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Therefore I have uttered what I did not understand
Things too wonderful for me, which I did not know
Hear, and I will speak

Twill question you, and you make it known to me
—Job 42:3-4
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Abstract

This thesis presents fundamental advances in Dielectric Elastomer Actuator (DEA) research by
the analytical modeling, experimental validation and parameter exploration of novel actuator
structures which extend the features of DEAs to out-of-plane bistable or multi-stable operation
modes, miniature fluidically-coupled structures, the use of reliable liquid electrodes and
high speed capabilities. Several applications of those new structures are presented and
characterized in details: long lifetime tunable lenses with liquid electrodes, large tuning
range lenses with high optical quality, sub-mm fluidically-coupled actuators for microfluidics
and high-speed tunable lenses with the fastest response reported regardless of technology.

In the scope of manufacturing microfluidic actuators, three generations of DEAs operating
in zipping mode have been built and characterized. This new actuation mode consists in
electrostatically pulling the single compliant electrode of a flexible membrane towards a rigid
one that covers the sloped sidewalls of a chamber. Zipping DEAs offer a set of previously
unachievable features such as highly tunable bistable operation mode that may be extended
to virtually any deflection versus voltage characteristic including multi-stable states. Bistable
operation was predicted by an analytical model and observed on mm-size conical chambers,
and vertical deflection up to 385 um was measured on 2 mm side chambers. The analytical
model is discussed by comparing the bistable zipping threshold voltages and the shape of the
deflected membrane, and the role of each design parameter is discussed in details.
Application of miniature DEAs to microfluidic actuators raises a difficult challenge: the opera-
tion of DEAs in contact with liquids. Most liquids penetrate a few 10’s of um into membranes,
degrading the actuator performance and leading to device failure. In the few papers which
report on the use of DEAs to drive fluids, the active membranes are protected by a passive
layer, at the cost of lower actuation performance. The alternative taken in this project is to
couple the motion of the DEA to a passive membrane using an encapsulated liquid known
as being compatible with the sensitive actuator membrane. The compatibility of 12 liquids
with silicone membranes was monitored over up to 37 days and both silicone un-crosslinked
bases and the ionic liquids TFoN were found to fulfill the requirements for being used as
encapsulated fluidic coupling media. Sub-mm passive membranes coupled to zipping DEAs
have been fabricated and characterized. Compared to membrane passivation, this approach is
more reliable and offers extended design freedom (displacement-force conversion, redirection
of the motion).

Outlooks of such miniature fluidically-coupled devices powered by DEAs may be the break-
through of silicone-based microfluidic chips by the replacement of the very successful pneu-
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Abstract

matic valves of Lab-on-chips by electrically actuated ones, making this technology truly
portable. Indeed, this most promising class of Lab-on-chips nowadays still require bulky
off-chip pumps and pneumatic valves, preventing their use for point-of-care devices.
Research on tunable lenses is an expanding field that mostly targets the market of embedded
optical systems. A wide class of those lenses relies on the deformation of a flexible transparent
membrane that encloses a liquid, hence varying the focal length. This type of lenses has broad
tuning ranges but the integration of a compact actuation mechanism with large displacement,
fast response and low power consumption is very challenging. DEAs match these requirements
with the additional advantage of being made in the same elastomer membranes, which enables
a high degree of integration.

Three generations of fluidically-coupled tunable lenses have been built, characterized and
compared with three analytical models. The most advanced of these models includes the
hyperelastic mechanical parameters of the elastomer membrane. A simple tunable lens
structure demonstrated in particular the possibility of using the ionic liquid TF,N as reliable
liquid electrode for DEAs. This is the first time that a reliable liquid electrode is used, and
it opens a broad set of new design possibilities. On the second generation of devices, eight
3.9mm diameter actuators drive a single 6.5 mm diameter lens, and tuning range of up to
60% of the focal length was achieved (from 28.5 to 45.5 mm). A last design inspired from a
work published in 2011 was optimized for response speed and achieved a 0 to 90% settling
time of 172 ps, the fastest response ever reported for tunable lenses regardless of technology.
This device has a flat response up to 2kHz and a resonance frequency of 4.7 kHz. Its focal
length tuning range is -28% (from 19.4 to 14 mm). Detailed electrical, mechanical and optical
characterizations as well as movies taken with a high-speed camera provide an in-depth
understanding of the device transient response. Future application of this high-speed lens
may include light sheet microscopy or real-time shape from focus.

Keywords: Dielectric Elastomer Actuator, microfluidics, tunable lenses, adaptive optics, zip-
ping, silicone, PDMS.
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Résumé

Cette these présente des progrés fondamentaux dans le domaine de la recherche sur les
Actionneurs Diélectriques a Elastomere (DEA) par la modélisation analytique, la validation
expérimentale et ’exploration des parametres de nouvelles structures d’actionnement qui
étendent les caractéristiques des DEAs a des modes d’opération hors-plan bistables ou multi-
stables, des structures miniatures avec couplage fluidique, I'utilisation d’électrodes liquides
et des potentialités haute vitesse. Plusieurs applications de ces nouvelles structures sont
présentées et caractérisées en détail : des lentilles accordables a longue durée de vie avec
électrodes liquides, des lentilles a grande plage d’ajustement a haute qualité optique, des
actionneurs submillimétriques couplés fluidiquement pour applications microfluidiques
et des lentilles a haute vitesse dont le temps de réponse est le plus rapide publié a ce jour,
indépendamment de la technologie.

Dans le but de fabriquer des actionneurs pour la microfluidique, trois générations de DEA
fonctionnant en mode zipping ont été construites et caractérisées. Ce nouveau mode d’action-
nement consiste a attirer électrostatiquement I'électrode étirable unique d'une membrane
flexible contre une électrode rigide qui couvre les parois inclinées d'une cavité. Les DEA fonc-
tionnant en mode zipping offrent une série de propriétés inédites, comme un mode bistable
hautement ajustable qui pourrait virtuellement étre étendu a n'importe quelle caractéristique
de déflexion en fonction du voltage, y compris des états multi-stables. Le mode d’opération
bistable avait été prédit par un modele analytique avant d’étre observé sur des cavités coniques
de taille millimétrique, et des déflexions verticales allant jusqu’a 385 um ont été mesurées sur
des chambres de 2 mm de c6té. Le modele analytique est discuté en comparant le voltage
de seuil du zipping bistable et la forme de la membrane défléchie, puis le role de chaque
parametre de conception est discuté en détail.

Lapplication de DEA miniatures pour des actionneurs microfluidiques souléve un défi de
taille : le fonctionnement de DEAs en contact avec des liquides. La plupart des liquides
pénétrent de quelques dizaines de um a I'intérieur des membranes, ce qui dégrade les per-
formances d’actionnement et provoque I'arrét de fonctionnement du dispositif. Dans les
quelques publications qui traitent de 'utilisation des DEAs pour manipuler des fluides, la
membrane active est protégée par une couche passive, au détriment des performances d’ac-
tionnement. L'alternative adoptée dans ce projet et de coupler le mouvement du DEA a une
membrane passive en utilisant un liquide encapsulé qui est connu pour étre compatible avec
la membrane sensible de I'actionneur. La compatibilité de 12 liquides avec des membranes en
silicone a été mesurée sur une période allant jusqu’a 37 jours, et deux liquides qui satisfont le
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Abstract

cahier des charges pour étre encapsulés comme solution de couplage ont été identifiés : des
bases de pré-polymeres pour silicones et le liquide ionique TF,N. Des membranes passives
submillimétriques couplées a des DEA opérant en mode zipping ont été fabriquées et caracté-
risées. En comparaison avec la passivation des membranes, cette approche est plus fiable et
étend la liberté de conception (conversion force-déplacement et redirection du mouvement).
Les perspectives futures de tels dispositifs miniatures couplés fluidiquement et actionnés par
des DEAs pourraient étre une percée sur le marché des puces microfluidiques en silicone,
en remplacant les valves pneumatiques qui ont fait le succes de ces Lab-on-chips par des
valves actionnées de maniere électrique, ce qui rendrait cette technologie portable. En effet,
cette gamme de Lab-on-chips extrémement prometteuse requiert encore aujourd’hui des
équipements externes lourds tels que des pompes et des valves pneumatiques, empéchant
leur utilisation pour des dispositifs portables utilisables au point de service.

La recherche dans le domaine des lentilles accordables est un champ en pleine expansion qui
vise principalement le marché des systemes optiques embarqués. Une large palette de ces
lentilles est basée sur la déformation d'une membrane flexible transparente sous laquelle est
encapsulé un liquide, ce qui change la longueur focale. Ce type de lentilles possede de grandes
plages d’ajustement mais l'intégration d'un mécanisme d’actionnement compact qui possede
un grand déplacement, une réponse rapide et une basse consommation est un défi. Les DEA
satisfont a ces critéres avec I’avantage supplémentaire d’étre fabriqués avec des membranes
en élastomeres du méme type, ce qui permet un haut degré d’intégration.

Trois générations de lentilles accordables couplées fluidiquement ont été réalisées, caracté-
risées et comparées avec trois modeles analytiques. Le plus avancé de ces modeles prend
en compte les propriétés mécaniques hyperélastiques de la membrane en élastomere. Une
simple structure de lentille a démontré en particulier la possibilité d’utiliser le liquide ionique
TF,N comme électrode fiable pour les DEAs. C’est la premiere fois qu'une électrode liquide
fiable est utilisée, ce qui ouvre un large champ de nouvelles possibilités de conception. Sur
la deuxieme génération de dispositifs, huit actionneurs de 3.9 mm de diametre contrélent
une lentille unique de 6.5 mm de diametre, et des plages d’ajustement allant jusqua 60% de
la longueur focale ont été réalisées (de 28.5 a 45.5 mm). Un dernier type de lentille dont la
conception est inspirée d'une publication de 2011 a été optimisé pour avoir une réponse
rapide et a obtenu un temps de stabilisation de 0 2 90% de 172 us, le temps de réponse le plus
rapide rapporté a ce jour pour une lentille accordable, toutes technologies confondues. Le
dispositif a une réponse plate jusqu’a 2kHz et une fréquence de résonnance de 'ordre de
4.7kHz. La plage d’ajustement de sa longueur focale est de -28% (de 19.4 a 14 mm). Des carac-
térisations électrique, mécanique et optique détaillées ainsi que des films enregistrés avec une
caméra haute vitesse offrent une compréhension en profondeur du régime transitoire de la
lentille. Des applications potentielles de cette lentille a haute vitesse incluent la microscopie
par couche lumineuse ou des dispositifs temps réel de forme par le focus.

Mots-clés : Actionneur élastomere a diélectrique, microfluidique, lentille accordiable, optique
adaptative, zipping, silicone, PDMS.
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|§ Introduction

1.1 Background and motivation

Electro Active Polymers (EAP) are a wide class of actuators which use polymer-based materials
to convert electrical energy into mechanical work. They are mainly classified in two families:
ionic EAPs, which change shape by ion and/or solvent transport through their structure, and
electronic EAPs which are activated by electrostatic forces [1]. Some of the EAP sub-classes
are sometimes called artificial muscles because of their large stains and high energy densities
which can be comparable or even higher than their natural counterparts.

Ionic EAPs are driven with low voltages (a few volts) and are electrically conductive. A typical
example is a bending actuator sheet coated with a flexible electrodes on each side [2]. As a
voltage is applied across the electrodes, ions are transported through the structure. This results
in swelling of one side and shrinking of the other side of the membrane, and the sheet bends.
These actuators are sometimes called "wet" because of their need of containing electrolytes.

Electronic EAPs are composed of electrically insulating materials, so that an electric field builds
up in the material under application of an electrical potential across the electrodes. These
smart materials may have specific electro-responsive effects such as piezoelectricity [3] or
liquid crystals [4], or being simply deformed by electrostatic attraction (rubbery dielectric [5]).

This thesis focuses on the development of novel miniaturized structures of a specific EAP
actuator type: Dielectric Elastomer Actuator (DEA) for application to tunable optics and
microfluidics. Other EAP technologies have also been used for integrating actuators on
devices that drive fluids. For instance, Xia and co-workers used the P(VDF-TrFE) piezoelectric
polymer for making a valveless micropump [6]. The device made with this stiff polymer (1 GPa
Young’s modulus) is comparable to micropumps realized with piezoelectric ceramics, with
higher strains (4.5%) but lower driving frequencies (60 Hz). Ionic Polymer Metal Composites
(IPMCs) have also been used to build tunable lenses [7] or microvalves [8].

DEAs are of the simplest, and so far probably the most successful member of the EAP family.



Chapter 1. Introduction

Dielectric Elastomer Actuators (DEA) take advantage of the flexibility and electrically insulating
properties of elastomers to electrostatically deform elastomer membranes. This very simple
transduction mechanism efficiently converts electrical energy into mechanical work with the
feature of large strains, high energy density and fast response. Specificity of DEAs compared
to other standard actuation means (magnetic, piezoelectric, ...) can be used to fulfill the needs
of many applications. DEAs can for instance feature planar driving mechanisms [9], soft
robots [10], variable stiffness structures [11] or active damping mechanisms [12], to name only
a few.

Among the different EAP families, DEAs are ideally suited to be integrated into small-scale
devices, which would greatly benefit from their large strains and high energy density [13].
The direct and energy-efficient conversion of electrical energy into mechanical energy makes
them even more appealing, since the few other technologies that would enable such large
strains (shape memory polymers in particular) have much lower efficiency [14]. These unique
properties are achievable thanks to their compliant nature, which however sets engineering
challenges: while it is for instance easy to glue a rigid piezoelectric ceramic disc on a microsys-
tem to actuate it, what are the options to integrate a membrane which is 4 orders of magnitude
softer, doubles its surface upon actuation and has to be driven with kilovolts?

The scientific community has put a lot of effort into realizing new structures that truly exploit
the potential of DEAs and enables their integration. This work presents novel miniature DEA
structures for application to tunable optics and microfluidic devices. Both these application
fields are interesting not only because they need the actuation features of DEAs, but also be-
cause they enable a high degree of integration thanks to the presence of elastomer membranes
in their constitutive parts which are similar to those used for building DEAs.

But beyond the realization of devices, this work also targets the basic understanding of those
novel actuator structures so that their strengths, weaknesses, sensitive parameters and further
developments can be identified and that other field of applications will be able to benefit from
those developments.

At a first choice, one would in principle not select DEAs as a mechanism to drive a device
with a fast response. Indeed, mechanical softness is related to low resonance frequencies.
However, as for other systems, the resonance frequency of DEAs scales approximately inversely
with the size. Miniaturization of DEAs is therefore advantageous regarding fast response
applications. More importantly, the use of some specific castable silicone elastomers with
low viscoelastic losses and precision patterned ultrathin electrodes opens the door to high
frequency applications. The LMTS has developed a considerable know-how in the fabrication
of high quality membranes with a set of several high performance silicone elastomers, and
a fabrication process to pattern um-thick electrodes which have a low impact on the device
damping. One last element presented in this thesis is a tunable lens device based on a design
published in 2011 that uses high-performance silicones and semi-automated fabrication
processes to achieve ultrafast responses.
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1.2 Thesis outline

The main contribution of this thesis is the development of novel miniature Dielectric Elas-
tomer Actuator (DEA) structures with the specificity of fluidic coupling and of zipping mode
operation, for applications in tunable optics and microfluidics. Three generations of zipping
microfluidic actuators, two generations of fluidically-coupled tunable lenses and one gen-
eration of high speed tunable lenses have been built and characterized. Detailed analytical
models have been developed for zipping actuators and fluidically-coupled lenses.

Chapter 2 explains the basics of operation of Dielectric Elastomer Actuators. Advantages
linked to their miniaturization are addressed, as well as the engineering challenges of devel-
oping structures that truly exploit their unique actuation features. New device structures are
proposed as ways of achieving mechanical work on liquids for application to tunable optics
and microfluidics.

Chapter 3 stresses on the importance of the physical properties of the rubbery dielectric
membrane on the device performance, and discusses trade-offs regarding the choice of the
elastomer. The fabrication process of silicone membranes is presented and options for making
electrodes of miniature DEAs are discussed. Finally, the dynamic performance of DEAs is
addressed and their use for fast response applications is reviewed.

Chapter 4 contains a state of the art on silicone-based DEAs operating in contact with liquids
and an experimental investigation of 12 different liquid as mechanical coupling media. It is
proved experimentally that liquids previously considered as compatible on bulk silicone parts
do actually leak through thin silicone membranes. Two types of fluids perfectly match the
listed specifications.

Chapter 5 presents zipping DEAs as a new type of actuators with a set of unique features
among which the most remarkable is a highly tunable displacement versus voltage charac-
teristic that includes bi- or multi-stable modes. An analytical model which enables quick
evaluation of design parameters has been developed. Three generations of actuators were
built and characterized in the scope of making integrated microfluidic actuators. Correspond-
ing peristaltic pump designs are proposed and discussed. The last generation of actuators
combines zipping DEAs and fluidic coupling of the actuator motion to a passive membrane.
The operation of conical-shape DEAs with a bias pressure is discussed.

Chapter 6 presents analytical modeling and experimental realization of fluidically-coupled
tunable lenses. A state of the art reviews tunable lenses and the integration of their actuators.
The use of DEAs for such is motivated and discussed. Three analytical models have been
developed and two generation of lenses were built and characterized. Main contributions
include the validation of a model with hyperelastic material parameters, the demonstration of
ionic liquid as liquid electrode and a tunable lens design with 60% focal length tuning range
and adjustable operating point.



Chapter 1. Introduction

Chapter 7 describes a full-silicone DEA-powered tunable lens with the fastest change in focal
length reported so far regardless of actuation technology. It is based on a design previously
reported in the literature but optimized with a semi-automated fabrication process and high-
performance silicones. Extended steady state and dynamic characterization explains the

device functioning in depth.



Y4 Fundamentals of Dielectric Elastomer
Acutators

Dielectric Elastomer Actuators (DEAs) are based on a very simple physical mechanism, which
however requires to be adequately introduced to understand the particularities and challenges
linked to the unique properties of these devices.

Section 2.1 (Basics of DEA operation) presents an introduction to the basic physical work-
ing principle of DEAs with their governing equations. Their unique features of electrically-
controlled large strains and high energy density is highlighted, and the use of prestretching is
commented.

Miniaturization of DEAs is addressed in section 2.2 (Miniaturization of DEAs), with an em-
phasis on the effect of downscaling on the key figures.

Section 2.3 (DEA structures) stresses on the importance of engineering innovative actuator
structures to truly exploit their potential, illustrated by representative examples.

Finally, section 2.4 (Proposed novel actuator geometries) presents novel actuation geome-
tries concepts which will be explored experimentally and analytically throughout the thesis.

A part of section 2.4 has been published in L. Maffli, B. M. O’Brien, S. Rosset and H. R. Shea.
Pump it up. In Proc. SPIE, volume 8340, pages 2Q1-2Q16 (2012).

2.1 Basics of Dielectric Elastomer Actuators operation

The deformation of a material by electrostatic forces is known since the 18th century [15].
However, it is only in 1998 that Pelrine and co-workers of the Stanford Research Institute
reported on the large deformation of a rubber membrane by electrostatic actuation [16]: the
modern era of Dielectric Elastomer Actuators (DEAs) had just begun. This new actuator type
raised worldwide attention of the scientific community, mainly because of its remarkable
feature of electrically-controlled large stains. 16 years later, an large number of scientific
articles have been published in relation with this transduction mechanism which belongs
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Compliant
electrodes

HV

Figure 2.1: Basic working principle of Dielectric Elastomer Actuator with free boundary con-
ditions. By application of a high voltage (HV) across a soft insulating membrane (dielectric
elastomer) sandwiched between two compliant electrodes, a high electric field is created and
the elastomer compresses in thickness (green arrows) and expands in-plane (yellow arrows).

to a family of actuators sometimes called artificial muscles because of their strain an energy
densities comparable to natural muscles [5, 14]. DEAs could revolutionize many areas of
application [17]: soft robotics [18], haptic feedback [19, 20], tunable optics [21,22], loudspeak-
ers [23], cell mechanical stimulation [24], energy harvesting [25,26] or smart coupled sensing
and actuation units [27]. A set of commercial products based on this new technology are
already available on the market, such as haptic devices! or laser speckle reducers?. Numerous
patents prove the interest of integrating DEAs into mass-consumer products, such as variable
optics of portable device camera [28].

The basic actuator structure can be described as a sandwich of an elastomer membrane
between two compliant electrodes (figure 2.1).

By biasing the electrodes at different electrical potentials, an electric field builds up across
the insulating elastomer. Membranes which are typically in the range of 20 to 40 um are
biased with kilovolts, thanks to the high breakdown strength of elastomers. This results
in large electric fields (typically 100 Vum™) [5]. Consequently, the electrostatic attraction
forces between the two electrodes are large enough to drastically deform the soft membrane

Liwww.artificialmuscle.com
2Www.optotune.com



2.1. Basics of Dielectric Elastomer Actuators operation

(Young’s modulus typically in the MPa range) by compressing its thickness (green arrows on
the figure2.1).

Elastomers are known to be incompressible materials in the sense that their volume remains
constant when subject to deformation, similarly to liquids. Expressed in terms of Hooke’s
linear material laws, it means that their Poisson ratio v is very close or equal to the limit value
of 0.5. Since elastomer undergo large deformations, they are most of the time expressed in
terms of principal stretches Ay, A, and A3 (rather than strains) which are defined by the the
deformed over the initial dimension:

11 _ lstop,l

lstart,l

(2.1)

Istart and lg0p,1 being the initial and final dimensions in the direction 1. By convention, the
indexes 1 and 2 generally represent the in-plane directions of the membrane and the index
3 is the thickness direction [29]. The volume incompressibility expressed in terms of those
principal stretches is given by the following relation:

AAoAs =1 2.2)

Thanks to this property, the thickness compression is mechanically linked to the in-plane
deformation of the elastomer. Using equation 2.2, a thickness compression for instance by a
factor 2 (A3 = 0.5) results in an area stretch of 111, = A% = 2 and linear in-plane stretches of
A =+/2. The actuated DEA therefore also expands in-plane (illustrated by yellow arrows on the
figure 2.1).

The governing equation for the actuation of DEAs can be determined by the differentiation of
the electrostatic energy stored in this soft capacitor structure [16]. It leads to an expression of
the electrostatic pressure p exerted by the compliant electrodes on the elastomer:

V)2
p:eoer-(7) :eoer-E2 (2.3)

where €y and €, (typ. comprised between 2 and 5) are the vacuum and relative permittivity of
the membrane, V the voltage, ¢ the membrane thickness and E the electric field. By computing
the same pressure exerted by the electrostatic actuation of two rigid electrodes, one would
obtain half the value of equation 2.3, an expression which is also known as the Maxwell stress.
It means that compared to the electrostatic actuation force between rigid conductors, the
area expansion of the compliant DEA electrodes contributes to the actuation by a factor 2.
Intuitively, it is explained by the fact that not only do opposite charge of the two electrodes
attract, but same charges on a single electrode additionally repel each other, helping for
the area expansion. Looking at the DEA being a soft capacitor (fig 2.1), both the thickness
reduction and area expansion contribute to the increase of capacitance of the deformed state.

Using a simple linear material equation, the compressive thickness strain s3 can be expressed
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with the Hooke’s law, Y being the Young’s modulus:

p
$3=—— 2.4
3 v 2.4)
It should be noted that p actually depends on s3 (the electric field increases as the membrane
is compressed). Using the same simple approach, the in-plane strains s; = s, can be expressed

in function of the electrostatic pressure:

S1 =82 = —v% (2.5)

v is the Poisson ratio, which is equal to 0.5 for incompressible materials.

2.1.1 Large actuation strain capabilities

Very large linear strains (typically in the range of 40 to 400% [14], more with specific con-
figurations) are the main specificity of DEAs in comparison with other actuation means
(piezoelectric, magnetic, electrostatic, thermal) [30]. The strain of piezoelectric actuators is
typically 0.1%, and only one or two orders of magnitude higher for the displacement of electro-
static, magnetic or thermal actuators. Moreover, the energy density of DEAs are comparable to
their piezoelectric or magnetic competitors (0.75MJm™? for silicones elastomers, 3.4 MJm 3
for acrylic elastomers) [31].

Looking at equation 2.3 which expresses the mechanical pressure p that will deform the
elastomer, two determinant parameters can be identified: the relative permittivity €, and the
maximum electric field Ej,4 that the actuator can sustain before electrical breakdown. The
permittivity is directly proportional to the actuation stress, while the electric field is squared.
This square dependence means that the dominant part of the actuation happens close to
the breakdown. The breakdown strength of the membrane is therefore a critical parameter
regarding the maximal achievable strain. The last determinant variable is of course the stress-
strain characteristic of the actuator. Indeed, softer material will move from a larger amount
for a given electrostatic pressure. It is represented by the Young’s modulus in the equations
2.5and 2.4, but non-linear material laws are required to accurately describe the mechanical
properties of the elastomer.

As visible on these quick considerations, the membrane material properties plays a dominant
role. Tradeoffs between the key figures of DEAs are therefore principally determined by the
choice of the elastomer material. Regarding actuation strain, the widely used VHB acrylic tape
from 3M? offers the best performance while having a strongly damped mechanical response
[32], low reliability and reduced operating temperature range [14]. Silicone elastomers perform
better on those points, but have lower achievable strains (lower €, and Ej;). However, since
prestretching the membrane increases the breakdown strength, the lower breakdown field
commonly observed on silicones is rather related to the lower amount of prestretch that can

3www.3m.com/vhb
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be applied because silicones are stiffer than acrylic elastomers. These material-dependent
features will be discussed with more details in the section 3.

The record of actuation stretch belongs to Keplinger et al. who published in 2012 1692%
area expansion with a structure involving a controlled air volume below an inflated balloon
to harness the electrical breakdown [33]. Kolloshe et al. report on 360% linear stretch on
their simple force-loaded stripe [34]. Both of these work use acrylic elastomers. Area strains
of 117% have for been reported in 2000 with silicone elastomers [5], more recently the best
performance to date of 156% by Rosset et al. [35].

2.1.2 Prestretching

Considering the basic DEA structure of figure 2.1, it is straightforward to see that if the mem-
brane at 0 V was not in free boundary conditions but clamped to a rigid frame, it would buckle
when actuated because of the impossibility for the lateral expansion to take place. Buckling-
mode actuators have been realized [36], but DEAs are most of the time manufactured with a
planar prestretch applied to the membrane before bonding them to their support frame. In
such a case (and provided a passive membrane area exists around the actuator to absorb its
motion), the actuator operates in-plane.

But the two most important reasons why researchers almost systematically prestretch their
DEA membranes are an enhanced breakdown field and, most of all, the suppression of a
pull-in instability which triggers electrical breakdown. Prestretching improves the breakdown
strength of the elastomer by a considerable amount, such as from 100 to 240 Vum™! on
the Dow Corning Sylgard 186 silicone [37]. For acrylic elastomers, an increase from 18 to
218Vum™! has for instance been reported [38]. Huang et al. measured a dependence of the
same polymer not only on the breakdown field but also to a smaller extent on its thickness [39].

As mentioned, prestretching suppresses the pull-in instability of DEAs. Analyzing the stretch-
voltage relationship of DEAs using their hyperelastic material properties indeed leads to a
curve which has an instability point at which the actuator would like to jump to a highly
deflected state [29]. During this jump, the strong membrane thinning leads to an electrical
breakdown. Prestretching modifies the stretch-voltage curve of the elastomer so that this
instability can be suppressed. It drastically increases the achievable strains, despite the
membrane stiffening induced by its hyperelastic properties [40-42]. As demonstrated by
Akbari et al. on their single cell stretching device, non-equibiaxial prestretching also provides
a way of enhancing the linear strain in one direction compared to the other [24,37].

2.2 Miniaturization of DEAs

The most common way to fabricate a test DEA is to "paint" carbon grease on the elastomer
membrane. Consequently, the size of test devices are typically comprised between a few cm
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to some tens of cm, so as for many applications [43-45]. The record probably belongs to Jordi
et al. whose square meter range actuators propel a blimp [46].

Using the large energy density and strains of DEAs to build new Micro Electro Mechanical
Systems (MEMS) is very appealing [13]. However, building soft elastomers below the mm scale
is challenging, for instance in terms of electrode patterning or high voltages (which might arc
on the surrounding parts).

The success of MEMS relies principally to two things: the drastic decrease of the production
price per unit thanks to the massive parallelization of the fabrication processes which can
fit hundreds of chips on a single wafer, and the improvement of key figures thanks to the
miniaturization of the components. For instance, resonance frequencies of most structures
scale with /! and thermal time constants typically like / so that at small scales, oscillating
devices can operate at very high frequencies and thermal actuators respond fast.

Downscaling the membrane thickness has a favorable effect on the driving voltage but actu-
ation stain is reduced because of the relative stiffening induced by the electrodes, which do
not contribute to generate the force but have to be mechanically deformed. Keeping their
thickness and Young’s modulus as low as possible is therefore crucial if one wants to reduce
the driving voltage of DEAs. As the dielectric breakdown field is a material property which does
not scale with the thickness, the thickness-direction force is independent on the thickness,
but the lateral one does so.

Downscaling the actuator in-plane dimensions has several positive effects regarding the prob-
ability of defect-triggered failures. Indeed, the apparition of premature dielectric breakdown
is common when dealing with a few 10’s of um thick soft elastomer membranes biased with
kilovolts. One can actually consider that every single breakdown event appears at the place
where there is a weak point, i.e. a local defect in the membrane: thickness inhomogeneity,
trapped air bubble or dust particle, etc. As a single defect leads to a complete actuator failure,
one can assume that the probability for larger devices to have a premature failure scales with
the scale of the in-plane dimensions. For instance, lifetime and probability of failure was a
major issue on Jordi et al.’s blimp propulsion actuators [46]. Their 1.25 x1 m active area DEAs
had to be driven with a large security margin of electric field [18]. If miniature DEAs were
mass-produced in parallel processes comparable to the silicon MEMS technologies, one could
therefore easily think of a quality control test under maximal electric field conditions that
discards those who have a defect.

The lateral strains do not scale with the in-plane dimensions. On its side, as the thickness-
direction force multiples the electrostatic pressure with the actuator area, it scales with the
square of the lateral dimensions. It can be shown that scaling down the device dimensions
increases its resonance frequency because of the reduced mass in motion.

10
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2.3 DEA structures

Having explained the basic DEA structure, let us consider a few fundamental design challenges.
The softness of the membrane allows for large displacements, but makes also challenging the
use of DEAs to retain a precise shape when submitted to a load. For many applications, one
would like out-of-plane displacements to exert mechanical work, or take advantage of the
softness of the actuator to achieve complex three-dimensional motions. The use of kilovolts
must also be addressed: although not dangerous for humans because involving small currents,
one must protect the surrounding equipment such as driving electronics or metallic parts from
the high voltage electrodes. If one wants to make a commercial application, the encapsulation
of DEAs is therefore critical. However, the main issue of high voltage in commercial products
is related to the size and cost of the driving electronics: the reduction of the driving voltage
is almost unavoidable, but requires thinner dielectric layers, which must also be stacked
in most of the cases to be still able to provide the expected force. These design challenges
demonstrate that far beyond the basic DEA in-plane demonstrators, it is mandatory to provide
a lot of engineering effort designing new actuator structures to truly exploit all the potential of
DEAs [47-49]. Some examples are shown on the figure 2.2.

Figure 2.2a displays the smallest DEA to date, which is able to strain single cells uniaxially. It
is composed of crossed 100 um wide stripes [24]. At their intersection, an actuator is formed
which expands in a single direction thanks to non-equibiaxial prestretching. The features of
miniature DEAs have been discussed in section 2.2. On figure 2.2b, a long film of DEA is rolled
around a core which contains a spring under compression. Upon actuation, the multilayer
actuator film expands and the spring expands [43]. This type of electrically-powered linear
actuator can for instance be used in robotic applications. Adding active actuator area helps
achieving large force, but set constraints in the type of elastomer that can be used and affects
reliability, as will be addressed in section 3. Figure 2.2c presents another way of achieving
multilayer DEA by folding a long actuator stripe [50]. The useful uniaxial displacement results
from the thickness compression of the membranes. It works better in compression, because
of the risk of de-lamination. Many types of frames have been designed to maintain the shape
and direct the motion of the actuators, such as on figure 2.2d [44]. A large stroke mechanically
bistable structure with hinges is actuated by a DEA, which triggers the motion between two
stable points. This DEA-driven large stroke mechanism is however limited in actuation speed
by the viscous component of the dielectric material used (sect. 3), and has carbon grease
electrode which rend it fragile. Figure 2.2e display a type of actuators which has a very simple
structure but that can take very complex shapes, known as Dielectric Elastomer Minimum
Energy Structure (DEMES) [51, 52]. A prestretched membrane is applied on a stiff but flexible
frame (in that case a triangle), which results in complex shapes by stress relaxation (left, 0 kV).
Upon actuation, part of the in-plane stresses are released and the structure changes its shape.

11
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(a) In-plane uniaxial displace- (b) Uniaxial displacement in area expansion
ment: Crossed 100um-wide mode: "springroll" actuators provide uniaxial
stripes to strain biological cells. displacement along the z-axis. The DEA film
(reprinted from [24]) is rolled around a spring (reprinted from [43])
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Figure 2.2: A few examples of DEA structures. A considerable engineering effort must be
developed in order to truly exploit the potential of DEAs
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2.4 Proposed novel actuator geometries

In the scope of displacing fluids or moving parts, one must produce a mechanical work. Several
more or less complex structures have been described as examples in section 2.3. One of the
most straightforward ways to exploit the motion of DEAs is to generate out-of-plane motion
of the active membrane. S. Rosset et al. have for instance built and modeled a bucking-mode
DEA (figure 2.3A). A non-prestretched silicone membrane is clamped on a few millimeters
diameter aperture [36]. In this type of device, the suspended membrane can be brought from
a flat position to out-of-plane motion by going through the buckling instability. The reported
out-of plane motion is 25% of the clamped diameter, with a total output pressure in the range
of 1 kPa.

Figure 2.3B illustrates a DEA which operates with one patterned top compliant electrode
and one liquid electrode. The stiffening impact of the electrode is reduced, and the bottom
liquid electrode can be contacted at any point of the fluidic cavity. A tunable lens device built
according to this principle will be presented in section 6.3.1.

Compliant electrodes can also be used to actuate a membrane with an electric field that is not
applied across the membrane thickness, but that attracts it toward a rigid counter-electrode.
This actuation mechanism is known in silicon MEMS devices as zipping, because the motion

= A

. PDMS D Rigid electrode

. Compliant electrode . Rigid body

. Rigid dielectric layer D Conductive liquid

Figure 2.3: Two published and three novel out-of-plane operating DEA structures. A Di-
aphragm out-of-plane, as published by Rosset et al. [36] B Diaphragm out-of-plane with a
conductive liquid as electrode. C Zipping across a rigid dielectric, as published by Gebbers et
al. [53]. D Zipping with the membrane as dielectric E Combination of diaphragm (squeezing)
and zipping. The arrow indicates the direction of deflection under application of a rising
voltage step. (A) and (B) can deflect in eigther direction depending on the initial conditions.
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proceeds where the electric field is the highest (i.e. the gap between the electrodes is the
smallest): at the periphery of the flat suspended part, similar to a zipper.

Figure 2.3C presents a geometry on which the electric field is applied across a thin rigid
dielectric. An analytical model of such a structure using was proposed by Saif et al. [54]. They
do not use elastomeric membrane properties but a few um thin polyimide with 2.7 GPa Young’s
modulus. Han et al. also used zipping actuation and sensing across a rigid dielectric in their
contact capacitive pressure sensors [55], and a folded zipping actuator structure composed
of flexible polymers has been extensively studied by Horning [56]. This zipping mechanism
applied to DEAs was studied experimentally by Gebbers et al. [53]. A model of its behavior will
be presented in section 5.2. It is also possible to pattern the compliant electrode on the side of
the membrane that does not come in contact with the rigid one, the elastomeric membrane
acting as the dielectric (figure 2.3D). A detailed analytical and experimental study of this latter
option will be presented in section 5.

Finally, the geometry of figure 2.3E combines zipping and traditional squeezing-mode opera-
tion. One of its specificity may be to enhance the zipping behavior by lowering the contact
angle between the suspended part of the membrane and the rigid electrode, a sensitive opera-
tion parameter.

2.5 Summary

In this chapter, the fundamental geometry and basic equations of DEAs have been developed.
Their unmatched feature of large strain and high energy density is due to the combination of
the electrically insulating properties and mechanical compliance of the rubbery membrane
which constitutes its core. It is possible to play with the highly stretchable and nonlinear
characteristic of the membrane by prestretching, which shifts the mechanical operating point
and improves the dielectric properties. Scaling laws applied to a basic actuation structure
highlight the benefits of miniaturization on reliability, driving voltage and resonance frequency.
The large strains of DEAs are achieved thanks to the low stiffness of its constitutive elements,
but requires engineering efforts to design actuator structures that fulfill a precise task. Finally,
concepts of novel actuation geometries such as using a liquid electrode or zipping mode
operation have been presented, in the scope of building miniature actuators for tunable optics
and microfluidics.
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] Dielectric elastomer materials and
electrodes

Both the steady state and dynamic performance of a DEA are directly determined by the dielec-
tric membrane material and by the compliant electrodes. This chapter aims at comparing the
physical properties of the main suitable dielectric elastomer families as well as the electrode
technologies applicable for miniaturized DEAs, in the scope of designing sub-mm to cm-scale
actuators for tunable optics and microfluidics which combine the large displacement of DEAs
with reliability and speed.

Section 3.1 (Families of dielectric elastomer materials and their properties) highlights the
key physical parameters of the main types of elastomers used for DEAs. The hyperelastic
mechanical properties of those elastomer is introduced together with the use of associated
models. Comparisons of performance and sensitivity to environmental conditions will also be
presented for the two main families of dielectric materials: acrylic elastomers and silicones.

One of the silicone membrane fabrication processes developed in the LMTS is described in
section 3.2 (Fabrication of silicone membranes).

Section 3.3 (Compliant electrodes for DEAs) deals with electrode types suitable for micro-
fabricated DEAs and presents the Au ion-implantation and pad printing technologies which
have been used in this project.

Finally, the dynamic performance of DEAs will be specifically discussed in section 3.4 (Dy-
namic performance of DEAs) with an extended state of the art of fast response devices as an
introduction to the high-speed tunable lens of section 7.

Apartofsection 3.2 has been published in L. Maffli, S. Rosset, and H. R. Shea. Zipping dielectric
elastomer actuators: characterization, design and modeling. Smart Materials and Structures,
22(10):104013, 2013.
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Chapter 3. Dielectric elastomer materials and electrodes

3.1 Families of dielectric elastomer materials and their properties

Silicones and acrylic elastomers (in the form of the commercially available VHB sheet from
3M) are the most commonly used materials for the dielectric membrane of DEAs. Besides the
two already cited, other elastomers exist, such as polyurethanes or natural rubber. Reports
on DEAs built with polyurethanes are sparse [57, 58], but companies such as Bayer Material
Science ! are developing those materials. Works reporting on the use of natural rubber are
similarly rare, although its use is foreseen as competitive with VHB for dielectric elastomer
energy harvesters [59].

As shown on equation 2.3, the principal parameters which determine the electrostatic pressure
are the relative permittivity and the dielectric breakdown field. The stiffness of the material
determines the amount of deflection resulting from this electrostatic pressure. Table 3.1
presents typical values of these parameters for the elastomers mentioned above. Let us first
consider the relative permittivity €,. The actuation pressure is directly proportional to its
value: the higher, the better. Polyurethanes may have very high permittivities, in the range of 7
or more. The value of 5.4 for acrylic elastomers is very good [60], and contributes to its first
rank in terms of steady state performance. Silicones and natural rubber have permittivities in
the range of 3.

The breakdown strength is extremely important as well since it determines the maximal
electric field that can be applied across the membrane, and the output force is proportional
to the square of the electric field. For acrylic elastomers it goes up to 500 Vum™! under high
prestretch conditions [39]. Prestretching is systematically used on VHB-based devices for
this reason and to overcome the pull-in instability (section 2.1.2). A similar increase of the
dielectric strength is reported for silicones [37], which can however sustain less prestretch,
hence operating often at lower electric fields. Values of 160 and 67 Vum™! were reported for
polyurethanes and natural rubber respectively [61], but a larger set of experimental data is
lacking.

The mechanical properties of the elastomers is also difficult to quantify, since their stretch-
stress characteristic is highly non-linear. A simple comparison uses the Young’s modulus,
which reflects the stiffness in the first 10’s of % elongation. Softer materials will provide more
displacement, but less force, and vice versa. Typical values are in the MPa range. Silicones
offer the advantage of being available in a very broad set products, so that their hardness can
be chosen depending on the application.

Since those material are used at very high stretch levels, the full hyperelastic stress-stretch
curve must be used in most of the cases. It is highly non-linear, with a gradual stiffening up
to rupture, which might be in the range of 9 times its initial length for uniaxial extension. As
illustration, figure 3.1 presents stretch-stress data of an uniaxial pulltest done on a LSR4305
silicone membrane from Silbione?.

Thttp:/ /www.materialscience.bayer.com/en
3www.silbione.com
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Table 3.1: Table of principal elastomers properties. The dielectric constant value and the
breakdown strengths are taken at at low frequencies (typ. 0.1 Hz) without prestretch, unless
indicated with an equibiaxial A.

Elastomer Permittivity BD strength Young’s modulus | Time constants
type € () (Vum™1) MPa (s)
. 100 0.2to2
Silicones 25-3 250 (A = 1.75) [37] o more 0.016 to 0.05 [35]
Acrylic elast. 34
4 22 . 2
(3M VHB?) > 500 (A = 6) [39] 0 031037032}
Polyurethanes
7 160 17 ~0.1to1s[62
PT6100S [61] 01s62]
Natural Rubber 97 67 0.85
[61]
12

10

Stress (MPa)
(<]

2 4 6 8
Uniaxial stretch (-)

Figure 3.1: Uniaxial pulltest data of a LSR4305 silicone membrane. Young’s modulus ~0.2 MPa,
dimensions of the sample 60 x 9.8 x 0.131 mm.

The most common function that describes the mechanical properties of elastomers is the
energy density W. Expressed in J m™3, it represents the density of mechanical energy stored in
the elastomer in a given stretch state. W is a function of the three principal stretches 1;, 1,
and A3, grouped in the strain invariant I:

L=A7+A5+A3 3.1

The stretches are linked by the incompressibility relation (equation 2.2) so that the number of
variables is reduced to 2, or 1 for symmetry reasons. Various models have been developed to
express this energy density function. For instance, the equation 3.2 is the Gent model, and the
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equation 3.3 the three-terms Yeoh model.

W _11—3)
Wgenr = 2 Og(l 7 (3.2)
Wyeon = Ci(1—=3)+Co(l} —3)*+C3(I; —3)° (3.3)

where y, J, Cy, C» and Cs are material constants. The advantage of using such models is that
once those constants are fitted on a particular case (such as an uniaxial pulltest), W can be
expressed for an arbitrary combination of stretch state. In reality, no model is perfect and it is
more accurate to use material parameters fitted on a test done in the same conditions as the
ones that should be modeled [63]. Further descriptions of the steady state behavior of DEAs
can for instance be found in Suo’s work [29].

The dynamic characteristic of the elastomer material is of major importance in many appli-
cations, because it is desirable to reach a steady state as quick as possible. As a general rule,
softer elastomers tend to have more intrinsic damping. Representative time responses are
given in table 3.1. Notably, silicones perform 1 to 2 orders of magnitude better than acrylic
elastomers. A detailed study and state of the art of the dynamic performance of DEAs will be
given in section 3.4 as an introduction to section 7, which presents a DEA tunable lens with
the best response time reported among all other technologies with integrated actuators.

Finally, for commercial products, other aspects such as performance stability in time, tem-
perature and humidity must be addressed. For VHB, several studies report on the large drift
of dielectric constant, mechanical loss factor, breakdown strength and elastic modulus with
temperature [60, 64, 65]. Strong decrease of lifetime with humidity was also observed with
this material [26]. Silicones clearly outperform acrylic elastomers, as highlighted for instance
by Michel et al., who measured a constant elasticity for silicone from —25 to 150°, but almost
2 orders of magnitude drift for VHB on the same temperature range [65]. Kornbluh and co-
workers experimentally investigated the strain of several silicones, and report on nearly full
actuation on temperature ranges from —100 to 200° with the CV 2287 from NusSil.

For more elaborate comparisons, it is possible to consult several works, mainly from Pelrine
and Kornbluh. Among others, energy coupling efficiency [61], electromechanical energy
density [5] or other physical values such as the mechanical loss factor [31] are used, as well as
qualitative and quantitative comparisons with other actuation techniques [13, 14]. DEAs have
among the best performance in terms of strain and energy density, and comparable efficiency
as piezo, electrostatic and electromagnetic devices if silicone elastomers are used.

3.1.1 Custom-engineered dielectric materials for DEAs

A quite extensive research has been conducted on ways to improve the elastomer properties
of castable elastomer by dispersing particles, using titanium dioxide [66], polyaniline particles
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[67] or ferroelectric relaxor ceramics (BaTiO3) [68], to mention only a few. The actuation
performance improvement is however not exceptional, the gain in one parameter (such as
the dielectric constant) most of the time resulting in a lower performance of other ones (like
breakdown strength or Young’s modulus [69, 70]). Improvements higher than one order of
magnitude could make a breakthrough for instance by lowering the actuation voltages, but
this is still under development.

Interpenetrating Polymer Networks (IPN) basically consist in adding and polymerizing a harder
polymer onto a pre-strained soft polymer membrane. Once relaxed, the IPN membrane will
retain some of its pre-stretch and be able to be operated from this mechanical state [71,72]. It
has been mainly applied on VHB. Studies on the variation of material parameters have been
done, as for instance the reduction of viscous losses [73]. No significant advances are linked
with this method, although it gives new design options for VHB-based devices.

It is worth mentioning the development of Bistable Electroactive Polymers (BSEP). Yu et al.’s
material has a Young’s modulus which decreases by 3 orders of magnitude between ambient
temperature and 70° [74]. This allows the DEA to be heated up for actuation but to maintain
its shape without voltage when returning to ambient temperature. The softness of DEAs is
an advantage for actuation strain, but a drawback if the deflected position must be kept and
sustain a large blocking force, and BSEP combines both. Braille displays have for instance
been build using those materials [75].

In this project, several types of silicones have been used as membrane materials. Silicones
offer good static and dynamic performance and have a high reliability and lifetime. As they
are castable, the thickness of the membrane can be chosen independently on the prestretch,
which is not the case for the commercially-available VHB film.

3.2 Fabrication of silicone membranes

Many publications on DEAs use the acrylic elastomer VHB from 3M, which has the advantage
of being commercially available in films and can be highly pre-stretched, enabling excellent
static displacements. However, high viscoelasticity, temperature sensitivity and reliability are
disadvantages for commercial products. One of their other drawbacks is that the thickness
cannot be chosen independently of the prestretch. Indeed, it is available in sheets of pre-
defined thicknesses and must be prestretched to be thinned down.

Our silicone membrane fabrication process is reported below. Using silicone gives a maximal
freedom regarding the choice of the silicone type and thickness. Membranes for DEAs must
be defect-free and present excellent thickness homogeneity in order to prevent premature
breakdown. Casting a thin silicone membrane on a substrate involves the subsequent sepa-
ration of the former from the latter. Pulling off the membrane induces a large deformation
of the silicone layer, which must be avoided because of the Mullins effect [76]. Our lab has
consequently developed different methods based on the application of a silicone layer on a
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sacrificial thin-film for a facilitated release. Both spin-coating on silicon wafers and blade cast-
ing on glass plates or flexible substrates have been tested, and better thickness homogeneity
was obtained with the casting method, which also allows coating larger surfaces in a single
run. Regarding sacrificial layers, photoresist as well as water-soluble films such as poly(acrylic
acid) (PAA), poly(vinyl alcohol) (PVA) and dextran were tested experimentally. Those sacrificial
layers have been successfully used for surface micromachining [77]. Photoresist must be dis-
solved in acetone, which swells the silicone membrane and can dissolve and wash away some
silicone oil, leading to a modification of the mechanical properties [78]. Furthermore, the use
of acetone is problematic on larger surfaces such as glass plates of the size of A3 format due to
its high evaporation rate. The use of water-soluble sacrificial layers is consequently favored.
Among dextran, PAA and PVA, the best results have been obtained with PAA in terms of ease of
coating (wettability of the substrate, absence of pinholes), resistance to the temperature used
during the cross-linking and low temperature release.

Two main substrates have been used to cast the sacrificial layer and the silicone: glass plates
and high quality polyester foils (Melinex ST506%). Both of them have a low roughness, which is
important for having a homogeneous membrane surface. The surface must also have a good
wettability. For glass, it is obtained by a final cleaning step with a Bunsen burner flame, and for
the Melinex foil by O2 plasma activation. Regarding fabrication time, it is advantageous to use
the disposable Melinex foil, because glass plates need to be carefully cleaned after the process
in order to be used again. Among the different techniques, the one with the glass plates as
substrates will be described below. The process is described on the schematics of figure 3.2
and the photographs of figure 3.3, and has been published in [79].

The first step is cleaning the glass plates. The surface cleanliness is very critical to obtain layers
without defects. These preparation steps both remove all organic residues and lowers the
surface tension of the glass. An adjustable gap ZUA2000 Zehnter applicator blade was used,
placed on a ZAA2300 automatic film applicator coater. A 30 um gap is set on the blade, and
a 5% Poly(acrylic acid) (PAA) solution in water is casted on a heated glass plate (figure 3.2A
and 3.3a). Once dried, this sacrificial layer is less than 1 um thick. The silicone is prepared by
mixing the two components with isooctane or siloxane-based solvents to reduce the viscosity.
The dried membrane thickness is lower than the blade gap, and empirical tests must be
performed to be able to predict the desired value (figure 3.2B). Once casted, the silicone
layer is left at ambient temperature to allow for the solvent to evaporate from the uncured
layer, and then placed in an oven to complete the crosslinking (figure 3.2C). A laser-cutted
flexible frame is then taped on top of the silicone layer (figure 3.2D and 3.3b). It prevents the
fragile membrane from being stretched during the release. When using PAA, the glass plate
is dipped into a hot water bath, and the flexible frame with the attached silicon membrane
can be easily lifted from the plate (figure 3.2E and 3.3c). The obtained membranes are 20x30
cm? silicone sheets (limited by the applicator size) of 15 to more than 100 um thicknesses
(targeted thickness typically reached within + 3 um, with a total thickness variation over the

4http://www.dupontteijinfilms.com/
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Figure 3.2: Membrane fabrication steps. A: Sacrificial layer casting. B: Silicone casting over
the dried sacrificial layer. C: Silicone crosslinknig. D: Flexible frame taping. E: Release of
the silicone membrane by dissolution of the sacrificial layer with water. F: Laser cutting. G:
Prestretching.
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(a) Silicone dispensing before bladecasting (b) Taping the flexible frame onto the cured silicone
membrane

Laser cutting spot

Camera

. Black dots for

,‘/ pattern recognition

(c) Release of the membrane by dissolving the (d) Laser cutting of the membrane
sacrificial layer in water

(e) Prestretching

Figure 3.3: Photographs of the membrane fabrication process on a glass plate using a water-
soluble sacrificial layer.

whole sheet below 3 um (<1 um over a 5x5 cm? piece). The coating process was successfully
tested with several different silicones including Dow Corning Sylgard 186, Nusil CF19-2186,
Nusil CF18-2186, Nusil R32-2186, and others. The most critical point is the amount of solvent
needed to reach the good viscosity range, which can lead to the formation of voids in the
membrane if the silicone crosslinks before it evaporates. The flexible frames have printed
registration marks, so that the silicone membranes can be cut to any shape with very clean
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edges at a precision of 100 um by a Speedy300 laser with optical pattern recognition, from
Trotec ® (figure 3.2F and 3.3d). The clean laser cut avoids all defects that occur when cutting
the membrane by mechanical means, which allows applying more prestretch before tearing.
The stretch-free cutted membrane remains on a support ring by natural stiction, and is then
transferred on the stretcher arms covered with double-sided tape (figure 3.2G and 3.3e).

3.3 Compliant electrodes for DEAs

The ideal requirements of DEA electrodes are 1) a low stiffening impact 2) a high conductivity
3) to be easily, precisely and repeatably patternable and 4) to be resistant to wear and abrasion.

The compliance is critical since as the elastomer is soft, any electrode-induced stiffening will
lower the strain performance. The requirements on the conductivity are in principle less
demanding, since the important point is that the electrical response time does not affect the
mechanical one, a relatively easy task with devices made of elastomers with high mechanical
losses (compared to metals or silicon for instance). But the conductivity must remain even
under high stretch, to be able to spread the charges in the electrode. Patternability is needed
to produce devices that have small features and repeatable performance, and resistance to
abrasion is an obvious requirement for any device beyond proof of concept demonstrators.

The most widely used solution to make compliant electrodes is carbon black either directly
on the elastomer, or mixed with grease. It offers good performance in terms of compliance,
but suffers from several disadvantages: difficulty to be patterned at the mm-scale and be-
low, incompatibility with an industrial fabrication process, long-term reliability and the fact
that any contact with the greasy compound will damage the electrode and contaminate the
surrounding parts. Thin metallic layers greatly lower the electricaly-induced strain because
of their Young’s modulus several orders of magnitude higher than that of elastomers, and
lose conductivity by cracking before reaching 10% strain. However, their compatibility with
industrial fabrication processes has been exploited by the company Danfoss Polypower to
make macro-scale linear actuators, depositing a thin metallic film on a wavy elastomer mem-
brane [80]. Other techniques have also been realized, like for instance stacked actuators with
carbon powder enclosed in silicone [81], with the difficult issue of contacting the internal
layers in a reliable way.

As described in Rosset et al.’s 2012 review article about electrodes for DEAs, carbon particles
dispersed into a crosslinked elastomer are one of the most promising alternatives [82]. The
un-crosslinked compound is used as an ink that can be patterned for instance by inkjet
processes or stamping, thus enabling small, precise and repeatable features on the surface of
the membrane. Other techniques are also discussed in this publication.

Swww.troteclaser.com
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3.3.1 Miniaturized electrodes

Most of the actual DEA devices are macro-scale, but MEMS technologies would greatly benefit
from this large strain actuation mode [13]. Miniaturization of DEAs sets new challenges
in the manufacture of electrodes: compatibility with cleanroom environment, precision
patterning and low stiffening impact. With their automated fabrication process, Lotz et al.
reach 1 mm resolution [81], which is one of the only reported techniques to produce small and
reliable electrodes, yet remaining too big to be used at the scale used in MEMS. Bergbreiter’s
group worked on the integration of silicone elastomers in silicon MEMS. They report on
microfabrication techniques in silicon wafers to mold vertically the electrode and dielectric
layers of a bilayer DEA which is less than 200 um in total thickness [83].

A way to make miniaturized electrodes for DEAs has been developed in the LMTS by implant-
ing metal ions in silicone membranes [30, 84]. The Filtered Cathodic Vacuum Arc (FCVA)
implanter produces gold clusters that can move relative to each other in the top 50 nm of
the elastomer when the membrane is stretched [85]. In this way, they keep the electrical
contact without producing cracks or inducing too much stiffening in the membrane. The main
characteristics of this technology are a clean process (compatible with cleanroom microfabri-
cation), easy-to-use electrode patterning by shadow masking, minimum feature size down to
100 um with a steel shadow mask (43 um demonstrated with a photoresist mask) conduction
remaining at up to 175% strain, stable resistance in time and less than 10% relative change of
resistance after 120 thousand mechanical stretching cycles (20% strain, optimal implantation
dose). This makes Au ion implantation one of the possible choices for microfabricated DEAs,
with the disadvantage of long fabrication time and the need of a custom-built equipment.
Speaking of performances, its main drawbacks are a large impact on the Young’s modulus of
the membrane (typ. +100%).

Consequently, we have developed another way of making soft electrodes with an indirect
stamping technique (Pad Printing®). The electrode ink is taken from a metallic "cliché" with
arbitrary electrode shape and stamped as an uncured mixture of soft silicone and carbon
black. After thermal heating, crosslinking takes place and results in a few pm thick layer of
conductive silicone. Their stiffening impact is most of the time negligible (unless printed
on thin and soft membranes), and the production throughput is very high. The minimum
feature size realized so far is in the order of 200 um, with a potential improvement margin.
More details on the electrode fabrication and printing process are given in [86].

Both Au-implanted and pad printed electrodes have been used in this project.

3.4 Dynamic performance of DEAs

The dynamic performance of Dielectric Elastomer Actuators can be considered as one of
their major weaknesses. It is directly linked to the mechanical properties of the elastomer, as

Shttp://www.teca-print.ch/
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Molberg showed that the dielectric losses are negligible compared to the mechanical ones [87].
The exceptional strains of DEAs are possible thanks to the softness of the elastomer, hence low
stiffness and resonance frequencies. But the viscous component (damping) of the elastomers
also plays a dominant role. Rubber-like materials are mechanically described as viscoelastic, a
combination of viscous and elastic components. Such materials have the following properties:
strain rate - dependent hysteresis in the stress-strain curve, stress relaxation (stress decreases
after application of a strain step) and viscoelastic creep (strain increases after application of a
constant stress step). The Kelvin-Voigt model is composed of a spring and dashpot element.
More accurately, viscoelastic materials such as elastomers can be modeled with Prony series,
a succession of parallel spring-dashpot elements (fig. 3.4), [32, 88].

Practically, it means that each elastomer possesses a set of time constants, some being very
short (ms or below) and other as long as minutes or hours. The time response of elastomers is
therefore a combination of exponentials, each one having its amplitude A; and time constant
7; (eq. 3.4).

0= Ai-(1—€ ) (3.4)
i

A single spring in series is sometimes added to account for the fact that part of the deformation
is quasi-instantaneous [12], but fitting such a response with Prony series would simply result
in an first spring-damper element with negligible damping (i.e. an infinitely short 7).

1 N
\ Y ]
n times

Figure 3.4: Prony series modeling of rubber elastomers

When sinusoidally stressing a viscoelastic material, the measured strain has a phase shift
that reflects the mechanical damping of the material. The tangent of this angle, called loss
tangent, is a measure of the viscous component of the material. The loss tangent can also
be defined as the ratio between the imaginary and real part of the elastic modulus. The
viscoelastic parameters obviously depend on the type of material (acrylic elastomers, silicones
or less common materials such as natural rubber or polyurethanes). The very commonly used
3M VHB acrylic tape has a large loss tangent (more than 1 at 100 Hz [87]). Wissler fitted a
4-element Prony series with time constants of 0.31, 3.35, 35.7 and 370 seconds with relative
amplitudes of 0.57, 0.19, 0.09 and 0.05 respectively. Although excellent in terms of static strains
(see table 3.1 for the values of dielectric constant, dielectric strength and Young’s modulus),
the large viscous components of VHB limits it to applications with a bandwidth of a few Hz
and where stable positioning is not mandatory.

Silicones offer the advantage of being commercially available in a wide range of shore hardness.
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Depending on the application, the user can therefore choose between a softer material which
will yield to more strain for a same electric field, and a stiffer one that will deliver a higher
force. From a dynamic performance perspective, the general tendency is that soft silicones
have a larger viscous component. Using stiffer silicones therefore both increase the elastic
component and decrease the viscous one. Rosset et al. measured response times for three
different test actuators made with silicone elastomers and a moving mass (table 3.2) [35]. But
as they point out, the stiffness is not the only determining parameter: two silicones with same
shore hardness might have up to 2 orders of magnitude difference in their time response.

Table 3.2: Response time of test-actuators loaded with a mass with conductive rubber elec-
trodes using 3 different silicones, adapted from [35].

Silicone Shore A hardness 10% — 90% response (ms)
Sylgard 186 24 16
Nusil CF186-2186 18 36
Silbione 4305 5 49

The influence of electrodes

Rosset et al. also compared the influence of the electrodes on the time response and on the
static displacement [35], using Au ion implantation [36], a patterned proprietary conductive
rubber electrode, and carbon grease. Only a few other publications report on the influence of
electrodes on the device’s static performance [89], none on the dynamic one. The conclusions
are surprising in that for the three silicones studied, the impact on the time response is
dominated by the electrode type over the elastomer material. Gold ion implantation yields
the fastest response, a factor 3 to 10 better than conductive rubber and carbon grease.

3.4.1 The use of DEAs for fast response applications

In this section, a state of the art of the use of DEAs for applications where a fast response is
needed will be presented. The application to tunable lenses will be discussed specifically in
section 7.1.1.

For most VHB-based devices, the dynamic performance is not targeted as a feature. Aschwan-
den characterized his tunable grating up to 12 Hz, where the signal attenuation factor was
close to 5.5 [22]. DOring’s very strain-sensitive tunable wavelength laser has relaxation times
of up to 12 hours [90]. VHB-based Dielectric Elastomer Generators obviously try to match
excitation signal with large deformations but at a few Hz only [91,92]. Niu’s and co-workers UV-
polymerized acrylate-based DEA operates typically below one Hz, with an amplitude decay
of a factor 3 at 5 Hz [93]. Kepliger’s test device with ionic electrodes had an amplitude strain
divided by four between 0.04 and 2 Hz [94]. Closed-loop control with capacitive self-sensing
is one of the routes to achieve faster responses with VHB, with demonstrated 0 to 90% rise
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times reducing from 3 to 1 s compared to open-loop control [95]. Silicone-based DEAs achieve
much larger operating frequencies, such as 1 kHz resonance for an ion-implanted buckling
actuator [36].

Loudspeakers are a particular case of high frequency actuation, because the mechanical
limitation of actuation can be overcome to some extent by small amplitude vibrations still able
to deliver acoustic waves. For instance, even a VHB-based device with a strain amplitude that
almost vanishes at 1 kHz can produce some sound up to 20 kHz [94]. However, the vibration
amplitude suffers much damping and one would obviously prefer less viscous elastomers to
build a loudspeaker. Heydt et al.’s DEA loudspeaker has a bandwidth of 20 kHz in small-signal
mode, but present distortions related to the square dependence between applied voltage and
mechanical actuation [96]. Using polyurethane elastomer films, Sugimoto’s et al. loudspeaker
is bent in a cylindrical shape to transfer the device’s area expansion into an out-of-plane sound
wave. Its 15 kHz bandwidth is achieved with a thermoplastic polyurethane with a dielectric
constant of 7.8 and a Young’s modulus of 2.6 MPa [23].

Active damping mechanisms are one of the research field of DEAs. Compared to their passive
counterparts, they offer better performance at low-frequency variations and adaptive band-
width. Unlike loudspeakers, they require both fast response and large amplitudes. Silicone
elastomers are therefore preferred for such applications [12]. Sarban et al. used the macro
scale rolled actuators of Danfoss Polypower ’ that weight 100 g loaded with up to 500 g and
measured resonance frequencies as high as 40 Hz [97].

For vibration-mode haptic feedback devices, large amplitudes are also desired at frequencies
in the kHz range. Researchers have for instance built visio-haptic devices whose actuation
amplitude increases up to the resonance frequency at 1.5 kHz [98]. Their device outputs 4 mN
at 500 Hz. Schlaak’s group investigated various haptic feedback structures with multilayer
DEAs [20,99,100]. In particular, Matysek’s 30-layers device frequency response shows only
little amplitude decay up to 3 kHz in small-signal mode (electric field of 20 Vum™1). All those
devices take advantage of the bandwidth 2 to 3 orders of magnitude larger for silicones than
VHB. EAP haptic feedback devices for smartphones or integrated into headphones have been
commercialized by Artificial Muscle Inc®.

3.4.2 Electrical response time

Neglecting the contact interconnects and the rise time of the voltage supply, the electrical
time constant 7 of a DEA can be described by

T=RC (3.9)

“www.polypower.com/

8http://www.artificialmuscle.com/
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where R and C are the resistance of the electrode and capacitance of the device. The capaci-
tance of a 1 cm? DEA with a 30 um thick membrane is in the range of 100 pF. Resistances of
ion-implanted electrodes are in the range of 200 2/, and 100 kQ/g maximum for pad printed
ones. The corresponding electrical time constant is therefore in the range of 10 us, which is
several orders of magnitude lower than the mechanical time constants of silicones (table 3.1).

This rough approximation shows that the electrical loading time is not limiting the actuation
speed of miniature DEAs. As the capacitance scales with the device area, the electrical time
constant may become an issue for very large DEAs [18].

3.5 Summary

The mechanical and electrical properties of the dielectric elastomer membrane directly de-
termine the performance of DEAs. The key physical properties of dielectric permittivity,
breakdown strength, Young’s modulus and mechanical time constant have been discussed for
silicones, acrylic elastomer VHB film, polyurethanes and natural rubber. The widely used VHB
has the best static strain performance, but silicones outperform in terms of speed (2 orders
of magnitude), long time stability, temperature operating range and resistance to humidity.
Because it determines so drastically the actuation performance, custom-engineered dielectric
materials have been developed by researchers in particular by the dispersion of fillers, which
did however not lead to a breakthrough. Interesting materials such as bistable electroactive
polymers which change their Young’s modulus with temperature nevertheless extend the field
of applications of DEAs.

The membrane fabrication process developed in the LMTS produces 20x30 cm silicone sheets
of high quality down to 15 pm thickness. Thanks to the use of a water-soluble sacrificial layer,
the membranes can be released without tearing nor non-uniform stretching, which would
soften the membranes anisotropically.

Compliant electrodes are of major importance, obviously in terms of stiffening but also regard-
ing response time. Moreover, miniature DEAs specifically need solid-state clean electrodes
which can be patterned with features much smaller than the size of the device. Au-ion implan-
tation performs best in terms of feature size and effect on the mechanical viscous losses, and
pad printing of a carbon black-soft silicone ink has the advantages of high throughput and low
stiffening impact.

Because the elastomer is soft and has a viscous component, DEAs do in principle not perform
well regarding response time. VHB-based devices have not only the problem of a slow response,
but also of drifts of position in the order of minutes, which also disqualifies them to hold a
static position. Silicones perform better, stiffer materials having in principle also a reduced
viscous component. The reported applications so far are loudspeakers operated in small signal
mode, active damping and haptic feedback. The electrical response time is in principle not
limiting for miniature DEAs.
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Compatibility of liquids with silicone
DEAs

The possibility of having DEAs operating in contact with liquids opens a broad set of new
actuator structures and applications, but is extremely challenging in terms of physical and
electrical compatibility with the elastomer membrane. Liquids can be directly driven by
DEAs, such as for pumps or valves which benefit from the large volume strokes. Second, an
encapsulated pocket of fluid can be used as coupling agent between one or several active(s)
or passive(s) membranes. Fluidic coupling permits highly flexible designs which include
redirection of the the actuator motion and force-displacement conversion. Finally, enabling
operation of DEAs in contact with liquids or in important humidity environments is crucial
for energy harvesting applications such as from ocean waves.

Silicone membranes are prone to swell and/or let a large panel of solvent pass through the
polymer network. They are also permeable to gases, so that if one wants to build devices with
encapsulated liquid pockets, their vapor pressure must be kept as low as possible. Finally,
hydrostatic coupling liquids should preferably have a low viscosity to reduce viscous losses.

A set of 12 liquids seen as good candidates to match these requirements have been tested
by optical observation of the diffusion on a freestanding membrane and measurement of an
encapsulated liquid pocket dimensions over up to 37 days. Liquids among two classes of fluids
have been found to fulfill the above mentioned specifications: two silicone uncrosslinked
bases and one ionic liquid. The conductivity of ionic liquids moreover enables their use as
liquid electrodes.

Section 4.1 (Introduction and state-of-the-art) motivates the study of liquid compatibility
with silicone membranes with a broad selection of references. Two types of DEA structures
that handle liquids can be found in the literature: with a passive membrane that protects the
sensitive DEA membrane or with an encapsulated liquid specifically chosen for its compatibil-
ity which couples the DEA motion to a passive membrane. The requirements on the liquid
properties for this latter application are described.

Section 4.2 (Selection of liquids to be tested as mechanical coupling media) explains the
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choices of the 12 investigated liquids (polar solvents, oils, silicone pre-polymers and ionic
liquids) and lists their physical properties.

Section 4.3 (Experimental results) first describes the two experimental procedures realized,
by optical observation of a drop on a 40 um thick membrane and by encapsulation under thin
prestretched membranes of two silicone types. The results of both tests are then presented
and commented.

The fabrication process of the encapsulated liquid test devices is described in section 4.4
(Fabrication).

Section 4.5 (Conclusions and outlook) discusses the results and concludes on the potential
uses of the two types of liquid found to perfectly match the compatibility requirements. Other
outcomes of the experimental results concern microfluidic chips which handle polar solvents
that have been considered before as chemically compatible because inducing negligible
swelling, but were proved now to penetrate into the polymer network.

4.1 Introduction and state-of-the-art

Using DEAs in contact with liquids is in development for many type of applications. DEA
pumps would benefit from high power density, novel design and good performance when op-
erating at low frequencies but with large stroke volumes [14,101-103]. Another example which
might be the killer application of DEAs is their use as Dielectric Elastomer Generators (DEGs)
for wave energy harvesting [26, 104, 105]. The compliant electrodes and dielectric elastomer
structure is used as a variable soft capacitor that converts mechanical to electrical energy.
Thanks to the soft structure of the the generator, it can for instance match multiple resonance
modes of the waves [104]. DEA-powered tunable optics also often uses encapsulated liquid as
lenses [21, 106]. Finally, liquids are also used as mechanical coupling media between active
and passive membranes [107-110].

4.1.1 Weaknesses of direct contact between DEAs and liquids

Putting a DEA in direct contact with a liquid poses four main problems: damage of the elec-
trode, dimensional change (swelling, release of stress), alteration of the mechanical properties
(stress-strain characteristic, viscoelasticity, etc.) and of the electrical parameters (dielectric
constant, breakdown field) of the dielectric membrane. Except for the damage of the elec-
trodes, these issues are due to the fact that many types of liquids penetrate into the polymer
network.

A large set of DEAs are still manufactured with electrodes that have poor adhesion on the
membrane, such as carbon grease. If so, a liquid flow or any hard contact would directly result
in local damage in the electrode and in liquid sample contamination. The LMTS developed a
technique to pattern stretchable electrodes composed of carbon particles dispersed in a soft
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4.1. Introduction and state-of-the-art

elastomer matrix that adhere strongly on the membrane, so that we do not face this issue [79].

1

Another example of durable electrode has been developed by Danfoss Polypower": a silver

thin film is sputtered on a corrugated membrane pattern [80].

It is well-known that elastomers are prone to absorb a wide range of solvents, as demonstrated
for instance on the Dow Corning Sylgard 184 silicone by Lee et al. [111]. The swelling ability
depends on the crosslinking density, and is even used as a way to measure it [112]. Lee’s work
was motivated by the widespread use of silicones in microfluidic chips. DEAs based on acrylic
elastomers use the commercially available Very High Bonding (VHB) tape from 3M?. Because
of its use for EAPs by research labs, no systematic study on its compatibility with solvents was
found in the scientific literature. However, the datasheet provides information on its adhesion
strength after immersion in solvents. Unaffected performance are claimed in liquids such
as water, glycerol or motor oil, reduced adhesion by a factor two in isopropanol and down
to 5% adhesion with methyl ethyl ketone. On the contrary, the swellability of polyurethanes
has been quite extensively studied in reason of their use as biocompatible material [112,113].
Generally speaking, all these three families of elastomers present average solvent compatibility
behavior. Qualitative compatibility charts between elastomers and solvents are available on
several rubber products suppliers websites 3.

The penetration of solvents inside the elastomer matrix first degrades its mechanical prop-
erties. A membrane which is swollen will release its prestretch, become softer and most
likely have an increased viscous component. It is also probable that the dielectric constant as
well as the breakdown strength will be affected. By speculation, one could imagine that the
electrical properties might improve depending on which solvent is used, but in general any
unpredictable and unstable change of the actuation behavior has to be avoided, as well as
liquid leakage between the two membrane interfaces. Researchers have observed an increased
breakdown strength from 450 Vum™! to 800 Vum™! by immersing an acrylic VHB actuator in
silicone oil, but attributed it to the prevention of thermal runaway that occurs during electrical
breakdown events [114].

The use of ionogels as electrodes on VHB-based DEAs has been reported in several works
[94,115,116]. Ionogels are obtained by polymerization of elastomers in ionic liquids. Thanks
to the non-measurable vapor pressure and high conductivity of ionic liquids, the synthesized
gels are stable and conductive materials, with the additional feature of optical transparency.
This indicates that some ionic liquids are in principle compatible with DEA membranes.

Thttp:/ /www.polypower.com

Zwww.3M.com/VHB

3Mykin: http://mykin.com/rubber-chemical-resistance-chart
BASEF: http://www.polyurethanes.basf.de/
Apple Rubber: http://www.applerubber.com/
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Support frame Driven liquid

Compliant electrodes <—é/\ Protection membrane

™ Active membrane

(a) The DEA is protected by a membrane

Support frame Passive membrane
. | Elastomer-compatible
Compliant electrodes — coupling liquid

Active membrane

(b) The DEA is in contact with a compatible coupling liquid

Figure 4.1: Two main structures of DEAs for driving liquids

4.1.2 Two main structures used for driving liquids with DEAs

As the DEA membrane is mechanically and electrically sensitive to many types of fluids, two
main type of routes have been taken to bypass this issue. If the liquid to be processed is
driven with the actuator membrane, it is most of the time protected by a separation layer that
physically and electrically insulates the DEA membrane from the liquid (fig. 4.1 a), such as
for Lotz et al.’s micropump [81, 102]. This approach is also used by Murray et al., whose DEA
stripes are separated from the microfluidic channels by a 60 um thick Sylgard 184 silicone
layer [117]. In the same manner, Akbari et al. passivate a miniature cell stretching device with
a silicone membrane, which also avoids the saline solution to act as a electrode [24].

Devices in which the liquid is used as a mechanical coupling agent pose the same problems
of physio-chemical compatibility with the elastomer, but with a major advantage compared
to devices that control random fluids: since it is encapsulated, the liquid can be chosen
specifically (fig. 4.1 b). If a compatible liquid is found, no passivation layer is needed but
the closed liquid pocket transfers the mechanical work of the DEA membrane to a passive
one [107-110], which might in turn be used to drive a random fluid without risking of altering
the sensitive actuator membrane. The alteration of the mechanical properties of the passive
membrane by a processed fluid is also a concern for the performance stability of the device, but
no requirements are set regarding the electric ones: it is not active. A specifically compatible
material for the passive membrane can also be chosen, without requirements on its breakdown
strength or permittivity. Hydrostatic coupling additionally improves design flexibility, for
instance by playing with different shapes and mechanical properties of the membranes to
favor output force or displacement.

4.1.3 Requirements for using liquids with silicone elastomer membranes for en-
capsulated DEA-driven coupling chambers

In terms of chemical compatibility, water is known as the ideal candidate for silicones [111,118].
However, silicones are gas-permeable so that the encapsulation of a liquid pocket sets an
additional constraint: the vapor pressure of the liquid has to be negligibly low to keep the
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encapsulated volume constant. Another desirable property is a low viscosity to minimize the
energy dissipated by losses during actuation that slow down the response time.

The swelling ratio is an important indication of the penetration of solvent into elastomers
[111,113,119]. It is commonly measured by comparing the length of pieces before and after a
long time immersion (typically 24 h) into the solvent. Non-polar solvents such as hydrocarbons
or toluene strongly swell silicones. The direct but not systematic relation between the solubility
parameter 6 of a solvent and the ability to swell silicones was assessed experimentally: if its
value is close to the one of the silicone (6 =7.3 cal'/?cm™3/?), it swells more [111].

4.1.4 State-of-the-art on the use of coupling media with thin silicone membranes

According to Lee et al.’s ranking, the 3 most compatible solvents with the Dow Corning Sylgard
184 silicone after water are glycerol, ethylene glycol and dimethylsulfoxide (DMSO). The Zappe
group used a proprietary liquid of Cargille* in several of their tunable lenses devices without
commenting specifically on its chemical compatibility with silicone membranes or on its
evaporation rate [120, 121]. A silicone pre-polymer (uncured base) was used in a VHB-based
tunable lens [21]. DEAs hydrostatically coupled with passive membranes were presented
in several works of Carpi et al.. More specifically, water [107], as well as corn oil [108] were
used on their silicone-based devices. The use of silicone grease was also assessed on a set
of VHB-based hydrostatically coupled DEAs, as well as talcum powder [122]. Despite the
comparable performance obtained with these two last coupling media, the use of powders
would obviously have a detrimental effect on the mechanical losses due to the high friction
between the particles.

4.2 Selection of liquids to be tested as mechanical coupling media

In order to find the best liquid to encapsulate as hydrostatic coupling agent between an active
and a passive silicone membrane, the compatibility of 12 liquids with silicone membranes
was experimentally tested. Membrane-based tunable lenses do use an encapsulated liquid
as compliant optical medium. Any change in volume (evaporation, leak) will shift the op-
erating point of the device, and any formation of droplets due to penetration of the liquid
in the membrane renders the lens optically unusable. These requirements are also valid for
hydrostatically coupled membranes. For optical applications, transparency is also required:
good transmission and absence of light scattering.

Table 4.1 displays information about the tested liquids. A set of polar solvents was first selected:
Glycerol, Ethylene Glycol, Dimethylsulfoxide, N,N-dimethylformamide and Propylene Car-
bonate. Two silicone pre-polymers were then chosen, the one of the Dow Corning Sylgard 184
which has a high optical transparency and the component B of the LSR-20 silicone from Factor

4www.cargille.com, Series A liquid
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2 ° which is less transparent but has a slightly lower viscosity, an advantage for hydrostatically
coupled actuators. Four different oils were also tested: a microscope immersion oil (Leica type
F), Safflower oil, a general purpose lubricant oil (Komet, Fessmann & Hecker) and a vacuum
pump oil (Edwards Ultra Grade 19). Finally, bis(trifluoromethylsulfonyl)imide (TF;N), an
ionic liquid bought at iolitec® was investigated .

The five solvents have been chosen based on Lee’s work and are all expected to induce a
minimal swelling on silicones [111]. As explained before, another crucial parameter is a low
vapor pressure, since silicone membrane are gas-permeable. Among the three polar solvents,
Ethylene Glycol and Propylene Carbonate are the best candidates because of their low vapor
pressure. The two silicone pre-polymers have negligible vapor pressure, but a very high
viscosity. They have already been encapsulated between acrylic VHB membranes [21], but
their compatibility with silicone membranes has to be experimentally validated. Whereas
apparently suitable for acrylic elastomers [123], silicone oils obviously penetrate into silicone
membranes and lower their dielectric strength [108]. Four different oils were also tested,
although they are non-polar, since oils are known to have a low vapor pressure and are
electrically insulating. High dielectric constant and insulating properties of the coupling fluid
are indeed desired: if it penetrates by some extent inside the membranes, conductive liquids
would drastically degrade the breakdown strength, leading to an actuator failure. For the 5
polar solvents, conductivity strongly depends on the presence of ion impurities. Finally, the
investigated ionic liquid is obviously highly conductive but has a vapor pressure so low that
it cannot be measured, with a viscosity comparable to oils. It would only be usable if not
penetrating at all in the membrane.

4.3 Experimental results

A first test consisted in placing drops on elastomer membranes and observe optically if any
change can be seen. The second test was done by encapsulating a liquid pocket under a
silicone membrane, and to measure the height of the balloon in function of time.

4.3.1 Testwith a drop on a membrane

As a first quick test, drops of the 5 polar solvents were deposited on un-prestretched 40 um
thick Sylgard 186 silicone membranes. Surprisingly, droplets formed on the bottom of the
membrane within less than 30 s with DMSO and N,N-dimethyl-formamide (fig. 4.2). No
clear swelling (wrinkles) was observed, but these two solvents clearly penetrate inside the
thin silicone membrane. They were discarded but Glycerol, Ethylene Glycol and Propylene
Carbonate did not clearly show such a behavior so that they were kept for the second test.

Swww.factor2.com

8www.iolitec.de
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Table 4.1: Investigated liquids

Liquid Swelling ranking | Vapor pressure | Viscosity | Electrical
1 after [111] Tamp (mmHg) (Pas) properties
DI water 38 26.7 8.9x107* €=80
Glycerol 37 1 9.3x107! €=47
Ethylene Glycol 36 0.08 1.6x 1072 €=38
Dimethylsulfoxide _3
42 20x1 =4
(DMSO) 35 0 0x10 €=49
N,N-dimethyl- 4 B
formamide (DMEF) 27 2.7 7.9x%x10 €=37
Propylene Carbonate 30 0.13 2.7x1073 €=65
LRS20 sili
Coil;)s;::;;; - negligible 3to4 insulating
Eﬁiaorl(;rlnii - negligible 3.9 insulating
Lei F
cea type . - low medium | insulating
microscope oil
Safflower oil - low 2.7x107% | insulating
Tool lubricant oil - <75x1072 6.07x1072 | insulating
Vacuum pump oil - 7.5%107Y 1.23x 107! | insulating
Ionic liquid .. _, | conductive
(TE2N) - negligible 3.48 x 10 0.88 Sm-

o\ Blur due to droplet formation
L\ below the membrane '8

-

Figure 4.2: Four drops of Dimethylsulfoxide on a 40 pm silicone membrane displays a strong
penetration of the solvent by the formation of droplets on the backside within 30 s

4.3.2 Test by encapsulating a liquid pocket

In order to quantify the durability of the liquids as fluidic coupling media, 3 mm diam. liquid
pockets were encapsulated between a prestretched membrane and a rigid silicone piece (fig.
4.3). The compatibility of each liquid was assessed by optical inspection of the membrane
surface and by measuring the height of the bulge versus time with a white light profilometer
(Wyko NT 1100). Two silicones were used, the CF19-2186 from Nusil (27 shore A hardness) and
the Silbione LSR4305 from Bluestar (5 shore A hardness), with prestretches between 1.2 and
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1.5 and prestretched thicknesses of 19+3 um for all cases. The membrane thickness at half
sphere shape (z =1.5mm) is below 10 um. No difference in behavior was observed by varying
the silicone type nor the prestretch.

Encapsulated =
drops

Sylgard 184 plate

Figure 4.3: Picture of the test device with 4 encapsulated liquid pockets. Pocket diameter:
3mm

The results are displayed on figure 4.4. Pictures of the bulge apex were taken with an optical
microscope, and appear on figure 4.5.

Looking at the figure 4.4 a, the polar solvents are relatively bad candidates, except glycerol
which keeps a constant height. However, the microscope picture displayed on figure 4.5 a re-
veals a pattern of droplets around 2.5 um in diameter: it clearly passes through the membrane.
Ethylene Glycol, Propylene Carbonate and DI water did quickly leak out the chamber, either
directly in gas phase or by evaporating once reaching the side of the membrane exposed to air.

Although the oils of figure 4.4 b are retained for a longer time inside the encapsulated pocket
than polar solvents, they are unsatisfying candidates. The Safflower oil seems to be very
compatible with silicones, as the bulge height only decays from a few percents. However, like
Glycerol, looking at the top of the membrane reveals that a film of oil has passed through
(figures 4.5 cand d).

The last graph displays the two silicone pre-polymers and the ionic liquid (figure 4.4 c). Both
silicone bases keep a nearly constant bulge height over more than one month. The ionic liquid
is even more stable, so that the measurement was stopped after 20 days. All these three liquids
do not display any sign of penetration inside the thin silicone membrane by optical inspection
(figure 4.5 e), and have a negligible vapor pressure.
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Figure 4.4: Evolution of the bulge height for liquids encapsulated under silicone membranes.
No difference was observed between the two silicones tested (CF19 and LSR4305). Liquids
which appear good candidates for the bulge height test such as Glycerol and the tool lubricant
oil actually form droplets on the other side of the membrane. The best results are obtained with
the viscous but electrically insulating unpolymerized bases of the LSR20 and S184 silicones and
the conductive ionic liquid, which all perfectly fulfill the requirements of physico-chemical

compatibility and evaporation rate.
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(b) Tool lubricant oil

(c) Safflower oil (d) Safflower oil, wiped

(e) Ionic liquid TFoN

Figure 4.5: Optical pictures on the bulge apex of membranes with different encapsulated
liquids
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4.4 Fabrication

The fabrication of the test device for measuring the suitability of different liquids as encapsu-
lated hydrostatic coupling fluids is illustrated on figure 4.6.

The first step is to activate a 19 um thick soft prestretched silicone membrane (Nusil CF19-2186
or Bluestar Silbione LRS4305) and a rigid silicone plate (Dow Corning Sylgard 184) (fig. 4.6 a).
The soft membrane is then laid on a CNC-machined vacuum chuck made of a porous material
(Metapor’) with 4 holes which defines the encapsulated liquid pockets (fig. 4.6 b). As vacuum
is applied, the membrane is pulled in the holes and I fill them with four different liquids to be
tested (fig. 4.6 c). The rigid silicone plate is then placed on top, and after one hour the bonding
is achieved and the test device can be released (fig. 4.6 d). Finally, the membrane frame is
separated from the device and the trapped air bubble evaporate within a couple of hours and
the first measurement of the bulge height can be performed (fig. 4.6e).

4.5 Conclusions and outlook

12 liquids to be used as mechanical coupling agents for silicone DEAs were experimentally
tested. This problem poses severe constrains of phisico-chemical compatibility since the
active membrane can be both mechanically and electrically affected by the penetration of
liquids in the polymer network, leading to actuation performance degradation or electrical
breakdown. Another requirement is a low vapor pressure of the coupling liquids: since
silicones are gas-permeable, the volume of the closed liquid pocket volume would decrease
by evaporation. Finally, a low viscosity is preferable to avoid mechanical losses. A first test
was done by putting drops of solvents on un-prestretched membranes. In a second step,
liquids encapsulated under membranes as thin as 10 um once inflated of two silicone types
were monitored over up to 37 days. Combined with optical observations of the membrane
surface, it is found that silicone pre-polymers and ionic liquids match the requirements of
encapsulated coupling fluids for DEAs.

Based on previous advanced systematic studies of silicone swelling in liquids [111], polar
solvents such as Glycerol, Ethylene Glycol, Dimethylsulfoxide or N,N-dimethyl-formamide are
expected to be good candidates. The compatibility requirements for electroactive membranes
are more demanding, since they should not be permeable at all to the liquid. When applied
on membranes that are a few 10 of um thick, droplets form on the other side of the membrane
within 30 s for DMSO and N,N-dimethy-formamide. The same effect is visible for Glycerol,
but in a less visible manner. It seems that it does not induce noticeable swelling (which is
coherent with Lee’s study [111]), but solvents that do not swell silicones actually penetrate into
the elastomer, an effect which is not optically visible on a bulk piece of material but clearly on
amembrane. This behavior may also be critical for the design of other silicone-based devices
such as microfluidic chips where thin membranes are used or where different solvents are

“www.portec.ch
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sequentially flushed in channels. Four different oils were tested and stayed for a longer time
in the encapsulated pocket than the polar solvents, but all of them did also leak through the
membrane.

Finally, the volume of pockets filled with silicone pre-polymers was found to remain almost
ideally stable over more than one month and their membrane surface did not show any sign
of leakage. The TF,N ionic liquid did also not show any sign of penetration into the silicone
membrane either, so that it can also be used as coupling fluid despite its high conductivity. It
can also be used as a liquid electrode.

As a conclusion, it is possible to build reliable and long-term stable DEAs with encapsulated
liquids as mechanical coupling agents between active(s) and passive(s) membrane(s) thanks
to the very good compatibility of silicone membranes with silicone pre-polymers and ionic
liquids. No noticeable difference observed between the two silicone membrane materials
tested suggests that the type of silicone has little or no influence on the liquid compatibility.

These results are of primary importance for the ongoing development of fluidically-coupled
DEAs as out-of-plane operating transducers. More specifically, microfluidic actuators or
tunable lenses directly benefit from these conclusions. For this latter application, the fluid is
not only used as mechanical coupling agent but also as optical medium, which is possible for
both Sylgard 184 pre-polymer and TF;N ionic liquid thanks to the high transparency.

Based on these results, fluidically-coupled microfluidic actuators with Sylgard 184 pre-polymer
as coupling agent will be presented in section 5.5. Chapter 6 will describe two generations of
fluidically coupled tunable lenses using either TF2N (also used as liquid electrode) and Sylgard
184 pre-polymer. Chapter 7 also uses encapsulation of the silicone pre-polymer between two
membranes to build a high-speed biconvex tunable lens.

The content of this chapter will be submitted for publication in SPIE EAPAD conference
proceedings.
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o 19 um thick prestretched
Rigid frame silicone membrane

Oxygen plasma /
1
(a) Plasma activation of soft silicone membrane and of a rigid silicone plate
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(b) Placement of the membrane on a porous material vacuum chuck
with 4 holes

liquid 1 liquid 2

(c) Filling of 4 holes with the liquids to be tested

(d) Bonding the rigid silicone plate and release the test device

A N

(e) The trapped air bubbles evaporate within a few
hours

Figure 4.6: Fabrication of a test device for measuring the suitability of different liquids as
encapsulated coupling fluids.
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Zipping DEAs for microfluidic actua-
tors

Electrostatic zipping is a well-known mechanism in silicon MEMS. It basically consists in
attracting gradually a bending structure (such as a microfabricated cantilever) in contact
with a thin rigid dielectric across which a high electric is applied. It enables to obtain large
deformations and forces at lower voltages than for parallel plate electrostatic actuation. This
concept is extended to DEAs: instead of squeezing the elastomer between two compliant
electrodes, a single compliant membrane is pulled in contact with a rigid one. The compliant
membrane deflects inside a sloped cavity by being pulled against its sidewalls like a zipper.
This new actuator type is the ideal candidate to build miniature microfluidic actuators to
replace the commonly-used pneumatic valves or for tactile displays. It is indeed expected
to have characteristics of sealing ability, lower operating voltages and highly tunable voltage
versus deflection characteristic including bi- or multi-stable states.

Section 5.1 (Introduction and state-of-the-art) gives an introduction and state of the art of
integrated pneumatic silicone-based microfluidic actuators, which are the basic building
block of one of the widest class of microfluidic devices. Portability of those chips is an issue,
and options for making electrically-controlled integrated actuators are discussed, among
which DEAs might be the best choice. The few paper which report on the use of DEAs for
microfluidics are reviewed, and a variant of zipping DEAs with the electric field applied across
the membrane is presented as a potential improvement of existing solutions.

An analytical model of zipping DEAs is proposed in section 5.2 (Analytical modeling of zip-
ping DEAs). It uses mechanical and electrostatic energy contributions and is computed given
the very particular deflection state of the membrane, which is in non-slipping conditions with
the sidewalls. The results of the model are discussed in details, and highlight in particular the
presence of a bistable state in the deflection versus voltage characteristic with pyramidal- or
conical-shape chamber geometries.

Section 5.3 (Zipping in pyramidal anisotropically-etched silicon chambers) presents a peri-
staltic pump design based on a microfabricated silicon body. The zipping cavity sidewalls are
obtained by anisotropic etching of silicon, which yields mm-size pyramidal-shape cavities
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with 54.7° sidewalls angle. The deflection of the membrane as well as its shape were measured,
and optimized by changing silicone and electrode types. Performance limitations are linked
with the achievable shape of the sloped chamber with silicon microfabrication technologies.

Mm-size conical-shape actuators with lower sidewalls angles were therefore studied in section
5.4 (Zipping in conical low-sloped chambers). Full zipping was achieved with a clear bistable
behavior, as predicted theoretically. The analytical model was validated with the angle and
the membrane prestretch as parameters. A new peristaltic pump design based on this second
generation of actuators was proposed, which keeps the processed liquid free from the high
electric field, unlike the first pump design. However, the active membrane is still in direct
contact with the liquid, which has been identified in liquid compatibility tests as a critical
reliability issue (chapter 4).

A third option for microfluidic actuators was therefore considered in section 5.5 (Sub-mm size
microfluidic actuators fluidically coupled to zipping DEAs for application to a peristaltic
pump), using an encapsulated liquid pocket to hydrostatically couple an active and a passive
membrane. This final design makes sure that the sensitive DEA membrane is kept away
from the processed liquid. In this configuration, the active membrane is submitted to a
bias pressure. Operating conditions are experimentally investigated to find suitable design
parameters. Sub-mm passive membranes fluidically-coupled to zipping DEAs were then built
and characterized statically and dynamically. The measured displaced volumes did however
not reach the expected values, which will be discussed.

Section 5.6 (Fabrication) contains fabrication process details for all devices.

Section 5.7 (Summary and conclusion) concludes with the main achievements linked to the
experimental realization and analytical modeling of zipping DEAs, which operate in a novel
actuation mode enabling unique characteristics. Three generations of miniature zipping DEAs
were built and allowed to stress on the important design parameters, limitations and strengths.

Part of the content of section 5.3 has been presented as a poster: L. Maffli, S. Rosset and H.
R. Shea. Zipping Dielectric Elastomer Actuators for microfluidics, EuroEAP conference 2012,
Potsdam, Germany, 2012.

Parts of this chapter have been published in:

L. Maffli, B. M. O’Brien, S. Rosset and H. R. Shea. Pump it up. In Proc. SPIE 8340, volume 8340,
pages 2Q1-2Q16, 2012.

L. Maffli, S. Rosset, and H. R. Shea. Zipping dielectric elastomer actuators: characterization,
design and modeling. Smart Materials and Structures, 22(10):104013, 2013.

L. Maffli, S. Rosset, and Herbert R. Shea. Mm-size bistable zipping dielectric elastomer
actuators for integrated microfluidics. In Proc. SPIE 8687, volume 8687, pages 2M-2M-10,
2013.
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5.1 Introduction and state-of-the-art

5.1.1 Integrated pneumatic silicone-based microfluidic actuators and their portable
alternatives

The microfluidic world is developing rapidly. Aside from the favorable scaling effects on fluid
handling and sample analysis, one of the ultimate goals of miniaturized fluidic systems is
to bring a whole laboratory processing chain on a few square centimeters: Lab-On-Chips
(LOC) [124]. However, most of the current LOCs require many heavy and power-consuming
off-chip controls like pneumatics and liquid pumps and valves. If the user takes benefit from
the large number of operations that can be done on a single chip, the increase in complexity
requires more and more off-chip controls. The advantages of miniaturization are therefore
questionable, because the small chip remains bound to the lab. But having truly portable
devices is required for point-of-care and home use applications, which will probably be the
commercial breakthrough of lab-on-chips. Replacing the pneumatic actuators by electrical
actuation would greatly reduce the size of the off-chip components.

DEAs for microfluidics are a promising option to face this issue. Their advantage compared
to their piezoelectric and electrostatic competitors is the combination of large stroke vol-
umes and high output forces. Indeed, piezoelectric diaphragms achieve excellent pumping
performance, but are very limited in term of maximal deformations, which is required to
valve the channels. Regarding electrostatic actuators, their variable gap in the channel has
to be kept small to have a sufficiently large electric field, which limits their strain. Having
an electric field in the channel is also problematic for some applications. Multipurpose
software-reconfigurable microfluidic chips composed of arrays of actuated chambers, also
called Microfluidic Large-Scale Integrated (MLSI) chips [125-127] (figure 5.1), are devices
for which the use of DEAs could be particularly relevant. MLSI chips consist of arrays of
independently-controlled pneumatic actuators, with fluidic channels on one level and pneu-
matic on another level. In the places where they cross, the soft membrane (usually silicone)
that is in between deflects and closes or opens the fluidic channel if the air pressure is set on
(figure 5.2). These simple and robust actuator units may produce both a pumping and valving
action [128].

Electrostatic actuation is seen as a possible means of adressing the portability of MLSI chips
[129]. The electric field is applied across a variable gap, which closes a chamber. Chang et al.
developed small electrostatically active chambers (figure 5.3) [130]. A "roof" made of silicone
with a sputtered and microstructured metal track collapses down a gap of approximately
3.8um height under application of a 5MHz 40V signal. The voltage is modulated at radio-
frequency to reduce electrolysis, prevent electrode polarization and electrical double layer
screening. The estimated pressure is in the range of 0.9 kPa, with a flow rate of approximately
InLmin~!. In a closed state, a chamber has a dead volume of 18%. Because of the variable gap,
electrostatic actuation can only generate small displacements, and one has to keep the channel
or chamber height of a few um only, which is problematic to process large sample volumes.

45



Chapter 5. Zipping DEAs for microfluidic actuators

¢ | Fluid Input
/ Output

| |'|||nu|||'lilﬁ} |

100 pm

(a) Thanks to a clever multiplexing system, 21 off-chip pneumatic valves open or close
channels between 64 chambers. The device additionally needs fluidic pumps to flush the
liquid in the channel. (reprinted from [126])

A Fluidic 8X8 Microvalve  Pneumatic
Inlets/Outlets Array Inlets
"

(b) Reconfigurable MLSI device with 64 normally-
closed valves. As the actuator is located on the
chamber, they produce both pumping and valving
action so that no external liquid pump is required
(reprinted from [127])

Figure 5.1: Example of MLSI devices based on pneumatic actuation of silicone membranes.

Additionnaly, the processed liquid is subject to electric field, which might for instance cause a
problem for handling biological samples.
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Figure 5.2: Commonly-used pneumatic “normally-off” microfluidic valve [127,128]
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Figure 5.3: Chang’s electrostatically actuated reconfigurable device (reprinted from [130])

DEAs could be the alternative to replace the large stroke pneumatic-powered valves by
electrically-actuated ones, since both operate by deflecting soft elastomer membranes. The
basic operating mode of DEAs is an in-plane motion, where a pre-stretch is released by electro-
static compression of a dielectric membrane. Since its introduction by Pelrine et al. in 1998 [16],
most of the efforts of the scientific community have been focused on this successful DEA con-
figuration. To achieve out-of plane motion, frames with joints and hinges [44,131], minimum
energy structures [45], buckling-mode devices [36] or the use of offset pressures [132] have
been reported. Another broadly studied way to achieve out-of-plane actuation is to use the
thickness compression of stacked or folded layers [133, 134].

Making an actuator for microfluidics is a challenge: well-controlled out-of-plane deflected
shape, liquid-tight sealing of chamber sidewalls, low voltage operation, and bistable operation
are required. The processed liquid should also be maintained at a floating or grounded
potential, and electric fields should be avoided in it not to interact with biological or chemical
components. There is a gap to bridge between the state-of-the art DEA and these requirements
for exerting a force on conductive liquids.

5.1.2 DEAs for microfluidic actuators

A few papers report on the use of DEAs for microfluidic actuators. Lotz et al. built a peristaltic
micropump with a row of 8 mulilayer DEAs operating in thickness compression mode [81,
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Figure 5.4: Cross-section of Loverich’s 1.5 mm diam. actuator, with a closed balloon chamber
filled with carbon grease as compliant electrode and fluidic coupling between one active and
one passive membrane. (reprinted from [135])

102]. They achieved 0.37 kPa backpressure and up to 10 uL min~! flow rate. More impressive,
Loverich’s clever DEA micropump works with two passive check valves and a pre-stretched
VHB 4905 elastomer membrane, and achieves best performance of 77.4uLmin~! or 8.45kPa
with a 1.5 mm diameter diaphragm and 30 Hz actuation frequency [135]. This is a very good
performance compared to the size of the device. The motion of an active membrane is
transferred to a passive one using carbon grease, which also serves as electrode (figure 5.4).

5.1.3 Zipping DEAs as candidates to replace pneumatic silicone-based microflu-
idic actuators

In the scope of replacing the pneumatic microfluidic actuators, a novel DEA structure called
zipping DEA was studied theoretically and experimentally. It moves away from the traditional
DEA "sandwich" structure, using a compliant and a rigid electrode, as shortly described
in section 2.4. It offers a new set of characteristics including well-controlled out-of-plane
deflected shape, sealing ability, and tunable deflection versus voltage profile to virtually any
behavior including multi-stable modes.

The zipping mechanism is well-known in silicon MEMS since the 90’s [136] and has been used
in a variety of devices, from tilting mirrors [137] to microrelays [138]. The zipping actuators
allows reaching both high forces and large stable displacements at low voltages thanks to the
use of a few pm thick high-quality rigid dielectric onto which a conducting flexure (usually
silicon) is unrolled or “zipped”. As demonstrated experimentally by Gebbers et al. [53], it is
possible to fabricate DEA zipping actuators based on this same principle: the soft electrode is
pulled in hard contact with the rigid dielectric, and the electric field is therefore applied across
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afewpm thick rigid insulator (figure 5.5a). Unlike the conventional DEA actuation mechanism,
the elastomer membrane of a zipping DEA is not squeezed by the electrostatic force between
two compliant electrodes, but a single soft electrode is attracted toward a fixed one in a sloped
cavity. Since solid dielectric coatings such as silicon nitride, silicon oxide or aluminum oxide
have high dielectric constants and breakdown strengths, the actuation voltage can be greatly
reduced. Gebbers successfully coated a 20 mm diameter rigid aluminium electrode with a
relatively thick (10-30 um) aluminium oxide and achieved 1.4 mm deflection at 200V (figure
5.5b). Although promising, this approach is quite challenging in terms of fabrication: these
very thin layers tend to have defects, so that the realization of a pinhole-free dielectric over a
few square mm sloped chamber is critical. The best high-quality dielectrics are available in
the well-established microfabrication technologies, however their use raises a new issue: most
of their etching processes have been designed to produce vertical trenches, and are therefore
badly suited to machine the sloped walls chambers.

Membrane ring Membrane
\ Rigid electrode
Compliant electrode
Rigid electrode \

\ \
\ Membrane
Dielectric | |

V=0 gt V>0 \
- - Zipping movement

(a) Zipping DEA with the electric field applied across  (b) 3D view and photograph of the zipping device, 2 cm in
arigid dielectric diameter.

Electric fieldlines
Zipping movement

Figure 5.5: Gebber et al.’s DEA zipping device (reprinted from [53])

A variant of zipping DEAs was therefore selected in which the electric field is applied across
the elastomer membrane (figure 5.6), avoiding the use of a thin rigid dielectric. In 2014, Gao
et al. proposed a zipping actuator with this same approach based with a silicon microma-
chined sloped chamber [139]. Their compliant electrode is made with structured metallized
serpentine tracks. Upon an actuation voltage of 200V across a 10 um silicone diaphragm, they
observe a membrane motion, not quite reaching the 150 um depth of the zipping cavity.

The cross-section of the figure 5.6 displays the fundamental working principle adopted with
its keys geometrical paramters. It consists of an elastomer membrane bonded over a cavity
with sloped sidewalls. The suspended membrane is flat in non-actuated state. As the voltage
between the compliant electrode and the rigid electrode increases, so does the electric field
across the elastomer membrane. Since the electric field is inversely proportional to the gap
between the electrodes and due to the sloped sidewalls, the largest force is present at the
periphery of the membrane, where the motion starts. The electrostatic force pulls down
the membrane like a zipper, generating large out-of-plane deformation. Above a threshold
voltage, the energetically most stable position is with a membrane completely deflected: the
membrane jumps down to the bottom of the chamber.

Table 5.1 displays a tentative comparison between pneumatic microfluidic actuators based on
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Figure 5.6: Cross-section and key geometrical parameters of a zipping device with an ax-
isymmetric chamber of top diamter D, bottom diameter d and sidewalls angle a. The flat
membrane thickness is .

the deflection of an elastomer membrane (figure 5.2) and zipping DEAs (figure 5.6). DEAs have
much lower generated pressures, but compete for the other requirements, with the advantage
of portability. The first line of the table indicates the ratio between out-of-plane displacement
and lateral size of the microfluidic valve. Typical ratios of 0.1 are reported for pneumatic valves,
and 0.195 for the larger size studied zipping actuator. The feature of channel sealing reflects
the ability for the deflected membrane to comply on the channel walls and hermetically
close it. Pneumatic microfluidic actuators commonly achieve this by manufacturing rounded
channels and using a large excess pressure. On the contrary, the membrane of zipping DEAs
is deflected by being electrostatically pulled in contact with the sidewalls, which eases the
channel sealing. Blocking pressures of a valve element are however expected to be much
larger for pneumatic actuators compared to zipping DEAs. Regarding portability, the high
voltages needed for the operation of DEAs can be generated by commercial converters smaller
than 1 cm? in size !. The size, cost and power consumption of the driving electronics is rather
determined by the switching elements.

Table 5.1: Comparison between pneumatic microfluidic actuators and zipping DEAs

Feature Pneumatic microfluidic actuator [128, 140] Zipping DEA
Out-of-plane displ / 385um/2 mm=0.195
.1 1 =0.1
lateral size typ- 10pm/100m=0 demonstrated
Pressure >10kPa 1 kPa est.
Channel sealing Channel rounding and excess pressure Bistable operation
Portability Bound to the lab Electrical operation

Thttp:/ /'www.emcohighvoltage.com/
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5.2 Analytical modeling of zipping DEAs

The most common approach to model the static displacement of electrostatic actuators as a
function of the voltage and the initial conditions involves computing the energy contributions
to find the energy minima. Like when modeling conventional DEAs, one has to introduce
the hyperelastic stiffening of the material. Unlike for most DEA modeling, the membrane
thickness and stretch state cannot be considered as constant over the actuator, since it is in
hard contact with the sidewalls. A model which outputs the vertical deflection z in function
of the voltage was developed, taking as parameters the chamber geometry, the elastomer
properties (electrical and hyperelastic energy density) and the surface roughness of the rigid
electrode, with the goal of designing actuators whose membrane can be zipped down to the
bottom of the cavity without reaching the dielectric breakdown of the elastomer.

Saif et al. made a detailed analytical study of the behavior of a zipping cavity to be used
as a pump [54]. However, his model is not directly applicable to zipping EAPs because of
the assumptions linked to the type of materials assumed in his model (5 pm thick polyimide
membrane). DEA membranes are between 3 to 4 orders of magnitude softer and work in
a hyperelastic stress-strain domain, but also the contact between the rubbery elastomer
membrane and the rigid electrode tends toward the hypothesis of non-slipping conditions,
which are not used with Saif’s low-friction membrane materials.

Two fundamentally different zipping structures were modeled. In the first structure (figure
5.7A), the electric field is applied across the elastomer membrane. It can be seen as a stack
compliant electrode - elastomer membrane - rigid electrode. The second one is similar to
the silicon MEMS zipping devices: the compliant electrode is patterned on the membrane
backside and is pulled in direct contact with a thin high-quality rigid dielectric coating that
covers the rigid electrode (figure 5.7B). It can be described as a stack of elastomer membrane
- compliant electrode - rigid dielectric - rigid electrode. The electric field is in the thin rigid
dielectric, hence needing less voltage to reach the same amount of electrostatic energy. It
also means that the mechanical and electrostatic optimization of the device are decoupled
between the membrane and the rigid dielectric. As a direct consequence, the actuation is no
more limited by the breakdown field of the membrane but by the rigid dielectric. This family
of zipping devices were studied experimentally by Gebbers et al. [53].

5.2.1 Model assumptions

A set of assumptions are posed to implement the two models. The two dominant energy
contributions are the electrostatic energy and the mechanical strain energy in the membrane.
The bending energy and the surface energy (stiction) are neglected. The adhesive forces
between the membrane and the rigid electrode would become apparent only in dynamic
mode, when ramping down the voltage from a zipped state to a lower value of z. The fringing
fields are neglected, which would bend down the central suspended part of the membrane. The
membrane already in contact with the sidewalls is assumed to be in non-slipping condition,
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Figure 5.7: Cross-sections to illustrate the model behavior for the two zipping DEA structures.
z is the vertical deflection, 6 the infinitesimal length of membrane element, ¢; the thicknesses,
A the equibiaxial stretches, and « the sidewalls angle.

A Membrane dielectric model: the electric field builds up across the elastomer membrane.

B Rigid dielectric model: the compliant electrode is patterned on the bottom of the membrane,
and the electric field builds up across a thin high-quality rigid dielectric.

which implies that its thickness ¢ and stretch state A varies over the zipping depth z (figure
5.7). As illustrated on the topviews of figure 5.8 for a conical and a pyramidal chamber
shape, the partially zipped membrane is therefore composed of a series of zipped elements
of infinitesimal length, each one having its own dimensions and stretch state (in blue) and a
central suspended part (yellow). It is therefore necessary to implement an iterative process to
compute the state of membrane elements. The flat suspended central part is considered to
be under equibiaxial stretch. The polymer satisfies the volume incompressibility condition.
Based on these hypotheses, it is assumed that the next zipped element of length 6 comes from
a "rotation" of the previous flat part (figure 5.7) and inherits its thickness and stretch state.
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Zipped membrane
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Figure 5.8: Top view of the different parts of the partially zipped membrane assumed in the
model, with conical (left) and pyramidal (right) chamber geometries. The blue annuli or
trapezoids represent the zipped membrane elements with infinitesimal width, having each
one different volumes and stretch states, and the yellow round or square represents the flat
suspended part of the membrane.

5.2.2 Procedure of the implemented algorithm

The algorithm which outputs the vertical displacement in function of the applied voltage is
structured as follows: 1) The voltage is set to U = 0. 2) The total energy function in function of
the zipping depth E(z) is computed with a resolution of 1 um or below. 3) One looks for the first
minimum of E(z), which will determine the stable vertical displacement z that corresponds to
the current voltage. 4) The voltage is incremented and one starts again at step 2. The algorithm
ends once the vertical displacement has reached the bottom of the chamber.

5.2.3 Computation of the total energy function

The mechanical strain energy is computed by multiplying the volume of each deflected mem-
brane part by the elastic energy density W of the Gent hyperelastic model in the equibiaxial
case (equation 5.1). p and J are the Gent model parameters, and A; = A, = A is the equibiaxial
linear stretch.

w 20 +A-3

W) = 7ln 1 7 (5.1)

The expression of the mechanical strain and electrostatic energies for any deflection z and
voltage U are expressed in the table 5.2, VV being the volumes, C the capacitance, A the areas
and ¢ the thicknesses. The indexes flat, mem, lat and diel stand for the central (flat) part,
the membrane, the lateral (area), and the rigid dielectric.

The total energy is then:
E(2z) = Ems(2) + Eps(2) (5.2)
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Table 5.2: Expression of the mechanical strain and electrostatic energies of the two models
(not taking into account the sidewalls roughness).

Electrostati
Model Mechanical strain energy ectrosta 1lc enﬁrgy
EES = _ECU
Thick elastomeric dielectric Egs = —1€0€ 2 (ﬁ) U?
o Enis =Wyt Vit + 2 WiV | 7~ 20 menTitg)
Thin rigid dielectric Egs = —3€0€diel % U

The first minimum of the function will determine the stable zipping depth. An example of
plotted energy curves is visible on figure 5.9 for the case of a pyramidal-shape chamber [103].
The electric breakdown field value of 220 Vum™! is assumed given the amount of stretch in
the deflected state, which was found to be too optimistic experimentally. It could also be
possible to see the hysteresis (pull-out voltage) commonly observed in silicon zipping devices
by finding the minimum starting from a zipped state (i.e. the highest value of z). However,
the surface adhesion energy of the elastomer on the sidewall would add a non-negligible
contribution that is difficult to estimate.

——Elastic ehergy
—— Electrostatic energy |
----- Total energy

1.2: 14
7 oz(mm)

Figure 5.9: A Zipping energies for a 50 um thick Nusil CF19 membrane with a single ion
implanted stretchable electrode in a 2 mm-side pyramidal chamber with a sidewalls angle
a = 54.7°. The lighting bolts indicate the deflections at which the breakdown would occur
(220Vum™! assumed). The arrow indicates a jump between two stable positions which
happens between 4 and 5kV.

B Zoom on the dashed square (only total energies visible)

5.2.4 Surface roughness of the sidewalls

Since the analysis of the sidewalls profiles of one type of devices studied exhibited a significant
roughness (average roughness R, and RMS roughness R; have been measured by white light
interferometry in the range of 5 and 9 um respectively, see figure 5.10), the contribution of sur-
face roughness to the electrostatic energy computation was implemented. This rough surface
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Figure 5.10: A Example of arbitrary typical roughness profile with statistical roughness param-
eters R, and Ry.

B Roughness modeling. The model has a peak-to-peak roughness parameter Ry.

may leave some air trapped between the membrane and the sidewalls. These air pockets act
as a series capacitor of lower dielectric constant and therefore reduce the electrostatic energy.

As a mean to evaluate the contribution of such an effect in the model, a saw tooth-shaped
wall capacitance of peak-to-peak gap Ry can be assumed, with a constant thickness elastomer
membrane on top (figure 5.10).

The capacitance C used in the electrostatic energy expression (table 5.2) corresponds to the
smooth surface case and can be replaced by the rough surface case (equation 5.3).

Crough =€0—In (5.3)

A (er,memRO )
S |
Ry

tmem

Ro=2-Rg and Ry = 2- R4 shall be used as approximations.

5.2.5 Electrical breakdown

A main limitation of every DEA is the electrical breakdown, which defines the maximal achiev-
able deflection. Dielectric breakdown of conventional DEAs (i.e. sandwiched between two
compliant electrodes) occurs when the electric field in the dielectric exceeds the maximal
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value tolerated by the material. This failure mode may be triggered by the pull-in instability
or wrinkling, or happen before these effects are present [40, 141]. But the design of zipping
DEAs requires paying attention to electrical failures triggered by actuation characteristics that
are not present in squeezing-mode DEAs. The first of these characteristics is linked with the
assumption of membrane non-slipping condition on the sidewalls. The highest electric field,
and hence the point where dielectric breakdown will occur, is where the membrane is thinnest,
i.e. on the outer periphery of the suspended part (fig. 5.7). The increasing stretch with z
actually enhances the breakdown field [24], but a constant value is assumed in the model.

Secondly, the deflection versus voltage characteristic of the zipping DEAs exhibits a very
abrupt slope above a threshold voltage (onset of complete zipping, see figure 5.11). If the
breakdown occurs during this zipping jump, the device fails, similarly to the well-known
snap-in instability. Keplinger et al.’s closed chamber volumes has been proposed to harness
the snap-in instability, which resulted in giant voltage-triggered deformations [33]. Zipping
DEAs offer even more design freedom to tune the bistable behavior of the actuators, since one
can play with all the geometrical parameters of the cavity and with the membrane material.
For instance, it is possible to avoid the breakdown during this zipping jump by mechanically
limiting the maximal displacement of the membrane by truncating the chamber.

A last issue related to the electrical failure of zipping DEAs is the electrocreasing effect, which
occurs when high electric fields are applied across elastomers bonded on a rigid substrate [142];
which is similar to the case of the membrane zipped on the sidewalls. The extrapolation of
Wang’s data for the polymer which was mostly used (Nusil CF19) would indicate a critical
electric field in the range of 100 Vum™!. Since it is close to the breakdown field of the elastomer,
the possibility of an electrocreasing-triggered breakdown cannot be excluded.

5.2.6 Model results and actuator design applied to conical-shaped chambers

In figure 5.11, results of the thick elastomeric dielectric model in conical chambers have been
plotted using the following parameters (defined on figure 5.6 and section 5.2.3): D =2 mm,
d =0.6mm, a = 20°, fo =25um, Ag = 1.1, €;nem = 3, Ry = 0 (no roughness), unless otherwise
specified. The targeted application for the zipping actuators is a micropump. The main pump
performance are the pressure and the flow rate, which depends on the displaced volume and
period of an actuation cycle. Stiffer silicones provide less deflection and thus limit the stroke
volume, but increase both the response time and the pressure exerted on the fluid. A relatively
stiff elastomer was therefore chosen, the CF19 from Nusil (0.8 to 1.2 MPa Young’s modulus).
However, for the first type of zipping chambers studied (anisotropically etched silicon, section
5.3), two other softer silicones were also investigated to improve the vertical deflection. The
Gent model parameters (¢ and J) were fitted of uniaxial pulltests data on CF19 elastomer
stripes with and without electrodes and a Young’s modulus of the electrodes of 1.93 MPa was
extracted using a bilayer approach (equation 5.4), with Y and T the Young’s modulus and
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relative thickness of the bilayer stack, membrane and electrode [143].
Ybit = Ymem Tmem + Yelec Telec (5.4)

Out of this formula, the shear modulus y = Y/3 (needed for the Gent model) can be re-
computed for any membrane thickness, keeping J = 80.4 constant. The breakdown field of the
elastomer was measured at 96 Vum ™! in a non-stretched membrane, and is taken as constant
in the model.

On figure 5.11A, both models with the electric field applied across a) a rigid dielectric or b)
across an elastomer membrane are compared. One can clearly see that thanks to the high
electrostatic energy stored in the thin rigid dielectric, a) has a much lower zipping threshold
(0.5kV) than b). On figure 5.11B, the effect of roughness is clear: it lowers the electrostatic
energy at a given voltage, which shifts the zipping jump at higher voltages. Looking at figure
5.11C, prestretching the membrane has a strong influence on the zipping voltage. In traditional
DEAs, the prestretch improves drastically the maximal displacement by overcoming the pull-in
instability, indirectly keeping the voltage low thanks to the thickness reduction. One cannot
think in the same way for zipping DEAs, since the actuator structure is different (in hard
contact with the sidewalls and without electric field en the central part, figure 5.19A). Low-
prestretched zipping actuators work at lower voltages and have a more controllable zipping
depth (smoother z(V) slope), but the risk of the membrane remaining stuck to the chamber
wall during the voltage ramp-down is increased. Indeed, less mechanical energy is stored in a
zipped membrane which is not prestretched. Highly-prestretched zipping actuators work at
higher voltages, exhibit a more pronounced bistable characteristic and have more mechanical
energy for a given deflection, which counters membrane sticking and provide more force
to move parts or fluids. The prestretch adds an energy barrier to the total energy curve and
keeps the deflection at z = 0 until being overcome by the electrostatic energy. Increasing the
sidewalls angle (figure 5.11D) has a strong effect on both the zipping voltage and the maximal
deflection (provided the chamber is not truncated). A smaller angle chamber zips at lower
electric field, but provides less force and needs somewhat more prestretch to ensure a quick
membrane release from the sidewalls. For a 40° sidewalls chamber and the CF19 elastomer,
the breakdown is expected to occur during the zipping jump. The figure 5.11E shows that the
zipping jump scales almost linearly with the thickness, but one obtains more margin after the
zipping jump before the breakdown occurs.
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Figure 5.11: Results of the thick elastomeric dielectric model for a conical chamber (except
comparison of the 2 models on A). Main parameters (unless otherwise specified): D =2 mm,
d =0.6mm, a = 20°, o =25um, A9 = 1.1, €nem = 3, Ry = 0 (no roughness). The breakdowns
are indicated by crosses.
A Comparison of the two models. The rigid dielectric has a thickness of 2 um and a relative
permittivity of €4;,; = 3.12. B Variation of roughness. C Variation of prestretch. D Variation
of angle. E Variation of membrane thickness. The breakdown voltages for the 45 and 60 um
membranes are at 3.8 and 5.1 kV.
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5.3 Zipping in pyramidal anisotropically-etched silicon chambers

The very first pump concept that has been studied is based on a microfabricated silicon
body. On the contrary to replica molding techniques, etching a silicon wafer from both sides
allows realizing both sloped zipping chambers in a conductive substrate (needed for the rigid
electrode) and a fluidic channel in a single chip, with very precise control on the dimensions,
as will be described in the next section. Moreover, a thin oxide can be grown to keep the
fluidic channel at a floating potential and to perform oxygen plasma bonding of the actuator
membrane.

5.3.1 Silicon microfabricated zipping chambers and zipping peristaltic microp-
ump

Most silicon etching techniques (such as Deep Reactive Ion Etching) are designed to produce
vertical trenches, but one would like to have sloped sidewalls zipping cavities. Means of
isotropically etching silicon exist, but the obtained profile cross-section do not have the
desired shape since the angle at the top is large. Anisotropic etching was therefor chosen:
with certain types of wet etchants such as potassium hydroxide (KOH), the etch rate of the
different crystalline planes greatly differ depending on the wafer orientation and on the etch
mask apertures. The most common designs rely on the fact that 111 crystalline planes etch
several hundreds of times slower than other ones. Therefore, a long etch time will make these
planes apparent unless other ones are masked during the process. A square opening will give
out typical pyramidal holes with 54.7° sloped walls respective to the horizontal. In 2014, Gao
et al. published a fabrication process of a zipping micropump with a silicon body etched
by grayscale lithography [139]. It consists in structuring a photoresist masking layer with
varying thicknesses, so that the gradual mask etching during the DRIE progressively exposes
the surface to be etched, resulting in a sloped sidewall.

A view of the proposed micropump with three zipping chambers is visible on figure 5.12. In the
top view, one can see the pyramidal chambers with their four sloped walls. The bottom view
shows the embedded channel that links the three chambers. Whereas one sees the channel on
the AA cross-section, it is not visible on the BB cross-section. The full device cross-section
is a schematic diagram of the silicon body, with a silicone membrane bonded on top and
a hard silicone block on the bottom to close the channel. Three compliant electrodes are
patterned on top of the membrane by Au ion implantation. Au ion implantation is a technique
which has been developed in the LMTS by S. Rosset et al. 36, 84]. High-density, low energy
pulses of Au ions are accelerated towards a biased substrate. Clusters are formed in the few
10’s of nm below the elastomer surface. Under sufficient dose, a percolation path forms
between the clusters and the surface of the elastomer becomes conductive, yet remaining
stretchable. This electrode type has been used during the first part of the project, before an
indirect printing technique of an ink composed of carbon black dispersed in a soft elastomer
matrix was developed. The fluid to be pumped is displaced in a peristaltic manner along the
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channel by sequential actuation of the electrodes. Zipping actuation is performed through the
membrane, keeping the liquid electrically insulated from the actuation potentials. Thanks to
a thin oxide layer on the silicon surface, the liquid is at a floating potential. A hard stop (not
visible on the picture, but realized by a transparent Teflon chip over the device) prevents the
upward inflation of the membranes when they are not actuated. A detailed description of the
fabrication process is given in section 5.6.1. Scanning Electron Microscope (SEM) pictures of
the microfabricated silicon body are also visible in this section (figure 5.42), on which the 3D
structure of the silicon body appears clearly.

Silicon body:
Top view (chambers): Bottom view (channels):
B » B »
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Figure 5.12: Schematic of the peristaltic micropump with silicon microfabricated body featur-
ing zipping cavities and embedded channels

5.3.2 Design of the zipping DEA micropump with anisotropically-etched silicon
body

The question of the size of the channels brings a tradeoff between the hydraulic resistance
(that should be minimized to reduce the losses in the pump) and the zipping area on the
sidewalls (since the channel penetrates in the chamber and therefore consumes area). In
previous experiments with DEA on tunable lenses chips , response times in the order of 0.5 s
were measured with fluidic resistances around 10 x 10° kg m~%s7! (see section 6.3.1). Values
in the same range are obtained with trapezoidal cross-section channels having openings of 400
and 250 um, heights of 248 and 142 um respectively, and a few mm long. The biggest channel
design favors the fluidic resistance, whereas the smallest channel design favors the zipping
area. These channel heights lead to the choice of 525 um thick silicon wafers. The chamber
lateral dimensions will define the maximal deflection achievable before breakdown. The
model predicts that 1250 um chamber side are needed to zip down the wafer thickness. Two
other chamber sizes (1000 and 2000 um) have also been included in the design. As illustrated
on the figure 5.13, a predicted vertical deflection of the membranes into pyramidal-shaped
chambers presents first a relatively low deflection, followed by a zipping jump. This might be
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5.3. Zipping in pyramidal anisotropically-etched silicon chambers

problematic if the dielectric breakdown occurs during this zipping jump. The solution is to
play with the lateral dimensions as well as the wafer thickness so that the deflecting membrane
hits the bottom of the chamber before the breakdown.
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Figure 5.13: Calculated deflection as a function of the voltage for a 2 mm-side pyramidal KOH-
etched chamber, with three different membrane thicknesses. Truncating the chamber depth
(pink line) allows blocking the membrane motion during the zipping jump before breakdown
occurs.

The whole silicon surface is coated with an electrical insulator layer in order to keep the liquid
insulated from the electrode potential. Thermal oxidation of silicon is a good solution, because
it covers the whole silicon surface, and is therefore able to insulate even the sharp edges of
the structure. Additionally, it provides an ideal surface to make the oxygen plasma bonding
with the silicone membrane and silicone block that seals the channel backside (fig 5.12). With
our actuation principle, the addition of a dielectric layer one order of magnitude thinner than
the membrane theoretically slightly reduces the electrostatic energy at constant voltage and
enhances the resistance to breakdown; but these contributions are negligible (around 5%
each).

5.3.3 Experimental results with ion-implanted electrodes on CF19-2186 silicone
membranes (27 shore A)

To measure the static deflection of zipping membranes, a test chip with KOH through-etched
cavities of different sizes was used. Unlike the chambers of the peristaltic pump, they do not
have a channel that would consume zipping area. A 53 um thick CF19-2186 membrane is
bonded on top of the chip by oxygen plasma, and an Au ion compliant electrode is patterned
on top of the membrane with a steel shadow mask. The implanted electrodes are contacted
with a conductive acrylic varnish, with wires soldered to a rigid device holder.

The two devices used in this section appear on the two first lines of table 5.3. This table also
contains the three other variants that will be presented in the next sections as well as their
maximal deflection achieved.
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Table 5.3: Dimensions and parameters of the zipping DEAs in pyramidal-shape chambers,
with their maximal deflection achieved (sections 5.3.3 to 5.3.5). No prestretch was applied on
the membranes.

Chamber side Silicone Electrode | Mem. thickness | Max. deflection
(mm) (um) (um)
2.6 CF19-2186 | Ion-impl. 53 300
1.8 CF19-2186 | Ion-impl. 53 245
2 LSR4305 Ion-impl. 33 140
2 R32-2186 | CB-silicone 59 335
2 CF19-2186 | CB-silicone 63 385

The shape of the membrane under deflection was measured with a white light interferometer
Wyko NT1100 DMEMS. For this measurement, the main limitation of the interferometer is the
angle of the surfaces that can be measured. Therefore, it will only be possible to measure a
part of the center of the zipped membrane. The position of this central part of the membrane
is then compared with the height of the membrane surrounding the chamber.

Zipped membrane shape

The figure 5.14 presents the deformation of the membrane for a 2.6 mm chamber at different
actuation voltages. As visible on figures 5.14e and 5.14f, the shape of the central part of the
membrane is not perfectly flat, but takes a star-shape pattern along the edges of the pyramidal
cavity. As visible by the low amount of deflection on the 2kV profile of figure 5.14d, the
membrane is not yet in hard contact with the sidewalls at this voltage.

Static deflection vs. applied voltage

Using the same white light interferometer setup, the deflection of the lowest point of the
zipped membrane relative to its flat position was measured. Two chambers were measured,
with sides of 1.8 and 2.6 mm, and compared with the model. A small residual stress of 20 kPa
due to the fabrication process was assumed in the non-prestrained membranes.

The data in figure 5.15 show a good agreement with the model. The observation that the data
lies slightly below the predicted curve could for instance be attributed to the fact that the
membrane shape is not as ideal as assumed in the model (figure 5.14), to an underestimation
of the stiffening induced by ion implantation or a not perfect modeling of the implanted
elastomer by the Gent hyperelastic model.

For the two devices, breakdown occurred at 5.5kV, probably during the zipping jump. Up
to 300 um deflection was measured on the 2.6 mm side chamber. If breakdown occurs at a
deflection z between 300 and 525 um, the theoretical corresponding thicknesses are 40.8 and
32.5um. The theory predicts that the thickness at the bottom of a 525 um deep chamber is
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Figure 5.14: Shape of a 53 pm thick deflected membrane in a 2.6 mm side KOH-etched chamber
at2,3and 4kV

half the one of the flat membrane. It seems that the breakdowns occurred preferentially along
the pyramid inner edges. Although there is no experimental evidence, it could be due to the
presence of air pockets which have a lower breakdown strength than the membrane.
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Figure 5.15: Static deflection, model and experiment. The deflection limit of 525 um of the
model is imposed by the wafer thickness.

5.3.4 Experimental results with ion-implanted electrodes on LSR4305 silicone
membranes (5 shore A)

In the first set of devices with CF19-2186 elastomer and ion implanted electrodes (section
5.3.3), up to 300 um deflection in pyramidal-shape KOH-etched silicon chambers was achieved.
As silicon microfabrication allows to produce sets of electrically conductive chips with very
precisely machined chambers having an embedded channel (which is not obvious with other
techniques such as milling or replica molding), it was decided to move forward in this direction
to obtain membranes deflecting completely down the 525 um of the wafer.

The first option taken is to use softer silicone elastomers. Indeed, soft silicones will be more
easily deflected inside the zipping cavity.

Static deflection vs. applied voltage

The Bluestar LSR4305 silicone has a very low shore A hardness of 5, which corresponds to
0.2 MPa Young’s modulus, versus 27 shore A (0.8 MPa) for the CF19-2186. Softer silicones
have in principle lower breakdown fields. This silicone was implanted and bonded on the
chamber, in the scope of achieving more deflection than the CF19-2186. The static deflection
was measured in two ways, by acquiring the position of the membrane center with a white
light interferometer (zcenrer) and by by measuring the depth of the zipped membrane in
contact with the sidewalls on pictures taken with a USB microscope (z;ip). The portion of the
membrane which is in contact with the sidewall is indeed very clearly visible though the semi-
transparent Au-implanted electrode (figure 5.16). Due to the slightly bulged membrane shape,
the values measured with the USB camera are approximately 20 um lower than the center
of the membrane. This difference reflects the downwards-bulging of the central suspended
part of the membrane due to the fringing fields, an effect which was assumed negligible
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in the model. As it represents the portion of the membrane which is in hard contact with
the sidewalls, the value z;;), is closer to the deflection computed in the model than z¢eyzer.
For reasons of electrode transparency (all the next set of devices will be manufactured with
opaque electrodes), this is the only set of measurements which measures the modeled value

Zzip instead of Zcenzer-

Figure 5.16: Optical photograph of a partially zipped LSR4305 membrane inside a 2 mm side
silicon chamber. Thanks to the Au implanted electrode transparency, measurement of the
zipped depth can be performed on optical pictures.
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Figure 5.17: Deflection of an Au-implanted 33 um thick LSR4305 membrane inside a 2 mm
silicon zipping chamber. z.;, data have been measured with a USB camera and zcener data
with a white light interferometer.

Three devices with identical properties have been measured (third line of table 5.3). The
best deflection obtained with this silicone is 140 um, far below the previous results. This can
be attributed to two things: the electric breakdown strength and the implantation-induced
stiffening. Softer elastomer tend to have lower breakdown strengths, which is indeed the
case for the LSR4305 compared to the CF19-2186. By estimating the membrane thickness
in function of the deflection using the model, the breakdown field of the CF19-2186 silicone
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of the previous dataset was 132Vum™' (fig. 5.15, 300 um deflection), versus 58 Vum™" for
the LSR4305 (fig. 5.17, 140 um deflection). The Au ion implantation process produces a
Au-silicone composite which is only 30 nm thick, but with a Young’s modulus in the order
of several GPa [85]. Although the LSR4305 silicone is 4 times softer than CF19, the relative
increase of its Young’s modulus is higher. In other words, the Young’s modulus of an implanted
membrane increases much faster on a softer silicone.

However, it is clear from the data that the driving voltage is strongly reduced compared to the
stiffer CF19. This reduction of approximately 2.3 kV can be attributed to the elastomer Young’s
modulus rather than thinner membrane, comparing the nominal electric fields. This would
also tend to consider the breakdown strength as dominant parameter over elastomer stiffness
to achieve large deflection in such zipping structures.

The three chambers with LSR4305 silicone membranes of figure 5.17 have identical dimensions
(table 5.3, line 3), but a considerable difference in their deflection characteristic. It is due to
the different implantation parameters of the electrodes, which are difficult to obtain at their
optimal value (i.e. lowest stiffening impact but sufficient conductivity) and in a repeatable
manner [84].

5.3.5 Experimental results with carbon black-soft silicone electrodes on R32-2186
(15 shore A) and CF19-2186 (27 shore A) silicone membranes

Based on the conclusion that the use of LSR4305 softer elastomer membranes does not
improve the maximal deflection achievable but rather reduces it by a factor 2, two other ways
to reach a fully deflected shape in a 525 um thick silicon chip were investigated.

The first one is to use a silicone which is also softer than CF19-2186, the R32-2186 from
NuSil, but which has a higher breakdown strength according to the datasheet. In general,
the breakdown field values given in the datasheet are broadly exceeded when working with
membranes (close to a factor 4 for the CF19). This is attributed to the statistically reduced
amount of defects present in a thin layer compared to a bulk piece of elastomer, and to the
security margin taken by the manufacturer. However, it is a good starting point for comparing
dielectric properties of silicones, especially if they come from the same manufacturer. On its
datasheet,the R32-2186 from NusSil has a shore hardness A of 15 (about 2 times softer than
CF19) with a better dielectric strength (35.6\/pm_1 versus 28.7me_1). It should therefore
definitively enhance the maximal deflection achievable. This elastomer is sold as an adhesive,
but thanks to our membrane fabrication process with sacrificial layers (section 3.2), this does
not pose fabrication problems for the release. However, the silicone:solvent ratio that must be
used to lower the viscosity prior bladecasting is 1:1.25 (solid fraction of 0.44), higher than for
the other silicones commonly used in this project.

Secondly, our laboratory developed meanwhile an indirect stamping technique (pad printing)
to precisely pattern pm-thick electrodes composed of carbon black dispersed in a soft elas-
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tomer matrix. They induce much less stiffening on the membrane than ion implantation, so
that it should also contribute to an enhanced deflection. Moreover, their stiffening impact is
much easier to control than ion implantation, which is a critical point if one wants to compare
experimental data with a model since the material parameters may vary for each device.

Static deflection vs. applied voltage

The deflection of the center of the membranes as a function of the applied voltage is displayed
on figure 5.18, together with model curves. A maximal deflection of 335 um was observed
with R32, 385 um with the CF19, in both cases better than the 300 um of ion-implanted CF19
membranes. The model curves were plotted using Gent model parameters fitted on uniaxial
pulltest data on samples without electrodes. These two devices appear on the fourth and fifth
line of table 5.3.
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Figure 5.18: Deflection of a 59 pm thick R32 and a 63 um thick CF19-2186 membranes with
CB-silicone electrodes. The chamber side is 2 mm. The models curves are plotted using fitted
Gent model parameters on uniaxial pulltests of membranes without electrodes.

The reason why the R32 silicone did not perform better than CF19 is not completely clear,
but most likely its breakdown strength is not as good as one could expect from the datasheet.
This could possibly be due to the fabrication process which requires more solvent, hence
increases the possibility of trapped air pockets in the membrane. The agreement with the
model is satisfying for the CF19, but in the range of 1kV more optimistic than the data for
the R32. The neglected stiffening impact of the carbon black-silicone electrodes for plotting
the model curves would shift them slightly towards more voltage for a same deflection, and
the R32 one more significantly than for the CF19 because of its lower initial stiffness, but this
cannot completely explain the difference.
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5.4 Zipping in conical low-sloped chambers

Having determined that zipping actuation with the electric field applied across the membrane
is possible but difficult if the sidewalls angle is too large, simpler zipping DEA structure were
chosen for the next study, in order to determine the relevant parameters (size, sidewalls
angle, membrane thickness, prestretch) for making integrated microfluidic actuators. Conical
chambers were conventionally machined in aluminium. Compared to the anisotropically-
etched silicon chambers, the sidewalls angle can have smaller values and be easily varied.
Moreover, a conical shape most likely offers better performance for symmetry reasons and
avoids the suspected effect of breakdowns triggered in air pockets on the inner pyramid edges.

5.4.1 Low-sloped conical zipping DEAs and peristaltic micropump with "flipped
design"

Conical-shape devices were fabricated, with a top diameter of approximately 2.3 mm and
a cavity milled in an aluminum plate, which acts as rigid electrode. A hole is drilled at the
bottom of the chamber to let the air out during actuation. A 25 um thick pre-stretched silicone
membrane with a silicone-carbon black compliant electrode patterned on top is bonded over
the chambers. (figure 5.6 and 5.19).

0V  Chamber
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periphery 8
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Thin printed
silicone-CB electrode

Zipped b
bottom
of the
chamber

Figure 5.19: Photograph (top view) of an unactuated (left) and actuated (right) zipping actu-
ator. Sidewalls angle a = 15°, membrane thickness 23.5 um, prestretch 1.32, geometrically-
constrained zipping depth z =280 um.

The figure 5.20 represents a peristaltic zipping micropump based on three such normally-off
actuators. As the voltage is turned on, the membrane zips inside the cavity, pumping the
liquid inside the chamber and opening the valve. Compared to other pump structures such
as presented in the section 5.3 [103], this flipped actuator design keeps the liquid free from
the electric field. This allows handling fluids regardless of their conductivity, and prevents
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affecting biological samples such as cells. However, the penetration of the processed liquid in
the actuator membrane might degrade its performance.

Silicone Rigid electrode
membrane

l

Zipping actuator
unit

Compliant electrode

Liquid
HV and switches

Figure 5.20: Cross-section along the channel of a peristaltic zipping micropump composed of
three actuators. In this configuration, no electric field is applied in the liquid.

5.4.2 Experimental results on conical low-sloped chambers

The profile of the zipped membranes were measured by automated frame stitching on a white
light interferometer Wyko NT1100 DMEMS from Veeco. The top diameters D and membrane
thicknesses f; of the 6 measured actuators can be found in table 5.4. The bottom diameters
d are comprised between 0.6 and 1 mm. Two different equibiaxial prestretch levels 1y have
been investigated.

Table 5.4: Measured prestretches and dimensions of the actuators. A is the biaxial pre-stretch,
and « the cone sidewalls angle.

a
Ao ‘15° 22.5° | 31° | 45°
L3 | Dmm) [238 ] 214 [ 214 [ 2.10
fo(um) | 23.7 | 24.4 | 244 | 24.4
Loy | D(mm) [ 242 255
fo (um) | 24.6 | 24.6

Zipping behavior

Unless the sidewalls angle is large (54° for KOH-etched silicon chambers, section 5.3) zipping
DEAs need to be prestretched to provide the restoring force to counter the adhesion forces
between the aluminium and the silicone at a cost of a higher driving voltage, as explained
in section 5.2.6. This effect is difficult to predict theoretically, and I therefore prestretched
equibiaxially two set of CF19 membranes with 1o = 1.13+0.01 and Ap = 1.27 £ 0.01. All
membranes were able to come back in their initial position within a few seconds of turning off
the voltage, which means that a prestretch of 1.13 or lower is enough for our devices.

The figure 5.21 represents the zipping curves of the measured samples. The 15° and 22.5°
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Figure 5.21: Vertical deflection of the zipped membranes. The maximal deflections (limited by
the bottom of the chambers) are indicated by the bold lines at the right of the plot. The lines
are guides to the eye.

chambers with low-prestretched membranes could zip down to the bottom of the chamber,
but only the 15° one on the set of devices with high prestretch.

Shape of deflected membrane

The membrane profiles during the actuation have been plotted on the figure 5.22, together
with the aluminium sidewalls.

5.4.3 Comparison of the results with the model
Shape of the deflected membrane

As seen on figure 5.22, the measured shape of the membrane is very close to the one assumed
in the model: completely in contact with the sidewalls, and a flat part in the center. However,
one can notice that at 2.3 kV, the membrane is clearly not yet in contact with the sidewalls,
but is bending down because of the electric field. This effect is visible on the z(V) plots
(figure 5.21, for which the deflection is a few tens of um before starting to zip. Secondly, the
membrane is visibly thinner in the top of the cavity (0 < z <100 um), and somewhat thicker
below (100 < z <200 um). This might possibly be a discrepancy coming from the automated
stitching measurements, since there are less datapoints and more noise on the sidewalls.

Zipping voltages

Measured and predicted zipping voltages V;,, were compared, with V;, defined as the voltage
in the middle of the steep zipping slope (figure 5.21), taking the average between the voltages
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Figure 5.22: Membrane profile of the device with 1p = 1.12 and a = 31°. (x and y axes not at
the same scale). The insert shows a 3D dataset from the white light interferometer, from which
the cross-section profiles have been extracted.

of the start of zipping and when the membrane is fully zipped. For a few devices which had a
dielectric breakdown just before reaching the bottom of the chamber, the zipping voltage is
computed using a linear approximation, since the maximal zipping depth is known.

The figure 5.23 presents the measured zipping voltages at both low and high prestretch (in red)
together with the zipping voltages from the model. Since every device has small variations
of diameters and membrane thickness, each point from the model is computed using the
exact measured values of the device. Two roughness values Ry of 10 and 20 um of the chamber
sidewalls (section 5.2.4) are shown together with the case without roughness. According to
our surface measurements, a value of Ry =10 um seems reasonable and a value of 20 um the
upper limit.

While the predicted voltages are about 1kV lower than the measured ones, the model accu-
rately predicts the effect of changing the sidewalls angle on the zipping voltage, the difference
between the measured and predicted zipping voltage being constant for a same prestretch.
With the assumption of a 10 pm roughness, the difference is in the range of 0.7 kV at low pre-
stretch and 1.3 kV at high prestretch. This difference indicates that our model is more accurate
at lower prestretches. I indeed measured a good agreement between the model and the data
in pyramidal-shape chambers covered by membranes which were not prestretched to provide
a mechanical restoring force thanks to the large angle (54.7°), see section 5.3.3 [103].

The effect of surface roughness cannot explain the full discrepancy. Even with the hypothesis
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Figure 5.23: Zipping voltages of the measurements and the model without sidewalls roughness
and with a peak-to-peak model roughness of 10 and 20 um.

of Ry =20 um, the difference between the predicted and measured zipping voltages remains
too large. The larger difference of the highly prestretched devices compared to the lower
prestretched ones (figure 5.23) could possibly reflect that if the membrane is more prestretched,
it conforms less inside the valleys of the rough surface and leaves larger air gaps.

It is very reasonable to assume that the membrane is in non-slipping conditions with the
sidewalls given the high shear forces that can be observed between silicone membrane and
metals. The resulting computed thickness reduction for a geometry similar to the figure 5.22 is
in the order of -25% at 250 um, which is not verifiable given the large measurement noise on
the sloped sidewalls using a white light interferometer, and the fact that the exact location of
the sidewalls cross-section cannot be guaranteed (the device must be removed from the setup
to peel off the membrane).

The most likely explanation for the larger measured than simulated V;), is because our model
neglects the membrane bending energy. The maximum of the mechanical stretching energy
ranges from a few pJ to 20 uJ depending on the parameters of the actuator. The bending energy
needed to bend from a flat position into the zipped shape (figure 5.22) is in the range 0f 0.3 to
1yJ. Also, the bending energy increases in the first tens of um of zipping and is then nearly
independent of zipping depth. Including the bending energy would thus lead to an increase
in predicted V;p, as it effectively adds an energy barrier that must be overcome to initiate
zipping. The bending energy could also be the explanation of the smaller difference between
theoretical and experimental V;), of the low compared to the highly prestretched actuators
(figure 5.23), since it is proportional to the effective Young’s modulus which increases with
the prestretch, given that the membrane thicknesses of all studied devices are equal after
prestretch.
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5.5 Sub-mm size microfluidic actuators fluidically coupled to zip-
ping DEAs for application to a peristaltic pump

Fully functional zipping actuators have been realized and characterized in the previous section.
The pump concept of figure 5.20 displayed a possible implementations of those actuators to
make a pump. This pump solved the issue of the first design (fig. 5.12) by having the processed
liquid on the other side of the membrane, hence avoiding any high electric field in it. This
design has still a major weakness: the DEA membrane is in direct contact with the liquid to be
processed, which might affect its mechanical and electrical properties, leading to performance
degradation or failure. Indeed, as demonstrated in section 4, even liquids considered among
the most compatibles with silicones do penetrate in the thin membranes.

5.5.1 Fluidically-coupled zipping DEA pump

A third pump design is therefore presented, which strongly improves this reliability issue: the
motion of the zipping actuator is transferred to a passive membrane by hydrostatic coupling,
which keeps the sensitive membrane far from the processed liquid (figure 5.24). The base of
the chip is a structured PCB-like board which has three in-line metal-covered conical zipping
cavities and electrical interconnects. On this zipping body is glued the core of the device, a
stack of three silicone parts: the active membrane, a 0.2 mm thick rigid silicone foil with holes
which is plasma-bonded on top, and a top passive membrane which is also bonded over the
rigid silicone foil. As visible on the cross-section, the diameter of the active membrane is
larger than the coupling hole. The diameter of both freestanding membranes can actually be
chosen independently, which adds design freedom for the mechanical coupling. Moreover, the
silicone type, thickness and prestretch of each membrane can be adjusted to set the operating
point of the device (initial pressure and deflections).
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Figure 5.24: Cross-section of the peristaltic pump with fluidically-coupled zipping DEAs.

5.5.2 Estimation of the behavior of a pressure-loaded zipping actuator

The actuators of the pump on the figure 5.24 do not operate in the same condition as studied
in the section 5.4: the position of the membrane is biased with a pressure, which considerably
changes their operating characteristics. Indeed, the part which defines the actuation behavior
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is the zone where zipping proceeds, i.e. close to the contact point between the suspended part
of the membrane and the sidewall. On the contrary to non-biased membranes, the angle at
which the membrane comes in contact with the sidewalls and the evolution of the stretch state
are much more difficult to define, so that analytical modeling would become very complex.

Experimental measurements are therefore used in order to find a suitable actuator design for
the pump. Zipping devices on which a bias air pressure can be applied were built, so that the
actuation of different device geometries can be measured while sweeping the pressure as a
parameter, as illustrated on figure 5.25.

PP compliant
electrode

CF19 Silicone

Au-implanted —
rigid electrode

molded NOA81
rigid body

Figure 5.25: Cross-section of the zipping DEA with bias air pressure device.

The zipping body is composed of an optical adhesive suitable for replica molding (NOA81
from Norland Adhesive?) molded on electo discharge machined conical bumps of different
shapes. The rigid electrode is patterned with Au ion implantation, which demonstrated a very
good adhesion on this thyol-based curable polymer. Based on my previous results, the CF19
silicone is kept as active membrane material, on which a compliant electrode is patterned by
pad printing. On top comes a rigid silicone molded part which provides a closed chamber to
apply the pressure bias and clear optical access over the actuators. A 3D view and a picture
of the fabricated test device are illustrated on figure 5.26. A more detailed description of the
fabrication process can be found in section 5.6.3.

2www.norlandprod.com
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Figure 5.26: Zipping DEA with bias air pressure device. It is composed of three parts: a
bottom replica molded plate in optical adhesive (NOA81) with conical holes and patterned Au
rigid electrodes, a zipping membrane with pad printed (PP) electrodes on its topside, and a
top chamber molded in rigid silicone (Sylgard 184) which provides a way to apply a bias air
pressure while keeping optical access over the chambers.

Experimental procedure

The bias pressure is applied with a regulated pressure source (MFCS system from Fluigent®)
with an accuracy of 0.025 mbar. A square wave signal from 0 to the high voltage value actuates
periodically the membrane. In this manner, the voltage-induced motion can be measured by
comparing the two alternating positions, at 0V (due to the pressure only) and at high voltage
(due to the pressure and the applied voltage). The same voltage steps are kept but the pressure
is gradually increased, which shifts the operating point of the zipping DEA by pushing the
membrane lower in the chamber. The key parameter which must actually be measured is
the voltage-induced displaced volume, since it indicates the ability of the actuator to open or
close a valving unit of a given size.

The measurement of the voltage-induced displacement is critical. Indeed, optical measure-
ment methods such as white light interferometry profilometer commonly used for this purpose
cannot be used, because of the optical path difference induced by the pressure chamber roof.
The approach which was finally adopted is to measure the motion of the membrane with
an optical microscope. As illustrated on figure 5.27, two distances d; and d, are measured
through the transparent molded pressure chamber. The voltage-induced displaced volume is

3www.fluigent.com
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computed by subtracting the volume at high voltage and the volume at 0 V. On the right of the
figure, the assumption taken to compute the voltage-induced displaced volume is displayed:
instead of the two real shapes with bulged suspended part (left), [ assume two truncated cone
shapes. If the central suspended part of the membrane has a bulged shape determined by the
pressure but not by the electric field, the error linked to this assumption of truncated cone
volumes underestimates the displaced volume compared to the reality. Indeed, the volume of
the inflated cap under high voltage is smaller than the one at 0V, when it is assumed that they
cancel out by taking truncated cones.

d; d, d, d,

—| OV
L— HV

Figure 5.27: Real (left) and assumed (right) shapes to compute the voltage-induced displaced
volume in a conical zipping cavity with bias pressure. If the influence of the electric field on the
suspended membrane shape at high voltage is negligible, the error induced by the assumption
of two truncated cone shapes (right) rather than two bulged ones (left) underestimates the
real displaced volume. d; is the pressure-induced contact length with the sidewall, d is the
voltage-induced contact length with the sidewall.

Experimental results of zipped volume with air pressure bias and discussion

The voltage-induced displaced volume of a set of actuators was measured, varying the pa-
rameters of sidewalls angle a (30, 45 and 60°), chamber diameter D (1.5 and 2.25 mm) and
prestretch Ay (1.06 and 1.14). The pressure is progressively increased for each step of nominal
electric field. Examples of complete datasets for a 1.5 mm diameter, 60° sidewalls angle and a
2.25 mm diameter, 30° sidewalls angle are visible on figures 5.28 and 5.29 respectively.

The dashed lines of the corresponding colors indicate the maximal volume that can be zipped,
i.e. the total volume enclosed below the membrane without voltage. A full line that meets
the corresponding dashed one therefore indicates a membrane reaching the bottom of the
chamber by electrostatic zipping. Those maximal volumes were determined experimentally
based on the measure of d; (fig. 5.27), hence their step-wise shape. A peak was repeatedly
observed between 0 and 50 mbar, jumping to the record value of 0.3 mm?3 for the 60° device:
when the pressure is relatively low, the membrane is not stretched to a too large extent and
a partial zipping motion proceeds, at angles much larger than those on which a full zipping
without pressure were observed (section 5.4.2). A full zipping was observed on a device with
an angle a =30° on a pressure range between 40 and 70 mbar (visible on the figure 5.30).

As visible on figure 5.29, the first peak is followed by a nearly constant plateau after 50 mbar
up to 200 mbar. For all devices, a decay of the displaced volume obviously appears when the
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Figure 5.28: Voltage-induced displaced volume in function of the offset pressure, full data.
Conical zipping chamber with diameter D =1.5 mm, sidewalls angle @=60°, prestretch A¢=1.13,
prestretched membrane thickness#;=21 um. The dashed lines indicate the remaining volume
to be zipped down to the bottom of the chamber.
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Figure 5.29: Voltage-induced displaced volume in function of the offset pressure, full data. Con-
ical zipping chamber with diameter D =2.25 mm, sidewalls angle a=30°, prestretch 1p=1.14,
prestretched membrane thickness#;=25um. The dashed lines indicate the remaining volume
to be zipped down to the bottom of the chamber.

offset pressure pushes the membrane down to the narrower bottom of the chamber. This
plateau can be exploited to keep a sufficient amount of displaced volume while working at
high pressures, which is desirable for a pump.

The figure 5.30 compares the effect of sidewalls angle at same nominal electric field of
95Vum~!. As expected, larger angles enable larger pressure ranges: the membrane can
be pushed further before reaching the bottom of the chamber. What is more surprising is that
the achieved displaced volume remains nearly constant even at those higher pressures. For
instance, the displaced volume by a full zipping of the 30° chamber is in the same range than
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with a partial zipping on a 60° device. For the fluidically-coupled microfluidic actuator design,
a higher pressure of the encapsulated liquid pocket means an improvement in performance:
more blocking pressure of a valve and higher pressure generated by the pump. As a conclusion,
a design with 60° sidewalls angle rather than lower angles was chosen, because it should allow
to move the passive membrane from a comparable amount while keeping the pressure high.
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Figure 5.30: Voltage-induced displaced volume in function of the offset pressure, effect of
sidewalls angle. Conical zipping chamber with diameter D =1.5mm, prestretch 19p=1.13,
nominal electric field 95 Vum™!. The dashed lines indicate the remaining volume to be zipped
down to the bottom of the chamber.

The data of two devices of different diameters operating in comparable conditions have
been plotted on figure 5.31. It was expected that a larger cross-sectional area would directly
result in larger displaced volumes. However, the displaced volume is surprisingly similar:
despite a large ratio of 2:3 between the two investigated diameters, the difference in displaced
volume is barely visible. This difference may at least partially be attributed to the higher
electric field applied on the smaller actuators. However, since comparable performance can
be obtained and that smaller diameter actuator enable more compact integration, 1.5 mm
diameter chambers are selected. Keeping the actuators closer one to each other reduces the
fluidic resistance losses.

Finally, two prestretch value were also tested. As demonstrated in the section 5.4, the main
purpose of prestretching the membrane of zipping DEAs is to provide an additional restoring
force to counter the membrane stiction on the sidewalls and restore it to its initial position.
However, less prestretch keeps the membrane softer and eases its motion. The optimal
prestretch level is therefore the lowest value at which the membrane has enough restoring
force to come back to its initial position. On the actuators operating without bias pressure of
section 5.4, this optimal value was found to be 15 =1.13.

The data of two actuators of same geometry but different prestretches (1p=1.06 and 1.14)
was compared on a @ =45° chamber with a 2.25 mm diameter. It was expected that the lower
prestretched actuator would move much easier and provide full zipping with the help of the
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Figure 5.31: Voltage-induced displaced volume in function of the offset pressure, effect of
chamber diameter. Conical zipping chamber with sidewalls angle a =45°, prestretch 1¢=1.13.
The dashed lines indicate the remaining volume to be zipped down to the bottom of the
chamber.

offset pressure. It was however not the case and both actuators had a similar behavior. The
gain in volume was only approximately 0.05mm? by having a prestretch of 1.06 rather than
1.14, at the cost of a slower motion to come back in its flat position due to the stiction forces.
Moreover, a slightly higher electric field was applied on the low-prestretched one, which also
contributes to this difference. It can therefore be concluded that the use of a prestretch in
the range of 1.15 is a good choice, because it provides more restoring force while affecting
negligibly the displaced volume.

5.5.3 Peristaltic pump powered by fluidically-coupled zipping DEAs.

Device structure

Based on the conclusions of the previous section, a set of three in-line fluidically-coupled
zipping DEAs to be used as a peristaltic pump were built. From the point of view of fabrication,
the first critical part of the process is to make three conical chambers (1.5 mm in diameter and
60° sidewalls angle), in a material which allows to have a conductive coating only inside the
chamber but not on its side (reduced risk of breakdown on the contacting tracks). This was
achieved by machining 2 mm thick sheets of a proprietary plastic of the Cicorel company*.
The surface of this plastic can be activated by a laser and metallic layers can be grown on these
areas by electroplating. This process of selective electroplating on plastic substrates has been
developed for the fabrication of 3D PCBs (3D-MID technology®). As illustrated on figure 5.32,
the obtained zipping body has three metal-coated zipping chambers (left) whose holes at the
bottom act as electrical vias connected to electrical interconnects (right).

4www.cicor.com
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Figure 5.32: 3D view of the 3D PCBs from Cicor (left: top view with conical zipping chambers,
right: bottom view with electrical vias and tracks.).

The core of the pump is composed of two silicone membranes bonded on both sides of a
rigid silicone sheet and enclosing an excess volume of coupling liquid (figure 5.33 top). The
fabrication process consists in pulling down the active membrane area by vacuum in a chuck,
plasma-bonding the rigid silicone bonding foil, filling the cavity and plasma-bonding the
passive membrane on top. The holes in the rigid silicone sheet are punched with a 0.75 mm
diameter Harris Uni-core puncher, which actually results in 800 um diameter holes. The
fabrication process is described with more details in section 5.6.3.

Optical pictures of the passive and active membranes are displayed on figure 5.33. Thanks
to different silicones (LSR4305 and CF19) as well as membrane thicknesses and prestretches,
their shape can be adjusted. In this case, the internal pressure inflates the passive membrane
over a half sphere (fig. 5.33 left).

A 3D view of the fabricated device mounted on a PCB is visible on figure 5.34, and a picture on
figure 5.35. The device outer dimensions are 15 by 30 mm. As a last step for making the pump,
a channel molded in rigid silicone has to be bonded on top of the three in-line actuators.
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Figure 5.33: Pictures of a passive and an active membrane coupled by a liquid (silicone
pre-polymer). Due to overfilling, the passive membrane is inflated slightly over a half sphere.
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Figure 5.34: 3D view of the peristaltic zipping pump

Figure 5.35: Photograph of the 3 in-line fluidically-coupled inline zipping actuators for a
peristaltic pump.
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Characterization of the steady state displacement of single microfluidic actuators

The steady state displacement of four fluidically-coupled zipping DEAs of different initial
pressures has been characterized with a white light interferometer. The zipping actuator
parameters are kept constant and chosen based on the results of the section 5.5.2 (thickness
t =30 um, prestretch A = 1.15, sidewalls angle a =60° and diameter 1.5 mm). Both the initial
pressure (which defines the active membrane initial deflection) and the passive membrane
deflection at rest are adjusted by choosing the properties of the passive membrane (silicone,
thickness, prestretch) and the filling level of the encapsulated cavity. The dimensions and
parameters of the four actuators which have been measured are displayed on table 5.5.

Table 5.5: Dimensions and parameters of the measured fluidically-coupled zipping devices.
Active membrane: CF19, 1.5 mm diameter. Passive membrane: LSR4305, 0.80 mm diameter.
The deflection at 0V is used to compute the start pressure.

Active membrane Passive membrane
Thickness | Prestretch | Thickness | Prestretch | Defl. at 0V | Pressure
(1m) (-) (1m) (-) (um) (mbar)
29 1.13 20 1 888 25
31 1.15 11 1.8 450 60
33 1.11 49 1.46 230 125
33 1.11 46 1.46 269 135

The initial pressure of the coupled actuators has been derived from the passive membrane
deflection at 0V using a model of inflated clamped elastomer membranes with hyperelastic
material parameters (see section 6.2.3). The absolute and relative deflections of these four
coupled actuators are plotted on figure 5.36. Their maximal motion is comprised between
50 and 75pum, much less than needed to come back to their flat position. Their compara-
ble displacements actually represent different amounts of displaced volume because of the
inflation levels: 50 um motion of a balloon inflated up to a half sphere represents a larger
displaced volume than 75 um of a sphere inflated at 35% of its diameter. In order to compare
the achievable displaced volumes of the active membranes in function of the pressure, one
therefore has to plot the displaced volumes, as illustrated on figure 5.37. It shows clearly that
the greatest amount of displacement among these four actuators (0.07 mm?3) is achieved with
the lowest pressure of 25 mbar. It is slightly more than the half of the targeted volume of
1.3 mm?3, that would be required to deflate a half sphere of 800 um diameter to a flat level.

The expected amount of displacement based on the measurements of the zipping devices
biased with an air pressure (section 5.5.2) together with the ones measured by the passive
membrane motion are summarized on figure 5.38 for two nominal electric field levels. Whereas
a displaced volume of 1 mm? is close to be met based on the first measurement method, the
displaced volume measured on the passive membrane height is in the range of half the
expected one up to 60 mbar and only one fourth of the expectations ah higher pressures. Part
of the lower performance of the zipping DEAs fluidically-coupled to passive membranes could
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Figure 5.36: Deflection of the passive membranes coupled to the zipping DEAs (properties
visible on table 5.5). All of them moved up to approximately 70 um, which corresponds to
different volumes. The legend indicates the initial pressures, which are set by the membrane
parameters and the encapsulated volume.

be possibly be attributed to a non-ideal shape of the membrane around the zipping cavity (few
10’s of um thick adhesive layer, bending of the glued rigid silicone foil due to the membrane
prestretches). However, much care has been taken to minimize these practical issues and the
fact that the active membrane is pressurized guarantees that the sensitive first portion of the
deflection must not be achieved electrically.

As the measurement method of the passive membrane height with a white light interferometer
is more reliable than measuring the in-plane zipped lengths with a microscope, one can
conclude that the latter method overestimates the achieved volume. Imprecision in the
measurement of the in-plane dimensions d; and d» (figure 5.27) results in a larger error of
computed volumes if the sidewall angle is large. The chosen value of 60° might therefore
potentially induce a larger error. However, this is probably not sufficient to explain the total
difference between the two measurement methods.

A last source of overestimation of the displaced volume on the first set of measurement is
related to the shape of the deflected membrane. As illustrated on figure 5.39, the cross-
section of the suspended membrane deformed by a high electric field might be more flat than
assumed, still having the same values for the pressure- and voltage-induced zipped lengths d;
and d,. Zipping might indeed possibly pull the suspended membrane sidewards more than
downwards, resulting in a smaller amount of displaced volume.
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Figure 5.37: Displaced volumes of the passive membranes coupled to zipping DEAs (properties
visible on table 5.5). The maximal volume of 0.07 mm? is achieved with a starting pressure
of 25 mbar on the actuator. The legend indicates the initial pressures, which are set by the
membrane parameters and the encapsulated volume.
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Figure 5.38: Comparison of the displaced volumes estimated with the measurement of zipping
with an air pressure bias (fig. 5.28) and by measuring the motion of passive membranes
fluidically-coupled to zipping DEAs (fig 5.37, 60° sidewalls angle, 1.5 mm diameter). The
measurement method with an air pressure bias overall overestimates the achievable deflection,
in particular at high pressures. A volume of 0.1 mm? corresponds to a deflection from a half
sphere to a flat position of a 750 um diameter passive membrane.
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Figure 5.39: Illustration of an initial membrane cross-section at 0 V with pressure-induced
zipped length d; and two potential membrane cross-sections at high voltage with same
voltage-induced zipped length d, but different volumes. The membrane shape is indeed
difficult to predict when electric field is applied. For the sake of clarity, the scheme on the right
displays the same case but with only half of each actuated membrane.
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Characterization of the time response of single microfluidic actuator

The flow rate of a pump depends on the actuation frequency of its moving parts. I therefore
measured the time response of a fluidically-coupled zipping actuator (60 mbar initial pressure
device, see table 5.5) using a Laser Doppler Vibrometer from Polytec® and a displacement
decoder. As visible on figure 5.40, the 0 to 90% response is about 45 ms, with a negligible drift
in position. This would correspond to driving frequencies in the range of 25 Hz, and is a good
performance given the high viscosity of the silicone pre-polymer coupling liquid which has
to be pushed through the 800 um diameter hole of the rigid silicone sheet. Compared to this
damping contribution, the viscous component of the elastomer membrane is negligible.

40

("" Voltage ON
30 1

Voltage OFF k“
0 b=

0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 5.40: 0-90% time response of 45 ms measured on the top of a passive membrane of a
fluidically-coupled DEA. 1.5 mm diameter, 60° sidewalls angle, 60 mbar initial pressure.

5.6 Fabrication

5.6.1 Zipping DEAs in anisotropically-etched silicon chambers

The zipping chambers were etched in silicon using conventional microfabrication techniques
(figure 5.41). To achieve sloped walls of the chambers with an embedded channel, anisotropic
crystalline wet etching was performed in a KOH bath on both sides of a silicon wafer. The
substrates are 100-oriented, 525 um thick, doped wafers. As a first step, an etching mask is
deposited on both sides of the wafer by low pressure chemical vapor deposition (LPCVD).
600 nm of silicon oxide followed by 250 nm of silicon nitride was used (A). The photoresist
was patterned by photolithography on the topside of the wafer to define square openings

Swww.polytec.de
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for the chambers (B). Then, the mask is etched by reactive ion etching (RIE) (C) and the
photoresist is stripped (D). A second photolithography step (E) and RIE (F) is done on the
wafer backside to define the apertures for the channels, aligned on the topside structured
mask. After resist stripping (G), a quick dip in buffered hydrofluoric acid (BHF) removes the
oxide residues on the apertures. In the KOH bath, both sides (chambers and channels) are
etched simultaneously, but the etching process is stopped at 245 um, before they meet, leaving
a channel with trapezoidal cross-section since the 100 plane is still visible (H). A 1.7 um thick
thermal oxide is grown on the wafer, to be used as a mask for the second KOH etching step (I).
Since thermal oxide grows on both sides of the wafer, it needs to be removed on the topside.
This is done by a spraycoated photoresist layer on the whole backside (J) followed by a BHF
etch, that removes the oxide on the topside (K), and then stripping (L). Spraycoating allows
covering even the deep channel structures. By doing so, I prevent opening other crystalline
planes than the 111 when both etching cavities will meet. I finish the through-wafer etching of
the chambers in KOH (M). Wet baths of hot phosphoric acid and BHF remove the nitride and
oxide masking layers respectively (N). Finally, a 1.5 um thick thermal oxide is grown on both
sides of the wafer as electrical insulation of the channel and as PDMS bonding layer. SEM
pictures of the microfabricated pump body are visible on figure 5.42.

An un-prestretched silicone membrane is bonded by oxygen plasma activation on top of
the chambers. Both Au ion implanted electrodes and pad printed carbon black-silicones
electrodes have been used. The Au ion implanted compliant electrodes are patterned on the
membrane with a shadow mask after bonding of the membrane on the chip. The carbon black-
silicone electrodes are stamped with a pad printing machine before being the membrane is
bonded onto the silicon chip.
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Figure 5.41: Microfabrication process of the silicon pump body. View along the channel (like

- Silicon
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the A-A cross-section of figure 5.12), with 2 chambers
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Figure 5.42: Scanning electron microscope pictures of the microfabricated silicon pump body
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5.6.2 Zipping DEAs in low-slope aluminium chambers

A 3D view of the fabricated zipping devices is exposed on figure 5.43. It consists in a silicone
membrane with compliant electrodes patterned on top, bonded on an aluminium body that
embeds machined conical chambers.

The fabrication process is described on figure 5.44.

The conical chambers were milled in an aluminium plate with a CNC from Step-Four basic
series *. The conical tip of the drillbits was used to achieve the conical shape of the chambers,
hence the set of angles a obtained of 15, 22.5, 31 and 45° (fig. 5.44a). The silicone membrane
was pre-stretched to the desired value using a home-made stretcher with eight movable fingers,
and the equibiaxial prestretch is computed using the ratio of the measured thicknesses before
and after prestretch. A compliant electrode composed of 1:10 wt of carbon black and a soft
silicone was printed on top of the membrane by an indirect stamping technique (pad printing)
(fig 5.44b). These polymer-carbon composite electrodes have the advantages of being well
bonded to the membrane, but are stiffer than if dispersed in grease. It is therefore needed
to keep them thin relative to the membrane thickness to reduce the stiffening impact [82].
Electrode thicknesses between 1 and 3.5 um were measured, which increases the Young’s
modulus of a 20 pm membrane by less than 10%. The printed membranes were irreversibly
bonded onto the aluminum chambers by activating the silicone and the native oxide with
an oxygen plasma (fig. 5.44c). Over the conical holes, the membrane is suspended and the
surface activation of the silicone decays within a few hours so that it has no influence when
actuating the device at a later stage. The devices were clamped to a PCB to which electrical
contact was made using a conducting varnish (fig. 5.44d).

“http://www.step-four.at
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Figure 5.43: 3D view of the fabricated zipping devices. The compliant electrodes are patterned
on top of the silicone membrane, and contacted with a PCB.
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Figure 5.44: Fabrication process of the low-sloped zipping chambers with aluminium body

5.6.3 Fluidically-coupled zipping DEAs

Air pressure-loaded zipping DEA

The figure 5.45 describes the fabrication process of the zipping DEA device with a surronding
pressure chamber which was used to measure the displacement of the actuator with a pressure
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bias (sect. 5.5.2).

A compliant electrode is first patterned by indirect stamping on a prestretched silicone mem-
brane (fig. 5.45a). The conical chambers of the zipping body are done by replica molding of a
rigid UV-curable glue, NOA81 from Norland Adhesives?® (fig 5.45b). This polymer is known
for its ability to replicate structures such as microfluidic channels [144]. The mold master is
made of a steel plate with holes in which Electro Discharge Machined pins are inserted. As
illustrated, these pins have a conical shape of various diameters and angles. The NOA81 glue is
exposed to UV light to achieve curing. Once it is done, it is released from the mold and an extra
curing step is done on the backside, which received less dose due to UV absorption in the top
of the layer. Holes are punched with Harris Uni-core punchers at the bottom of the chambers
to allow the air to be pushed out during actuation (fig 5.45c). The rigid electrode is patterned
by Au ion implantation using a Filtered Cathodic Vacuum Arc setup [36] (fig. 5.45d). The
requirements on the rigid electrode are excellent adhesion on the sidewalls (not to be peeled
off by the silicone membrane) and low stiction to the silicone membrane (eases the upward
motion of the membrane when the voltage is switched off). Au ion implantation was found to
perfectly fulfill these requirements, better than sputtering regarding electrode adhesion. The
adhesion of the gold clusters in the first few 10 of nm of the cured NOA8]1 is even excellent,
probably because it is based on thyols. Extension tracks of the rigid and compliant electrodes
are then patterned with Au sputtering through shadow masks (figure 5.45e). This is mandatory
to have electrical access to the electrodes from outside the air pressure chamber. As a last
step, both the actuator membrane and the rigid silicone pressure chamber are glued using a
thin layer of room-temperature vulcanizing silicone (Dow Corning RTV 734), to form the final
device (fig 5.451).

8https:/ /www.norlandprod.com
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Figure 5.45: Fabrication process of the air pressure-loaded test zipping DEA. 93
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Fluidically-coupled zipping DEA pump

The fabrication process of the fluidically-coupled zipping DEA peristaltic pump is illustrated
on figure 5.46.

As afirst step (not visible on the figure), an active and a passive membrane as well as a rigid
silicone sheet with holes are activated with oxygen plasma. The active membrane (which is
prestretched and has pad printed compliant electrodes) is then placed on a vacuum chuck
that has three 1.5 mm holes in a rigid silicone (Dow Corning Sylgard 184) pad (fig. 5.46a).
Based on the results of section 5.3, the Nusil CF19-2186 silicone is used as active membrane
material. Vacuum is then applied, so that the membrane is pulled down inside the holes on
the parts which are printed with electrodes (fig. 5.46b). The deflected cavities are then filled
with a coupling liquid (Sylgard 184 pre-polymer, based on the results of section 4) using an
automated dispenser (fig. 5.46¢). Thanks to the use of the dispenser, a precise and repeatable
volume of liquid is deposited in each hole. In the next step, the previously plasma activated
rigid silicone coupling body and passive membrane are sequentially bonded on top of the
active membrane (fig. 5.46d). The rigid coupling body is a bladecasted 0.2 mm thick Sylgard
184 sheet. Three fluidic coupling holes are punched with a 0.75 mm Harris Uni-Core puncher,
which actually results in 800 um diameter sizes. Three other holes are also punched in this
sheet prior bonding to provide access to the compliant electrode contacts (only one of them
is illustrated on the cross-section). Once the bonding is achieved, the vacuum is released
and the trapped air leaks through the silicone membranes of the fluidically-coupled structure
that has been fabricated. The next step consists in gluing it to a zipping body with conical
cavities covered with a rigid electrode (fig. 5.46e). A thin silicone adhesive sheet is laser-cut
and applied on a 3D-MID PCB from Cicor®. The PCB is made in plastic with three 1.5 mm
diameter holes which are copper-plated on the inside, with a copper track running from the
bottom of the hole to the side of the chip (section 5.5.3). Once glued on the PCB, the frame
is cut apart from the device (fig. 5.46f). Separating the fluidically-coupled structure (silicone
membranes and sheet which enclose the liquid) from the frame before gluing it would make it
wrap on itself because of the prestretch applied in the membranes. Finally, the contact to the
compliant electrode is done using silver varnish, and a fluidic channel can be bonded on top
of the three coupled actuators to make a pump (fig. 5.46g).

Ihttp:/ /www.cicor.com/3d-mid
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5.7 Summary and conclusion

Zipping DEAs are a class of actuators which was never reported before, and they were stud-
ied both theoretically and experimentally. Two analytical models have been developed, and
correspond to two zipping DEA structures, the electric field being either applied across the
elastomer membrane or across a rigid dielectric. The models take as input a wide range of
parameters (actuator geometry, sidewalls roughness, dielectric properties and membrane hy-
perelastic behavior), so that any configuration can be quickly evaluated. It uses the mechanical
and electrostatic energy contributions to compute the stable point of the membrane, a method
which is common in electrostatic actuation modeling. However, non-slipping conditions be-
tween the membrane and the cavity sidewalls must be assumed, which results in non-uniform
thickness and stretch state along the zipped part of the membrane. The large deflection of
the membrane also requires the implementation of the hyperelastic energy density function
to correctly account for the mechanical behavior of elastomers. The most interesting feature
predicted by the model is a bistable operation mode which is highly controllable, unlike the
one that can be observed in some standard DEAs [33].

A peristaltic micropump composed of three in-line zipping DEAs and of a microfabricated
silicon body was realized. The sloped sidewalls chambers were obtained by anisotropic etching
of silicon, and the electric field is applied across the elastomer membrane. This is the first time
that such a zipping DEA device was reported. The first set of actuators had a breakdown before
reaching the bottom of the 525 um deep chamber, so that the use of both softer silicones and
more compliant electrodes was investigated. It can be concluded that softer silicones do not
perform better because of their lower breakdown strength, but softer electrodes helped to
reach 385 um maximal deflection. More specifically, CF19-2186 was found to be the silicone
which has the best performance. The limit in deflection is due to the large sidewalls angle
of 54.7°, a sensitive parameter in the design of zipping DEAs. Pyramidal-shaped cavities
also seem to be more sensitive to breakdown than axisymmetric ones would be, because
breakdowns appear preferentially in the corners. Both of these limitations are linked to the
difficulty to control the shape of low-sloped chambers in silicon, which is critical since most
microfabrication techniques (such as Deep Reactive Ion Etching) have been design to etch
vertical trenches.

The zipping chambers of the next generation of devices were milled in aluminium, and have
2.3mm diameter with axisymmetric (conical) shape and lower sidewalls angles. With 15°
and 22.5° sidewalls angle, the devices zip in a bistable manner down to the bottom of the
chambers. The highly tunable bistable behavior is controllable by both chamber geometry
and membrane parameters. The membrane dielectric model was experimentally validated,
showing that the effect of sidewalls angle on the zipping voltage behaves as predicted by our
model, although a systematic shift of the zipping voltage was observed on all samples. This
shift is in the range of 1kV for the devices prestretched to 1.23 and of 1.5 kV with a prestretch
of 1.27, and is attributed to the bending energy which was not included in the model. These
actuators could be used in a second pump design, which keeps the processed liquid free from
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electric field.

However, the sensitive actuator membrane remains in contact with the liquid to be processed,
which poses problems of actuator failure. A third variant was therefore explored, which couples
the motion of a zipping DEA to a passive membrane using a carefully chosen compatible
liquid (silicone pre-polymer). The coupling fluid of this design provides a bias pressure to
the actuator, which could be expected to lower the zipping voltage by having a smaller angle
between the membrane and the sidewalls. Prediction of the behavior of such a device is
however very difficult analytically, so that test devices with an offset air pressure chamber were
built to experimentally find the best design parameters of sidewalls angle, chamber diameter,
operating pressure and prestretch. 1.5 mm diameter zipping DEAs coupled to 800 um diameter
passive membranes were built and measured statically and dynamically. The measured
displaced volumes did however not reach the expectations based on the experimental design
tests. The most likely explanation is that the electric field deforms the central suspended part
of the membrane rather by pulling it sidewards than downwards, which results in a smaller
displaced volume than assumed by measuring the zipped length on the experimental design
tests.

Other outcomes of the work include the demonstration that Au ion-implanted electrodes
can be successfully patterned on thyol-based microfluidic substrates. High conductivity
and strong adhesion of the conductive layer are obtained while retaining retaining a high
transparency level of the substrate.

5.8 Outlook: zipping DEAs as a new class of actuators offering unique
characteristics

Zipping DEAs are a new type of DEA actuators which open new design spaces and could fit the
needs of many applications. The deflected shape is very well controlled as it is given by the
geometry of the chamber, which can be conventionally machined, molded or micromachined
[103]. The voltage vs. displacement characteristic can be tuned to virtually any shape by
changing the sidewalls profile. The bistable behavior observed on some conventional DEAs
relies on the softening and then hyperelastic stiffening of the stress-strain characteristic of
the elastomer materials [33]. If one wants to operate in bistable mode, a careful choice of
the elastomer and operating conditions (such as pre-stretch or offset pressure) is necessary,
and imposes strong design restrictions. In the case of zipping DEAs, the presence and/or
threshold voltage of one or several bistable jump(s) can be chosen by playing not only with
the elastomer and the prestretch state, but also with the chamber geometry. This opens the
door to a fine tuning of bistable or multi-stable modes, for applications like braille displays or
step-by-step positioning systems. By including specific features like embedded channels or
holes in the chamber [103], one also benefits from the electrostatic pressure of the membrane
on the sidewalls to hermetically seal these apertures, building for instance effective pumping
and valving devices for integrated microfluidics or gas control. Variants of the measured
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zipping DEA structure are also possible. Instead of being applied across the membrane, the
electric field can also build up across a solid layer deposited on the rigid electrode or a stack
of both [53-55]. Hybrid actuators including squeezing and zipping modes might also be of
particular interest (fig. 2.3E). Important voltage reductions can be expected if the electric
field is applied across a rigid dielectric. These devices would need a few pm-thick high quality
rigid dielectric to be coated or grown on the rigid electrode, and the compliant electrode is
patterned on the lower side of the membrane so that it comes in contact with the dielectric. If
the enhancement of relative permittivity and foremost breakdown voltage would theoretically
drastically lower the actuation voltage, it is practically difficult to fabricate a homogeneous
and pinhole-free rigid dielectric. The well-established microfabrication technologies would
be well suited to build such zipping DEA structures, but the critical point would then be the
realization of the sloped chamber sidewalls, since most of the microfabrication processes are
designed to yield vertical etching.

5.9 Outlook: zipping DEAs for microfluidic actuators

The replacement of the pneumatic valves of lab-on-chips by electrically-powered DEAs could
not be demonstrated, but several routes could lead to such a development.

It has been shown that the operation of zipping DEA devices biased with a large offset pressure
does not yield the needed displacements, and narrows the bistable operating range. Since
the displacement versus voltage characteristic can be arbitrarily designed, a first series of im-
provements could be done by adjusting the shape of the zipping chamber, moving away from
a conical shape to a design that precisely matches the pressure bias conditions. Practically,
such devices can be realized by replica molding of electro discharge machined or 3D-printed
bodies, in a similar way as test chips with air pressure bias were fabricated (section 5.6.3).

A second route which might be even more likely successful is to actuate the active membrane
of the coupled design in the traditional "squeezing mode" of DEAs, with two compliant
electrodes . As demonstrated by Loverich et al. on a 1.5 mm diameter actuator, this design can
produce impressive pumping performance. High driving voltages would however still remain
an issue.

An advantage of zipping DEAs was indeed the expected reduction of actuation voltages, which
was not as impressive as expected for the case where the electric field is applied across the
membrane. In terms of portability, high voltages sources are less than 1 cm? in size, but a
matrix of independently controlled actuator also needs a set of switches. SMD high voltage
transistors can switch signals in the range of 600V, up to 4.5kV for larger ones but with higher
power consumption °. Low driving voltages are desirable for portable designs of driving
electronics, operation safety and compact integration (arcing between parts). As highlighted
in the previous section, further developments of zipping DEAs with the electric field applied

10h‘[tp:/ /ixapps.ixys.com, part no. IXTAO2N450HV
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across rigid dielectrics such as parylene could reach this goal.

Regarding integration in a matrix of fluidically-coupled DEAs, the ideal target would be to have
the active membrane of the same size as the passive one. The size of the active membrane
indeed defines the minimum pitch between the actuators. Pneumatically actuated large-
scale-integrated microfluidic chips do not face this integration issue, since the actuation
power is not generated below each actuator but outside of the chip. On the realized fluidically-
coupled device, the actuator size is roughly twice the one of the passive membrane. This
integration constraint of DEA-powered large-scale-integrated microfluidic chips which makes
its downscaling more challenging is however not an issue for numerous applications. For
instance, point-of care detection of low concentration molecules need to process large (UL or
above) sample volumes, such as for HIV viral load [145].
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DEA-driven fuildically-coupled tun-
able lenses

Tunable lenses have raised extended interest of researchers and industry for their potential to
reduce the cost and improve compactness of optical systems. The integration of the actuator
required for embedded systems is however an issue because of the requirements on large
displacements, fast response, electrical control and low power consumption. DEAs are one of
the best options, not only because they perform well on all these points but also because they
are built in an elastomer membrane similar to the one used for the lens of pressure-driven
devices.

Section 6.1 (Introduction and state-of-the-art) introduces tunable lenses and presents a
state-of-the art of the available technologies, commercial products and options for integrated
actuators. The use of DEAs to drive membrane-based tunable lenses is motivated, and the
specifications targeted in this work are listed.

The theoretical approach to predict the behavior of fluidically-coupled tunable lenses is pre-
sented in section 6.2 (Models for the prediction of the steady state performance of fluidically-
coupled EAP-driven tunable lenses). The critical point is to predict the pressure-volume
characteristic of an inflated membrane, a complex problem due to the non-uniform deflection
state of the membrane and the hyperelastic properties of elastomers. Three models have been
developed throughout the project. The first one linearizes the pressure-volume characteristic
of a linear material model developed in other works by a single constant value of hydraulic
compliance. The second model extends the same linear material model to a large strain
case and uses its full pressure-volume characteristic. The third and last model combines a
well-known equation of thin pressure vessels and empirical fitting of experimental data of an
inflated bubble to integrate the hyperelastic material parameters in the computation of the
pressure-volume curve. The models are compared and discussed.

Section 6.3 (Experimental results and their discussion with the the models) presents two
generations of fluidically-coupled tunable lenses and compares the static experimental results
with models. The first generation was realized at the very beginning of the project and is
composed of a single active and a passive (lens) membrane. The coupling fluid is an ionic
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liquid, which is also used as liquid electrode. The second generation of devices was realized
three years later, and is composed of eight actuators fluidically-coupled to a single 6.5 mm
diameter lens. The lens body is made of rigid laser-cut PMMA plates and includes a feature of
operating point adjustment. The agreement between analytical and experimental results are
discussed for both generations of devices. The fabrication process of the second generation of
devices has been optimized for optical performances, which are characterized experimentally
by a Shack-Hartmann wavefront sensor setup.

The details of the fabrication process are given in section 6.4 (Fabrication).
Finally, the results are summarized in section 6.5 (Conclusions and outlooks).

Part of the content of sections 6.2 and 6.3 have been presented as a poster: L. Maffli, S.
Rosset and H. R. Shea, Response time of tunable lenses driven by ion-implanted DEAP actua-
tors, EuroEAP conference 2011, Pisa, Italy, 2011.

The hyperelastic material tunable lens model and the second generation of lenses will be
submitted for publication.

6.1 Introduction and state-of-the-art

The vast majority of tunable optical systems translate solid, fixed focal length lenses along the
optical axis in order to vary focus or zoom. Optical objectives hence enclose a large set of lenses
and linear stages. Changing the focal length of a lens without moving it would result in multiple
advantages: reduced number of components, hence gain in size and complexity, cost and
integration possibilities, smaller displaced masses thus faster speeds, shock robustness, lower
power consumption and even advanced features such as correction of optical aberrations.

Graham fabricated the first lens with variable focus in 1940 [146], deforming two thin glass
slides enclosing a liquid, paving the way for optical systems where properties can be adapted
without moving the lenses. Many working principles for tunable lenses have been developed,
including electrowetting of an oil droplet immersed in another fluid (fig. 6.1 a) [147], pressure-
driven deformation of soft membranes [148, 149], tuning of refractive indexes with liquid
crystals [150] (fig. 6.1 b) !, or optofluidic chips that shape laminar flows of fluids with different
refractive indexes (fig. 6.1 c) [151], among others. The markets ready to be conquered by this
technology are huge, mostly in the field of miniaturized systems and embedded electronics
where low-cost, compact and robust optics are needed (e.g. optical media players, mobile
phone cameras, surgical endoscopes, barcode readers, security cameras, etc.) [152]. Novel
features such as Zernike modes correction [153] or image stabilization? are also targeted by
these adaptive lenses.

A major class of tunable focal length devices are based on encapsulating an optical liquid

lwww.lensvector.com
2Www.varioptic.com
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Figure 6.1: Examples of technologies for making tunable lenses

between flexible transparent membranes, most of the time silicones [121, 148]. Indeed, sili-
cone elastomers have good optical properties, can be easily casted in fluidic bodies or thin
membranes, can be efficiently bonded by oxygen plasma activation, have large temperature
operating ranges and are tear-resistant. Some groups have also built solid-body silicone
deforming lenses [154]. The absence of liquid implies larger forces to deform the lens, but
they have some advantages in terms of reliability or immunity to gravitational sag.
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Thanks to the flexibility of the membranes, very large focal length tuning ranges can be
obtained, such as from 400 um to infinity [121], or even changing shape from convex to con-
cave [120]. However, the large tunable range of such lenses relies most of the time on external
actuation means (pumps, etc.): compact integration is very challenging. Electromagnetic
actuation often requires external driving coils [155] or magnets if a coil is integrated [156].
Although power-consuming, integrated thermal actuation is able to provide the needed me-
chanical work to achieve large tuning ranges. Its main drawbacks is a high power consumption
and a slow response, time constants in the order of fractions of a second being among the best
achievable performance [123]. The response time of thermal systems scales down with the
size of the devices, making them more suitable for microlenses.

The ideal integrated actuation mechanism of membrane-based tunable lenses is electrically-
controlled and has a large work output that produces rather large displacement than pressure,
so that no motion amplifier mechanism is needed. For instance, a high pressure piezoelectric
actuator cannot be used directly to provide the volume stroke needed to tune an inflatable
membrane [157]. High power is also desirable so that the device responds fast. Electromag-
netic actuation such as for Optotune’s lenses provides the required specifications, but need
large electrical power to supply constantly a current in the actuator (1 Watt), which is problem-
atic for embedded applications 3. In addition to the high power consumption, downscaling
degrades the performance of electromagnetic actuators and poses complex fabrication prob-
lems (coils, ...). Looking at these ideals requirements for integrated actuation mechanisms
of membrane-based tunable lenses, it becomes straightforward that Dielectric Elastomer
Actuators (DEAs) are among the best suited if not the best solution. Moreover, their active
component is precisely a dielectric elastomer membrane, so that it can be combined with the
lens membrane (21,158, 159] (fig. 6.2).

6.1.1 Specifications targeted by the developed fluidically-coupled DEA-powered
tunable lenses

Regarding size, tunable lenses of several cm diameter such as in large camera objectives are
still difficult to realize by the current technologies. But a few mm in diameter or smaller
tunable lenses have been manufactured by plethora of research groups and technologies and
are getting mature for the market. Regarding optical quality, fixed focal length lenses still
overcome tunable ones, but there exist many application which do not require top imaging
quality (lighting systems and embedded low-cost cameras to name only a few). The use of
tunable lenses for mobile applications is seen as one area which could drastically benefit
from more compact optical systems, if the lens quality meets a sufficient level and the power
consumption is kept low. This is demonstrated by the area of activity of the companies
mentioned in the previous section.

The two fluidically-coupled tunable lenses generations that are studied theoretically and

3www.optotune.com
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fluidically-coupled EAP-driven tunable lenses
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Figure 6.2: DEA-controlled tunable lenses with the actuator integrated in the same membrane
as the lens.

experimentally in this chapter follow this trend, by having diameters of a few mm and focal
lengths of a few 10’s of mm. Another type of tunable lenses which achieved the best dynamic
performance to date will be presented in section 7. In the first generation of devices of this
chapter, a novel way of integrating the DEA using a liquid electrode is demonstrated and
response times in the order of 1.4 s are measured. The second generation of devices drastically
improves many features of the first generation, in particular the tunable range and the optical
properties.

6.2 Models for the prediction of the steady state performance of
fluidically-coupled EAP-driven tunable lenses

Two generations of tunable lenses were built, based on the hydrostatic coupling between
a single or several active (DEA) and one passive membrane that acts as a lens. Their basic
working principle and structure is described on figure 6.3. When a voltage is applied across the
DEA membrane, it contracts in thickness and expands in area, and therefore moves up. As the
volume of the coupling liquid is constant, this motion is transferred to the single passive lens
membrane, which moves down. The pressure of the liquid P is equal everywhere in the device
and sum of the actuator(s) and lens volume is constant. By putting N active membranes in
parallel instead of a single one, the total actuated volume increases by the same factor and
more focal length tuning range can be achieved on the lens.

The critical point of an analytical model which describes the steady state performance of
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Figure 6.3: Basic structure and working principle of the studied fluidically-coupled tunable
lenses. As the DEA(s) is actuated, it moves up and the passive (lens) membrane moves down,
increasing its radius of curvature and focal length. The pressure P is equal everywhere and the
sum of the actuator(s) and lens volume is conserved.

such a device comes down to the determination of the pressure-volume characteristic of
clamped circular elastomer membranes, without and with applied voltage. This is a very
difficult problem, and several complex modeling approaches have been proposed [160, 161].
Indeed, the thickness varies over the inflated membrane, so does the stretch state. The stretch
state in the top of the bubble is equibiaxial and decreases in an non-equibiaxial manner along
the arc length.

Three models were developed. The first model is based on a linear material model developed
by S. Rosset et al. [36] and on the assumption of a linear pressure versus volume characteristic
on the considered range which allows using constant hydraulic compliances. The second
one is based on the same set of linear materials equations improved for large strains, but
uses the full pressure-volume characteristic. These two linear material models assume an
homogeneous thickness over the whole membrane surface, as well as a spherical shape.

As linear material formulas fail at describing elastomers under large strain conditions such
as when using prestretch or under large inflation, a third model that includes hyperelastic
material parameters and an predicted equibiaxial stretch state at the top of the membrane was
developed. The predicted stretch at the apex is derived from experimental data of an inflated
bubble. Whereas the equations of this third model are based on observations at the bulge apex
only, a spherical shape is assumed for the computation of the volume.

6.2.1 Model 1: Simplification of the linear material model of S. Rosset et al. by a
constant value of hydraulic compliance

The modeling of microfluidic circuits commonly uses the concept of hydraulic compliance,
which corresponds to a change of volume Vol versus pressure P [162].

3 dVol
-~ dp

h (6.1)
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Figure 6.4: Inflated elastomer membrane

It reflects to the presence of compressible elements in the system, such as bubbles. For the
case of a device which is rigid except for one active and one passive membrane, it represents
their ability to change volume when submitted to a pressure difference between the liquid and
the ambient air. An expression of the pressure-volume relationship of inflated membranes
can be estimated with a linear material relation derived by Rosset et al. [36]:

8(1-0.24V)Yty 5 400apztor®  4ege, V2

P= z°+ z— z 6.2
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where v is the Poisson ratio, Y the Young’s modulus, £, the initial membrane thickness, z the
vertical deflection and r the cylindrical hole radius (figure 6.4). 0 fqp is an initial stress due to
the membrane fabrication process. €y and €, are the vacuum and relative permittivity of the
elastomer. On this figure, R, is the radius of curvature.

The volume of the spherical cap of an inflated bubble (dark green on fig. 6.3) is given by the
following relation:

b2
szgzwﬂ+%) (6.3)
Alternatively, it can be expressed in function of the radius or curvature R,:

T o
Vol = §Z (BR,—2) (6.4)

Using equations 6.2 and 6.3, one can plot the pressure-volume relationship of a pressurized
spherical cap. If it is close to be linear in the considered range, it can be reduced to a single
constant parameter: the compliance (eq. 6.1). The electrical circuit analogy of the compliance
is the capacitance, so that the total compliance of a device that has one active and one passive
membrane is computed like a combination of two series capacitances:

C C
Ch,tot _ h,lens“h,act (6.5)

Ch,lens + Ch,act
with Cp, jens the passive membrane compliance, Cj, 4 the active membrane compliance and
Ch,tor the total compliance. Under high inflation levels (close to a half sphere, as realized
experimentally), it is assumed that the value of the compliance of the active membrane does
not change with the voltage.
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The difference in pressure induced by the actuation can be found in the last term of equation
6.2. From equation 6.1, it is found that the voltage-induced change in volume can be described
by this change in pressure multiplied by the total compliance of equation 6.5:

4ege, V2
AVol = :—rz(ychm (6.6)
0

2
This is the volume pumped by the upward motion of the actuator, which is transferred to the
lens membrane.

6.2.2 Model 2: Pressure-volume characteristic of the linear material model of S.
Rosset et al. modified for large strains.

A more precise way to predict the steady state performance of tunable lenses directly uses
the pressure-volume curves of inflated membranes, without linearizing it with a constant
compliance value. A more accurate version of the linear material equation 6.2 is given in [30]:

24r? s (2 2

s1-02avy (FEaresin(EL)-1)zt0r? 45 0,2
_ . (6.7)

1-v (2% +1r2)? (22 +712)2

In this equation, the engineering strain s, is represented by the following term
AL  zZ%+712 . ( 2rz ) . 6.8)
Seng = — = arcsin| —— | - 1. .
T Ly 2zr zZ2+r?

Where AL and L are the deflection-induced change in arc length and initial arc length of the
inflated bubble. The engineering strain significantly diverges from the true strain expression
with strains larger than 10%, a value which is easily exceeded in our case. It is therefore
replaced by the true strain expression

Strue = ln(seng +1) (6.9)

which finally gives an expression of the pressure of an inflated membrane at zero volt:

2+ 2 . 2 2
b _40-024v)Y In (52 arcsin (2)) i1 , 400nztir? 6.10)
oVlin = 1—v (22 + 12)2 (Z2+12)2 .

00,1in is the in-plane stress in the non-deflected membrane due to the fabrication process and
the prestretch. If some prestretch A, is applied, the fabrication process-induced stress (in the
range of a few 10 of kPa) becomes negligible. The thickness before and after prestretch are
Ip and f; respectively. g ;5 is expressed by the following equation, with the term % that
represents the biaxial Young’s modulus.

Y
00,lin = ﬁ(ap—lhao,fab (6.11)
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Upon application of a voltage (and keeping the deformation z constant), the pressure de-
creases. The pressure under application of a voltage is therefore expressed by the following
relation:

4ege, V?

Prviin=Poviin———5—2 (6.12)
nr

Equations 6.10 and 6.12 combined with 6.3 yield the pressure-volume characteristics of the
linear material model.

6.2.3 Model 3: Pressure-volume characteristic with hyperelastic material param-
eters and predicted equibiaxial stretch state at the bubble apex.

Linear material models such as the two previous ones diverge when the elastomer is subject
to large stretches, which is the case when the inflated membranes gets closer to a half sphere
or when a prestretch is applied in the membrane. Indeed, the stress-strain characteristic of
elastomers is highly non-linear.

Prediction of the stretch state at the top of an inflated membrane and main model assump-
tions

An approach which uses hyperelastic model parameters and a prediction of the equibiaxial
stretch state at the top of the inflated membrane is proposed. The real behavior of an inflated
elastomer membrane is a very complex problem: the thickness is theoretically equal to its
un-deflected value around the clamping aperture, and is minimal on the top. Both radial and
tangential stretches are maximal on the apex and minimal on the clamp, where the tangential
one actually remains constant (equal to the prestretch value). The only place which is in
equibiaxial conditions is at the apex [160, 161, 163]. This model circumvents the problem by
using a relation of thin-walled pressure vessels derived by Adkins and Rivlin in 1952 [160], in
which one considers only what happens at the top of the inflated membrane. An empirical
parameter is determined based on datapoints of curvature and stretch at the apex which
allows predicting the stretch at that point thanks to the theoretical membrane area stretch.
This is then used to compute the pressure of the membrane thanks to the thin-walled pressure
vessel relation. The main assumptions of the model are an equibiaxial stretch and stress
state on top in unactuated and actuated state, as well as the superposition of mechanical and
electrical stresses at that point. A spherical shape assumption is used for the computation of
the cap volume using the radius of curvature at the apex.

We built a setup to characterize the mechanical parameters of elastomer membranes in
equibiaxial stretch state [63] based on Reuge et al.’s work [164]. The motivation behind it was
that most material characterization are done with uniaxial loading, and the fitting of model
coefficients on uniaxial data leads to substantial error when applied to a biaxial case. The
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setup consists in measuring the stretch and curvature radius on the top of an inflated bubble,
increasing gradually the pressure.

The critical point is now to predict the equibiaxial stretch 1* that is at the top of the membrane.
In a planar equibiaxially stretched DEA, the in-plane stretches A ;45,4 are linked to the area
stretch Agreq, pianar Dy the exact relation

Afplanar = /larea,planar (6.13)

The same approach is taken for the inflated bubble case, using an empirical parameter 8 to
link the geometric area stretch of a bubble 1,,., to the predicted equibiaxial stretch state at
the apex A*. Ager; and Ay, are the deflected and flat areas of an inflated membrane.

Adefl 3 (I‘2 + Zz)

(6.14)

Aurea -

Aflar r?
AT = Aareu'ﬁ (6.15)

The parameter g is fitted on data of curvature radius R, versus stretch measured at the apex
with our bubble inflation setup. The figure 6.5 displays the computed curves, in red without
correction (i.e. f = 1), and in green with g fitted on the datapoints. The good correspondence
of the data and the computed curve on the entire span by adjusting only the § parameter
proves the suitability of this approach.

35 T T T T
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30r o Bubble inflation setup data |
_ B=1.075
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E
IO 20 | 4
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10 ‘ ‘ ‘ ‘
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Figure 6.5: Determination of  factor to link the area stretch of the membrane to a predicted
equibiaxial stretch at the apex A*. CF19 silicone, membrane diameter 25 mm, thickness
59.3 um

110



6.2. Models for the prediction of the steady state performance of
fluidically-coupled EAP-driven tunable lenses

Relation between pressure and stretch-stress state at the bubble apex

Now that a mean to predict the stretch state at the bubble apex for any deflection of the mem-
brane has been found, the corresponding pressure must be computed. In the case considered,
the flat membrane has a thickness #; and equibiaxial prestretch A,. The membrane thickness
before prestretch is t.

The thin pressure vessel equation derived by Adkins and Rivlin links the pressure P with the
sate of the membrane at its apex, given its full equibiaxial conditions (stress o, curvature
radius R, and linear stretch 1*) The initial (flat) membrane thickness without prestretch is
Ip [160, 164]:

PR.(1*)?
o=—F—

6.16
2% (6.16)

The hyperelastic mechanical stress 0 ,.¢;, at the apex is computed using a polynomial fit on
equibiaxial stress-stretch data directly taken from [63], which best fits the material behavior.

O mech = Po+ P1AApA") + p2(ApA")? + p3 (A1 ")° (6.17)

More elaborate implementations of the effect of equibiaxial prestretch on the mechanical
stress and stretch at the inflated membrane apex have been developed [165]. The approach
adopted means that prestretch acts like shifting the mechanical operating point of the elas-
tomer. The coefficients for the CF19 silicone are pg = —4.87, p1 =9.76, p» = —6.57, p3 = 1.67,
in MPa [63]. I take eq. 6.16 and obtain the mechanical pressure for the predicted stretch state
at the apexat0V:

2100 mech
POV,hyp = m (6.18)

The index hyp stands for the third (hyperelastic) model. The electrical stress induced by a
voltage V on a DEA of thickness t is well-known:

V)2 v (A,05)2\
Oelec = —€0€r (7) = —€o€r f—o (6.19)

The superposition of mechanical and electrical stresses is a common way of treating such
problems [163]. Assuming that an identical relation is valid for our two type of stresses, it
yields the corresponding pressure with applied high voltage:

210(Omech + T elec)

PHV,hyp = Rc(/lp/l*)z (6.20)
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Figure 6.6: Pressure-volume curves of one actuator and of the lens inflated up to a half sphere
shape with the hyperelastic and linear models. CF19 silicone, #; =31 um, r4c; =1.95mm,
Tlens =3.25 mm. Nominal electric field 70 Vum™!. Legend applies for both graphs.

6.2.4 Comparison and discussion of the pressure-volume models of an inflated
bubble

The obtained pressure-volume characteristics of one actuator with and without voltage as
well as the lens are visible on figures 6.6a (without prestretch) and 6.6b (with prestretch) for
the models 2 and 3 (sections 6.2.2 and 6.2.3). For the linear material case (model 2), a Young’s
modulus of Y = 0.78 MPa has been measured in [63] on the same dataset as for the polynomial
expression of the stress used in the hyperelastic case (model 3, eq. 6.17). v = 0.5 is the Poisson
ratio for incompressible materials. The first model (that uses constant hydraulic compliances,
section 6.2.1) would correspond to a linearization of the P(Vol) curves by a straight line.

As visible on figure 6.6a, the pressure of the actuated membrane has a negative dip, which
reflects a bucking behavior not present when prestretching. On the same figure, one can
see that both models have a comparable behavior, except with applied electric field where
the linear model predicts less voltage-induced change of pressure. With the prestretching
conditions of figure 6.6b, the linear model clearly underestimates the pressure after a ratio
of vertical deflection over radius z/r = 0.7, an effect which becomes more important with
increasing prestretch.
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6.2.5 Computation of the focal length with and without applied voltage using
pressure-volume characteristics of the actuators and of the lens

In a much more elaborate way than with constant compliances, the full pressure-volume
characteristics of the lens and the actuator developed in the previous sections can be used to
find the steady state change in focal length. Two basic assumptions must be set: the volume is
conserved (i.e. the volume increase by the upward motion of the actuators will decrease the
lens volume by the same amount) and the pressure is equal between each actuator and the
lens. One also needs to measure the absolute deflection of the lens or of the actuator at 0 V to
know the starting point of the device. On the second generation of tunable lenses, the starting
inflation level can be varied experimentally as a parameter.

It is now considered that the coupled lens device has a set of N actuators which drive a single
lens (figure 6.3). Using the previous results (similar to fig. 6.6b), the volume of a single actuator
is simply multiplied by N for both actuator curves, which are now equal to N - Vol, oy and
N-Vol, gy (fig. 6.7) where the indexes a, 0V and HV stand for actuators, at zero volt and at
high voltage, respectively.

The initial pressure P, inside the device is found by knowing the initial height of the lens
(pink dashed line on fig. 6.7). The total volume Vol;,; is computed by summing the lens
volume and the actuator volume:

Volior = N-Volaov(Pstart) + Voli(Pstart) (6.21)

where the index [ stands for the lens. On the figure 6.3, Vol;,; corresponds to the dark green
volumes enclosed under the spherical caps.

Under application of an electric field across the N = 8 actuator membranes, their curve move
towards more volume for the same pressure. The characteristic that must be taken into
account now on the figure 6.7 for the actuators is the red one (with electric field). The pressure
variable P is then gradually decreased on the graph from Pg;4,; (pink dashed line) to Pssop
(green dashed line), until the sum of the volume of the lens and of the active actuators reaches
the same value Vol;,; as at zero volt:

Pstart 2 P = Pgiop (6.22)
Volgv(Pstart) = N-Volaov(Pstart) + Voli(Pstare) = Volior (6.23)
Volpgy(P) = N-Volguy(P)+Volj(P)= Vol (6.24)

Volgy (Pstop) = N-Volguv(Pstop) +V0oli(Pstop) = Volior (6.25)

This defines the final stable state of the lens, with its corresponding volume Vol; gy =
Vol;(Pstop).
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Figure 6.7: Pressure-volume curves of the lens and of 8 actuators at rest and activated using
the hyperelastic model. The second generation of devices (section 6.3.2) features a tunable
operating point, i.e. the start pressure can be chosen freely and adjusted after the device has
been sealed. Such graphs are used to compute the stable unactivated and activated points.
CF19silicone, t; =31 um, A = 1.26, rqc; =1.5mm, rjeps =2.75 mm.

The vertical deflection of the lens z is found by solving the equation 6.3, with r the lens radius:
2

0=z3(%)+z(%) ~Volyuy (6.26)

((n r +9V0ll,Hv) +3V0l1,HV)

713
zl/372 (6.27)

2.6 2
((n r +9V0ll,HV

1/2 173
) +3VOII,HV)

The radius of curvature is found using the following relation valid for a spherical cap:

r? + z°
RC =
2z

(6.28)
The focal length f in function of the voltage is finally computed using the plano-convex lens
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formula:
LIPS (6.29)
f R '

where n is the refractive index of the coupling liquid and R, is a function of the applied voltage.

6.3 Experimental results and their discussion with the models

6.3.1 Generation 1: Single-actuator tunable lens with liquid electrode

During the early phase of the project, a set of tunable lenses with a single active (DEA) and a
passive (lens) membrane coupled by a liquid were built. The fluid is conductive so that it can
be used as the bottom electrode, and the top electrode is ion-implanted on top.

For this proof-of-concept device, no particular attention was paid to optimizing the optical
properties of the devices (focal length or optical aberrations) but more on the possibility to use
this new actuator structure with liquid electrode and to have an estimation of the response
time of actuators coupled to fluids. It was studied with the model 1 (using fluidic compliances)
to predict the static displacement of the membranes.

Single actuator tunable lens device with liquid electrode

The device is a full-silicone fluidic body (Dow Corning Sylgard 184) that encloses a buried
channel with, at both ends, 3 mm diameter cylindrical openings reaching the surface (figs.
6.8 and 6.9). An un-prestretched membrane seals both holes, forming the actuator and the
tunable lens. The outer electrode of the actuator is patterned by Au ion implantation [36], and
the inner electrode is a conductive liquid. The use of liquid electrodes is not common for DEAs.
Some researchers have used encapsulated liquid metal [166], ionic liquids in gels [94] or en-
capsulated pockets of carbon grease [135]. The ionic liquid bis(trifluoromethylsulfonyl)imide
(TF,N) from iolitec* was chosen for its optical transparency, compatibility with silicones and
because it does not evaporate (sect. 4). Its high conductivity ensures that the time response is
mechanically-dominated. The ionic liquid is contacted with a copper wire embedded in the
channel sidewalls during crosslinking. The dimensions of the measured devices are given in
table 6.1. The fabrication process is described with more details in section 6.4.1.

Table 6.1: Dimensions of the devices

Device Lens and act. in- Thickness (um) Initial act. Channel dim.
plane diam. (mm) deflection zy (Lm) w/l/t (mm)

1 3 61 704 2.61/14.1/0.62

3 58 410 2.73/14.3/0.64

4wwwi.iolitec.de
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Figure 6.8: Cross-section of the tunable lens with liquid counter electrode.

Figure 6.9: Fabricated tunable lens with liquid counter electrode. The liquid has been removed
so that the channel becomes visible.

The same membrane was bonded on top of both holes, and is made of Sylgard 186 from
Dow Corning (24 Shore A hardness). The membranes were bladecasted directly on a thin
polyimide (PI) substrate without sacrificial layer. As a result, both membranes suspended
over the cylindrical holes experienced a large anisotropic stretch as the PI film was peeled
off, which results in large optical aberrations. This was solved in the second generation of
fluidically coupled tunable lenses by improving the membrane fabrication process.

The DEA operates in its basic actuation mode. The area expansion of a membrane suspended
over a hole results in upward motion, which sucks the ionic liquid up. The liquid acts not only
as electrode, but also as mechanical coupling medium, so that the actuation is transferred to
the passive (lens) membrane. As it moves down, its radius of curvature as well as focal length
increases.

The advantage of using a liquid electrode are multiple. First, it obviously creates less stiffening
than having one electrode on each side, hence more deflection for the same voltage. The
second one is related to the fabrication process. Indeed, the actuator membrane needs to
hermetically close the circular openings of the device. The best way to achieve a mechanically-
resistant and hermetic bonding when working with silicones is by using oxygen plasma activa-
tion. However, the bottom of the membrane has to be covered with an electrode contacted by
a conductive track that runs on the membrane surface. As hermetic plasma bonding is only
possible on pristine silicone, this would create a leak. By using a conductive liquid electrode,
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there is no need of patterning the backside electrode, and the problem of the electrical contact
is shifted to any accessible point of the liquid. Inserting a wire in the silicone channel sidewalls
during its polymerization easily provides a reliable and hermetic electrical connection.

Computation of the compliances

On this early study of fluidically-coupled based lenses, the model 1 (with the constant compli-
ances, section 6.2.1) was used. The parameters which have been used for the computation of
the compliances are listed in table 6.2

Table 6.2: Young’s modulus Y, pre-stress oy and compliances Cj, of the devices 1 and 2.

Y (MPa) | o¢ (kPa) | Cp, (m*s’kg!) | Cp,ror (m*s’kg™!)
lens 1.83 38.4 2.38x10714
act. 2.42 50.1 1.79x 10714

1.02 x 10714

The value of the lens and actuator compliances has been computed using Y and o( measured
with a bulge test setup described in [30] (table 6.2). Both devices are made using the same
membrane.

Steady state vertical motion

A UBM profilometer was used to record the steady state profile (initial deflection) and the
time-dependent displacement of the top of the active membrane. It consists in a laser beam
which passes through a scanning lens similar to a CD player, finds the best focus on a surface
and delivers the vertical displacement information with 0.01 pm accuracy.

Experimental results are shown together with the model 1 (equation 6.6 from which the voltage-
induced deflection Az is derived) on the figure 6.10. The initial deflections z, of the actuators
of devices 1 and 2 are of 704 um and 410 um respectively (table 6.1). The corresponding
changes in focal length are small, in the order of -2.5 % maximum for the device 2 at 3.25kV.
The tuning range in the next generation of devices was improved by adding more actuators
for a single lens, using different actuator and lens diameters, softer active membranes and by
adjusting the starting focal length.

The overall agreement between the model and the data is good. The model slightly underesti-
mates the voltage-induced deflection.

Step response

The vertical displacement of the actuator as a function of time was measured under application
of a voltage step. A function generator was connected to a Trek 609-E high voltage amplifier.
The figure 6.11 displays the rising and falling edges of the displacement. The average 0 to 90%
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Figure 6.10: Actuation-induced change in vertical deflection of the active membrane, experi-
mental data and model 1 (based on hydraulic compliances)

response time is 1.38 s, except for 1kV where it lays around 2.94 s.

Discussion of the experimental results and their agreement with the model 1

Although the agreement between the measured and modeled static displacement is very good,
the expression of the compliance is subject to discussion. Indeed, the model does not take in
account the material hyperelasticity nor the Mullins effect [76]. When stretching elastomers,
the polymer becomes permanently softer and its stress-strain curve more non-linear [63]. As
a consequence, the value of the compliance as well as the assumption that it is constant are
questionable, moreover because the membranes have been subject to much higher stresses
than the value at which they work. With this design, the chamber is filled at once and then
hermetically sealed, so that the excess volume to push the air bubbles needs to be sufficiently
large to make sure that all the air can leak out, hence drastically overstretching the membranes.
The next design will include the possibility to control the offset volume gradually once the
device is already sealed.

However, the material parameters Y and oy have been obtained on a bulge test setup which
measures the bulge height after it has been inflated once so that they reflect a membrane
softening, but not as large as the one applied to push the air out on the device. A more accurate
model using fluidic compliances would also need to be validated in the dynamic responses
with fluidic resistances and impedances.

The time response of the device is relatively slow, in the range of what can be achieved with

118



6.3. Experimental results and their discussion with the models

14
——1kV
127 —— 15KV 1
——2kV
10 —— 225KV 1
_ gl 2.5 kV |
E ——2.75kV
N 6 |
al I |
2, o
07 Il Il \ | Il Il i

0 5 10 15 20 25 30 35
Time (s)

Figure 6.11: Step response of the actuator vertical displacement, device 1. The average 0 to
90% response is 1.38 s for voltages between 1.5 and 2.75kV.

thermal actuation. No particular attention was paid on optimizing the fluidic circuit (channel
dimensions), so that a similar process with optimized design could certainly improve it by
one order of magnitude. The use of prestretch, which stiffens the elastomer membrane and
increases its resonance frequency, would also be a way to enhance the time response.

6.3.2 Generation 2: Multi-actuator tunable lens with printed electrodes and vari-
able operating point

Three years after the first generation of tunable lenses described in the previous section,
a completely new design of fluidically-coupled tunable lenses was proposed. It solves the
major weaknesses of the first generation of lenses. First, regarding optical quality, which is
directly linked to the amount of overstretching and anisotropic stretch experienced by the
lens membrane. Both of these issues were solved by using a membrane fabrication process
with a water-soluble sacrificial layer and a way to gradually increase the pressure inside the
device after it has been sealed. Secondly, the small tuning range of the device is addressed by
using multiple active membrane of different diameters than the lens. Finally, a completely re-
designed fabrication process ensures compact size, immunity to bending, tunable operating
point and integrated electrical interconnects to a PCB.

119



Chapter 6. DEA-driven fuildically-coupled tunable lenses

Multi-actuator tunable lens device with enhanced optical properties and tunable operat-
ing point

The tunable lens device with patterned electrodes has an all-PMMA fluidic body (fig. 6.12).
Compared to the first device with liquid electrode (sect. 6.3.1), it possesses the feature of
controllable offset pressure. This has two major advantages. The first one is that the focal
length at 0V can be adjusted, changing simultaneously the initial deflection of the actuator.
This latter parameter is important since the focal length span strongly depends on the initial
pressure. Secondly, having a way to tune the pressure of the device after the fluidic chamber
has been closed provides a precise control on the overpressure one needs to apply to push
the trapped air bubbles out through the silicone membranes. This is intended to avoid
any excessive stretch on the lens membrane, which may degrade its optical performance
because of local softening with the Mullins effect [76], as will be discussed later (sect. 6.3.3).
The pressure control is achieved by pressing teflon beads on suspended membranes with a
removable plate (figs. 6.12 and 6.13). Changing the number and size of the beads provides a
precise control on the operating point of the device.

The lens is formed in the same membrane like the actuators, and deflates under their pumping
action by the coupling vessels principle, which increases its focal length. Compared to the
first tunable lens with coupling chambers (sect. 6.3.1), both electrodes are made of carbon
dispersed in a soft elastomer matrix, which have a negligible stiffening impact. Less elec-
trode stiffening is produced by having two soft polymer-based electrodes rather than a single
ion-implanted one and a liquid one. The sealing of the bottom electrode track by plasma
bonding was one of the issues solved on the first generation of the lenses by using a liquid
electrode. For the new design, the fluidic body is composed of laser-cut PMMA pieces on
which oxygen plasma bonding is not possible, hence the use of a silicone adhesive sheet which
simultaneously solves the problem of hermetic sealing of the electrode track. It therefore turns
out to be better to use an electrically-insulating liquid (Sylgard 184 pre-polymer, see results
of section 4) which offers more safety regarding the risk of electrical shocks in case of device
damage or breakdown. Based on the previous results of actuation performance comparing
different silicones (section 5.3), the CF19-2186 is chosen as membrane material.

The figure 6.13 shows a photograph of the device. The electrodes of the 8 actuators are visible
in black, and are all connected to the same potential. Thanks to the rigidity of the PMMA
fluidic body, the device is immune to the change of performance that would be induced by
bending or squeezing a silicone body. Two PMMA laser-cut pressure parts are fixed with
screws and press teflon beads on passive membranes to tune the operating point of the device.
Contact between the compliant electrodes and the PCB are achieved by filling holes pre-cut in
the PMMA plates with silver varnish.
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Figure 6.13: Fabricated tunable lens with 8 actuators and 6 offset pressure holes

Experimental results of the steady state focal length change and discussion of the agree-
ment with the model 3

The focal length versus applied voltage was measured for two different devices, varying the
initial focal length by changing the size and numbers of the beads that provide the offset
pressure. The data are plotted together with the model on figures 6.14 and 6.15. The starting
point of the model curves (i.e. the initial lens deflection) was adjusted to the focal length at 0 V.
The thicknesses, prestretch and inflated membrane diameters have been measured. Table
6.3 shows the parameters of the two devices which have been characterized, and the relative
permittivity is €, = 2.5 [87].

Table 6.3: Measured dimensions of the devices

Device Le.n s in-plane Actu.ator in-plane Prestretch | Thickness (um)
diam. (mm) diam. (mm)
1 6.5 3.9 1.26 31
6.5 3.9 1.30 30

Table 6.4 details the focal length at 0V, at 3kV and its relative change for the two devices at
their two inflation levels. A maximal change of 60 % of the initial focal length was reached,
from 28.5 to 45.5 mm. The maximal nominal electric field applied was 97 Vum™!, close to the
breakdown. One can therefore consider that the maximal focal length has been reached in all
cases.
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Figure 6.14: Predicted and measured focal length versus voltage for device 1 using the model 3
(hyperelastic).

Table 6.4: Focal length tuning range

Device | foy (mm) | f3ry (mm) | relative change (%)
1 12.6 16.5 31
28.5 45.5 60
5 15.0 18.8 25
30.3 41.7 37

On all curves, the model slightly underestimates the driving voltage to achieve a given deflec-
tion. The difference is more pronounced at higher voltages. This might basically be due to
an overestimation of the electrical stress, an underestimation of the pressure of the actuators
or an overestimation of the pressure of the lens. The compliance of the pressure offset mem-
branes may also absorb part of the volume stroke produced by the actuators, although an
additional membrane has been bonded on top of them and that they are kept under tension
with the beads.

It was assumed that up to a half sphere shape, the volume of the lens cap can be approxi-
mated by a sphere that has a radius of curvature equal to the one at its apex. Reuge et al.
conducted thickness measurements on natural rubber membranes to validate the spherical
shape assumption, and observed significant deviations of relative thicknesses between theory
and assumptions, close to a factor 2 at a half sphere shape [164]. This speaks in favor of a
non-ideal spherical shape. However, their ratio between membrane diameter and thickness
of their setup is low (60 mm diameter and 2 mm thickness, 4.3 times lower than for the stud-
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Figure 6.15: Predicted and measured focal length versus voltage for device 2 using the model 3
(hyperelastic).

ied actuators) which increases non-linearities. Vaughan specifically computed the effect of
prestretch on the inflated membrane shape: it slightly flattens the profile [165], prestretching
might therefore also weaken the spherical shape assumption.

Further work should include a direct experimental validation of the pressure-volume data of
inflated membranes using bubble profiles extracted from the experimental setup [63]. Because
the S factor of the model has been fitted on a large diameter to thickness ratio membrane (fig.
6.5, 25 mm diameter and 59 um thickness, 3.2 times higher than the actuators), it is possible
that non-linear effects which result in non-spherical shape would be more present on the
tunable lens device than assumed by the model.

6.3.3 Optical characterization of the 2nd generation tunable lens device

Care was taken in the design of the second generation of tunable lens devices to have good
optical properties. An ideal lens is a portion of a sphere, and working with shape-changing
materials may rend this point critical. Geometrical aberrations are commonly described using
Zernike polynomials, by fitting a measured wavefront and comparing it with an ideal one. This
set of equations are widely used in optics. Thanks to their orthogonality on the unity circle,
each polynomial describes a specific aberration type.

A first source of aberrations may specifically be present on lenses whose focal length is tuned
by changing the in-plane diameter rather than the pressure of a clamped membrane, such
as the design of Carpi et al. (fig. 6.2b) [21] which was adopted for high-speed lenses in the
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Chapter 6. DEA-driven fuildically-coupled tunable lenses

last part of this work (section 7). Indeed, small actuation inhomogeneities of the active part
of the membrane are directly coupled to the lens and results in non-circular in-plane shape.
Important deviations from a sphere are therefore expected with such a design. With the
fluidically-coupled tunable lenses, the lens membrane is clamped on a rigid hole, hence
decoupled from the inhomogeneities of the actuator because controlled only by the liquid
pressure.

Another very important source of aberrations is linked to the Mullins effect [76]. Care must be
taken to avoid both anisotropic and excessive stretches in the membrane which will serve as
lens, first during the membrane fabrication but also during the assembly. On the contrary to
the first generation of lenses, a membrane production process with a water-soluble sacrificial
layer was used (section 3.2), so as to avoid any anisotropic stretch during the release. The use
of offset pressure holes on the device allows the lens membrane to remain stress-free during
the filling step: the excess pressure needed to push the air bubble out is then gently controlled
by a gradual offset pressure increase once the device is sealed.

The characterization of the optical aberrations was conducted at the Hans Zappe lab of the
IMTEK, Freiburg, Germany. A powerful automated Schack-Hartmann setup was used to
acquire the wavefront of the light focused by the device 1 (table 6.3) and to fit it with Zernike
polynomials. As a general rule, a Shack-Hartmann wavefront sensor setup is less sensitive
to possible local defects (such as trapped dust particles) compared to methods with a higher
spatial resolution, such as setups using a high resolution CCD (surface profiler, interferometry).
In this case, the pitch between the microlens of the array is of 300 um, and the polynomials
have been fitted on around 615 datapoints, with a 2 mm aperture.

Generally speaking, for such membrane-based lenses, Zernike coefficients below 0.1 pm can
be considered as good. Fuh et al. fitted zernike coefficients on their pressure-inflated tunable
lens [167]. It is 1 mm in diameter, and the membrane of the lens is made from a commercial
PVC stretch film to ensure best optical quality. Except a very large de-focus, their values are
below 0.1 um. Werber ef al. measured a maximal aberration of 0.12 ym on their membrane-
based silicone lens [168].

The results of 6 Zernike coefficients are presented on figure 6.16. The first Zernike coefficient
(piston) contains no information about the aberrations. The second and third coefficients (X
and Y tilt) were not considered either, since they represent the flatness at which the lens is
placed on the setup stage. Whereas the magnitude of the defocus of the tunable lens is very
good (far below 0.05 pm except one single value) it has noticeable astigmatism, in the range
of —0.1 and —0.15 pm for the two first inflation levels and up to —0.3 um for the unbalanced
case of the highest inflation level (fig. 6.16¢). The distribution of the values between the 0° and
the 45° astigmatism is indeed orientation-dependent, turning the device on the setup would
therefore results in more balanced coefficients between them. Moreover, the position of the
lens had to be changed between the three sets of measurements to adjust the offset pressure,
so that they cannot be compared individually between the three figures. The magnitude of X
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and Y coma coefficients is in the range of 0.05 um, with an exception for the X coma of figure
6.16b where it exceeds 0.1 um. The spherical aberration is overall good, in the range of 0.5 pm
or below, and seems to be very dependent on the initial inflation level but less on the voltage.
Another straightforward but rough way to quantify the overall lens aberrations is to extract the
peak to valley (i.e. the maximal span between any coefficients), which can be interpreted as
the maximal wavefront error [168, 169]. In this case, this would lead to a relatively average lens
quality since non-negligible aberrations are present both in positive and negative values.

The interpretation of the evolution of the Zernike aberration coefficients is obvious: more
membrane deflection leads to more aberrations. This is visible both for actuation (higher
voltage means less inflation) and for the initial lens deflection (offset pressure). This tendency
has also been observed in other works [168, 169]. A refractive index mismatch between the
liquid and the silicone membrane might play a small role: the refractive indexes have been
measured at 1.452+0.013 by optical transmission interference for the membrane and 1.41
by a refractometer for the Sylgard 184 silicone pre-polymer. The presence of non-negligible
aberrations such as astigmatism is most likely linked to the membrane homogeneity, both
in local thickness and in local stretch history. Local defects (trapped dust) could also lead
to fitting of large aberrations, although this has not been investigated experimentally on
our device. This could be improved by working in a cleanroom environment. One could
think of two ways improving the local stretch history. First, not using any prestretch on the
lens membrane could reduce the aberrations which would be enhanced by the prestretch.
Second, over-prestretching the membrane and relaxing it afterwards before printing the
electrodes could level up all prestretch history of the membrane. However, looking at the
experimental evidence that more inflation induces more aberrations, the first solution seems
more reasonable. Membrane-based tunable lenses with high optical quality could also benefit
from the ongoing development of silicone membrane fabrication by industrial processes.
One of the limitations that will however remain with such devices is the membrane thickness
(and stretch state) inhomogeneity due to the clamped conditions at the membrane periphery,
which can be potentially solved by molding inhomogeneous membranes [170].
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(c) Initial lens vertical deflection 1.19 mm

Figure 6.16: First Zernike coefficients in function of the voltage at three filling levels. Except
noticeable astigmatism whose balance between the 0 and 45° values depend on the orientation
of the chip, the overall values in the range or below 0.1 um indicate a good lens quality. More
inflation of the lens (larger initial deflection and lower voltages) increases the aberrations.
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6.4 Fabrication

6.4.1 Single-actuator tunable lens with liquid electrode

The tunable lens with liquid electrode was made using a molded silicone body with the Sylgard
184 from Dow Corning (50 Shore A hardness). The first fabrication step consists in cutting
stripes in stacked adhesive tape layers and glue them on a glass slide, which will form the
channel mold (fig. 6.17a). Since mm-size cross-sectional channel dimensions are targeted
to keep a low fluidic resistance, this method provides a fast, flexible and efficient way of
manufacturing. A copper wire is plugged into the channel stacked layers, and suspended
up to the side of the glass slide. A rigid silicone (Dow Corning Sylgard 184) is then molded
on top (fig. 6.17b). Once it is cured, the fluidic body is released from the glass slide and
cut on its sides. The copper wire which has been embedded inside the sidewall while it was
molded provides a reliable and hermetic electrical connection. Two holes are punched on the
fluidic body, using Harris Uni-Core punchers (fig. 6.17d). This fluidic body as well as the top
membrane are activated in an oxygen plasma and bonded together (fig. 6.17e). The membrane
is composed of a bladecasted Sylgard 186 silicone mixed with 47% weight isooctane to lower
its viscosity. It is casted directly on a polyimide (PI) sheet, without using a sacrificial layer. No
prestretch is applied on the membrane. Once the bonding is achieved, the PI film is peeled
off from the membrane (fig. 6.17f). This step is critical regarding optical quality because of
the anisotropic stretch history of the membrane. The device is then placed in a custom-made
Filtered Cathodic Vacuum Arc (FCVA) vacuum chamber [30] to implant a compliant electrode
on top of the active membrane (fig. 6.17g). The device is then plasma-activated together with a
Sylgard 184 silicone closing plate (fig. 6.17h). Both are bonded together and once the bonding
is achieved, the device is filled with ionic liquid (fig. 6.17i). One syringe is used to push the
liquid inside while the other one allows sucking the air out of the closed chamber. An excess
pressure is kept to allow the trapped air bubbles to leak through the gas-permeable silicone
membranes. As a last step, a small amount of room temperature-curing silicone is applied on
the sidewalls of the device to close the small holes made by the syringes (fig. 6.17j).

127



Chapter 6. DEA-driven fuildically-coupled tunable lenses

Supports for the 3 stacked stripes of thick -
suspended copper wire adhesive tape S184 silicone

Copper
wire

[
(a) Preparation of the channel mold with stacked (b) Molding of Sylgard 184 silicone on top of the chan-

stripes of adhesive tape. A suspended copper wire is nel.
inserted in the channel.

L———_L—;—-

(c) Unmolding and cutting around the channel. The (d) Punching of the 3 mm diam. holes for the actuator
copper wire provides a hermetic electrical connexion and the lens.
inside the channel.

Glass slide

Pl film S186 membrane

Oxygen plasma
- - -

(e) Bonding of a Sylgard 186 membrane on top of the flu- (f) Release of the PI film which supports the mem-
idic body. brane.

Oxygen plasma

, Auimplanted [ sisasicon]
compliant electrode

(g) Patterning of an Au-implanted compliant elec- (h) Bonding the fluidic body with a Sylgard 184 clos-
trode on the membrane of the actuator. ing plate.

lonic liquid
e W A

*’
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Figure 6.17: Fabrication process of the single actuator fluidically-coupled tunable lens with
liquid electrode.
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6.4.2 Multi-actuator tunable lens with printed electrodes and variable operating
point

The body of the tunable lens with patterned electrodes is composed of laser-cut PMMA plates
(fig. 6.18). The fabrication process is illustrated on figure 6.19. As a first step, compliant
electrodes are patterned on both sides of a prestretched membrane by indirect stamping
(pad printing, fig. 6.19a) A silicone adhesive layer (ARclear 8932EE 5 is applied on PMMA
plates and on a transparent PET sheet. They are laser-cut with a Speedy 300 system, and
form the elements of the tunable lens body (fig. 6.18 and 6.19b). In the next setp, the top
plate with holes, the channel plate and the PET sheet are fixed together thanks to the silicone
adhesive. Metallic threaded inserts are pressed inside the assembled body from the back
(fig. 6.19¢c). Compared to threading the PMMA assembly, they offer more durability when
screwing and unscrewing the offset pressure parts. The next fabrication step involves gluing
the silicone membrane in the same manner (fig. 6.19d). To avoid any dust to stick on the
membrane, the lens part is protected by foils on both sides up to that step, where it should
be removed on one side to allow gluing. The protective foil on the other part of the lens is
kept until the last step, when the device is pressurized. Additional membranes are bonded
using plasma O2 activation on the offset pressure holes (but not on the lens), to stiffen them
and to enhance their mechanical robustness (not drawn on the process flow). Tear-resistance
is desired because the beads will press mechanically on them, and stiffness so that they do
not absorb the actuation volume being too compliant. The device is flipped and the fluidic
channels are filled with a silicone prepolymer (Dow Corning Sylgard 184) using a pressurized
dispenser (fig. 6.19e). The liquid is transparent and has a refractive index very close to the one
of the membrane. Moreover, it does not penetrate into silicone membranes nor evaporate
(sect. 4). Closing the device will inevitably leaves some trapped air pockets. This dead volume
should be minimized, because a corresponding offset volume should be applied later on to
push the air out. As the open surface is large, a PET sheet with smaller apertures on top was
glued before on the back, which allows a more efficient filling. Spilling of prepolymer liquid
on the PET film can be wiped with solvents. Finally, the bottom closing plate is fixed on the
back to seal the liquid cavity. This PMMA part was also coated with the ARclear adhesive film,
except under the lens hole to ensure an optimal transparency (fig. 6.19f). Hence, the closing
plate and its adhesive film were cut separately. Beads are progressively inserted between
the removable offset pressure pushing parts and the suspended membranes (fig. 6.19g) to
provide a pressure offset able to push the trapped air pockets out of the device across the
gas-permeable silicone membranes. If no bead is applied in a hole, a 0.2 mm thick S184 sheet
covers its membrane to prevent them being pinched between the pressure pushing part and
the fluidic body. Finally, a PCB is glued on the side and silver varnish is used to connect it to
the conductive tracks which extend from the compliant electrode (fig. 6.19h). 1 mm holes
were pre-cut in the PMMA plates so that one only has to fill these channel with silver varnish
to provide a clean and reliable electrical connection. The operating point of the device can be
adjusted by changing the number and size of the beads.

Shttp://www.adhesivesresearch.com
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Figure 6.18: The body of the tunable lens is composed of 3 laser-cut PMMA plates assembled
together with a silicone glue film, and of 2 PMMA removable offset pushing parts held by
screws. The PDMS membrane is glued on top of the top plate.
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6.5 Conclusions and outlooks

Two types of membrane-based tunable lenses were built. Both devices operate by changing
the pressure of an encapsulated liquid using a DEA made in the same silicone membrane as
the lens. The motion of the active(s) membrane(s) are fluidically-coupled to a passive one
which acts as a lens.

Static performance of fluidically-coupled tunable lenses has been integrated in three model
iterations. The most advanced model includes material hyperelasticity and membrane pre-
stretch to predict the pressure-volume relationship of inflated clamped membranes with and
without actuation.

6.5.1 First generation of tunable lenses

The first type of tunable lens uses an ionic liquid as counter-electrode, mechanical coupling
agent and optical medium. The static displacement of the device was accurately predicted by
a simple approach based on the fluidic compliance and a buckling actuator model with linear
material properties [36]. This is the first time that a DEA using an ionic liquid as electrode was
built. This opens new design concepts that move away from the traditional actuator structures.
Using liquid electrodes indeed minimizes their stiffening impact and offers new freedoms
in the fabrication processes regarding electrical interconnects (contact at any point where
the liquid flows) and patterning (electrode shape precisely defined by the fluidic structure). 0
to 90% response times in the order of 1.4 s have been measured. Although not investigated
specifically, the devices that have been studied survived for 10 to 20 thousand cycles before
breakdown under various high electric field excitation schemes, and with no evidence that
the breakdown should be specifically attributed to the use of a liquid electrode. It proves
the suitability of using ionic liquids as reliable compliant electrodes for silicone DEAs. Other
outcomes of this work include the development of a ultrafast prototyping method for making
microfluidic channels by stacked layers of structured adhesive tape.

6.5.2 Second generation of tunable lenses

A set of weaknesses of the first generation of the devices has been addressed in the second
one. The number of actuators has been increased to obtain more tuning range. Eight DEAs
pump the liquid of a single lens, which enabled tuning range of up to 60% of the initial focal
length. The modeled and measured focal length match closely. The lens is made in a compact
all-PMMA laser cut fluidic body. Thanks to the rigidity of PMMA, the device does not bend,
which changes the lens shape of rigid silicone-based devices. Nonetheless, optical quality
has been enhanced by avoiding any anisotropic stretch in the membrane, which results in
direction-dependent stiffness and optical aberrations. This has been done both by using a new
membrane fabrication process with a water-soluble sacrificial layer and by a way to control
the pressure in the device after it has been sealed to gradually push the trapped air bubbles
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through the membrane. This latter feature of tunable operating point also enables to change
the starting focal length of the lens. A characterization of the optical aberrations of the lens
under three initial filling levels and nine actuation voltages indeed confirms a good optical
quality and a trend of smaller aberrations with less membrane deflection.

This device has a very broad optimization field ahead, for instance by changing the number,
size or shape of the actuators, membrane thickness and prestretch, or building arrays of lenses.
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If tunable lens devices have large focal length tuning ranges, their time response is surpris-
ingly slow, regardless of technologies. DEAs can be generally considered as actuators with
slow responses, mainly because of the softness and viscous damping of elastomer materials.
However, thanks to a very efficient structure published by other researchers in 2011 and an
optimized combination of materials and fabrication process, a DEA-powered tunable lens
with the fastest response ever reported was built and characterized.

The introduction and state of the art of section 7.1 (Introduction and state-of-the-art) follows
two other ones, the first about the dynamic performance of DEAs (section 3.4) and the second
one about tunable lenses (section 6.1). It focuses on the responses time of tunable lenses with
integrated actuators, with a sub-section dedicated to DEA-driven tunable lenses.

Section 7.2 (High-speed full-silicone tunable lens device) describes the fabricated device
and presents a theoretical estimation of the in-plane resonance frequency of the lens.

Section 7.3 (Steady state focal length) first links the focal length measured optically with the
one deduced from 3D profiling and the thin lens formula. The steady state change in focal
length is then measured and discussed for four devices with different inflation levels.

Section 7.4 (Time responses to a step input) describes the measurement procedure of the
electrical, mechanical and optical responses to a voltage step input. The electrical response
integrates a measured current, the mechanical responses uses a high-speed camera to track
the displacement of the electrode edge and the optical response records the light intensity
with a high-speed photodiode. The results provide a detailed insight in the operation of the
device. The displacement of the top of the lens under a step excitation is also recorded and
discussed.

To complete the dynamic characterization, the amplitude and phase of the optical response
under large signal excitation was measured, as presented in section 7.5 (Frequency response).

The fabrication process of the lens is described in section 7.6 (Fabrication process).
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Conclusions on the main results obtained with the high-speed lens are summarized and
discussed in section 7.7 (Conclusions), which also includes a discussion about the use of
DEAs for fast response applications.

This chapter is about to be submitted for publication as a RSC Soft Matter full paper.

7.1 Introduction and state-of-the-art

A review and state of the art concerning the dynamic performance of DEAs has been presented
in section 3.4. The predominant importance of the viscous component of the elastomer
material has been highlighted, as well as the tradeoff between hardness and response time for
silicones, which are probably the first choice elastomer type for fast response applications. The
essential influence of the electrodes was discussed based on Rosset et al.’s 2012 publication [35].
Finally, a state of the art on the use of DEAs for fast response applications was presented.
Section 6.1 contained a state of the art about tunable lenses. Following these two introductions,
the dynamic performance of tunable lenses with integrated actuators is reviewed hereafter,
and compared with DEA-powered ones.

7.1.1 Response time of tunable lenses with integrated actuator

Tunable lenses with fast (us to ms) responses are desired for many applications, such as fast
autofocus, quasi-simultaneous imaging at different focal planes [171], laser focusing [172] or
light sheet microscopy [173]. Unfortunately, the values for lens tuning speed reported in the
literature are often inconsistently documented. The choice of the time constant used does not
directly reflect the actual device behavior, for instance, the use of the 63% asymptotic value
should only be used if the response characteristic is clearly exponential. Moreover, in most of
the literature consulted, the definition of the measured time constant is not given. The broadly
applicable values of time to 90% or the even more robust settling time should be preferred
since they give a clear insight on the useful performance of the device: the time to reach a
stable focus.

The fastest tunable lens reported so far is the commercially available tunable acoustic gradient
(TAG) lens [174] !, with sub-us focus change. It modulates the density of a liquid and hence its
refractive index with a mechanical wave, creating a time-modulated gradient index (GRIN)
lens. When imaging with a constant light source, the focus is permanently changing. In order
to have a stable focal length, one needs to synchronize a pulsed illumination or acquisition
frame rate with the driving signal, reducing the exposure time compared to a fixed focal length
device.

Ren et al. measured 200 ps response time on an array of 450 pm diameter nanosized polymer-
dispersed liquid crystal droplets lenses [175], while the vast majority of other liquid crystal

1Www.tag—optics.com
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lenses respond in 1 s range [150]. The fastest electrowetting lenses change in the range of 10
ms [176]. Among commercially available systems other than TAG, Varioptic’s electrowetting
lenses have time to focus of 20 ms 2, and the specs of the EL-10-30 electromechanically
actuated lens from Optotune has 2.5ms 10 to 90 % response time 3. Nevertheless, accurate
comparisons should always take into account size, as it naturally plays an important role in
limiting response speed, with larger lenses taking longer to reach a stable configuration than
very small ones.

DEA-controlled tunable lenses

Tunable lenses using liquid coupling such as those presented in section 6 are not optimal
structures for achieving fast responses. Indeed, the liquid has to be pushed in channels, whose
hydraulic impedance cannot be neglected.

In 2011, Carpi et al. reported a bioinspired lens consisting of a liquid encapsulated between
two elastomeric membranes, where the focal length of the lens is tuned not by changing
the inflation level but modifying the lens shape with an in-plane force generated by a DEA
integrated in the same membranes as the ones which enclose the soft lens liquid (figure
7.1) [21]. Compared to the coupled chamber devices, this design is extremely efficient to
transfer the actuation work into a change of focal length. The lens is surrounded by an
annulus-shaped DEA, consisting of an annular elastomeric membrane sandwiched between
two compliant electrodes. The actuator works in the basic in-plane mode: as the electrodes are
electrically charged by an applied voltage, the electrostatic attraction between the electrodes
compresses the membrane, which reduces in thickness and expands in area thanks to its
volume incompressibility. The resulting in-plane force compresses the soft lens, which thus
changes its curvature and focal length. In their work, Carpi ef al. used an acrylic elastomer
film (VHB 4905 from 3M, USA) and carbon grease electrodes, reporting a focal length variation
of -26.4%, close to that of the human crystalline lens (-29.1%). Detailed computations of the
steady state performance of this design have been recently published [177].

Shian et al. recently took advantage of transparent electrode materials to place the actuation
membrane on the optical axis and built compact tunable lenses [106, 109]. DEAs made of
the 3M VHB acrylic elastomer are renowned for their high electromechanical transduction
performance and are convenient for rapid prototyping (membranes are commercially avail-
able as thin films, sticky film eases encapsulating the liquid), but that material is also known
to have a high viscous component, such that creep limits the response speed, owing to a
slow response and a drift in position. For instance, Carpi et al. reported a response to a step
stimulus with a time constant of 60 ms [21], while Shian et al. reported a response time (90%
of final value) of 25 ms [106,109]. Wei’s lens with an annulus-shape VHB actuator has response
times ranging from 0.65s to some 20 ms which strongly depend on the actuation voltage,

2
3

www.varioptic.com
www.optotune.com
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A)

Figure 7.1: A) Schematic cross-section of the tunable lens. As a voltage is applied across the
membrane, it contracts the lens with an in-plane force, changing its focal length. B) Picture
showing the lateral dimensions of the tunable lens clamped between two PCB frames. C) The
resilience of the actuator is shown by an extreme deformation of the lens over a needle head.
D) Flexible version of the lens revealing a green Lego creature hidden behind.

without specification on the measurement method nor giving a time constant definition [158].
All these three papers do not comment on the large additional creep commonly observed on
VHB-based devices, which tends to keep on changing the focal length on timescales as long as
one minute, and makes the practical use of such lenses more challenging. Acrylic-based DEAs
are limited to actuation frequencies lower than some 10’s of Hz and do not provide a stable
focus over seconds or minutes, unless complex closed-loop control is used [95].
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7.2. High-speed full-silicone tunable lens device

In the frame of a Short Term Scientific Mission (STSM), the LMTS hosted Michele Ghilardji,
an exchange MSc student from the Research Center E.Piaggio in Pisa (Italy). The goal of
the project was to adapt of a lens design of Carpi et al. [21] to a device based on silicone
elastomers. Thanks to a novel semi-automated fabrication process, we aimed at producing
precise, compact and reliable devices with comparable steady stated and enhanced dynamic
performance compared to VHB. This STSM was reconducted twice, in 2013 and 2014, in order
to fabricate enough device and gather characterization data. M. Ghilardi was mostly involved
in the fabrication of the device and of the steady state focal length measurement setup, and
produced a large set of devices thanks to his good experimental skills.

The silicone lens described here does not need any feedback control to hold a fixed position
and has the shortest response time ever reported in the literature for a non-modulated focus
among all different technologies. The issue of using carbon grease electrodes is also addressed,
which set numerous problems in terms of reliability and manufacturability as well as affect
the speed of the device [35].

7.2 High-speed full-silicone tunable lens device

As visible on fig. 7.1A, the device is composed of a PCB frame, an annulus-shape DEA, and
a tunable lens in the center. The tunable lens is made of a transparent liquid encapsulated
between two silicone membranes. The liquid is the silicone Sylgard 184 unpolymerized base,
which does not penetrate into the membranes, does not evaporate, and has the same refractive
index as the membranes (section 4). The two silicone membranes also act as active material
around the lens: they are sandwiched by two compliant electrodes composed of carbon black
dispersed in a soft silicone matrix. As a high electric field is applied across the electrodes, the
silicone membranes compress in thickness, which results in in-plane expansion that reduce
the lens diameter and decreases its focal length. The in-plane expansion of the electrodes
would result in buckling (loss of tension) if the membranes were not pre-stretched before
fixing them on the frame. This pre-stretch also avoids the pull-in instability [26], but it should
be chosen low enough to limit the membrane stiffening. Each membrane was equibiaxially
prestretched by a factor 1.2, leading to a final actuator thickness of 2x18 pm at electrical rest.
The PCB frames serve as mechanical holders to keep the pre-stretch and provide the electrical
interconnects.

Many silicone elastomers are commercially available, with Young moduli varying over several
orders of magnitude. For this device, both a large displacement and a low viscous component
are needed. As explained earlier, stiffer silicones tend to have a lower viscous component, and
their resistance to deformation is somehow compensated by larger breakdown strengths, at
the cost of higher driving voltages. I therefore chose the Nusil CF19-2186 (shore A 25).
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Tunable lens

Colloidal liquid

Figure 7.2: The tunable lens focuses a collimated laser beam into a colloidal liquid

7.2.1 Theoretical estimation of the lens resonance frequency

In order to estimate the in-plane resonance frequency of our tunable lens, I use the standard
relation for a mass-spring system (eq. 7.1), with m* the effective mass and k the spring
constant. The viscous component of the elastomer is neglected.

k

m*

2nf =

(7.1)

Since the mass of the lens is 1 order of magnitude smaller than the one of the membrane,
it is neglected. The reason for using an effective mass is because not all parts of the device
move in the same way: on its periphery (7,,,x = 10 mm) and on its center the membrane is
motionless, and its maximal displacement is assumed to be at the electrode border ;. = 2.5
mm. A weighting function a(r) is therefore used (eq. 7.2) and integrated along the radius of
the device (eq. 7.3).

L f
or 0<r<Treec
a(r) = r*‘;” . (7.2)
—m fOr  Telec < T < Fmax

Tmax—Telec

rma}c
m* = pf 2rntra(r)-dr (7.3)
0

The effective mass is found to be m* =4.58 x 1075 kg, with p = 1 x 103 kg m~3 the density and
t =35 um the thickness.

The in-plane spring constant is derived from the Yeoh hyperelastic model of the CF19, fitted on
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an uniaxial pulltest. Its coefficients are C; =0.128 MPa, C, =4.76 kPa, C3 = 0. The equibiaxial
in-plane stress o1 is given by the equation 7.5:

1
L = 2A2+F (7.4)
o1 = 2(/12—%)((11—3)'(3C3(11—3)+2C2)+C1) (7.5)

The force is obtained by multiplying the stress with the lateral area of the membrane (eq. 7.6):

F=2mr’t (7.6)

The spring constant is computed by derivation of the force by the in-plane diameter D = 2r
and a value of k =3.31 x 103 N m~! is obtained at D =20 mm, which corresponds to the applied
prestretch of 1.2 by choosing corresponding initial membrane dimensions (eq. 7.7).

= dF(D)

(7.7)
dD |p=20mm

Inserting these results in eq. 7.1 yields f =4.3 kHz.

7.3 Steady state focal length

7.3.1 Lens focal length when DEA is not actuated

The focal length was measured by shining collimated light through the tunable lens, and
moving a screen on which the number of pixels of the spot size was counted by image pro-
cessing to determine the focal point. The setup consisted of a 633 nm laser beam attenuated
with cross-polarizers, which passed through a beam expander and a diaphragm before being
focused by the tunable lens. The imaging screen and a 5 Megapixel nEye camera with a 3.3x
macro objective were mounted together on a micrometer stand.

One can compare the optically-measured focal length of our lenses with the one computed
with the thin lens formula (eq. 7.8), where n is the refractive index and R;,, and Ry, are the
top and bottom radii of curvature, respectively. The sign of R;,; is negative by convention.
The thin lens formula applies since a very small amount of liquid is sufficient to obtain a focal
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length in the range of 10’s of mm, thanks to the biconvex shape.

l—(n—n( P! ) (7.8)
f Rtop Rpot .

In order to compare the theoretical focal length estimated from this equation with our exper-
imental values, the 3D topology of both sides of a lens was measured with a Wyko NT1100
white light interferometer, fitting the cross-section profiles with circles and extracting the
top and bottom radii of curvature of R, = 26.09 and Rp,, =—20.90 mm. Furthermore, the
refractive index of the encapsulated fluid was measured with an AR7 refractometer and was
found to be 1.41. The computed focal length is 28.30 mm, and the optically measured one
29.34 mm.

Besides the good agreement between theoretical and experimental values, one can notice
that the ‘bottom’ membrane of the lens (i.e. the one which has been over-stretched by an
underlying low pressure to create a cavity and fill it with the fluid, sect. 7.6) presented a smaller
radius of curvature. This reflects a membrane softening, due to the Mullins effect [76]. Care
must also be taken on prior steps during membrane handling to avoid anisotropic stretch, as
this would lead to anisotropic membrane stiffness and therefore in optical aberrations. This
was addressed by using a sacrificial layer during the membrane fabrication process and by
molding a spherical cavity in the chuck (fig. 7.11d).

7.3.2 Focal length tuning range

A purely geometrical study of the lens showed that an equal reduction of the diameter of
the lens from dorr to don results in a larger change of focal length if the initial radius of
curvature is larger. In other words, filling the lens with a smaller amount of liquid offers a
broader absolute tuning range. This is clearly visible in figure 7.3, which presents the focal
length dependence on the applied voltage for different filling levels. The device with an initial
focal length of 19.4 mm exhibited a span of about 5.4 mm, while the device with an initial
focal length of 10.2 mm exhibited 2.2 mm span. The relative changes of the focal length range
between —28 % and —14 %.

A tunable lens was mounted directly in front of a CCD camera without objective in order to
demonstrate the use of the lens as an autofocus. The tunable lens is the only lens used to
focus the image on the CCD. The focal plane is switched between three objects located at
80 mm, 20 cm and 3 m, equivalent to infinity (figures 7.4 and 7.5). The figure 7.6 shows the
approximate focus distance of the setup. A large diaphragm (4 mm for a 5 mm diameter lens)
was used to favor a narrow depth of focus versus image sharpness.
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Figure 7.4: Setup for switching the autofocus of a CCD camera between 3 objects

7.4 Time responses to a step input

To provide an in-depth understanding of the response of the lens, three different response
times were characterized: electrical (electrode loading time), mechanical (in-plane motion of
the electrode) and optical (time for the focal length to stabilize).

7.4.1 Electrical response

The electrical response is affected by two elements: the ability of the high voltage supply to
deliver the high voltage on the load (it has a finite slew rate) and the R-C charging time of the
device, which is a R-C-R series circuit. A large bandwidth high-voltage amplifier (Trek 609E-6)
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(a) Voltage OFE focus to infinity. (b) 2.5 kV, focus at 20 cm

(¢) 3.5 kV, focus at 80 mm

Figure 7.5: Changing the focal plane of a CCD camera with the tunable lens. The lens is the
only optical element used for imaging on the CCD.
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Figure 7.6: Distance of focus versus applied voltage of the setup

was used. It provides a monitoring of the output current. From the capacitance equation, it is
known that the voltage on the electrodes V.4, is proportional to the integral of the current ()
(eq. 7.9).

Veap (1) fi(t)dt (7.9)

The driving current signal was acquired from the high voltage amplifier with a triggered
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Tektronix oscilloscope, and a numerical integration is performed on the data to obtain the
loading voltage of the capacitance of the device.

7.4.2 Mechanical response

Compared to the electrical response, the in-plane motion of the electrodes reflects the ability
of the actuator to transduce the electric field into mechanical displacement. The in-plane
motion of the electrode border around the lens was imaged with a high-speed camera. The
camera model is Phantom V210 from Vision Research. It was mounted on a microscope with
a 20x objective and triggered by the function generator. The video resolution was selected
at 32x160 pixels, which enables a frame rate of 125 kHz. A black and white threshold was
performed and the displacement is converted from pixels to mm using a calibration ruler.

7.4.3 Optical response

The method used for recording the optical response consists in measuring the optical power
density after being focused by the lens using a fixed pinhole and a photodiode [155]. As the
focus changes, the amount of light that passes through the pinhole varies, which gives a direct
representation of the focal length change. The setup is composed of a 633 nm laser followed
by a beam expander, a diaphragm and the tunable lens. The pinhole is placed slightly before
the focal point at electrical rest, and a band-pass filter cuts off the light noise. The photodiode
is a ThorLabs PDA100A with 78 kHz bandwidth, and its signal is recorded with a triggered
oscilloscope.

7.4.4 Results and discussion

The figure 7.7 plots the three measured time responses. The electrode voltage reaches 90% of
its end value 124 ps after the trigger. The electrode displacement rising edge has a delay in the
range of 50 s to the electrode voltage. The settling time for the optical signal to reach +10% of
its value at 800 us is 172 us, the best response of a tunable lens reported so far. Compared to
the acrylic-based lens of comparable dimensions reported in [21], this result shows that the
use of silicone elastomers and pm-thick printed electrodes allowed for an improvement of 3
orders of magnitude .

The mechanical response time can be affected by two elements: the viscoelastic properties of
the electrode-elastomer-electrode stack, and the damping induced by the lens. To determine
the contribution of the lens to the damping, an identical device was fabricated, but without
filling the lens cavity with any liquid. The result is straightforward: the rising edges of both
devices coincide perfectly, with a larger steady-state value for the device without liquid. This
indicates that the lens plays a negligible role in the response of the device response, which
is not obvious since one could expect the high viscosity contribution of the liquid to the
damping to dominate over the viscous component of the membrane. However, the mass of
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Figure 7.7: Electrical, mechanical and optical time responses of the lens to a step input.
Nominal electric field 90 Vum™'. The 0 to 90% optical response time is 172 us

the encapsulated liquid is one order of magnitude smaller than the one of the membrane.
Moreover, the theoretical amount of liquid to be displaced to change a focal length is also
one order of magnitude smaller than the lens volume: the lens design is extremely efficient to
provide a fast change of focus.

The optical response is close to a critically damped case, with a positive overshoot of 4.6% and
a negative overshoot of —6.5%. The delay between the electrode edge motion and the change
in focal length can be interpreted as the time for the wave induced at the periphery of the lens
to propagate on the membrane surfaces, as was observed from the side with the high speed
camera (fig.7.9). The small negative dip at 100 us as well as the two oscillations around the
steady state value are most likely due to the same phenomenon: the lens surface oscillates like
a wave before reaching its spherical shape.

7.4.5 Out-of-plane vibration of the membrane

The displacement of the top of the lens was measured with a Laser Doppler Vibrometer.
The setup used to record the out-of-plane displacement of the top of the lens is a PSA-400
model from Polytec. The velocity signal is integrated with a displacement decoder to provide
the vertical displacement. The observed damped oscillations are visible on figure 7.8, and
represent the out-of-plane vibration of the membrane, which oscillates like a drum after the
step excitation. This was confirmed by filming devices from the side with a high speed camera
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at 63 kfps and comparing the oscillation frequencies (fig.7.9). They range from 325 Hz at
23Vum™! to 111 Hz at 95Vum™!, and their amplitude decays within fractions of a second.
How will this affect the time response of the focal length change? Even if the amplitude of the
vibration compared to the displacement step height looks non-negligible, it remains only a
few 10’s of um, 2 orders of magnitude smaller than the focal length change. The focal length
tuning is therefore unaffected by this ringing. Unlike VHB-based actuators, the second-range
creep is negligible (see 91 Vum™! response).
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Figure 7.8: Out-of-plane displacement of the top membrane of the lens. A vibration amplitude
of 100 pm is 2 orders of magnitude smaller than the focal length, and this oscillation is therefore
invisible optically.

Figure 7.9: Tunable lens filmed from the side with the high-speed camera (available in the
supplemental materials).

7.5 Frequency response

The frequency response of the optical signal of the lens was measured with a large-signal
excitation, using the same setup as for the time response. The voltage applied is an sinus with
offset of the form V' (#) = 750 + 750 sin(w?) V, between 10 and 20 kHz. The setup consists in an
Agilent 33220A frequency generator and a Stanford Research SR830 lock-in amplifier, both
controlled with Labview. The frequency generator is connected to a Trek 609E-6 high voltage
amplifier, which drives the lens with a sinusoidal signal with offset. The gain and phase of the
amplifier with a load was measured in the same conditions to assess that the bandwidth of the
high voltage amplifier was not affecting the measurement.
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Figure 7.10: Amplitude and phase of the lens’ optical response in frequency.

7.5.1 Results and discussion
The amplitude and phase of the optical signal are displayed on figure 7.10.

The resonance frequency peak lays around 4.7 kHz, close to the estimated value of 4.3 kHz,
with a gain higher than 3. The phase angle smaller than —90° on the resonance may reflect the
100 ps delay between the trigger and the focal length change onset. The —3 dB bandwidth is
7.4kHz, with a nearly flat response up to 2 kHz, which shows that our device can be driven
with an arbitrary signal of this bandwidth. Measurements of frequency response of standard
devices made with different electrode types shown that that the small decay is due to the
losses in the soft PDMS-carbon electrodes.

7.6 Fabrication process
The fabrication process is summarized in figure 7.11.

The silicone membranes are fabricated using a blade casting process, as described previously
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Figure 7.11: Fabrication process

(section 3.2). A water-soluble sacrificial layer is used to release the membrane without stretch-
ing it. A Speedy 300 laser cutting system # was used to cut the membranes, which were then
prestretched equibiaxially using a custom stretcher with 8 movable fingers. The prestretch
was computed by measuring the thickness of the membrane before and after prestretch by
white light spectrometry. The compliant electrodes are printed using an indirect stamping
technique (pad printing) (fig. 7.11a). The ink consisted of carbon particles dispersed in a

4www.troteclaser.com
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soft silicone matrix in a 1:10 mass ratio, whose polymerization produced well-defined elec-
trodes with a homogeneous thickness in the range of 1 um. Its stiffening impact was measured
to be negligible as compared to the 35 um-thick membrane. Two identical membranes are
chemically activated with an oxygen plasma (fig 7.11b). The assembly chuck consisted of a
porous material (metapor °) and a Sylgard 184 silicone pad (fig. 7.11c). The pad was molded
with a 5mm diameter spherical-shaped hole in its center and a small through-hole at the
center of the cavity. The air-permeable material allowed applying vacuum to pull down the
membrane in the spherical cavity while offering a flat surface on which the deflected part of
the membrane can rest. A first membrane is placed on the chuck and vacuum is applied to
create a cavity (fig. 7.11d). Thanks to the compliance of the pad, the process did not damage
the membrane on the edge of the lens. The liquid to be encapsulated between the silicone
membranes was chosen according to the following desired properties: no penetration within
the elastomer membrane, low vapor pressure (since silicones is gas-permeable), excellent
optical transparency and same refractive index as the membranes (section 4). The same fluid
used in [21], i.e. Sylgard 184 pre-polymer, was found to fulfill all these criteria. The spherical
cavity is filled using an automated dispenser (fig. 7.11d). The second membrane was then
placed on top of the first one and vacuum is kept on for 45 minutes to allow for bonding to
take place (fig. 7.11e). As the vacuum was switched off, the bottom part of the membrane was
released, and the lens took its shape (fig. 7.11f). The air bubble trapped inside leaked through
the silicone membrane within a few hours. One PCB was then glued on each side. They serve
both as mechanical supports and electrical interconnects (fig. 7.11g).

7.7 Conclusions

7.7.1 Results obtained with the high-frequency lens

The settling time of 172 ps of the tunable lens is the second fastest response reported in the
literature, despite the relatively large size of the device and the softness of its constitutive
materials. Compared to the alternative of TAG lenses, the lens provides a stable focus rather
than needing stroboscopic illumination to emulate it, hence allowing much longer and flexible
exposure time settings on the selected focal planes. The frequency response under large signal
excitation shows a nearly flat response up to 2 kHz, with a —3 dB bandwidth of 7.4 kHz, which is
excellent for elastomer actuators. Such silicone-based tunable lenses represent a considerable
breakthrough for high-frequency varifocal applications such as 3D and ultra-depth-of-field
imaging techniques (light sheet microscopy [173], quasi-simultaneous imaging of multiple
focal planes [171], depth from focus [178]) or advanced laser machining techniques [179], with
the advantage of step-wise focus stability at high frequencies.

Swww.portec.ch
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7.7.2 Fast DEAs

These results demonstrate the possibility of making large bandwidth DEA devices. In order to
design them, one should consider wisely the dielectric material (including prestretch), the
electrode type, the actuator structure and the size.

First, the choice of the dielectric material is critical: it must have a low viscous component.
Its hardness depends on the amount of deformation needed, and a wise tradeoff should be
chosen between a stiff material and large displacement. A noticeable advantage of DEAs is
that the stiffness can be adjusted not only by changing the material, but by adding pre-stretch
to the membrane.

Secondly, as Rosset et al. pointed out, the electrode material is crucial [35]. The mechanical
properties of DEAs should be considered together with its electrodes. Similarly to the dielectric
material, one should first add as low damping component as possible, and second a trade-off
exists between the stiffening impact and the amount of displacement needed. Carbon grease
must be avoided. Metallic thin films [80, 180] have in general a large stiffening impact but one
could expect them to barely add any viscous damping, whereas softer ones such as dispersed
conductive particles in a polymer matrix [79] have a low stiffening impact but add a damping
contribution. Au ion implantation might be the best compromise between stretchability and
low viscous component [35, 36].

The importance of the actuator structure is obvious: one should keep the mass of the moving
parts (frames, hinges, etc.) as low as possible. The lens design proposed by Carpi et al. with
the liquid lens embedded in the same membrane as the actuator is an excellent example of
efficient transduction mechanism between actuator work and change in focal length.

Finally, size matters. It can be considered that the in-plane resonance frequency scales like
the inverse of the dimensions: smaller DEAs will have higher resonance frequencies.
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Conclusions

This chapter lists the main achievements and scientific outcomes of the work and gives an
outlook on future developments of zipping DEAs and DEA-driven microfluidic actuators.

8.1 Main achievements

The thesis has focused on the development of new types of miniature Dielectric Elastomer Ac-
tuators for two types of applications where large-displacement integrated actuators operating
in contact with liquids are needed: tunable optofluidic lenses and microfluidics.

A first experimental section presents liquid compatibility tests that are candidates to be
encapsulated as mechanical coupling media or optical fluid between silicone membranes. 12
encapsulated liquids were monitored over up to 37 days. The main scientific outputs of this
study will be summarized here. Liquids such as polar solvents considered as compatible with
silicones based on swelling tests on bulk parts may penetrate into thin silicone membranes.
This is problematic for DEAs since it would lead to device failure. Based on the fact that swelling
is dependent on the crosslinking density, it was expected that two silicones membranes with
very different mechanical properties would also behave differently when exposed to solvent.
However, no difference was observed between Silbione LSR4305 from Bluestar (5 Shore A
hardness) and CF19-2186 from NusSil (27 Shore A hardness). The most important result
of these tests is that silicone un-polymerized bases and the ionic liquid TF,N from iolitec
perfectly match the requirements of physico-chemical compatibility. Both have moreover
negligible vapor pressure (so that the volume does not vary when encapsulated) and high
optical transparency (can be used as optical medium) but the viscosity of the pre-polymer
is higher than the one of the ionic liquid (mechanical losses). The combination of excellent
physico-chemical compatibility with silicones and electrical conductivity of the ionic liquid
TF,N enables its use as liquid electrode for DEAs.

The ability to make liquid electrodes opens new design and integration possibilities. In
particular, a liquid electrode does not need to be patterned but is defined by a fluidic channel:
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DEAs can be fabricated using fabrication processes of microfluidic technologies. Compared
to a patterned electrode, it also solves the issue of the electrical interconnects, since the
liquid can be contacted at any point. Finally, liquid electrodes do not induce any stiffening
of the elastomer membrane, which would reduce the achievable strain. Fluidically-coupled
actuator have two main advantages: the sensitive DEA membrane is protected from being
damaged by the object it has to move (such as a random liquid to be pumped). Secondly, the
actuator motion can be transferred to another direction and it is possible to play with the
relative sizes, materials and prestretch state of the active and passive membrane to achieve
force-displacement conversion.

Zipping DEAs have been presented as a new class of actuators that have completely novel
features compared to standard DEAs, most remarkably:

* Bistable operation was analytically predicted and has been experimentally demon-
strated. On standard DEAs, bistable behavior is achieved by special structures which
harness the pull-in instability. For zipping DEAs, the bistable threshold can be tuned
by both the chamber geometry and the membrane parameters (silicone type, thick-
ness, prestretch). Moreover, specific chamber sidewalls profiles would enable to obtain
deflection versus voltage characteristic of virtually any shape, including multi-sable
states.

e The compliant membrane deflects be being electrostatically pulled against a rigid elec-
trode which covers the chamber sidewalls. This would enable effective sealing of holes
or channels that cover the sidewalls, for application for instance to valving systems.

An analytical model for the steady state of zipping DEAs has been developed. The model
uses the contribution of the mechanical and electrostatic energies, as commonly adopted
for zipping devices. However, the use of a soft elastomer makes the problem more complex
because of the non-slipping conditions with the sidewalls that must be assumed. As a conse-
quences, the stretch state and the thickness greatly vary along the deflected membrane shape.
This very specific deflection state was implemented analytically using hyperelastic energy
density functions of the elastomers. Three generation of devices have been fabricated and
characterized, for application to microfluidic actuators. The main results obtained from the
modeling and from the experimental result are the following:

e The model accurately predicts the effect of sidewalls angle (varied as a parameter)
but underestimates the bistable zipping voltage threshold by about 1kV. This can be
attributed to the neglected bending energy.

e Tt was theoretically predicted and experimentally demonstrated that zipping DEAs have
the unique feature of highly tunable bistable operation. Full zipping was measured at
1.5 and 2kV on mm-size devices with 15 and 22.5° sidewalls angle. The diameter to
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depth ratio of the chambers is 1:10 or more, which corresponds to the common aspect
ratio of microfluidic channels.

e The membrane should provide sufficient restoring force to overcome stiction on the
walls. The most efficient approach is to use prestretch. Experimental tests assess that a
value as low as 1.13 is sufficient on the devices studied.

Tt was experimentally determined that axi-symmetric chambers are less sensitive to
breakdown than pyramidal-shaped ones, and that biasing a zipping DEA with an offset
pressure introduces a sidewards-directed motion that does not favor the displaced
volume.

e 385um vertical deflection was achieved in 2 mm side chambers. Among three silicones
tested, CF19-2186 offers the best actuation performance.

The third generation of zipping DEAs are composed three in-line 1.5 mm actuators coupled
to 800 um diameter passive membranes. Their coupled structure protects the sensitive DEA
membrane from the liquid that has to be pumped, and biases the active membrane with
the internal pressure of the fluid. These actuators have been characterized statically (up to
0.07 mm? displaced volume) and dynamically (45 ms 0 to 90% response time). The displaced
volume is however not sufficient to achieve pumping, unlike expected from experimental
design test which had been conducted before. The lower displaced volume than expected is
most likely due to a sidewards-motion of the bulged center part of the membrane. This puts in
evidence the complexity of design of zipping actuators operating with a pressure bias. Routes
for further developments will be presented in the next section.

Membrane-based tunable lenses are a type of devices for which DEAs are probably the best
choice for an integration of the actuator. This is true not only because of the actuation proper-
ties of DEAs (large strains, electrical control, fast response) but also because the membrane
which composes the lens is very similar to those used for making the actuators, thus enabling
high integration. Two generations of fluidically-coupled tunable lenses have been built and
analytically modeled. Main outcomes of this part of the work are:

* Development of three analytical models for the determination of the steady state perfor-
mance of fluidically-coupled DEA-driven tunable lenses, the last one including hypere-
lastic material parameters.

* Experimental validation of the models on the two generations of devices.

* Following liquid compatibility tests, experimental proof that the ionic liquid TF,N can
be used as reliable liquid electrode by operating the devices up to 10 to 20 thousand
cycles before breakdown under various high voltage conditions, without evidence that
the breakdown is due to the use of a liquid electrode.
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* 60% tuning range of the focal length (28.5 to 45.5 mm) was measured on the second

generation of devices.

Development of two fabrication processes. On the second generation of devices, the
fabrication process is specifically optimized for keeping the best optical quality of the
lens membrane, and features adjustment of the operating point. When using thin
elastomer membranes to make lenses, the main aberrations come from a direction-
dependent mechanical stiffness, which results in non-spherical shape under inflation.
This is due to the Mullins effect, and reflects anisotropic stretching prior operation.
To address this, the fabrication process of the second generation of lenses includes a
water-soluble sacrificial layer to release the membrane from the substrate on which it
has been fabricated, and a way to progressively increase the internal pressure after the
device has been sealed to avoid over-stretching of the membrane while pushing the
trapped air bubbles out of the structure.

Characterization of the optical aberrations of the second generation of lenses in function
of voltage and of operating point using a Schack-Hartmann setup. The optical quality is
good: aberration coefficients are in the range of 0.05 um or below except noticeable astig-
matism, and it is observed that optical aberrations decrease with decreasing inflation
level.

High speed biconvex tunable lenses have been built and characterized. Their high speed

is possible thanks to carefully chosen materials and a semi-automated fabrication process.

The device benefits from a very efficient transduction mechanism from the DEA to the lens

reported previously in the literature. The main achievements obtained are:
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Fastest lens ever reported regardless of actuation technology with 172 ps 0 to 90% optical
response time. This was achieved by using the silicone elastomer CF19-2186 which has
a low viscous component, and pm thin electrodes whose impact on the damping of the
device is almost negligible. The in-plane design of the lens is also optimal to couple the
actuator motion to a change of shape, by minimizing displaced masses.

A characterization of the optical, electrical and mechanical step responses provides an
in-depth understanding of transient state.

The observation of the lens motion from the side with a high-speed camera explains the
transient dynamics of the optical response.

Measured flat response up to 2 kHz, resonance frequency peak of 4.7 kHz with a gain
between 3 and 4, -3 dB bandwidth of 7.4 kHz. This large flat bandwidth is excellent since
it means that the device can be driven with an arbitrary signal of that bandwidth without
inducing distortions of the optical response.

Measured focal length tunable range of -28% (19.4 to 14 mm). This is roughly half the
performance of the second generation of lenses. A future improvement of the device



8.2. Outlook

may include integration of passive zones on the electrode which may increase the
amount of displacement.

Conclusions on this high-speed lens are obvious: it is demonstrated that DEAs based on
silicone materials with low viscous component are able to be operated in large signal mode at
several kilohertz. The drift in position commonly observed on acrylic elastomer-based DEAs
is negligible when using such silicones.

8.2 Outlook

Several types of fluidically-coupled DEA-powered devices have been fabricated and character-
ized in details.

Although zipping DEAs provide great actuation features such as bistable operation, their
use with a bias pressure coming from the encapsulated liquid pocket does not provide the
required amount of displacement with the current chamber geometry. Indeed, the displaced
volume is lower than expected, probably because the membrane is pulled sidewards rather
than only downwards. For further steps of the work toward replacement of the microfluidic
pneumatic actuators, the same fabrication process basis can be directly adapted to the normal
DEA operation mode by patterning a second compliant electrode. This solution would surely
enhance the amount of displaced volume, but is however not new [135] and would definitely
abandon the target of low actuation voltages.

This latter objective of voltage reduction should be addressed by tests on fluidically coupled
zipping chambers with a cross-section specifically adapted to the pressure bias conditions (for
instance manufactured by replica molding) and the use of thin high-quality rigid dielectric
coatings such as parylene. But given the fact that the study of zipping DEAs is only at its
beginning, this might be a demanding development.

Multilayer actuators and thickness reduction of the active layers may still be the best route to
pursue to achieve a reduction of operating voltage (see study on scaling of section 2.2). The
membrane thickness can be reduced from at least a factor 2 with the current processes (15 um).
Thinner layers are possible, but would require further developments. Multilayer actuators
also implies to work on the quality of the electrodes (thin and compliant), on the possibility to
stack them and on electrical connection of the buried layers.

Further evolution of the fluidically-coupled tunable lenses may include an increase of the
active area surface by changing the number or shape of the actuators, similarly as in Wei’s
work [158]. Optical properties can be further improved by more care on the fabrication process,
notably astigmatism which represents orientation-dependent radii of curvature. Commercially
available silicone membranes would be a convenient solution. Imaging applications can be
targeted for this high quality large tunable range tunable lens.
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Chapter 8. Conclusions

The high speed tunable lens presented in this thesis could be used on a varifocal imaging
system, as for instance light sheet microscopy. Compared to the current state of the art of light
sheet microscopy [173], using the high speed lens developed in this thesis with its settling time
lower than 200 pus would increase the time resolution by a factor 10, moreover guaranteeing
stable foci during image acquisition. The development of fast varifocal lenses could also be
pushed by the arrival on the market of low-cost high-speed cameras! that potentially push
back the limits of optical techniques such as real time depth from focus [181]. Its further
characterization should therefore include a quantified measure of the optical quality, which
could result in further evolution of the fabrication process. In its current state, much care has
been taken not to stretch the lens membrane anisotropically (molded spherical vacuum pad
shape), but one side of the lens is still stretched over its working range.

Other new technologies might be developed in the future to push further the features and
integration level of DEAs. Thin film transistors might for instance be integrated directly on
the DEA or next to it to provide switching. Self sensing might also boost the autonomy and
intelligence of DEAs, similarly as reported on some pioneering works [27]. As stressed in
chapter 3, a combination of good electrical and mechanical properties of the elastomer is
so crucial to DEAs that a breakthrough in this domain would directly boost all possibilities
of application. Up to now, research labs did not reach that goal, but an emerging market of
mass-produced devices may push industries to tackle this challenge.

http://edgertronic.com/
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