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Abstract. We report on miniature Dielectric Elastomer Actuators (DEAs) operating in zipping
mode with an analytical model that predicts their behavior. Electrostatic zipping is a well-known
mechanism in silicon MEMS to obtain large deformations and forces at lower voltages than for
parallel plate electrostatic actuation. We extend this concept to DEAs, which allows us to obtain
much larger out-of-plane displacements compared to silicon thanks to the softness of the elastomer
membrane. We study experimentally the effect of sidewalls angle and elastomer prestretch on 2.3
mm diameter actuators with PDMS membranes. With 15° and 22.5° sidewalls angle, the devices
zip in a bistable manner down 300 um to the bottom of the chambers. The highly tunable bistable
behavior is controllable by both chamber geometry and membrane parameters. Other specific
characteristics of zipping DEAs include well-controlled deflected shape, tunable displacement vs.
voltage characteristic to virtually any shape including multi-stable modes, sealing of embedded
holes or channels for valving action and reduction of the operating voltage. These properties make
zipping DEAs an excellent candidate for applications like integrated microfluidics actuators or
Braille displays.
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1. Introduction

Dielectric Elastomer Actuators (DEAs), also called artificial muscles, have unmatched combination
of large actuation strains (typically 25% linear strain for long-lifetime operation, but up to 217%
has been reported with silicone elastomers [1], recently up to 1692% area strain voltage-triggered
deformation for an acrylic membrane [2]) and energy densities as high as 0.75 M.J/m? [3]. They
are only starting to appear in mass produced devices, and could revolutionize many areas of
application [4]: soft robotics [5], haptic feedback [6], tunable optics [7], loudspeakers [8], cell
mechanical stimulation [9], energy harvesting [10, 11], smart coupled sensing and actuation units
[12].

One of the areas that would greatly benefit from DEAs is microfluidics, in particular, large-
scale integrated microfluidic (MLSI) chips. MLSI consists of arrays of independently-controlled
pneumatic actuators, which produce both a pumping and valving action [13,14]. These simple and
robust actuator units consists of a soft silicone membrane that is deflected by a pneumatic pressure
to close or open a channel or a chamber with embedded channels (figure 1) [15]. However, despite
the small size of the chips, these pneumatically-activated systems are not portable as they require
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Figure 1. Commonly-used pneumatic normally-off microfluidic valve [14,15]

extensive off-chip equipment, such as a pressure or vacuum source, liquid pumps and a large set of
pneumatic valves to selectively activate each chamber: the small chip remains bound in 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, as for instance
proposed by Chang et al, who developed small electrostatically active chambers [16].

DEAs could be the ideal candidates to replace the pneumatic-powered valves by electrically-
actuated ones, since both operate by deflecting soft elastomer membranes. DEAs consist of a
soft elastomer membrane sandwiched between two compliant electrodes, generally supported by
a frame. As a high electric field is applied across the elastomer, it compresses in thickness and
expands in-plane due to the incompressibility condition, resulting in very large strains. Since its
introduction by Pelrine et al. in 1998 [17], most of the efforts of the scientific community have
been focused on this successful DEA configuration. To achieve out-of plane motion, frames with
joints and hinges [18,19], minimum energy structures [20], buckling-mode devices [21] or the use
of offset pressures [22] have been reported. Another broadly studied way to achieve out-of-plane
actuation is to use the thickness compression of stacked or folded layers [23,24].

Making an actuator for microfluidics is a challenge as one requires: well-controlled out-of-
plane deflected shape, liquid-tight sealing of chamber sidewalls, low voltage operation, and bistable
operation. There is a gap to bridge between the state-of-the art DEA and these requirements for
exerting a force on conductive liquids. We propose zipping DEAs as a variant that precisely meets
the requirements for replacing the pneumatic microfluidic valves.

2. Zipping DEAs

In this work, we study theoretically and experimentally a novel DEA structure called zipping
DEA, which moves away from the traditional DEA sandwich structure, using a compliant and
a rigid electrode. It offers a new set of characteristics including well-controlled 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 [25] and has been used
in a variety of devices, from tilting mirrors to microrelays. 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.
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Figure 2. A Schematic cross section of a our conical-shape zipping actuator. The three essential
geometrical parameters are the top and bottom diameters D and d and the sidewall angle «.
As a voltage is applied between the compliant electrode and the conductive chamber body, the
membrane zips down in the chamber. B Photograph (top view) of an unactuated (left) and
actuated (right) zipping actuator. Sidewalls angle o« = 15°, membrane thickness 23.5um, prestretch
1.32, geometrically-constrained zipping depth z = 280um. C Cross-section along the channel of
a proposed peristaltic zipping micropump composed of three actuators. In this configuration, no
electric field is applied in the liquid.

We extend this actuation mode to DEAs. 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 (figure 2A). For
an alternate zipping geometry modeled but not studied experimentally in this work, the operating
voltage can be significantly reduced using a thin high quality rigid dielectric [26,27].

Our devices consist of an elastomer membrane bonded to a conical cavity. Our conical
chambers have a top diameter of 2.3 mm and are milled in an aluminum plate, which acts as
rigid electrode. A hole is bored at the bottom of the chamber to let the air out during actuation.
A 25 pm thick pre-stretched silicone membrane with a silicone-carbon black compliant electrode
patterned on top is bonded over the chambers. The suspended membrane is flat in non-actuated
state. As the voltage between the compliant electrode and the rigid Al 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
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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 (figure 2B).

The figure 2C represents a peristaltic zipping micropump based on three 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 the other pump structure we presented
in [27], this flipped actuator design keeps the liquid free from the electric field. This allows handling
fluids regardless of their conductivity, and prevents affecting biological samples such as cells.

3. Modeling of the zipping actuators

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. We built a model which outputs the vertical deflection 2z in function of the voltage,
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 made a detailed analytical study of the behavior of a zipping cavity to be used as a pump
[28]. 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 Saifs low-friction
membrane materials.

We model two fundamentally different zipping structures. In the first structure (figure 3A),
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 3B). It could be described as a stack of elastomer membrane - compliant electrode - rigid
dielectric - rigid electrode. The electric field builds up 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. [26].
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Figure 3. Cross-sections to illustrate the model behavior for the two zipping DEA structures.
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.

3.1. Model hypotheses

We pose a set of assumptions 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. We neglect the fringing fields, which would bend down
the central suspended part of the membrane. We assume that the membrane already in contact
with the sidewalls is in a non-slipping condition, which implies that its thickness and stretch state
varies over the zipping depth z. 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, we assume that the next zipped element of length § comes from a rotation of the
previous flat part (figure 3) and inherits its thickness and stretch state, as described previously [27].

3.2. 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) We compute the total energy function
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Table 1. Expression of the mechanical strain and electrostatic energies of the two models (not
taking into account the sidewalls roughness).

Model Mechanical strain energy Electrostatic energy Frpg = —%C’ U?

Thick elastomeric dielectric Fps = —tepe (4) U2
Eyvs = WeiatViar + 2 Wi(Xi) Vi Es 20 memAZZ ) b

Thin rigid dielectric Eps = —g€o€diet =2 U?

in function of the zipping depth E(z) with a resolution of 1um or below. 3) We look for the first
minimum of E(z), which will determine the stable vertical displacement z that corresponds to the
current voltage. /) The voltage is incremented and we start again at step 2. We end the algorithm
once the vertical displacement has reached the bottom of the chamber.

3.3. Computation of the total energy function

The mechanical strain energy is computed by multiplying the volume of each deflected membrane
part by the elastic energy density W of the Gent hyperelastic model in the equibiaxial case
(equation 1). p and J are the Gent model parameters, and A\; = Ay = X\ is the equibiaxial
linear stretch.

(1)

The expression of the mechanical strain and electrostatic energies for any deflection z and

2

2MZ 71—
- 1 2 )

voltage U are expressed in the table 1, V' being the volumes, C' the capacitance, A the areas
and t 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(2) = Ens(2) + Eps(2) (2)

The first minimum of the function will determine the stable zipping depth. Examples of
plotted energy curves can be found in our previous work [27]. 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.

3.4. Surface roughness of the sidewalls

The analysis of the sidewalls profiles of our devices exhibit a significant roughness (average
roughness R, and RMS roughness R, have been measured by white light interferometry in the
range of 5 and 9 pum respectively, see section 5.2). This rough surface may leave some air trapped
between the membrane and the sidewalls. These air pockets act as a stacked 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, we can assume a
saw tooth-shaped wall capacitance of peak-to-peak gap Ry, with a constant thickness elastomer
membrane on top (figure 4).
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Figure 4. A Example of arbitrary typical roughness profile with statistical roughness parameters
R, and R;. B Roughness modeling. The model has a peak-to-peak roughness parameter Ry.

The capacitance C used in the electrostatic energy expression (table 1) corresponds to the
smooth surface case and can be replaced by the rough surface case (equation 3).
A €r memRO
o = o (T ) ;
o 0 RO tmem ( )
We shall use Ry =2 - R, and Ry = 2 - R, as approximations.

3.5. Electrical breakdoun

A main limitation of every DEA is the electrical breakdown, which defines the maximal achievable
deflection. Dielectric breakdown of conventional DEAs (i.e. sandwiched between two compliant
electrodes) occurs when the electric field in the dielectric exceeds the maximal 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 [29,30]. 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. Although the increasing stretch with z enhances the breakdown field [9], we
work in a range for which we do not expect a significant change.

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). If the breakdown
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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 [2]. 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 [31]; which
is similar to the case of the membrane zipped on the sidewalls. The extrapolation of Wangs data
for the polymer we use (Nusil CF19) would indicate a critical electric field in the range of 100
V/pum. Since it is close to the breakdown field of the elastomer, we cannot exclude the possibility
of an electrocreasing-triggered breakdown.

4. Model results and actuator design

In figure 5, results of the thick elastomeric dielectric model have been plotted using the following
parameters (defined on figure 2 and section 3.3): D = 2mm, d = 0.6mm, a = 20°, t; = 25um,
Ao = 1.1, €pem = 3, Ry = 0 (no roughness), unless otherwise specified. The targeted application
for our 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. We therefore chose a relatively stiff elastomer, the CF19 from
Nusil (1.2 M Pa Youngs modulus). We fitted the Gent model parameters (¢ and J) of uniaxial
pulltests data on CF19 elastomer stripes with and without electrodes and extracted an electrodes
Youngs modulus of 1.93 M Pa using a bilayer approach (equation 4), with Y and 7" the Youngs
modulus and relative thickness of the bilayer stack, membrane and electrode [32].

Y;Jil = Ymemeem + }/elecTelec (4>

Out of this formula, we can re-compute the Gent model parameter . = Y/3 for any membrane
thickness, keeping J = 80.4 constant. The breakdown field of the elastomer was measured at 96
V/pm in a non-stretched membrane, and is taken as constant in the model.

On figure 5A, one can clearly see that thanks to the high electrostatic energy stored in the thin
rigid dielectric, this model zips more than 0.5 £V earlier. On figure 5B, 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 5C, 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 2A).
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. Highly-prestretched zipping actuators work at higher
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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 5D) 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 detachment from the sidewalls. For a 40°
sidewalls chamber and the CF19 elastomer, we expect the breakdown to occur during the zipping
jump. The figure 5E shows that the zipping jump scales almost linearly with the thickness, but
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one obtains more margin after the zipping jump before the breakdown occurs.
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Figure 6. 3D view of the fabricated zipping devices. The compliant electrodes are patterned on
top of the silicone membrane, and contacted with a PCB.

5. Device fabrication

A 3D view of the fabricated zipping devices is exposed on Figure 6. It consists in a silicone
membrane with compliant electrodes patterned on top, bonded on an aluminium body that embeds
machined conical chambers.

5.1. Silicone membrane

Many papers on DEA use acrylic elastomers such as VHB from 3M, which have the advantage
being commercially available in films, and can be highly pre-stretched, enabling excellent static
displacements. However, their high viscoelasticity, temperature sensitivity and reliability are
disadvantages for commercial products. Silicones and polyurethanes seem to be the best choice
candidates for reliable and fast actuators. We report below on our silicone membrane fabrication
process, which gives us a maximal freedom regarding the choice of the elastomer and the 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 separation 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 [33].
We have consequently developed different methods based on the application of a silicone layer
on a sacrificial thin-film for a facilitated release. We have used both spin-coating on silicon
wafers and blade casting on glass plates, and we obtained better thickness homogeneity with
the casting method, which also allows coating larger surfaces in a single run. Regarding sacrificial
layers, we experimented with photoresist as well as water-soluble films such as poly(acrylic acid)
(PAA), poly(vinyl alcohol) (PAA) and dextran, which have been successfully used for surface
micromachining [34]. Photoresist must be dissolved in acetone, which swells the silicone membrane
and can dissolve and wash away some silicone oil, leading to a modification of the mechanical
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properties [35]. Furthermore, the use of acetone is problematic on larger surfaces such as glass
plates due to its high evaporation rate. We consequently favor the use of water-soluble sacrificial
layers. Among dextran, PAA and PVA, we have obtained the best results with PAA in terms of
ease of coating (wettability of the substrate, absence of pinholes) and resistance to the temperature
used during the cross-linking.

The process is described on figure 7:

The first step is cleaning the glass plates. The surface cleanliness is very critical to obtain
layers without defects. These preparation steps both removes all organic residues and lowers the
surface tension of the glass. We use an adjustable gap ZUA2000 Zehnter applicator blade placed
on a ZAA2300 automatic film applicator coater. A 30 wm gap is set on the blade, and a 5%
Poly(acrylic acid) (PAA) solution in water is casted on a heated glass plate (figure 7A). Once
dried, this sacrificial layer is less than 2 pum thick. The silicone is prepared by mixing the two
components with isooctane or siloxane-based solvents to reduce its 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 7B). 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 7C). We then tape a laser-cutted flexible frame on top of the silicone layer
(figure 7D). 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 7E). The obtained membranes are 20x30 cm?
silicone membrane sheets (limited by the applicator size) of 15 to more than 100 pum thicknesses
(targeted thickness typically reached within £3 pm), with a total thickness variation over the
whole sheet below 3 um (< 1 um over a 5x5 cm? piece). We have successfully tested our coating
process 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 edges at a precision of
100 pm by a Speedy300 laser with optical pattern recognition, from Trotec [36] (figure 7F). 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 7G).

5.2. Conical chamber

Of the two zipping structures presented, one can see that if the electric field is applied across a thin
rigid dielectric (figure 3B) such as 2 um of SiO or SiN, the driving voltage is reduced. However,
the realization of a pinhole-free rigid dielectric layer that is only of a few pum thick is critical. We
therefore chose to perform our experiments on zipping devices with the electric field applied across
the elastomer membrane. The conical chambers were milled in an aluminium plate with a CNC
from Step-Four basic series [37]. The conical tip of the drillbits was used to achieve the conical
shape of the chambers, hence the set of angles o obtained of 15, 22.5, 31 and 45°. The silicone
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Table 2. Dimensions of the measured actuators. Ao is the biaxial pre-stretch, and « the cone
sidewalls angle

Xoda— | 15° 225° 31°  45°

D(mm) 238 214 214 2.10

L3 um) 237 244 244 244
Ly Dlmm) 242 255
' to(pm) 246 24.6

membrane was pre-stretched to the desired value using a home-made stretcher with eight movable
fingers. We compute the equibiaxial prestretch using the ratio of the measured thicknesses before
and after prestretch.

5.3. FElectrode patterning and membrane bonding

A compliant electrode composed of 1:10wt of carbon black and a soft silicone was printed on
top of the membrane by an indirect stamping technique (pad printing). 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 [38]. We obtained electrode thicknesses between 1 and 3.5
pm, which increases the Youngs modulus of a 20 gm membrane by less than 10%. We irreversibly
bond the printed membrane onto the aluminum chambers by activating the silicone and the native
oxide with an oxygen plasma. 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.

6. Experimental results

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 and membrane thickness of
the 6 measured actuators can be found in table 2. The bottom diameters d are comprised between
0.6 and 1 mm.

6.1. Zipping behavior

As explained previously, unless the sidewalls angle is large (54°in our earlier work [27]), zipping
DEASs 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. This effect is difficult to
predict theoretically, and we therefore prestretched equibiaxially two set of CF19 membranes with
A = 1.13 £ 0.01 and A\g = 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.
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Figure 8. 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.

The figure 8 represents the zipping curves of the measured samples. The 15° and 22.5° low-
prestretched chambers could zip down to the bottom of the chamber, but only the 15° one on the
set of high-prestretched ones.

6.2. Shape of deflected membrane

The membrane profiles during the zipping jump have been plotted on the figure 9, together with
the aluminium sidewalls. The cross-section profile data have been shifted up by the membrane
thickness. Since each measurement is processed independently, a small offset of the cross-section
can result in a slightly different diameter size, which may explains that the datapoints of the
membrane profile are very close to the sidewalls on top of the device.

7. Comparison of the results with the model

7.1. Shape of the deflected membrane

As seen on figure 9, the measured shape of the membrane is very close to the one we 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 £V, 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 8,
for which the deflection is a few tens of pum before starting to zip. Secondly, it seems that the
membrane is visibly thinner in the top of the cavity (0 < z < 100 pm), and somewhat thicker
below (100 < z < 200 pm). This might possibly be a discrepancy coming from the automated
stitching measurements, since there are less datapoints and more noise on the sidewalls. More
likely, the membrane experiences a compression and/or sliding on the sidewalls; maybe favored
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Figure 9. Membrane profile of the device with A\g = 1.12 and o = 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.

by the high roughness. One other reason could be that the first 100 pum are zipped at once; the
membrane being in the same time bulging inside the cavity and pulled sideward in contact with
the walls (from 2.3 to 2.37 kV'). If one looks at the corresponding data of the 31° chamber of figure
8, a jump is indeed visible in the first part of the zipping curve. For z > 100 um, the zipping
would proceed in continuous fashion.

7.2. Zipping voltages

We compare measured and predicted zipping voltages V.;,, where V., is defined as the voltage in
the middle of the steep zipping slope (figure 8), taking the average between the voltages 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 we know the maximal zipping depth.

The figure 10 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 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 ym the upper limit.

While the predicted voltages are roughly 1 £V lower than the measured one, the model
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Figure 10. Zipping voltages of the measurements and the model without sidewalls roughness and
with a peak-to-peak model roughness of 10 and 20 um.

accurately 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 um roughness, the difference is in the range of 0.7 kV' at low prestretch
and 1.3 £V at high prestretch. This difference indicates that our model is more accurate at lower
prestretches. In previous work, we indeed measured a good agreement between the model and the
data in pyramidal-shape chambers which were not using any prestretch to release the membrane
thanks to the large angle (54.7°) [27].

The effect of surface roughness cannot explain the full discrepancy. Even with the hypothesis
of Ry = 20um, 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 10) 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.

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 puJ depending on the actuators parameters. The bending energy needed to
bend from a flat position into the zipped shape (figure 2 and figure 9) is in the range of 0.3 to
1 pJ. 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., 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 10), since
it is proportional to the effective Youngs modulus which increases with the prestretch.
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8. Zipping DEA 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. It allows out-of plane motion with high force, and is best suited
for mm-size devices, from micropumps to tunable lenses to Braille displays. The deflected shape
is very well controlled as it is given by the shape of the frame, which can be conventionally
machined, molded or micromachined [27]. 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 [2]. 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 chambers 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 [27], 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. As also pointed out in previous work [27], variants of the
measured 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 [26,28,39]. Hybrid actuators including squeezing and zipping modes might also be of
particular interest. We could expect important voltage reductions if the electric field is applied
across a rigid dielectric. These devices would need a few pum-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 would then be the realization of the sloped chamber sidewalls, since
most of the microfabrication processes are designed to yield vertical etching.

9. Conclusion

We studied theoretically and experimentally zipping DEAs.  We developed two analytical
models corresponding to two zipping DEA structures, the electric field being either applied
across the elastomer membrane or across a rigid dielectric. Our models take as input a wide
range of parameters (actuator geometry, sidewalls roughness, dielectric properties and membrane
hyperelastic behavior), so that any configuration can be quickly evaluated. We experimentally
validated the membrane dielectric model, 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 1 £V for the devices prestretched to 1.23
and of 1.5 £V with a prestretch of 1.27, and is attributed to the bending energy which was not
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included in the model. We successfully demonstrated that it is possible to achieve a bistable full
zipping in 2.3 mm diameter conical chambers with 15° and 22.5° sidewalls angle, which fits the
requirements for large-scale integrated microfluidic actuators (MLSI). MLSI devices powered by
mm-size DEAs will be truly portable, avoiding the use of large pneumatic off-chip equipment. It
would for instance suit the point-of care detection of low concentration molecules in large (L or
above) sample volumes, such as for HIV viral load [40].
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