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A Batch-Fabricated Single-Layer Elastomeric
Actuator With Corrugated Surface
Teimour Maleki, Member, IEEE, Girish Chitnis, Albert Kim, and Babak Ziaie, Senior Member, IEEE

Abstract—In this paper, we report on the first lasermicromachined batch-fabricated single-layer elastomeric actuator
with a corrugated surface profile. The structural material of
the cantilever actuator is a single [polydimethylsiloxane (PDMS)]
layer, and electrodes are soft lithographically patterned conductive
carbon grease. The asymmetric corrugated surface provides a
bending moment in a single PDMS layer without the need for
a second inactive layer. An actuator which is 5 mm long, 1 mm
wide, and 80 µm thick can generate up to 2-mm out-of-plane
displacement with zero applied force and 15 µN at zero deflection while consuming 20 µW of static power when actuated
with 500 V.
[2011-0159]
Index Terms—Carbon grease, elastomeric actuators, electrostrictive polymers, laser micromachining, polydimethylsiloxane
(PDMS).

I. I NTRODUCTION

L

OW-COST lightweight out-of-plane actuators are indispensable elements in a variety of robotics and biomedical
applications [1]–[4]. Electrostatic, magnetic, thermal, pneumatic, piezoelectric, and several other actuation mechanisms,
each with their unique advantages and disadvantages, have
been used to implement such actuators [5]–[14]. Dielectric
elastomer (DE) actuators are a new emerging class of electromechanical transducers with exceptional properties such as
large strains, fast response, high efficiency/performance, low
cost, high fracture toughness, and inherent vibration damping
[15]–[18]. These properties enable DE actuators to be a potential candidate in large range of applications including artificial
muscle, microelectromechanical systems (MEMS), smart skin,
and haptic displays [19]–[21]. One drawback of DE actuators
is their high actuation voltages (in the kilovolt range). Several
groups have attempted to address this issue (i.e., reducing the
actuation voltage or increasing the strain for a given voltage)
by various means such as modification of material properties,
engineering new materials, improving electrode geometry, and
mechanical contraptions such as film prestretching [22]–[27].
Additional difficulty concerning DE actuators is their nonbatchManuscript received May 22, 2011; revised February 8, 2012; accepted
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Fig. 1. Operation principle of dielectric elastomeric actuators. (a) Relaxed
state. (b) Actuated through application of a voltage to the compliant electrodes.

mode fabrication process. Most out-of-plane DE actuators are
handmade, use several structural layers, and have complicated
fabrication processes. In this paper, we focus on developing a
new structure for an out-of-plane DE actuator using a singlelayer elastomer with a corrugated surface to overcome difficulties in batch fabrication and multilayer integration. Geometric
design of the actuator makes single-layer implementation
possible; in fact, the described device is the only reported
single-layer DE actuator. In addition, laser micromachining in
combination with soft lithography is used to achieve a batchscale fabrication process. In Section II, we describe the actuator
design and simulation. Section III elaborates on the fabrication
process followed by measurement results in Section IV. Finally,
in Section V, we conclude by summarizing our efforts and
suggest several areas for further investigation.
II. D ESIGN AND S IMULATION
Dielectric elastomeric actuators consist of a soft material
(polydimethylsiloxane (PDMS) in our design) sandwiched between two conductive and compliant electrodes (carbon grease
in our design) (Fig. 1) [28]. When there is no voltage across
the electrodes, the soft material is in a relaxed state [Fig. 1(a)].
Applying a voltage across the compliant electrodes induces an
electrostatic pressure that squeezes the soft elastomer, reducing
its thickness and increasing its lateral dimensions [Fig. 1(b)]
because the elastomer has a Poisson’s ratio close to 0.5 and
keeps its volume constant during deformation.
A single-layer elastomeric cantilever would bend in an outof-plane direction if asymmetric stresses are applied to its top
and bottom surfaces. This asymmetric stress profile can be
achieved through geometric design of the surfaces. Fig. 2 shows
3-D schematic and cross section of a single-layer elastomeric
cantilever actuator with such an asymmetric surface profile,
i.e., the top surface is corrugated, while the bottom one is
flat. This surface profile is designed such that the thickness
(d) of the actuator is changing periodically [Fig. 2(b)]. The
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Fig. 2. (a) Three-dimensional schematic and (b) cross-sectional view of a
single-layer elastomeric actuator with an asymmetric surface profile.

structure thickness can be thought of as a superposition of two
components, a constant term (t) with a square wave (magnitude
A and frequency ω) superposition representing the corrugation.
When a constant voltage is applied across top and bottom
electrodes, the resulting transverse stress in the elastomer can
be approximated as
V2
1
σ = − εε0
2
(t ± A)2

(1)

where ε is the elastomer dielectric constant, εo is the air
permeability, and V is the applied voltage. The asymmetric
surface profile induces a nonuniform transverse compression
and longitudinal expansion, resulting in a bending moment in
the cantilever.
In order to better understand the actuation mechanism, a
simplified structure is shown in Fig. 3. Induced electrostatic
force is assumed to be perpendicular to the surface of the
actuator in this simplified model. A single actuator unit without
any actuation voltage is shown in Fig. 3(a), while similar unit
after actuation is shown in Fig. 3(b). Color change illustrates
the simulated induced compressive stress in the thinner segment
which is larger compared to that of the thicker part. Although
(1) predicts a uniform stress across both the thinner and thicker
segments, we hypothesize that part of the thicker segment
(region 3) connected to the thinner one (region 1) experiences
higher stress values as a result of the transferred stress from
the adjoining thinner regions [Fig. 3(b)]. Associated with the
transverse stress is a considerable longitudinal one due to high
value of PDMS Poisson’s ratio (∼0.5). As shown in Fig. 2(b),
a higher longitudinal strain in the bottom part of the cantilever
results in more elongation along X-axis compared to the top
part, deflecting the cantilever in the upward direction.
To confirm our hypothesis, Comsol Multiphysics was
used to simulate the stress/strain in the simplified structure shown in Fig. 3, using PDMS as elastomeric material

Fig. 3. Simplified structure of one element of the asymmetric actuator.
(a) Without applied voltage. (b) With applied actuation voltage inducing a
bending moment in the element.

(Y oung  s modulus = 750 kPa; P oisson s ratio = 0.49; dielectric constant, ε = 2.7). To avoid any rigid body motion during the simulation, two nodes were fixed as shown in Fig. 4(a).
Simulation results are summarized in Fig. 4. Fig. 4(b) shows
the stress (σy ) along several cross sections of the beam shown
by red lines in Fig. 4(a). Difference in stress levels in the top
and bottom sections of the thick part is evident from the plot.
Due to Poisson’s effect, higher stress (σy ) results in greater
strain levels along X-direction (εx ) which is depicted in the
color plot [Fig. 4(a)]. This is similar to a bimaterial beam
in which a given temperature difference results in dissimilar
expansions and bending. However, in case of the PDMS actuator presented here, dissimilarity in expansion is achieved by
geometric design and applied voltage. One can notice a very
slight upward deflection of the bottom right corner in Fig. 4(a).
Although this deflection is very small for a single element, if
multiple elements are used, it is expected to add up, resulting
in a significantly larger movement. Such multielement PDMS
cantilever (5 mm long and 1 mm wide) was used for parametric
study. The effect of element size [variations in l1 , l2 , t1 , and t2
as shown in Fig. 3(a)] on the deflection was simulated without
changing the overall size of the cantilever. Fig. 4(c) shows
one such case (l1 = 60 µm, l2 = 20 µm, t1 = 40 µm, and
t2 = 100 µm). Inset in the figure clearly shows nonuniform
stresses as expected which shows that our analysis based on
single element can be extended to multielement structure.
Fig. 5 shows the deflection simulation results versus thick
segment’s length [l2 in Fig. 3(a)] for a 5-mm-long 1-mmwide actuator when 1-kV voltage is applied. In this simulation,
the thickness of the thin segment [t1 in Fig. 3(a)] and the
whole element length (l1 + l2 ) are kept fixed at 40 and 80 µm,
respectively. As can be seen, deflection is increasing with larger
l2 /l1 ratio. This can be explained by the fact that the induced
deflection is mostly due to an asymmetric strain in the thicker
segment [see Fig. 4(b)], and the length of the thin segment
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Fig. 5. Simulation results for asymmetric actuators showing tip deflection
versus the length of the thick segment (t2 as the variable parameter). (Inset)
Deflection versus the thickness of the thicker segment with other parameters
kept constant (see the text).

Fig. 6. Simulation results for asymmetric actuators showing tip deflection
versus the length of the thick segment (t1 as the variable parameter). (Inset)
Deflection versus the thickness of the thinner segment with other parameters
kept constant (see the text).

Fig. 4. Comsol simulation of a single element of the actuator. (a) Nonuniform
displacement. (b) Normal stress along (shown by red lines) multiple cross
sections. (c) Comsol simulation results for the 5-mm-long asymmetric actuator.
Inset clearly shows nonuniform induced stress in the thicker segment.

has limited effect on the deflection. Therefore, the longer the
thick segment, the higher the deflection. The inset in Fig. 5
shows deflection versus thick segment thickness t2 , while l1 , l2 ,
and t1 are held constant at 5, 75, and 40 µm, respectively. As
illustrated in the figure, deflection is higher for an actuator with
increased thick segment thickness, due to the minimal effect
of thin segment on the asymmetry of the induced longitudinal
strain.
Simulation results for deflection versus thick segment length
for 5-mm-long and 1-mm-wide actuators having different thin
segment thicknesses t1 are shown in Fig. 6. In this simulation, the thickness of the thick segment t2 is assumed to
be fixed at 100 µm. As shown in the figure, the thinner the

thin segment, the higher the deflection. This is because of the
higher transverse contraction [see (2)] in the thin segment.
The inset of the figure represents the deflection versus thin
segment thickness t1 , while l1 , l2 , and t2 are 5, 75, and
100 µm, respectively.
In another set of simulations, the reaction force at the tip
(with zero displacement) versus the length of the thick segment
was calculated (the thin and thick segment thicknesses were
kept constant at 40 and 100 µm, respectively) (Fig. 7). As can
be seen, an actuator with a longer thick segment creates less
force. This is due to the fact that longer segment can dissipate
nonsymmetrical strain in itself, hence creating smaller force
than that of an actuator with shorter segment length.
In conclusion, simulation results suggest that an actuator
with a very asymmetric profile (large l2 /l1 and t2 /t1 ) generates
maximum deflection. However, such an actuator would generate least amount of force. We should mention that practical
limitations might prevent the fabrication of such structures.
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Fig. 7. Reaction force at the end of cantilever actuator versus the length of the
thicker region with other parameters fixed (see the text).

Fig. 8. Batch-scale fabrication process of the elastomeric actuators: (a) Etched
silicon mold, (b) PDMS casting for the actuator, (c) PDMS stamp for the
electrodes fabricated from an SU-8 mold, (d) stamping the electrodes on the
actuator’s flat surface, (e) stamping the electrodes on the corrugated surface,
and (f) batch-scale separation with laser micromachining.

For example, achieving a uniform electrode coating is very
difficult in an actuator with very narrow and deep surface
nonuniformity. Moreover, handling ultrathin PDMS sheets (less
than 40 µm) is another challenge in fabricating such an actuator.
In the following sections, fabrication and experimental results
for an actuator with the following geometrical parameters are
presented: l1 = 20 µm, l2 = 70 µm, t1 = 40 µm, and t2 =
100 µm.
III. FABRICATION P ROCESS
A batch-compatible fabrication process for the elastomeric
actuator using PDMS as the structural material and conductive grease as the electrodes is shown in Fig. 8. PDMS
was chosen as the structural material due to its well-known
mechanical/electrical properties, low cost, and MEMScompatible fabrication processability, while good adhesion to

the structural material (PDMS) and low deformation resistance
were reasons behind choosing conductive carbon grease as the
electrode material. The process starts with the fabrication of
a silicon mold with a corrugated top surface (60 µm deep)
using isotropic silicon wet etching in HNA (20%wt HF:70%wt
HNO3 : 10%wt CH3 COOH) [Fig. 8(a)]. Next, a 100-µmthick PDMS (SYLGARD 184, Dow Corning, Midland, MI,
mixing ratio = 10 : 1) is spun coated (1500 r/min for 30 s) and
cured (at 120 ◦ C for 30 min) to form the structural layer with
asymmetric surface profile [Fig. 8(b)].
Separately, another SU8 (Microchem Corporation, MA,
USA) mold is prepared using regular photolithography, and a
PDMS stamp is fabricated by casting against the SU-8 mold
[Fig. 8(c)]. The PDMS stamp is then inked by conductive
carbon grease (846-80G, MG Chemicals, Burlington, Ontario,
CA; electrical resistivity = 0.01 Ω · cm; density = 2.7 g/ml)
and is used to deposit the top electrode on the PDMS structural
layer (on the noncorrugated side) [Fig. 8(d)]. Subsequently,
the stamped PDMS layer is transferred to a parylene-coated
acrylic sheet in such a manner that the stamped surface is
faced against the parylene (carbon grease has low adhesion
to parylene, thus preventing transference of the electrode to
the parylene surface). Afterward, aligned stamping of the top
electrode on the corrugated surface is performed [Fig. 8(e)]. A
slight pressure is necessary during stamping the top electrode
on the corrugated surface in order to deform the nonplanarity
and ensure a uniform coverage. Finally, laser micromachining
(CO2 laser, 2007 Professional Systems, Universal Laser System, AZ, USA) is used to separate the individual actuators at
the wafer level [Fig. 8(f)].
A photograph of an array of the batch-fabricated actuators
on the acrylic sheet prior to laser micromachining is shown
in Fig. 9(a). SEM image of the corrugation on the surface of
the actuator after electrode stamping illustrating the uniform
coverage of the corrugated surface by carbon grease is shown
in Fig. 9(b). An optical micrograph of the side wall of actuator
showing the corrugation profile is shown in Fig. 9(c). For
characterization purposes, the actuator was mounted on a metalcoated glass slide, acting as the backside connection, and a
needle was used as the front contact. This setup is shown in
Fig. 9(d).
IV. M EASUREMENT R ESULTS
The performance of the single-layer elastomeric out-of-plane
actuators were measured using a high-voltage power supply as
an actuation source. The actuator movements were monitored
under microscope and recorded through a high-speed video
frame grabber. Image analyses were performed to calculate
the bending movement of the actuator. Fig. 10 shows the tip
displacement versus applied voltage for actuators with 3-, 4-,
and 5-mm lengths and 1-mm width (l1 = 20 µm, l2 = 70 µm,
t1 = 40 µm, and t2 = 100 µm). As can be seen, millimeterscale actuation was achieved for voltages of less than 1 kV. For
the actuator which is 5 mm long and 1 mm wide, the maximum
power consumption was 20 µW when actuated with 1 kV (due
to leakage through PDMS). The tip deflection of the actuator
is within 20% of its simulated value (0.7 versus 0.9 µm; see
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Fig. 11. Tip displacement versus applied voltage. The actuator movement was
greatly enhanced by reducing the Young’s modulus of the PDMS.

Fig. 9. (a) Batch-fabricated actuators. (b) SEM picture of the actuator showing
corrugated surface. (c) Cross-sectional photograph of the actuator. (d) Mounted
actuator.

Fig. 10. Displacement versus applied voltage for actuators having 3-, 4-, and
5-mm lengths (l1 = 20 µm, l2 = 70 µm, t1 = 40 µm, and t2 = 100 µm).

Figs. 5 and 10). This error can be attributed to the stiffness of
carbon grease electrodes (neglected in the simulation) and the
stress induced by the electrical contacts.
It was shown that one can increase the out-of-plane movement of the elastomeric actuators by modulating the stiffness
of the structural material [26]. In case of PDMS actuators, this
modulation can be simply achieved by controlling the curingagent-to-the-base ratio. In an attempt to increase the actuator

Fig. 12. Deflection versus applied voltage with different masses placed on the
tip of the cantilever (l1 = 20 µm, l2 = 70 µm, t1 = 40 µm, and t2 = 70 µm).

out-of-plane displacement, we increased the base-to-curingagent ratio to 15 : 1. Furthermore, we reduced the thickness
of the thin segment to 30 µm, which also increases the tip
movement (inset in Fig. 6). Fig. 11 shows the tip displacement
versus applied voltage for actuators with 5 mm in length and
1 mm in width (l1 = 20 µm, l2 = 70 µm, t1 = 30 µm, and
t2 = 70 µm). As can be seen, millimeter-scale actuation was
achieved for voltages of less than 500 V (power consumption
of less than 15 µW). However, we should mention that the
softened DE actuators are too fragile and difficult to handle.
In order to improve handleability, we fabricated 5-mm-long
1-mm-wide cantilever (l1 = 20 µm, l2 = 70 µm, t1 = 40 µm,
and t2 = 70 µm) using a base-to-curing-agent ratio of 10 : 1.
For the force measurement setup, we placed different weight
on the tip of the actuator and monitored its deflection under
microscope using high-speed video frame grabber. By placing
different weights of masses (0, 0.4, 0.8, and 1.1 mg of PDMS
blocks), the actuator output force at different actuation voltage
was measured. As expected, the actuator with heavier mass
tends to deflect less, and the actuator with lighter mass tends
to deflect more (Fig. 12). The maximum weight that an actuator
was capable of moving was 1.5 mg; hence, the maximum output
force at zero deflection was calculated to be 15 µN.
The dynamic response of the actuator was evaluated using
pulse response and ac input sweep. Similar actuator used
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Fig. 13. Time response of the actuator when 1200 V was applied at 0.5 s.

in the previous section (5 mm long, 1 mm wide; l1 = 20 µm,
l2 = 70 µm, t1 = 40 µm, and t2 = 70 µm; base-to-curingagent ratio = 10 : 1) was fabricated and tested. Fig. 13 shows
the pulse response of the cantilever when actuated with a
1.5-kV step voltage. Actuator response is slower (tr = 0.3 s)
than expected theoretical value from Comsol simulation of the
PDMS cantilever without compliant electrode (250 Hz). We
believe that this slower response is due to the damping effect
of the electrode’s mass, the viscoelastic behavior of PDMS
and carbon grease, and the limited rise time of the actuation
voltage. We also characterized the frequency response using a
high-voltage switching supply and found the natural resonant
frequency to be ∼1 Hz.
Finally, as part of our experimental characterizations, we
coated the DE actuators with a thin layer of parylene. This
was done in an attempt to investigate the possibility of passivating the electrodes without affecting the performance of the
actuators. Electrode passivation is a common concern related
to elastomeric actuators and limits their application to gas and
nonionic liquid environments [24], [28]–[30]. We coated the
cantilevers with 0.1 and 1 µm of parylene and compared the
deflection to a noncoated sample [Fig. 14(a)].
As can be seen, even a 100-nm-thick parylene considerably
increases the stiffness and decreases the performance. A better
method to isolate the electrodes is to physically remove them
from the tip of the cantilever (at the expense of a higher
actuation voltage). Fig. 14(b) shows a prototype with exposed
electrodes residing in a horseshoe-shaped case to prevent the
electrode contact with the manipulated object.

V. D ISCUSSION
We believe that the described single-layer actuators or an
array of them configured in various designs can have interesting
applications in MEMS and microrobotics. The actuator performance can be enhanced through careful selection of electrode
and elastomeric material. Since the focus of this paper was to
present a new design and fabrication process for single-layer
DE actuators, we did not attempt to evaluate different materials
and their effect on device performance. However, we would
like to elaborate on some recent efforts in this area in order to
provide a more comprehensive discussion.

Fig. 14. Isolation of the elastomeric actuator. (a) Parylene coating increases
the stiffness and degrades the performance, (b) enclosing the actuator in an
acrylic guard.

Carbon grease is the main electrode material used in DE
actuators. As mentioned before, although it has some desirable
properties such as low deformation resistance, its application
in uniform thin layers is challenging (our soft lithographybased stamping simplifies the process by using batch-fabricated
PDMS stamps). The performance of the actuator can be improved by replacing the carbon grease electrodes with a more
compliant and easier to fabricate/apply electrodes such as thickened electrolyte solution [22], metal-ion-implanted electrodes
[28], or elastomers filled with microparticles such as nanotubes, silver, or exfoliated graphite [29]. As for the elastomeric
material, several other candidates other than PDMS have
been investigated which offer advantages as related to strain,
response time, and dielectric breakdown. For example, 3M
acrylic elastomers (such as VHB 4910 and VHB F-9473PC)
[30], triblock copolymer organogels [30], or polyether-based
polyurethane elastomer filled with conductive carbon black [32]
can provide more strain per applied electric field. For a faster
electromechanical response, Dow Corning silicone (DC 3481)
has been used [30]. Another method to enhance the electromechanical performances of the aforementioned actuators is
loading the PDMS (or polyurethane elastomer) with highpermittivity microparticles, such as barium titanate, titanium
dioxide, or 0.85Pb (Mg1/3Nb2/3)O3–0.15PbTiO3, or blending
it with a highly polarizable conjugated polymer such as poly(3hexylthiophene) [33], [34].
Dielectric breakdown has been a major impediment to wider
acceptability of DE actuators. PDMS has the dielectric breakdown of 144 MV/m, while that of acrylic (3M VHB 4910) is
412 MV/m [35]. It should be noted that loading the elastomers
with conducting microparticles or blending them with polarizable polymer reduces the dielectric breakdown and limits
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the maximum operating voltage [33], whereas nonconducting
microparticles result in a higher dielectric breakdown [36].

VI. C ONCLUSION
In conclusion, a batch fabrication process for a single-layer
elastomeric actuator based on asymmetric surface profile has
been presented. Comsol simulations were performed showing
that a more nonuniform profile would generate a greater deflection. Successful fabrication and characterization of three different sizes of actuators with geometry optimized for maximum
out-of-plane deflection were presented. There was a reasonable
agreement between the measurements and the Comsol simulation results (within 20%). Cantilever beams actuated with
voltages as low as 500 V could achieve millimeter-scale outof-plane displacements. A 5-mm-long actuator was capable of
generating 15-µN force when actuated with 500 V and consumed less than 20 µw of power. Although a simple cantilever
beam was presented in this paper, similar concept can be applied to several other geometrical designs such as membranes,
double-clamped beams, and spiral structures. Applications of
this technology can include micropumps, microvalves, and
miniaturized manipulators.
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