches re?ﬁen bulky, noisy and obtrusive for

ic

the user. Piezoele enerators have been used in shoe
reduce obtrusiveness at the cost

particularly interesting for this
t ey can sustain large deformation and work well
&(;W frequéncies— unlike piezoelectric generators which
bestjat resonance and are limited to low strains.
DE@s €ombine high energy density (up to 0.3.J g1y,

noiseless operation and mechanical properties that makes
them' particularly suitable for integration into a shoe.
international developed the first DEG installed in

Oft=.la heel, made with a stack of 20 layers of VHB and capa-
ble of generating 0.8.J/ step?). More recently McKay et
al. have presented a miniaturized diameter 11 mm DEG
based on stacked silicone membranes of 65 um™. Two
versions were assembled, with 48 and 128 layers, capable
of generating 2.1 mW cm ™3 and 3.8 mW cm~3, taking the
volume of passive end caps into account. This concept
has been implemented into the sole of a shoe, and the
generated energy used to light up LEDS2L,

DEGs can harvest energy using different types of cy-
cles. In most cases, some charges are placed at a defined
voltage on the DEG when it is stretched, and harvested
at a higher voltage in the relaxed staté®. In other words,
it is necessary to spend energy at the beginning of each
cycle in order to collect more energy. Consequently, The
electronic circuitry which converts the charges harvested
at high-voltage to a usable low voltage must be energy
efficient, so that the collected energy after transforma-
tion is higher than the priming energy required for each
cycle.

G. Sensing applications

When a DET structure is mechanically deformed, its
capacitance changes. DETSs can therefore also act as
soft sensors capable of measuring large deformations. Al-
though the principle is similar to the generator (an exter-
nal mechanical deformation generates a change in elec-
trical signal), sensors can work at low electric field and
are therefore much easier to implement. For the same
reason, they are also much less sensitive to defects in the
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Individual sensors

24-well cell
culture plate

FIG. 9. A) Array of capacitive sensors mounted on a 24-
well plate for detection of smooth muscle cells contraction®2.
(©2016 Elsevier Ltd. Reprinted with permission. B) Interdig-
itated proximity sensors patterned on PDMS by laser abla-
tion. The technology allows to realize fine structures (down to
100 pm) over a large area®. (©2015 American Chemical Soci-
ety. Reprinted with permission. C) 2D stretchable touch sen-
sor with plain electrodes that relies on the transmission lin

characteristics of the electrodes®™. (©2015 IOP publishﬁn\

pacitor sensor that is exclusively sensitive to deformation,
these IDE sensors are quite insensitive to stretch and can
easily differentiate touch from a strain of up to 50 %35,
They therefore keep their functionality even when de-
formed. The versatility of the fabrication method is
demonstrated by fabricating an IDE touch sensor nested
in the ground electrode of a DEA. A touch from the user
on the sensor toggles pulsations of the actuator?, The
sensitivity of the serj:sgzl; not affected by the high electric
field of the actuator”®.

Small-scale patt }g of electrodes enables the fabri-
cation of an ar of tadependent sensors to form a 2D
sensitive surfaege. ever, such a device requires many
electrical onalf;tions + m for a n x m matrix if a
row /column ¢ scheme is used), together with
comp x electroftigs. To solve this issue, Xu et al. have
fabricated a 2§soft and stretchable keyboard using plain

e~ unpagterned) electrodes (figure El C)¥397 The de-
k:feli s on the relative poor conductivity of the carbon
b elecfrodes to treat them as 2D transmission lines.

iferent signal frequencies are used to measure the ca-
pacitance of the device, with the lower frequencies prob-
ing the whole device, while the higher frequencies only
probe the zone close to the electrical connection due to

concept is demonstrated by measuring the capacitance

Reproduced with permission. All rights reserved. D) Ionic
skin with transparent hydrogel electrodes capable to CMG low pass filter effect induced by the electrodes. The

deformation and pressuré®. ©2014. WILEY-VG@H Ver
GmbH. Reproduced with permission.
-

e@e to

ranes to measure
e cell These very
0 alframe, with a
both sides (fig-
ure [J] A). Smooth musclgfcellsiare lodated at the center
of the device, and thei traction induces the stretch-
ing of the electrodedsarea, thus leading to an increase
of capacitancé??. e device works in cell culture condi-
tions with a meap'st rd deviation of 0.2 pF (0.05 % of
ce), which makes it sensitive
action of smooth muscle cells.
contractile strain enables con-
any culture wells in parallel for
eriments, which is not possible with
ique relying on optical observation.
recise fabrication techniques allows pat-
ing C liant electrodes on a very small scale. Ara-
l§?Q1ave presented a sensor fabrication technique
based, 6n Laser ablation and oxygen plasma bonding to
structuge very fine (line width down to 100 pum) interdig-
itated electrodes (IDE) on silicone membranes (figure [J]
B)f¥5. These structures enable touch and proximity de-
tection, relying on a change of capacitance induced by
perturbation of the fringing field between the IDEs when

dielectric (see section [III Af), which m

have sensors made on ultra-thin membr

For example, Araromi et al.
sensors with 5pm thick PDMS
the contraction of smooth mu

of the device with two different frequencies (1kHz and
60kHz) in two orthogonal directions, effectively leading
to a2 x 2 (i.e. 4 sensitive zones) resolution. The concept
was then scaled up to a 3 x 3 resolution simply by adding
a third sensing frequency (20 kHz), and without any mod-
ification to the sensor itself or its electrical connections?3.

Sun et al. have developed a ionic skin capable of mea-
suring stretching and pressure, based on a DET structure
and capacitive sensing (figure El D). They use hydrogel
electrodes made with a polyacrylamide gel and a NaCl so-
lution as electrolyte. These electrodes are therefore com-
pletely transparent, and the whole device — consisting of
an acrylic elastomer sandwiched between two hydrogel
electrodes and encapsulated with additional acrylic elas-
tomer layers — can be uniaxially stretched up to 6 times
its original length®¥.

The DET configuration (dielectric membrane sand-
wiched between two actuators) is not limited to actua-
tors or sensors: the same structure can be simultaneously
used as actuator and sensor, which enables driving actu-
ators in closed-loop mode, without the need for an exter-
nal sensor. This self-sensing approach allows suppressing
drift caused by the viscoelastic creep of the elastomer, or
rejecting external perturbations®©2. Gisby et al. have
developed an algorithm to extract the capacitance (and
other parameters) of DEA driven by a high voltage DC
signal, to which a small AC signal is added®Z.
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ABRICATION OF SMALL SIZE DEVICES

One of the advantage of scaling down DEAs is the re-
duction of the driving voltage, if we also consider de-
creasing the membrane thickness. Indeed, as a first ap-
proximation, the thickness strain s, of a DEA can be
described by?%:

eE? eV?
- —_—— = —— 1
52 Y Y2 (1)

where € is the permittivity of the dielectric, E the elec-
tric field, Y the Young modulus, V' the applied voltage,
and t the thickness of the membrane. Therefore, scaling
down the membrane thickness also decreases the volt-
age required to reach a defined strain by the same fac-
tor. This is particularly important because DEAs usually
work at fields from 100 V pm~! to 150 V pm ™!, leading to
actuation voltages of several kV when membranes with
thicknesses from 10 pm to 100 pm are used. Membranes
a few micrometers thick enable reducing the driving volt-
age to a few hundred volts, thus drastically simplifyin
the driving electronics and decreasing its footprint an
cost.

named VHB, either VHB 4910 (thickness 1 m A%
4905 (thickness 500 pm), most of the time pre Qe@:ai

up to 25 times its initial area. This materi@l.is thexéfore
too thick, even after prestretch, to be consi M ry
st

thin membranes. Silicones are the secénd, lar

usually sold as liquid precursors, which enables the fabri-
cation of layers of different thic Unlike pre-made
films, custom-made membranes lfvihjosing indepen-
dently the thickness of the lajer andiits prestretch, thus

giving additional design fr on@. In“addition, it gives
the possibility to manufacturesyery ﬂlin membranes for

low-voltage application§.
Silicone membra an made by different tech-

niques, such as blade casting or spin-coating. In one
of the first publiéati about DETSs, Pelrine et al. re-
i release of silicone films down
er, tl?rc is no indication on whether

sed to make working actuators.
membranes to make DEAs cre-

atterning of the electrodes.

t is caused by the unavoidable thickness
0 induced by the deposition technique, or
hﬁ&n of bubbles and contaminants such as dust

(figure|L0)). " For thin membranes, this can lead to local

weak zones where the electric field can be notably higher

than on the rest of the membrane, and where dielectric
breakdown is likely to occur. If the thickness inhomo-

geneity of the membrane deposition method is 4 1pum,
the electric field is 5% higher at the thinnest location

Thickness variations

Silicone layer

Contaminant

Substrate

FIG. 10. Membraneé\h{thickness inhomogeneities,
co

voids and air bubbl r minants such as dust. Thick
membranes (left) are lesz sensitive to these issues than thin
ich defects can create zones of high

membranes (right),
electric field.

21'51"&56 compared to the average value.

is only 5nm, then the electric field can
25 % higher than the average value. Sim-

locallyibe up
ilarly, comtaminants and voids locally weaken the mem-
t‘rane, with alarger effect on thinner membranes, as the
sl ’t? defects or particles do not scale down with

embgane thickness. Consequently, thinner membranes
usually have a lower dielectric strength due to defects,
hus/reducing the maximal strain of the actuator. It

layers without inclusion of bubble or voids, and to work
in a controlled environment to prevent dust from con-
taminating the membrane.

Different methods have been proposed and demon-
strated to make DETs based on very thin-membranes.
Poulin et al. have fabricated 3 pm thick membranes by
pad-printing?®@. They have used this technique to make
and characterize expanding circles actuators and have ob-
tained lateral strains of 7.5 % with only 245V, i.e. about
1 order of magnitude less than a similar actuator with
a 30 pm membrane. However, the maximal strain of the
thinner actuator (7.5%) is about half as much as the
thicker one (14.2 %), due to a lower dielectric strength0.

Topper et al. have used molecular beam deposition
to produce polydimethylsioxane films with thicknesses
from 100nm to 500 nm %Y. They have deposited 200 nm
PDMS layers on thin PEEK foils to make bending actu-
ators. The device exhibits a radius of curvature of 0.7m
for an actuation voltage of 12'V. A similar actuator made
with a 4 nm thick spin-coated layer required a voltage 35
times larger to reach the same bending!™!. However, the
thicker actuator was able to sustain an electric field twice
as large than the sample made with molecular beam de-
position.

Finally, Weiss et al. have used electrospraying to
deposit PDMS layers in the hundreds of nanometers
rangdl®2. They obtain films with surface roughness be-
tween 0.2nm and 0.28 nm after UV curing, which is
about 3 times lower than for a 2um film made by
spin coating™?. The authors have not yet applied this
membrane fabrication technique to make fully functional

The majority of DETs reported in the literatuse % is"e nsequently important to select.a membrane fabri-
based on a clear polyacrylate adhesive film fr(;NS\NUOH method that allows to deposit very homogenous
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I£ , but it appears to be a promising technique, with
faster deposition rate compared to molecular beam de-

Publi g (5.5nms~! versus 130nm h~! for a 6000 g mol~*

PDWNS). This range of ultra-thin membrane thickness is
more adapted for a multi-layered stack configuration (fig-
ure [2| B), as it does not require to have freestanding sus-
pended membranes.

B. Compliant electrodes

Compliant electrodes are a key element to DETs. They
are required to bring and remove the electric charges on
the surface of the membrane, but can negatively impact
the performance of a device, for example by mechanically
stiffening the structure or limiting the electrical charg-
ing time. Most larger scale DEA lab prototypes have
electrodes made of grease, carbon black powder, or car-
bon nanotubes, manually applied on the surface of the
membrané®?. These approaches lead to electrodes that
can be easily damaged and have a short lifetime. They
are therefore not suitable for smaller scale devices, keep-
ing batch fabrication, reliability and reproducibility in

membrane in order to prevent mechanical abrasiongS

was applied!®, Because the membrane is still fixed on
a hard backing, it is not damaged by the stamping pro-
cess. After release from the substrate, a DET structure
is obtained by bonding two membranes with a stamped
electrode back to back10d,

An additional impact of scaling down the elastomer
thickness is the increase of stiffening impact of the elec-
trodes. Indeed, electrodes suitable for small scale devices
(particles in an elastomér matrix, ionogels, etc.) behave
as an elastic solid and'store mechanical energy when de-
formed. They ther for:}d\gthe actuation strain com-
pared to the idealdase given bywequation[l} Scaling down

the thickness of a usually concerns the membrane
re already made as thin as pos-

sible. The
the ratio

of the lectrooSs on strain is discussed in more details in

7 -
mind. In this prospect, it is important to have electrode \
that are solid and that present a good adhesion to K . _Single layer surface expansion actuators
uit-

able electrodes include conductive rubber made b
persing conductive particles (such as carbon

an elastomer 10304 o1 soft, jonic gelsd 05406,

actuators can use electrodes made of loos

arti
the electrode will be encapsulated by the n iel
layer (see e.g07),

When miniaturizing DETSs, two diffe Ms must
be taken into account. First, small lateraldi
make the application of the elec by hand impossi-
1ass fabrication. Effec-
required. Different
solutions exist using shadow magks, phiefolithography or
stamping, and are reviewed 1 ore details elsewheré??.
Second, in case the m ane is“scaled down, the elec-
trodes must be appli Wbi;%\t\damaging the very thin

elastomer.

roblematic for the surface expan-

atic because of the contact between
1e membrane (it can be suspended above
at’the cost of resolution), as well as the de-
\af?n of the film induced by the air flow. Inkjet
ing is the optimal solution as it allows patterning
the elegtrode on the thin membrane without touching it
or deforming it.

To produce their thin printed actuators (c.f. section
, Poulin et al. have stamped the electrodes before
releasing the membrane from the substrate on which it

Single layer surface expansion actuators (figure [2] A)
are the most widely used DEA configuration. In its most
widespread form, the devices consist of a VHB mem-
brane prestretched on a frame, with hand-applied car-
bon grease electrodes (see e.g00I8E2)  Although this
fabrication method is well adapted to the production of
large-scale prototypes (>1cm?), it is not suitable for the
reproducible manufacture of a large quantity of devices
of smaller size. Miniaturized devices require precisely
patterned electrodes that exhibit good adhesion to the
membrane and resistance to mechanical abrasion, as well
as membranes with controllable mechanical parameters

and thickness (c.f. sections [I1I A| and [L1I BJ).

Rosset et al. have recently published an article de-
tailing the complete production process of a single layer
surface expansion actuator based on a silicone membrane.
The process describes silicone membrane casting on A4-
size substrates, prestretching, and patterning of compli-
ant electrodes by pad printing!®. Although still at a
lab scale, this production method presents large improve-
ments compared to manual fabrication, including large
area membrane coating that allows making many actu-
ators from a single membrane, or the rapid and precise
patterning of the electrodes. Because it uses a stamping
technique to precisely pattern the electrodes, the method
is well adapted for scaling down the in-plane dimensions.
But being a contact method, it requires membranes that
are at least 10 pm thick. Thinner membranes would re-
quire either a non-contact patterning method, applying
the electrodes before the membrane is released from its
casting line!®, or using a transfer techniqué?,
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¢ s l:Payer-by-layer stacked actuators

Publishing

Applications that make use of the thickness compres-
sion of the membranes usually require stacked actuators
in order to reach usable absolute displacements. Because
of the large number of layers that need to be stacked
(from about 20 to >500), stacked actuator fabrication
must be fully automated. The group of Prof. Schlaak
from TU Darmstadt has developed a process to fabri-
cate stacked DEAs. It consists of a sequence of three
operations: spin coating of a thin silicone layer, cross-
linking of the elastomer layer, and electrode spraying
through a shadow mask (graphite powder dispersed into
isopropanol)m This method has been used to fabri-
cate some of the devices mentioned in section [[I, such
as a tactile interface (40 layers of 30 pm)@, a peristaltic
pump (30 layers of 50 pm)m, or a tuneable lens (30 layers
of 45 pm)m.

In a layer-by-layer process, the different layers are
produced on top of the previous one. Silicone lay-
ers are therefore applied on top of the previous ele

not very smooth, and it is important to apply a silicon
layer that is thick enough to avoid pinholes in the
brane. Consequently, the minimal thickness of the dielee-
tric is limited by the roughness and thickness o lec-
trodes. The fabrication process for a single layex

trode. Particle-based compliant electrodes are generﬂ{}é\

a study about using DEAs for artificia
ters, Miiller et al. note that to keep the
to acceptable levels (24 V), the di i
require to have
esired force®Z,
high as 99.8 %,

a stack of >1000 layers to
Even with a production yie

unit can then be el
present prematur,

by stacking several functional

sub-units on t oflach other.

abrication process is used by the
CTystems % which produces stacked
ial applications such as pneumatic
The'\serial production process consists in the
eposition of 25 um silicone membranes, fol-
the patterning of graphene-based electrodes
) over a large area. The process is repeated un-
til a stagk of 21 silicone layers is obtained, after what the
large produced surface containing many sub-units is cut
into 15 mm X 15 mm modules that are electrically tested.
38 modules are then stacked on top of each other to form
a 20mm tall actuator that has 798 layers in totall09,

uste

A)

) 1ﬁxamples of contractile stacked actuators manufac-
turedyby automated processes. A) 15mm X 15mm actuators
different height from the company CTsystems, Switzer-
land. (©2016 CTsystems. Reproduced with permission. B)

Nameter 20 mm stacked actuators from EMPA, Diibendorf

Switzerland™. ©2009 Elsevier Ltd. Reprinted with permis-
sion. C) 10mm x 10mm stacked actuators made by folding
and stacking from HS-OWL, Germanym. (©2015 Springer
Science+Business Media. Reprinted with permission.

E. Stacked actuators with pre-made membranes

One of the principal limitations of stacked actuators
produced layer by layer (c.f. section is that — ex-
cept for the first layer — the liquid elastomer precursor
is applied on the previous layer and electrode, i.e. on an
imperfect surface that presents thickness inhomogeneities
and non-negligible surface roughness. This has the con-
sequence of either decreasing the fabrication yield, or of
limiting how thin the dielectric membrane can be made.

An alternative way of fabricating stacked DETSs is to
use a pre-made membrane. A large-area membrane is
fabricated separately on a casting liner that has no de-
fects and a very low surface roughness. This enables the
production of thin high-quality membranes, with a low
defect density. The compliant electrodes are then pat-
terned on the membrane. Many electrode can be pat-
terned on a single large-area membrane, allowing parallel
fabrication (figure [12] A). The membrane is cut to sepa-
rate each of the sub-units (figure [12| B). Finally, the sub-
units are stacked on top of each other to form a stacked
actuator (figure C). In practice, it is often easier to
first stack a few full membranes with electrodes (figure[12]
A) on top of each other, and then cut them into sub-units
that are stacked to form the final device. To increase fab-
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encapsulating
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stack-actuator

sub-process 6

FIG. 12. Parallel fabrication of a stack actuator. A) An array
of electrodes is patterned on a membrane. B) The membrane
is cut into sub-units. C) the sub-units are stacked on top of
each other.

rication yield, modules of a few layers can be fabrica&K

and electrically tested, before stacking several dules
on top of each other.

This fabrication process has been used by K

to manufacture stacked actuators capable of contra Q&

by 2.5mm (10 % of original length) while difing ayinass
of 2.11k . This represents a mechanical K&xfi nJ
or an energy density of 12.9Jkg=!. T hniguesihave
been used to assemble the devices: a h%&l{ed fab-

rication, similar to the process described ongfigure

and an automated stacking proce§ssing a purpose-built
machiné2. The membranes d for the actuators is
an interpenetrating polymen netw b&ed on a VHB
acrylic tapet3., y.
When a voltage is al;?éd, electtostatic force holds
the layers together, prayi the electrodes are thin and
can sustain the tracti go;rong{;)r this reason, it is im-
portant that the eléctrode@s are very thin, ideally a mono-
layer™Y. In the dbsened of voltage, there is no force to
the device must sustain ten-
e designed or packaged accordingly.
véd this problem by using oxygen
rovide adhesion between the differ-
Os:iniature stacked generator based on
. The oxygen plasma bonding be-
s allows them to sustain tensile deforma-

?E’?d\of cutting the membrane into sub-units and
islg them on top of each other, a folding process
sed to manufacture multi-layer actuators. The
process was first introduced by Carpi et al. who pro-
duced long bands of silicone film coated with compliant
electrodes that were then manually folded into a stacked
actuator 4,

contacting

applying electrodes,
folding \

sub-process 5

cutting

sub-process 4

““ sub-process 3

FIG. 13. Automated multi-layer stacked actuator fabrica-
tion based on a folding proces (©2015 Springer Sci-
ence+Business Media. Reprinted with permission.

Maas et al. have developed a completely automated
process to produce folded actuators from commercial rolls
of elastomer films™L. The fabrication is separated into
6 sub-processes (figure[13)): 1) The elastomer film is sep-
arated from its casting liner and protection foil without
stretching the film and cut into 200 mm x 400 mm mem-
branes. 2) An array of electrodes is sprayed through a
shadow mask on half of the surface, followed by folding
the membrane in two. In total, 4 electrode applications
and 3 folding steps are performed to obtain an eight-
layer 100 mm x 100 mm block. 3) Several of these blocks
are stacked on top of each other until the desired total
thickness is obtained. 4) A 100 mm x 100 mm block typ-
ically contains many smaller sub-units that were fabri-
cated in parallel during the spraying/folding step. These
sub-units are separated by cutting the block along two or-
thogonal directions using an ultrasonic knife. 5) A layer
of elastomer film with conductive tracks is applied around
each actuator to provide electrical contact to the elec-
trodes. 6) The actuators are encapsulated. The process
has been tested with commercial polyurethane (PUR)
and silicone films to assemble actuators with 200 layers
and an active surface of 64 mm. When a 50 V pm~! field
is applied, the PUR actuators exhibit an unloaded strain
of 3.5% and a blocking force of 10N, and 3% / 4N for
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l . DRI silcion wafer
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Isotropic silicon etch
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olvent release
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FIG. 14. A) MEMS-inspired DEA fabrication process. B)
SEM picture of bilayer bending actuator after release. C)
Bidirectional actuation depending on which pair of electrode
is activated. D) Unidirectional actuation for voltages from
0V to 1100 . (©2014 IOP publishing. Reproduced with
permission. All rights reserved.

the silicone actuatorsiiy,

F. MEMS-inspired production process

Fabricating DETs at the sub-mm
ditional constraints to the fabrication p
fabrication steps — such as prestretching —
cult or impossible to integrate in, S-inspired fabri-
cation process, thus limiting th&actuator configurations
that can be realized at smallér sca

Gerratt et al. have devélopedfa progess to integrate
PDMS with silicon structurestin a traditional microfab-
rication approach10, ocess“involves dry etching of
trenches in a Si wafi %’chen filled with PDMS
before releasing th s@%nded structures. It enables the
fabrication of strict that take advantage of the me-
S, such as soft hinges. This
method has bee ?a ricate bilayer bending DEAs
(figure [14]) AT Tre are patterned by deep reactive
ion etching (DRIE)into a Si wafer and filled with a con-
ductiv silic&e ela&omer. After curing and removal of

ﬁ
the excess of , a second set of trenches are pat-
in between the conductive silicone zones.

(€]

relense the structures. The bending actuators are
g, and are formed by 5 layers (3 electrodes and
2 dielectrics) of 20 um. A deflection of the tip of 318 pm
is observed for an applied voltage of 1100 VHZ,
Compared to the other stacked actuator fabrication
techniques presented earlier (c.f. sections and

I, 12

FIG. 15. Scaling
L27 L3 (A)7
lg, l3 (iSOt
(in-plane scaling,

tended to many more layers. Because of the verti-
rication, increasing the number of layers doesn’t
ase the number of steps: 3 steps (etching, filling,

alt ates layers vertically in the Si master. The process
\d?ST&' rated here for a bilayer actuator — can easily
be

al
in

N\~g:ra,ping the excess) are required for the electrodes, ir-

S

respective of the number of layers, and the same applies
for the dielectric layer.

IV. PERFORMANCE MODELS
A. Effect of scaling down

Scaling down the dimensions of DEAs impacts their
performance. If the influence on displacement or force
is quite straightforward, other effects — such as the role
of the electrodes or boundary conditions — are less ob-
vious and can negatively affect the actuators. Here, we
consider a DEA of dimensions L1, Lo, L3, which is minia-
turized to Iy, I3, I3 (ﬁgure. Because it may not always
be possible or desirable to decrease the thickness of the
membrane, we consider two different cases:

e Isotropic scaling: scaling in all directions: I;/L; =
a, ZQ/LQ = Q, l3/L3 =«

e In-plane scaling: scaling in-plane only: I1/L; = «,
lo/Ly = a, l3/Ls =1

The key metrics of the actuators for these two cases
with respect to the scaling parameter « are given in table
[ for a constant electric field (o < 1 for miniaturization).
In this section, we neglect the impact of the electrodes
(i.e. we consider them to be perfectly compliant. The
case of realistic electrodes is discussed in details in section
. The impact of the thickness reduction in isotropic
scaling can be compensated by increasing the number of
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minjaturized devices
frequencies. Small
se speed, pro-
enough so that their
tﬁlan the mechanical

electrical cut-off freque
resonance frequency.
As an illustratio
introduced by A
eter of 200 mm

vided their electrodes ar??o

(blsider DEA rotary motor, as
songet al. Their device has a diam-
\aft turning at 2Hz to 3 HZ1S,
e motor made on a diame-

le, the silicone lens from Maffli et al ™ ex-
tirhe <200 ps, thanks to the small size
of liquid that needs to be moved (cf. sec-
: minjaturized soft system can also be fast.

B. Effects of the boundary conditions

Electrodes can strongly impact the performance of
DEAs when the thickness of the membrane is reduced.
As mentioned above (c.f. section [IIIB]), most reliable

Ip A) 125 ‘ ‘ ‘
AI] BLE I. Effect of scaling on strain, displacement, blocking —5um/ 2um ——25um / 2{m ——50um / 2um
Pub“@ﬁfn)pg; driving voltage for a constant electric field for the — -5um/ideal — -25um/ideal — -50pm /ideal
surfacé=expansion and thickness compression configurations. 12 X % -
Actuator surface exp. thickness comp. R 1 ! I
scaling Isotropic |in-plane||isotropic | in-plane -~ ! ! l ] /
AR ! /
Strain 1 1 1 1 D | 1 !
Displacement e « @ 1 » I f /
Force a? o a? o? S 44 Iy 4 ! ’
o I ’
Voltage a 1 a 1 © /
« I
Capacitance o o? o a? | //
Energy dens. 1 1 1 1 1.05+ > Z
Dielectric breakdown
. . . 1 ‘
layers by a factor 1/« to obtain the same behavior as in- ) meq 2000 3000 4000
plane scaling for strain, displacement and blocking force, ~— Voltage (V)
while keeping the driving voltage at a factor . Depend-
. . . . B) N
ing on the type of scaling, the capacitance of the device
scales down as «, or even . Sensing applications are }
therefore more delicate at small size-scale, because the o el _—
device capacitance becomes small in comparison to para- £ 08¢ -
sitic capacitances introduced by contacts and cables, thus = ) //
making the detection of small deformation difficult. T L8
energy density of DETs is independent of their size, thus /
making them interesting at largely different size sca & 0.7
from the blimp to the cell-stretching device, as stated.d 3
the introduction. (LLK % > /
The response speed and resonance frequenc also Eos
important parameters for a DEA. The spring a‘I§aﬁt\ 2 I
of the device depends on how the deviceyis, used, and 04 5 ,
. . . . . ——2 um electrodes
how the scaling is done (isotropic or ingplan t gen- I — -ideal electrodes
erally scales as o or a’. The mass scal 3 Yisotropic 0.3 ‘ ‘
scaling), or o? (in-plane scaling), and is re the 0 2?\/Iembr;r?e thickr?gss ( m?o 100
dominating factor for the resonance frequency“ef the sys- H

FIG. 16. A) Lateral stretch as a function of the applied volt-
age for different membrane thicknesses, and considering either
ideal electrodes, or 2 pm-thick electrodes with the same me-
chanical properties as the membrane. Devices with realistic
electrodes exhibit less strain at the same voltage compared to
ideal electrodes, and a lower maximal stretch at breakdown.
B) Normalized lateral strain at a fixed electric field for the
same situation as above. The strain of thin membranes is
much impacted by the electrodes.

electrodes behave as elastic solid and store energy when
deformed. Additionally, the thickness of the electrodes
generally does not scale down with the thickness of the
membrane, as they are usually made as thin as possible.
Consequently, the thinner the dielectric membrane, the
larger the relative volume of the electrode becomes, with
a negative impact on strain. From equation [T} we expect
that scaling the membrane thickness by a factor a leads
to a scaling 1/« in driving voltage, but this only holds
with perfectly compliant electrodes (either infinitely thin,
or with a Young modulus of 0).

Poulin et al. have developed a model based on hy-
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‘ s iapast c energy density functions to predict the strain
D

of DEA: while taking the impact of the electrodes into
Pu bl|§laéﬂlgmm As an example, we consider a simple single
layer in-plane expanding circle actuator, with free bound-
ary conditions. The mechanical properties of the mem-
brane are modeled using the Gent hyperelastic energy
density function™? with parameters g = 0.3 MPa and
Jm = 20. The electrodes are assumed to have the same
mechanical properties as the membrane, and a thickness
of 2um. The lateral stretch versus applied voltage is
shown in figure [16| a for three different membrane thick-
nesses. Compared to ideal electrodes, realistic electrodes
cause a decrease in actuation stretch for a fixed applied
voltage, as well as a decrease of the maximal stretch at
dielectric breakdown (set at 110 Vpm~?! for this exam-
ple). Both effects become more and more important for
thinner dielectric membranes. Figure[I6B shows the nor-
malized lateral actuation strain at a fixed electric field as
a function of membrane thickness. While for ideal elec-
trodes the strain as a function of the electric field does
not depend on membrane thickness (equation , realis-
tic electrodes can have a dramatic impact at small mem-
brane thickness. This becomes particularly problematic

frequency phase shifters developed at EPFI 22, How-
ever, unlike the situation with a dead weight providing a
constant force, the mechanical tension in the passive zone
relaxes as the active area expands, causing a decrease in
internal force and a reduction of actuation strain com-
pared to the constant force case. Rosset et al. have
analyzed the impact of the passive zone for miniaturized
actuators, with the aimyof maximizing the displacement
of a rigid object placz( on the DEA for a fixed actuator
sizél23. The authors‘sho

that the optimal situation to

relaxation in the passive zone.
also often use the passive mem-

al. have demonstrated that for expanding
actumr, a ratio larger than 10 between the total size

brane and the size of the central active part
res that the passive zone of the membrane doesn’t

when the membrane thickness becomes comparable en
the electrode thickness, which is likely to happen when restrict actuation or cause loss of mechanical tension®?.

miniaturizing DEAs (see e.g. figure [14]B).

straints on the mechanical properties of the elec es

ever, this approach is hardly compatible with minia-

large membrane on which many independent actuators

These considerations demonstrate that scaling Nlrization, whose goal is to reduce the overall size of the
the dielectric thickness of DETs puts much more c evices: either the actuator is small, or it is made of a
1

0
They must be as soft and thin as possible, gvhile b
ing conductive enough to not limit the res
Although fabrication methods for sub-micronieteranem-

for com-

there should be an appropridte te)ahni
on the membrane with?l damage. /

Another important {imiting tor of miniaturized
DEAs is the impact of IMZOHQ of the membrane
s notjcoated with electrodes), partic-

¢a expansion actuators based on

f dead weights to provide this con-
. However, weights attached to the mem-
are highly impractical for small-scale
whichfYimust be able to work in any orientation,
ionl the difficulty to attach wires to the mem-
in_an automated way. Consequently, small-size
usually rely on passive areas of the membrane to
providé the counter-balancing force. This configuration
is used for example when a rigid object located on the
surface of the membrane must be translated by the ac-
tion of the electrodes, such as in Optotune’s Laser speckle
reducer®” (c.f. section 7 Artificial Muscles’ haptic

tors can
stant forg

are patterned. In either case, the spacing between an
active zone and the holding frame (or the neighboring
actuators) is likely much smaller than 10 times the size
of the electrode, thus reducing the strain compared to
the ideal cases often studied in the literature.

V. INCREASING THE FORCE

Dielectric elastomer transducers present many key pa-
rameters that make them interesting for miniaturiza-
tion: low-power consumption, large strains, fast response
speed, high energy density and simple architecture. But
they suffer from two important drawbacks. 1) The high
voltage required to drive them. This makes the control
electronics expensive and bulky, which goes against the
idea of miniaturization and large-scale production. How-
ever, miniaturization of the membrane thickness can alle-
viate this problem. 2) The low force produced by surface-
expansion transducers, particularly when the membrane
thickness is also scaled down (c.f. table[l). Different ap-
proaches can be taken to mitigate this issue, such as us-
ing external passive elements, or using hybrid actuators
to benefit from the large strain of DETSs, together with
strong blocking force provided by other means. One such
hybrid actuator, a versatile gripper combining a DEA for
the open/close motion and electro-adhesion for the hold-
ing force has been mentioned before (c.f. section[[IC). A
few other approaches are discussed below.
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ator biased with a spring™%.  (©2013 IOP publishing.

Membrane stack

Linear spring

7

ggziszspplied and the NBS has snapped in
con

its sec d_éta ration.
@g&;}ing to apply carbon-filled electrodes and

me§, ot rapid 3D manufacturing techniques 27,

FIG. 17. Different approaches based on hybrid configuratio -
to increase the output force of a DEA. A) Diaphragm ax B. ariable stiffness actuators
R

cell array based on phase-changing DEAs, leading to bis Nt\ Their large strain, compactness and possibility to man-

tomeric substrate. Joule heating allows controlij
ness of the substrate by liquefying or solidifying

(©2015 IEEE. Reproduced with permission® \

A. Stacked surface expansion aétuators with a biasing
mechanism
usugﬂy have large dis-

Surface expansion actliato
placements and low fotcéy while “thickness compression

actuators are know theirshigh forces and small dis-
placement. The Se ec‘?{%mup om Saarland university
has produced actfiat ased on surface expansion that
combine large igh output force by stacking a
few membrane an?using biasing springs (ﬁgure
A). Un compression stacked actuators,
which usually comprise'several hundred layers, they have
es with annular-shaped electrodes.
he membranes is pushed out of plane
by a ¢ nbinabon of a linear spring and a negative-rate
ing (ﬁgure The two springs and the ac-

m rane are carefully designed to achieved the de-
istable behavior combining large stroke and large
The actuator and biasing mechanism hold in a
85mm X 85 mm X 35mm enclosure, and the device can
lift a weight of 7.5kg by 2.25 mm20. A particular at-
tention has also been paid to the fabrication process,
which is based on automated industrial techniques, such

ufacture arrays make DEAs attractive for Braille dis-
plays. However, in addition to a large displacement
(>500 pm23) a Braille dot must also be exhibit a large
holding force (>150 mN128) outside of the capabilities of
surface-expansion actuators. The Pei group from UCLA
has solved the problem by using a shape memory poly-
mer (SMP) as the dielectric membrane of a DEA (figure
B)2847, The most recent material they developed ex-
hibits a change of storage modulus of a factor of 1000
when heated by about 10°C28. The material behaves
as an elastomer in the heated state, and as a hard plas-
tic when cooled down. The SMP has been used to make
DEA diaphragms that bulge out of plane when activated.
A small air pressure is applied below the diaphragm,
which is placed in an oven at 50°C. An electric field
up to 127 Vpm~! is applied to the diaphragm, leading
to out of plane deflection corresponding to an area strain
up to 70 %28, After the actuator is removed from the
oven and has cooled down, the voltage can be removed
and the actuator keeps its deformed state. Because the
membrane is in a hard state it can sustain the force of a
finger. The principle of these bistable diaphragm actu-
ators has been applied to make a page-size 18 x 18 cells
Braille device, although not individually addressablé?Z.
A SMP dielectric membrane enables the combina-
tion of the large actuation stroke provided by surface-
expansion DEAs, with large holding forces resulting from
the high Young modulus of the material in its cold state.
This opens the door to a broad new range of appli-
cations requiring stroke and holding force at the same
time, such as Braille displays. However, another impor-


http://dx.doi.org/10.1063/1.4963164

18

This manuscript was accepted by Appl. Phys. Rev. Click here to see the version of record.

|
‘ s { equirement for this application is the ability to ad-
.diess each pin individually (the 18 x 18 cells prototype
PUb|l§$H1Wg} as 1944 actuators)y. g—ligh voltage switches (tr};n—
sistors) are voluminous and expensive, and are therefore
a major drawback for applications requiring large arrays
of independent DEAs. Besse et al. have recently in-
troduced a concept for a SMP-based tactile display in
which electrodes patterned on a SMP membrane are used
as independently-addressable micro-heaters[Besse2016].
The voltage required for the Joule heating being in the or-
der of 20V, standard electronic components can be used.
Furthermore, a row-column addressing scheme is used
to decrease the number of switching elements. In this
particular example, the up and down motion of the di-
aphragms is provided by a miniaturized pump and not
a DEA. However, the same approach can be used with
a DEA replacing the pump, the key point being that a
single high voltage channel is necessary: the addressing
is performed by selecting which units are heated, while
the high voltage is applied to all devices in parallel, thus
requiring a single channel.
As an alternative to SMP, Shintake et al. investigated
the use of a low-melting-point alloy (LMPA) to change
the stiffness of a bending DEABY, The device consis

of a thick (1mm) silicone substrate with an embed%\

micro-channel filled with LMPA. A prestretched DEA 1
then bonded on top of the substrate. When a cu is
applied to the LMPA meander, the joule heating causesdt

applied to the DEA allows to tune the bending
The desired position can then be locked by SW
}D%::o trol
voltage can then be removed while the aetuator keeps
its actuated shape. Two of these
were combined to form a 2-fing

lift a weight of 11 g for a tot
of 2g (figure[17] C)39129,

AY
VI. CONCLUSIONS \
One of the refar De properties of dielectric elas-

tomer transdugeérs i?ha cir energy density is invariant
over a size scale'ef deveral orders of magnitude (table [[)).
This is in gontrast witl other types of actuation mech-
anisms whese perf¢rmance can be negatively impacted

by scalin r example, electromagnetic actuators suf-
fer from ing because of Joule losses and core
saturation, and it is difficult to scale up air-gap electro-
static actuators because of the reduced breakdown field

ig ap values. This scale-invariance in energy den-
sity renders dielectric elastomers attractive for inclusion
in applications of vastly different sizes, from square me-
ters of actuators in the case of a biomimetic blimp, to
actuators sub-millimeter devices for biomedical applica-
tions (figure [)).

Applications of the technology for miniaturized de-

vices has a bright future, due to the chief advantages of
DETs: large strains, large energy densities, compliance,
etc. However, some key challenges remain to be solved
before DETSs find their way in every consumer product.
Indeed, although simple models predict that the actua-
tion strain of DEAS is size-independent (equation table
1)), miniaturized devices generally exhibit a lower actua-
tion strain due to a number of factors. The stiffening
impact of electrodes reduces the strain, and the unavoid-
able defects in thimz?J dielectric membranes limit the
electric field that can“be lied before breakdown which
further limits the mal performance of thin devices.
The high drivin, ome is another important obstacle
to the widespréad use of DETs. Miniaturization of the
i e possible route towards lower
rould render the technology com-

, high-quality reliable, reproducible and au-
fabrication.
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