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A Single-Layer PDMS-on-Silicon Hybrid
Microactuator With Multi-Axis Out-of-Plane
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Abstract—This paper reports on fabrication and characterization of a new electrostatic microactuator that achieves
out-of-plane multi-axis motion with a single silicon device layer.
The multi-axis motion with the simple actuator design is possible
by incorporating a three-dimensional (3-D) polydimethylsiloxane
(PDMS) microstructure. This paper develops a new device processing method named “Soft-Lithographic Lift-Off and Grafting
(SLLOG)” to fabricate the previously designed PDMS-on-silicon
hybrid actuator structure. SLLOG is a low-temperature (less than
) process that allows replica molded PDMS microstruc150
tures to be integrated in silicon micromachined device patterns.
The fabricated actuator is characterized using laser vibrometry.
The experimental results demonstrate actuation motions achieved
in three independent axes with fast dynamic response reaching
a bandwidth of about 5 kHz. The fabricated PDMS-on-silicon
actuator yields a vertical displacement up to 5
and rotational
motions with a 0.6- tilting angle at a 40-V peak-to-peak ac
actuation voltage.
[1442]

TABLE I
ACTUATOR DESIGN PARAMETERS

C

m

Index Terms—Comb-drive actuator, deep reactive ion etching
(DRIE), laser vibrometry measurement, multi-axis microactuator,
PDMS-on-silicon microsystems.

I. INTRODUCTION
ICROMETER-SCALE actuation with multiple degrees
of freedom is a key technology in microelectromechanical systems (MEMS) applications. We proposed a new type of
MEMS device named the “polydimethysiloxane (PDMS)-onsilicon hybrid micro actuator.” It consists of a single-layer silicon structure containing comb drives and a three-dimensional
(3-D) PDMS microstructure converting their 1-D in-plane motion to multiple out-of-plane actuation modes with its flexural
joints. The design and modeling of the actuator were described
in detail in a separate companion paper [1]. This paper describes
fabrication of the PDMS-on-silicon hybrid microactuator and
characterization of its dynamic performance using laser vibrometry. The results are compared to our previous theoretical predictions.
The device fabrication is performed using the previously
selected design parameters shown in Table I. We call our
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new fabrication technique developed here “Soft-Lithographic
Lift-off and Grafting (SLLOG).” SLLOG combines polymer
microfabrication and silicon micromachining. The low-temperature processes employed in SLLOG allow the fabricated
device to be fully integrated with CMOS circuits. The experimental results prove that the integration of a 3-D PDMS
microstructure with silicon devices can yield a new type of
MEMS actuator with unique performance resulting from the
flexible mechanical properties of the polymer material.
II. HYBRID ACTUATOR FABRICATION—SLLOG PROCESS
The SLLOG process generally involves release of soft-lithographically patterned 3-D PDMS microstructures from a
micromold and precise attachment of them onto a separate
silicon-based MEMS structure. More specifically, the actuator
fabrication process employed here is composed of three major
tasks: (1) fabrication of comb drives on a SOI wafer; (2) soft
lithography and lift-off of a 3-D PDMS microstructure; and
(3) grafting of the PDMS microstructure onto the SOI patterns
with high alignment accuracy.
A. Comb-Drive Actuator Fabrication
The comb drives are fabricated on a commercially available
-thick
double-side polished 4-in SOI wafer with a
silicon (p-type, 1–10 ohm-cm) substrate, a 1000 50 nm-thick
buried thermal silicon dioxide layer, and a
-thick
device single-crystal silicon layer (p-type, 0.01–0.02 ohm-cm)
supplied by Analog Devices Inc., MA. The large device silicon
layer thickness provides large stiffness for the fabricated comb
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Fig. 1. SLLOG process steps for fabricating PDMS-on-slicon hybrid micro actuator.

drives to avoid vertical and tilting motions. Fig. 1(c) shows the
fabrication steps of the silicon comb drives. First, a negative
photoresist (SU-8 2025, MicroChem Inc., MA) layer with a
is patterned on the backside
thickness of approximately 20
of the SOI wafer, forming an etch mask which will be used in
a later process step to release the suspended actuator structure.
This is followed by patterning a positive photoresist layer with
the comb drive layout on the front side of the SOI wafer with
the backside pattern aligned. Then, the SOI wafer is etched by
deep reactive ion etch (DRIE) through the whole device silicon
layer. The silicon etching is stopped at the buried silicon dioxide
layer. To achieve a high-aspect-ratio (up to 1:17) single-crystal
silicon structure, the process employs a high-density inductively
coupled plasma (ICP) tool from Surface Technology Systems
(STS), which is based on the standard Bosch process. In the
DRIE process, passivation and silicon etch are achieved using
and
, respectively.

There are two major issues about using the Bosch process
for high-aspect-ratio silicon etching on SOI wafers. One is
the aspect-ratio dependent etching (ARDE) (also commonly
known as RIE lag), where channel patterns with larger width
are etched faster than those with narrow width [2]. Therefore,
overetching is needed to make certain that we etch through all
the patterns on the device silicon layer, including those with
narrow channel width. Another issue is the effect known as
notching. The overetching process induces dielectric charging
within the buried dioxide layer at the bottom of the pattern,
which deflects the incoming ions toward the bottom of the
sidewalls. This results in enhanced etching in the lateral
direction, causing the notching effect. In order to alleviate the
ARDE and notching, we used a lower etching power and a
longer passivation period in the comb drive fabrication process
with the internal pressure gradually decreased. The decreased
pressure increases the directionality of the ion bombardment
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at the end of the etching process, preventing the notching
problem.
B. Soft Lithography and Lift-Off of 3-D PDMS Microstructures
Soft lithography is the most well-developed process used
for PDMS microstructure fabrication [3]. The concept of soft
lithography is based on replica molding. There are two molds
needed to fabricate the 3-D PDMS microstructure for the hybrid
actuator, namely top and bottom molds.
Top Mold Construction: To enable the alignment between
the PDMS microstructure and the silicon patterns on the SOI
wafer, the top mold is fabricated out of positive photoresist deposited on a 4-in transparent Pyrex glass handle wafer. Fig. 1(a)
shows the fabrication steps of the top mold. The glass handle
thick) layer of
wafer is first coated with a thin (400–500
chromium (Cr). The Cr layer is subsequently patterned to be the
alignment marks for the following processes. We spin and hard
bake a positive-tone novolac-type photoresist AZ 9260 (Shipley,
thickness on the Pyrex wafer.
Marlborough, MA) with a 6–7
This thin hard-baked photoresist layer, which we call layer 1, is
used as a sacrificial layer in the following mold release process.
,
In order to fabricate the thick photoresist structure
we spin two layers of photoresist on the substrate to form a
top mold pattern. First, we spin a layer of the same photoresist (layer 2) on top of layer 1 at 1500 rpm, which is followed
by 5-min bake on a hot plate at 90 . Then, an additional AZ
9260 photoresist layer (layer 3) is spun under the same deposifor 90
tion conditions and baked in a convection oven at 90
min. The wafer waits for more than 60 min before it is exposed
to air to reabsorb moisture into the photoresist film, which is
necessary for the photochemical processes in the DNQ/novolac
photoresist [4]. Finally, the two-layer photoresist pattern combining layers 2 and 3 results in a top mold structure with a total
sitting on the thin positive photorethickness more than 35
sist sacrificial layer (layer 1).
Bottom Mold Construction: Fig. 1(b) shows the fabrication
steps of the bottom mold. It starts with coating a single-side
polished 4-in silicon wafer with a thin (400–500 thick) Cr
layer. The Cr layer is patterned to yield the alignment marks for
the following processes. Then, we use two-step silicon DRIE to
etch a 3-D bottom mold shape into the silicon wafer substrate.
A special plasma treatment is performed at the bottom-mold
surface to promote release of the cured PDMS microstructure
during the lift-off process later. The plasma surface treatment
passivation process using the STS DRIE
is based on the
tool and deposits a thin conformal layer of
on
layer, after
the entire bottom-mold surface. The deposited
following 5-min annealing at 150 , prevents adhesion of the
PDMS microstructure to the bottom mold surface.
Soft Lithography and Lift-Off: After finishing the preparation of the top and bottom molds, a few drops of PDMS precursor are placed on the center of the bottom mold. Then, the
top mold is pressed against the PDMS-filled bottom mold with
careful alignment under a stereo microscope. In this case, a sufficient pressure is needed to squeeze out the excess PDMS and
minimize the thickness of the residual PDMS layer [5], [6].
Subsequent PDMS curing is performed in vacuum to prevent

Fig. 2. Press machine utilized for 3-D PDMS microstructure fabrication.

the entrapment of air bubbles. The press molding of the entire PDMS microstructure is achieved using a customized machine developed by Hewlett-Packard Co. The press machine
consists of inner and outer chambers as illustrated in Fig. 2.
The inner chamber provides a vacuum environment sealed by
two rubber membranes covering the top and bottom molds. The
outer chamber will be filled with nitrogen gas to build up a pressure up to 800 psi, which is used to uniformly press the two
molds together under the rubber membranes. Also, a heater in
the outer chamber is turned on to elevate the ambient temperafor curing the PDMS. After the curing
ture up to about 150
process, the microstructure is released from the bottom silicon
mold with its top surface still attached to the photoresist mold on
the glass handle wafer as shown in Fig. 1(d). The excess PDMS
layer on the released side is removed by reactive ion etching
(RIE). Here, directional etching is achieved using a gas mixture
and 75%
[7] at a 40 mtorr chamber
containing 25%
pressure and a 250-W platen power (Semi-Group RIE). The
removal of the PDMS residual layer can be confirmed by the
red-to-transparent color change resulting from the overetching
of the underlying photoresist, as shown in Fig. 3. Fig. 4 shows
the SEM images of the bottom silicon mold and the 3-D PDMS
molded structure remaining on the top photoresist mold after the
residual PDMS etching.
C. Grafting of PDMS Microstructure Onto SOI Patterns
The surfaces of both the PDMS microstructure and the SOI
comb-drive patterns are treated by oxygen plasma, which results in a permanent PDMS/silicon bonding [5], [8]. An oxygen
plasma with a 250-mtorr chamber pressure and an 80-W platen
power is used to treat the surfaces for 30 s. A drop of DI water is
dispensed onto the surface of the DRIE-patterned comb drives,
which prevents instant attachment of the PDMS structure to
the silicon surface after the oxygen plasma treatment [5]. The
PDMS microstructure is roughly aligned by looking through
the optically transparent glass handle wafer and attached to
the silicon structure. The oxygen-plasma-treated surfaces
of the PDMS microstructure and SOI comb drives are both
hydrophilic, and thus tend to trap water at the gap between
the SOI wafer and the glass handle wafer during the grafting
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Process to remove residual PDMS layer and method to verify it by color change due to overetching of underlying photoresist.

on the PDMS microstructure and microgrooves etched in the
SOI patterns are used to achieve physical registration, which
results in fine alignment. Assisted by the surface tension,
PDMS microdimples are easily snapped into the grooves on
the SOI wafer just by manually tapping the glass handle wafer.
The PDMS grafting process results in alignment accuracy of
(see Fig. 5). The whole process is achieved without the
need of precise positioning control. This significantly reduces
the device fabrication time and expenses. The advantage of the
fluidic microassembly demonstrated by the current work is also
found in previous studies [9]–[14].
After the PDMS structure is grafted, the system is heated up
to evaporate the DI water trapped between the glass
to 150
handle wafer and the SOI wafer. The PDMS and silicon patterns are well bonded together without applying any pressure
after the DI water is totally dried out. It is found later that the
resulting PDMS-silicon bond is strong enough to allow us to
operate the fabricated actuator for more than one million cycles
without failure.
Back-side silicon DRIE is performed to etch through the
handle silicon substrate to create a cavity underneath the
moving parts of the comb drives. Then, the buried oxide layer
is etched out using buffered hydrofluoric acid (BHF) to fully
release the comb-drive structures. Finally, the top photoresist
mold is dissolved using a photoresist stripping solution PRS
2000 (J.T. Baker Inc., NJ), and the glass handle wafer is detached from the PDMS microstructure. The SEM images of
the fabricated PDMS-on-silicon hybrid actuator are shown in
Fig. 6.
III. EXPERIMENTAL RESULTS AND DISSCUSIONS
Fig. 4. SEM images of (a) bottom mold used for PDMS fabrication and
(b) fabricated 3-D PDMS micromotion translator. The PDMS microstructure
remains attached to the top photoresist mold on the glass handle wafer after
residual PDMS etching.

process. The surface tension on the air/water interface pulls the
two wafers together. Engagements of microdimples molded

A. Experimental Procedures
Fig. 7 illustrates the experimental setup used for characterizing the performance of the fabricated hybrid actuator. In this
paper, we employed a laser vibrometer (OFV-3001S, Polytec,
Inc., Waldbronn, Germany) to measure the out-of-plane motion
of the PDMS microplatform in response to actuation voltage
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Fig. 5. Video clips of surface tension-assisted PDMS microstructure grafting.

Fig. 6.

SEM images of PDMS-on-silicon hybrid actuator fabricated by the SLLOG process.

applied to the comb drives. To make the surface of the PDMS
microplatform optically reflective for the vibrometery measurement, we coated the entire device with an Au film
using evaporation (EnerJet E-Beam Evaporator) after oxygen
plasma surface treatment to enhance the adhesion of Au to the
PDMS surface [15].
The actuator device under test was placed on a 2-D micropositioning stage (Newport Co., CA). A laser beam guided by

a set of mirrors was focused on the surface of the PDMS microplatform with a 20X objective lens. The diameter of the fo. Actuation voltage was apcused laser spot is about 20
plied onto the comb drives using microprobes handled by micromanipulators (Model 110 and 210, Micromanipulator Co.,
Inc., NV) fixed on the stage. The actuation voltage was supplied using a function generator (33120A, Agilent Technologies, Inc., CA) and amplified using a high-voltage amplifier
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Schematic of experimental setup for vibrometer measurement to characterize PDMS-on-silicon hybrid actuator performance.

Fig. 8. Out-of-plane dynamic spectrum of fabricated PDMS-on-silicon hybrid
actuator.

(AV-110B-PS-D, Avtech Electrosystem Ltd., NY.). The control of the actuation voltage signal and the acquisition of the
optical signal from the vibrometer were simultaneously performed using a personal computer equipped with a data acquisition system (DAQ) (PCI-6111, National Instruments Co., TX)
and a GPIB interface card (PCI-GPIB+, National Instruments
Co., TX). Also, the graphic user interface (GUI) code, LabVIEW (National Instruments Co., TX), was programmed for
collecting the detected signal and processing the data. All the
measurements were performed under ambient conditions.
B. Vertical Motion Measurement
Fig. 8 shows the vertical-direction dynamic performance of
the microactuator characterized using the laser vibrometer. In
this case, two comb drives facing each other were activated by
an identical actuation voltage signal. The peak-to-peak actuation voltage was limited to 20 V to perform the measurements
within the dynamic range of the vibrometer. The dynamic spectrum shows a large bandwidth reaching 10 kHz with a resonant

Fig. 9. Measured vertical motion of PDMS microplatform. (a) Voltage signal
applied on comb drives. (b) Velocity signal detected by laser vibrometer.
(c) Microplatform displacement extracted from (b).

frequency of approximately 5.13 kHz. The measured resonant
frequency is close to the frequency of 4.86 kHz that was predicted from our theoretical analysis [1], which corresponds to
a prediction error less than 6%. The discrepancy likely results
from errors in the fabrication and the uncertainties of the material properties used in the theoretical prediction. In addition,
the model may overpredict the motion amplitude at frequencies near the resonant frequency. The model originally assumed
small amplitudes of motion (first-order dynamic model) and a
constant viscous damping ratio for entire device operation frequencies. The assumption is likely to be invalid for operations
reaching the resonance point, where relatively large displacement amplitude is generated. Also, the viscous damping ratio
may be increased by the large deformation of the PDMS microstructure at resonance. Moreover, the time-domain measurement results in Fig. 9 show little distortion in the displacement
profile with respect to a sinusoidal actuation voltage signal at 1
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Fig. 10. Vertical displacement of PDMS microplatform as a function of
applied actuation voltage.

kHz. These results are in good agreement with the theoretical
predictions described in [1].
In order to validate the static (DC) performance predicted in
[1], we characterized the vertical displacement of the actuator at
varying voltage applied to its comb drives. Since the displacement amplitude remains nearly constant at low frequencies far
below the resonant frequency (as shown in Fig. 8), we used the
data at 1 kHz to extrapolate the static performance. This approach allows us to estimate the static displacement amplitude
with small-signal noise. Fig. 10 compares the theoretically predicted and experimentally measured vertical displacement magnitudes. Each data point was obtained by five independent measurements on the same device under the same operational conditions. As can be seen in the figure, the predicted displacement
magnitudes generally agree with the experimental results obtained at actuation voltage up to 40 V. The measurement uncertainty is larger in the small voltage regime due to the small
signal-to-noise ratio (SNR). But the discrepancy between the
prediction and the measurement is still less than 5%.
C. Tilting Motion Measurement
The tilting motion of the PDMS microplatform was studied
with two orthogonal comb drives activated. As shown in Fig. 11,
the tilting angle of the microplatform was determined by measuring the out-of-plane motions at three positions (i.e., spots #1,
#2, and #3) on the diagonal direction perpendicular to the tilting
axis. In addition, the motions at three other positions along the
tilting axis (i.e., spots #4, #2, and #5 in Fig. 11) were measured
to study the crosstalk between the motions around two orthogonal tilting axes. Fig. 12 shows the results of the tilting motion
measurement at a 30-V peak-to-peak actuation voltage driven
at 1 kHz. Fig. 12(b) shows the velocity profiles for the three
detected positions (spots #1, #2, and #3). The velocity phase at
spot #3 is nearly 180 shifted from those at spot #1 and #2 as the
microplatform is experiencing tilting motion. Fig. 12(c) shows
relative displacements of spots #2 and #3 with respect to spot
and
) at varying
#1 (i.e.,

Fig. 11. Measurement process of PDMS microplatform tilting motion, which
is achieved by driving two orthogonally located comb drives. Spots #1 to #5
indicate the measurement locations probed by the vibrometer laser.

actuation voltage. Furthermore, the ratio between the relative
is calculated as
displacements
(1)
and shown in Fig. 12(d). The figure shows that
has a nearly
constant value of 2 during the entire measurement time, except
for the singular time periods when both relative displacements
approaches zero. At these periods, the numerical error is significant due to data processing errors or measurement noise and
results in the sharp spikes in the plot. Therefore, the data at these
periods are neglected in our interpretation. The nearly constant
with less than 5% variation indicates that the mivalue of
croplatform tilts as a rigid plate with no significant distortion.
This supports our model assumption in [1]. The tilting angle
can be estimated by
(2)
where is the point-to-point distance between the detected spots
. Simiin the vibrometry measurements, which is about 70
larly, the tilting angle about the axis perpendicular to the original
one, which indicates the crosstalk between the two axes, can be
calculated by
(3)
Fig. 13 shows the time-domain variation of the tilting angles
and
extracted from the vibrometry measurements at a 40-V
peak-to-peak actuation voltage driven at 1 kHz. The ratio of the
to that of
is less than 8% even without any
amplitude of
feedback control, suggesting a small crosstalk in the device.
Fig. 14 shows the amplitude of the output tilting angle
of the PDMS microplatform measured at a 1-kHz actuation voltage, which is nearly identical with the static value. The
output tilting angles with respect to the two orthogonal axes
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Fig. 13. Measured crosstalk between two tilting axes of PDMS microplatform.
(a) Voltage signal applied on two orthogonal comb drives. (b) Output tilting
and crosstalk tilting angle
.
angle

1

1

Fig. 12. Measured tilting motion of PDMS microplatform. (a) Voltage
signal applied on two orthogonal comb drives. (b) Velocity signal detected by
laser vibrometer. (c) Relative displacements of spots #2 and #3 relative to #1
calculated from (b). (d) Ratio of relative displacements calculated from (c).

have been measured by switching the actuation mode as shown
in Fig. 14. Both of the amplitudes of these titling angles are
about 0.6 at a 40-V peak-to-peak actuation voltage applied
on two orthogonal comb drives. The result also shows similar
performance about these orthogonal axes with a difference
less than 5%. This error primarily comes from the positional
uncertainties of each detected spot due to the relatively large
of the probing laser of the vibrometer. The
spot size
plot shows that the tilting angles obtained from the experiments
are about 40% less than those predicted from our theoretical
calculation. The overprediction may originate because our
model neglects the twisting of the PDMS flexural microjoints
during the tilting of the PDMS microplatform [1]. The twisting
motion of the PDMS micro-joints requires us to account for
extra torsional stiffness in our model. A model including the
torsional stiffness may better predict the experimental results.
The results here clearly demonstrate that the three-dimensionally molded microstructure of PDMS can allow the actu-

Fig. 14. Tilting angles of PDMS micro-platform tilting angles as a function of
applied actuation voltage.

ator to generate tilting motions as well as vertical motion in
the out-of-plane direction. To our best knowledge, this multiaxis motion capability with three degrees of freedom has not
been achieved for previous MEMS actuators constructed with a
single silicon layer.
IV. CONCLUSION
We have developed a new electrostatic actuator incorporating
a 3-D PDMS structure and experimentally demonstrated its capability. The micro actuator was tested using laser vibrometry,
and the results demonstrate that out-of-plane displacement and
tilting motions can be generated by the same actuator structure. The PDMS microplatform yields approximately a 5
out-of-plane motion at a 40-V peak-to-peak voltage applied on
two facing comb drives. The measured resonant frequency of
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the actuator is about 5 kHz. The tilting angles of the actuator
measured around two orthogonal axes are both about 0.6 at a
40-V peak-to-peak actuation voltage applied on two orthogonal
comb drives. These experimental results generally agree well
with the theoretical predictions described in the separate companion paper [1].
As another significant contribution, we have introduced a
new fabrication method to achieve seamless integration of
PDMS microstructures on silicon MEMS. This method provides a means to fabricate “PDMS-on-Silicon Microsystems,”
in which functions of silicon-based MEMS are enhanced by
the polymer material. PDMS-on-silicon Microsystems technology could introduce new mechanical, optical, and chemical
functionalities resulting from the use of PDMS in conventional
MEMS devices. Also, the process temperature of the SLLOG
process does not exceed 150 , and thus is CMOS compatible.
As a result, the developed micro actuator can be integrated with
CMOS circuits, permitting systems-on-a-chip incorporating a
single-layer multi-axis actuation mechanism.
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