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ABSTRACT 

We report on miniaturized diaphragm dielectric 
elastomer actuators (DEAs) capable of vertical 
displacement up to 25% of their diameter.  Low-energy 
metal ion implantation was used to create patternable and 
compliant gold electrodes on both sides of suspended 30 
μm thick silicone (PDMS) membranes.  This technique 
enables the microfabrication of bucking-mode actuators 
capable of out-of-plane displacement of up to 500 μm for 
2 mm diameter devices at high frequency (>1 kHz).  
Device speed is limited by the resonant frequency of the 
device, not by visco-elastic effects or electrical 
considerations.  This represents the largest percentage and 
fastest displacement of miniaturized DEAs reported to 
date. 
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INTRODUCTION 
Dielectric elastomer actuators 

Dielectric elastomer actuators (DEA) are electrically 
actuated devices consisting of an elastomer sandwiched 
between two compliant electrodes as shown schematically 
in Figure 1.  When a voltage is applied to the electrodes, 
an electrostatic pressure P is generated 2

0 rP Eε ε= −  , 
where ε0 is the vacuum permittivity, εr is the relative 
permittivity and E is the applied electric field.  The 
pressure adds compressive stress to the membrane.  
Depending on boundary conditions, the compressive stress 
leads to different actuation modes.  We report here on 
diaphragm type actuators, consisting of an elastomer 
bonded to a rigid substrate in which circular or square 
holes have been machined.  As shown in Figure 2, once 
the buckling voltage is exceeded, the membrane deforms 
and deflects out of the initial plane.  The height of the 
“bump” is controlled by the applied voltage. 

Macroscale DEAs combine large strains (over 100% 
depending on the configuration [1]) with useful output 
forces, and have a very high energy density.  They are 
often referred to as artificial muscles, and have been the 
subject of extensive research since the 1990s.  Many 
functional demonstrators and products based on DEAs 
have been developed, such as artificial muscles for a 
robotic arm [2], actuators for hand rehabilitation splints 
[3], a blimp with biomimetics propulsion [4], energy 
harvesting devices [5], or manipulators for harsh 

environments [6]. 
 

 
Figure 1: Dielectric Elastomer Actuator principle.  Applying a 
voltage (typically > 1 kV) to the electrodes creates an 
electrostatic pressure squeezing the elastomer dielectric [7]. 
 

 
Figure 2: Principle of operation of buckling mode EAP actuator.  
When the applied electrostatic stress exceeds the buckling 
threshold, the membrane deforms into a bump, whose height can 
be controlled by the applied voltage. 

 
Almost all DEA-based applications reported in the 

literature are macro-scale devices with sizes of a few 
square centimeters and above.  Yet the miniaturization of 
DEAs is very promising, as such actuators would combine 
characteristics unmatched by any class of standard MEMS 
actuator.  The electrostatic actuation principle scales well 
to sub-mm devices.  Efforts at miniaturizing DEAs have 
been mostly hindered by the lack of a microfabrication-
compatible technique to make compliant electrodes. 

A key requirement on the electrodes used in EAPs 
(electroactive polymers) is their compliance: for efficient 
operation, the electrodes must 1) not significantly increase 
the stiffness of the polymer/electrode stack, and 2) be able 
to conduct at strains up to 100%.  This is far from a trivial 
requirement because metals have typical Young’s modulus 
4 to 5 orders of magnitude higher than elastomers, and 
because sputtered or evaporated metals films cracks and 
cease to conduct for strains larger than 2 to 3 %.  
Therefore simply depositing a thin metal film on the 
elastomer will yield devices with neither large deflection 
nor high efficiency.   

For macroscale EAP devices, the solution of choice to 
make compliant electrodes has been carbon powder, either 
painted on, mixed with grease, or mixed with the 
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unpolymerized elastomer (see for example [1][8][9]).  This 
solution works very well for larger electrodes, but is not 
well suited to miniaturization, nor is it cleanroom 
compatible.  Danfoss Polypower (Nordborg, Denmark) is 
commercializing a corrugated silicone membrane onto 
which a continuous silver film is deposited.  This electrode 
can however not be patterned on the mm or micron scale, 
and it allows expansion only in one direction. 

Some research groups have patterned metal electrodes 
on elastomers [10, 11], but these electrodes still have an 
important impact on the stiffness of the polymer 
membrane. 
 
Ion implanted electrodes 

We introduced low-energy metal ion implantation by 
filtered cathodic vacuum arc as a successful method to 
make compliant electrodes for DEAs [12].   We have 
shown [12][7][15] that low-energy metal ion implantation 
from an FCVA (filtered cathodic vacuum arc) source 
allows creating electrodes that have minimal increase in 
Young’s modulus and whose conductivity (<1 kΩ/square) 
is more than sufficient for electrostatic actuation. 

Implantation leads to the creation of nanometer-size 
clusters in the first 50 nm below the elastomer’s surface 
[15].  The distribution is in part due to the energy variation 
during the pulsed FCVA implantation.  We attribute the 
ability to conduct at large strain and the small increase in 
Young’s modulus to this microstructure: it appears the 
clusters are touching yet can slide with respect to each 
other, thus allowing electrical continuity without 
significant rigidification. 

The Au-implanted electrodes remain conductive up to 
very large strains.  While a thin gold film cracks and hence 
ceases to conduct at strains between 2 and 3 %, Figure 4 
shows the resistance vs.  strain curves for one Au-
implanted PDMS film.  Not only does this sample remain 
conductive at a strain of 160%, but the electrodes remain 
conductive even after 105 cycles of 0 and 30% strain [14].   

Applying this technology to diaphragm actuators, 
devices with maximum out-of-plane deflections of 7% of 
the membrane’s diameter were presented in [12][13].  We 
present in this paper a new fabrication process that allows 
achieving out of plane deflections of more than 25% of the 
device diameter. 

 

 
Figure 3: TEM cross-section of an Au-implanted PDMS film 
implanted using an FCVA source with a 2.5 kV bias.  The gold 

forms clusters at and below the surface of the PDMS. The 
direction of implantation is from the top of the figure. Details 
are given in [15]. 

 

 
Fig.  4: Measured resistance of a 10 mm  x 5 mm Au-implanted 
PDMS strip vs. uni-axial strain. The legend displays the 
maximum strain for each cycle. 

 
ACTUATOR FABRICATION 

The miniaturized EAP actuators consist of a DEA 
membrane bonded on a Pyrex wafer with circular or 
square hole of diameter 1 to 3 mm, as shown schematically 
in figure 5.  The devices are fabricated on the chip-scale to 
keep the total implantation time below 15 minutes.   

A 2 μm thick photoresist layer is spun on a 4” transfer 
wafer.  The PMDS Sylgard 186 from Dow Corning is 
prepared by mixing the PDMS with the curing agent with a 
10:1 weight ratio.  The mixture is diluted with isooctane 
(PDMS:Solvent 10:9 by weight) to lower its viscosity to 
allow for spin coating on the photoresist.  Final PDMS 
thickness is 20 to 30 μm.  The PDMS is left to cure for 48 
hours, and the wafer is diced into 18x18 mm2 squares.  
Gold electrodes are sputtered onto the PDMS film, and 
will serve as contacts to the ion-implanted electrodes, 
which are deposited through 0.2 mm thick laser-cut steel 
shadow- mask. 

In parallel Pyrex chips (20x20 mm2) are prepared, onto 
which gold electrodes are sputtered, and through which 
holes are laser-cut.  The gold electrodes match those on the 
PDMS.  Following an oxygen plasma treatment, the 
PDMS chip is bonded to the Pyrex chip.  No pre-stretch is 
imposed.  The implanted zone on the PDMS thus forms 
the backside of the actuator.  The photoresist is dissolved 
in acetone, and the transfer wafer is removed.  Finally gold 
electrodes are sputtered on top of the PDMS (i.e., on the 
side previously in contact with the photoresist) and the 
second ion implantation is carried out through another 
shadow mask.  Each chip consists of 4 membranes, as 
shown in Figure 6. 
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Figure 5: Schematic cross-section of the miniaturized 
EAP. The doubly-implanted membrane is bonded to the 
Pyrex chip following an oxygen plasma activation. 

�

 
Figure 6: photograph of a 2x2 cm2 chip with 4 actuators. 

 
Our earlier devices were fabricated on conductive 

silicon chips.  This allowed using the silicon wafer as the 
contact to the bottom implanted layer.  Unfortunately, this 
contact was poor, and led to long (10 to 1000 ms) and 
varying RC time constants, and hence slow device 
response.  This problem was eliminated by patterning gold 
contacts on the Pyrex chip, ensuring a low resistance 
contact to the implanted electrodes. 

Another advantage of the Pyrex chips is that it allows 
approximately a doubling of the breakdown voltage 
compared to the silicon chips.  When a contact is applied, 
the PDMS is locally thinned.  This leads to lower 
breakdown voltage on the conductive silicon chips, but not 
on the insulating Pyrex chips.  Since the Maxwell pressure 
scales as the square of the voltage, the maximum 
electrostatic force is roughly four times larger in the device 
made on Pyrex rather than on silicon. 
 
DEVICE CHARACTERIZATION 
Static displacement 

Figure 7 is a photograph of a 3 mm diameter 
membrane actuated at 1200 V, showing clear buckling 
behavior.   Figure 8 is a plot of the displacement of the 
center of a membrane vs. DC voltage for three different 
membrane sizes.  The maximum displacement exceeds 
25% of the diameter for the 3 mm device, approaching the 
theoretical maximum of 35% for this geometry due to pull-
in.  The maximum displacement can be increased by using 
a thinner silicone layer, at the expense of reduced 
maximum force. 

 

 
Figure 7: photograph of a 3 mm-diameter EAP actuator with 
1200 V applied between the electrodes. 

 

 
Figure 8: Out-of-plane deflection of the center of the membrane 
vs.  applied voltage for actuators of three different diameters. 
 

 
Figure 9: Response of the actuator to an external acoustic 
pressure, showing resonance at 1.3 kHz. Inset: measured 
deflection in response to a 700 V voltage step. Mechanically 
underdamped behavior is seen, corresponding to a 1.35 kHz 
natural frequency. 
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Dynamic response 
The dynamic response of a 3 mm diameter actuator 

was measured in response to an acoustic wave and to 
direct electrical actuation (figure 9).  Both actuation 
methods give a resonance frequency of 1.3 kHz, 
demonstrating the device can be actuated in less than 1 ms.  
The resonant frequency does not depend on electrical 
parameters, but only on device geometry and on the 
Young’s modulus and stress of the PDMS film.  We 
reported in [16] a technique for tuning down the resonance 
frequency by applying an electrostatic stress.  This 
technique is also applicable to the devices bonded on 
Pyrex substrates. 

 
CONCLUSIONS  

We have used low energy metal ion implantation to 
fabricate mm-size dielectric elastomer actuators on Pyrex 
chips, capable of out-of-plane deflection up to 25% of their 
diameter and with response time of the order of 
miliseconds.  We have presented a new process flow for 
the actuators’ fabrication, which leads to vertical 
displacements 4.5 times higher compared to our previous 
reported results, as well as a much shorter response time.  
These devices will find uses in arrays of tunable micro-
lenses, beam steering platforms, and micropumps 
integrated into microfluidic systems. 
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