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Although pneumatic microvalves are widely utilized in microfluidic systems, they are rarely used in
portable applications due to the bulky ancillary equipment required for their actuation. The microvalves
rely on transducers that convert electrical signals into mechanical forces, and the miniaturization and
integration of these transducers has proven to be challenging. Here, we report a strategy for operating
pneumatic valves where microscale electrostatic actuators were used to relay commands from elec-
tronic ancillaries. Each electrostatic actuator occupied a footprint less than 0.5 mm?, and was composed

gleey:tvgggtic actuator entirely of poly(dimethylsiloxane) and multi-walled carbon nanotubes. Similar to typical pneumatic
Microvalve microvalves, the electrostatic actuators were fabricated exclusively with soft-lithographic techniques,

which permitted both components to be integrated monolithically. The actuators operated at electric
potentials less than 300V, and regulated microchannels pressurized up to ~4 kPa, which is sufficient for

Microfluidics
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many microfluidic applications.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Pneumatic microvalves have been widely implemented in
chemical and biological microsystems (e.g., platforms for protein
crystallization screening [1,2], genomic analysis [3], and biologi-
cal network characterization [4]) due to their unique combination
of simplicity, reliability, and versatility [5]. However, despite
their many advantages, pneumatic microvalves have one major
drawback. They are typically operated with an external pressure
source, an array of solenoid valves, and computerized controls,
which severely limit their portability. A common strategy that has
emerged to address thisissue involves the compression of microflu-
idic reservoirs either with (i) battery-operated arrays of solenoids
[6] or (ii) refreshable Braille displays [7]. In practice, this approach
is limited to systems with densities on the order of ~10 pneu-
matic microvalves per cm?, since solenoids scale at ~1 actuator
per cm?, and Braille displays scale at ~10 actuators per cm?2. Addi-
tionally, neither actuator has been shown to operate more than
several valves per control channel due to the attenuation of pres-
sure pulses. Consequently, both solenoids and Braille displays will
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meet challenges when applied to highly-parallelized, microfluidic
large scale integrated systems, where pneumatic microvalves are
routinely fabricated with densities on the order of 1000 valves per
cm? [8], and recent examples achieve densities approaching 106
valves per cm? [9].

A second strategy for controlling portable pneumatic microsys-
tems utilizes electrostatic microvalves that gate pneumatic control
lines pressurized with an external gas tank [10]. Due to the low
dead volume of the electrostatic microvalves, the pressure source
can be scaled down to a portable size. Although this approach s also
limited to densities of ~10 actuators per cm?, the pressure from the
tank can hypothetically drive hundreds of valves per control line.
Unfortunately, dielectric charging rapidly increases the actuation
potentials during cycling, and eventually renders the valves inop-
erable. Also, fabrication of the electrostatic actuators is tedious, and
interfacing with the microfluidic chip requires multiple pneumatic
connections.

Herein, we report ancillary electrostatic actuators that scale
appropriately for large scale integrated microfluidic systems (~100
actuators per cm?2). The actuators were fabricated exclusively with
simple soft-lithographic techniques, which allowed them to be eas-
ily incorporated into standard pneumatic microsystems without
the need for sophisticated microfabrication equipment. Also, drift
in the actuation potential due to dielectric charging was avoided
by fabricating contact surfaces from identical materials.


dx.doi.org/10.1016/j.sna.2013.03.020
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:kenis@illinois.edu
dx.doi.org/10.1016/j.sna.2013.03.020

J.D. Tice et al. / Sensors and Actuators A 196 (2013) 22-29 23

2. Design

The design of our electrostatic actuator is shown in Fig. 1. Each
actuator consisted of a circular elastomeric membrane with an
embedded electrode, suspended above a microfluidic chamber. In
the application we explore here, this chamber was part of the
control channel leading to one or more pneumatic microvalves. A
second electrode was embedded just beneath the floor of the cham-
ber. A cylindrical post was attached to the top of the membrane to
both reduce the probability of adhesion-driven collapse [11-13]
and reduce upward deflection of the membrane when the channel
was pressurized. The recess above the membrane was connected to
achannel that was vented to atmosphere to avoid pressure build-up
in the cavity, which could affect actuation. Based on a mathemat-
ical model we developed earlier [11], we designed the diameter
of the membrane to be between 200 and 600 p.m, which permit-
ted actuation at low potentials (<300V) while avoiding collapse
due to adhesion between the membrane and the chamber floor.
The diameters reported here were significantly smaller than those
of previously reported electrostatic actuators for instructing pneu-
matic microvalves (3 mm) [10]. With these lateral dimensions, we
anticipate our actuators will scale on the order of ~100 actuators
per cm?, an order of magnitude higher than previously reported
transducers.

Support layer
Venting channel
Support post

Encapsulating layer

Carbon nanotube
electrode

Actuator chamber

Control channel leading to
pneumatic microvalve(s)

electrode

(b) Open
[ [ ]

Carbon nanotube electrodes

| Support post

Actuator" 280V

Control
channel

.. Venting.
| channel

¥
{

Fig. 1. (a) An exploded view and a perspective view of the monolithic
poly(dimethylsiloxane) electrostatic actuator. Vertical dimensions are not drawn
to scale. (b) Side views (illustrations) and top views (micrographs) of electrostatic
actuators in the open and closed states. In the micrographs, the carbon nanotube
electrodes extend beyond the view of the images.

3. Materials and methods
3.1. Fabrication

Molds for channels and actuator chambers were made by pat-
terning SU-8 5 photoresist (Microchem Corp., Newton, MA) onto
silicon wafers using standard photolithographic techniques in
accordance with the manufacturer’s specifications. The photore-
sist was spun at 1700rpm for 30s, leading to features 7 pm tall.
Molds for the stamps and support layer were fabricated using
SU-8 50 spun at 2000rpm for 30s, resulting in features 50 um
tall. To reduce adhesion between poly(dimethlysiloxane) (PDMS)
and the molds, a surface treatment was performed by placing
the molds in a vacuum desiccator along with several drops of
(tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (Gelest, Inc.,
Morrisville, PA), and then applying vacuum overnight.

To form the electrodes, an aqueous suspension of multi-walled
carbon nanotubes (MWNTs) (20-30 nm outer diameter, 10-30 wm
length, >95wt% purity, ash <1.5wt%; Cheaptubes, Inc., Brattle-
boro, VT) with a ratio of 1g MWNTs: 10g sodium dodecyl sulfate:
1mL deionized water was prepared and sonicated (Vibra-Cell
VCX130PB; Sonics & Materials, Inc.,, Newtown, CT) for approx-
imately 30 min to solubilize the MWNTs. A 0.1 mL sample was
diluted into approximately 20-30 mL deionized water and stirred
briefly. The dilute suspension was filtered through an alumina
membrane (Whatman Anodisc™ inorganic membrane, 0.1 or
0.2 wm pore size, 47 mm diameter) that had been wet with ethanol
(Fig. 2a) [14]. After the liquid had fully passed through the mem-
brane, the MWNTSs that remained on the membrane were washed
with ethanol until the filtrate was free of bubbles.

To construct the upper layers of the actuator, a thin layer of
PDMS (20:1 ratio of monomer to cross-linking agent by weight;
General Electric RTV 615; Hisco, Inc., Schaumburg, IL) was first spin-
coated onto the mold at 10,000 rpm for 50s such that a thin film
(~8 wm thick) covered the channel features (Fig. 2b). The PDMS film
was cured in an oven at 70°C for 1h and then allowed to cool to
room temperature. APDMS stamp (20:1 ratio of monomer to cross-
linking agent by weight, cured overnight at 70°C) was brought
into contact with the MWNT film formed previously. Areas in con-
tact with the stamp were lifted off the membrane filter and then
applied to the PDMS film [15]. Pressure was applied by hand, and
then the stamp was removed. Electrical contacts were made from
a mixture of PDMS (5:1 ratio of monomer to cross-linking agent by
weight) and 10 wt% MWNTs, which was applied on the designated
area of the MWNT electrode and subsequently cured for 15 min in
an oven at 70°C. To encapsulate the MWNT electrode, a second
layer of PDMS (20:1 ratio of monomer to cross-linking agent by
weight) was spin-coated on top of the electrode at 2400 rpm for
30s (~35 wm thick) and allowed to cure until tacky in an oven at
70 °C for 20-30 min. The PDMS support layer (5:1 ratio of monomer
to cross-linking agent by weight; cured at 70 °C for 1 h) was aligned
and placed on the membrane. The support layer contained cylin-
drical posts centered in the recesses over the actuator chambers
that were 20% the diameter of the underlying chambers. After
aligning the support layer, uncovered regions of the spin-coated
PDMS layers were filled with liquid PDMS (5:1 ratio of monomer to
cross-linking agent by weight) and the whole assembly was cured
overnight in an oven at 70°C. Afterward, the upper layers of the
actuator were removed from the mold and holes were punched to
the inlets of the microchannels using a sharpened 20 gauge steel
needle.

To fabricate the lower electrode for the actuator, a featureless
silicon wafer was treated with silane vapor as described previously,
and a thin layer of PDMS (20:1 ratio of monomer to cross-linking
agent by weight), diluted in hexanes (10:1 ratio of hexanes to PDMS
by weight) was spin-coated onto the wafer at 10,000 rpm for 120,
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Fig. 2. Anillustration of the fabrication scheme for monolithic electrostatic actuators using soft-lithographic techniques.

yielding a film <1 wm thick (Fig. 2c) [16]. The thin PDMS layer
was cured in an oven at 70°C for 1h, and then a MWNT film was
deposited as described above. Electrical contacts were also applied,
and the wafer was then covered with a layer of PDMS (5:1 ratio
of monomer to cross-linking agent by weight) several millimeters
thick. The PDMS was cured overnight at 70°C.

To seal the upper layers of the actuator to the lower electrode,
both surfaces participating in the seal were exposed to oxygen
plasma generated with an atmospheric plasma system (Atomflo™
400L system equipped with an AH-250L head; Surfx Technologies,
Redondo Beach, CA) (Fig. 2d). The system was configured to 100 W
RF power, with an oxygen flow rate of 0.03Lmin~! and a helium
flow rate of 15.0 Lmin~!. The bonding surfaces were passed under
the nozzle of the plasma system by hand at approximately 2 cms=1.
Immediately after exposure, the separate layers were aligned and
brought into contact. To complete the seal, the device was heated
at 70°C for at least 1 h.

3.2. Determination of actuator dimensions

To determine critical dimensions, an actuator was cut in half
to expose the cross-section and then observed with a scanning
electron microscope (JEOL 6060LV SEM). Channel depths were
measured with a profilometer (Dektak 3030). Lateral dimensions
were measured with an optical stereoscope (Leica M025C).

3.3. Integration of electrostatic actuators with a pneumatic
microvalve

To integrate a pneumatic microvalve into the device, the fab-
rication of the lower electrode was modified as follows. After
spin-coating PDMS, depositing the electrode, and curing the elec-
trical contacts, a second layer of PDMS (20:1 ratio of monomer to
cross-linking agent by weight) was spin-coated onto the wafer at
2400 rpm for 30s (~35 m thick). The PDMS layer was semi-cured
in an oven at 70 °C for 20-30 min, until tacky. The reagent channel
for the pneumatic valve was placed on top. Uncovered regions of the
spin-coated PDMS layers were filled with liquid PDMS (5:1 ratio of
monomer to cross-linking agent by weight) and the whole assem-
bly was cured overnight at 70 °C. The mold for the reagent channel
was made by spin-coating Microposit™ SPR220™-7 photoresist at
1500 rpm for 60's (10 wm thick). The remainder of the photoresist
processing was performed according to the manufacturer’s speci-
fications. Following development, the mold was heated at 150°C
for 30 min to allow the resist to reflow, which created a rounded

cross-section. The rounded cross-section permitted hermetic clo-
sure of the pneumatic microvalve [17].

3.4. Characterization of the transfer printing process

Films of MWNTs were formed with solution-based processes
as described in Section 3.1. Sheet resistance was measured with
a custom-made four point probe while the films were still on
the membrane filters. The films were then transferred to feature-
less PDMS stamps (20:1 ratio of monomer to cross-linking agent
by weight, cured at 70°C overnight) without leaving observable
residue on the filtration membranes. The optical absorbance of
MWNT films with known densities were measured with a Perkin
Elmer Lambda 650 UV/Vis spectrometer at a wavelength of 400 nm
(while still on the PDMS stamps) to produce a calibration curve of
optical absorbance relative to nanotube density. Then, MWNT films
(initially 40 pg cm~2) were transferred from stamps to PDMS mem-
branes, and then encapsulated with another layer of PDMS. The
calibration curve was then used to extrapolate the final densities
of the MWNT films.

3.5. Characterization of drift in the actuation potential

The actuator chambers were filled with fluorinated oil (3M™
Fluorinert™ FC-40), wires were inserted into the electrical con-
tacts on the device, and the wires were attached to electrical
leads connected to a DC power supply (Hewlett Packard model
6209B). The electrode embedded in the membrane was negatively
polarized. The potential was increased slowly (~10Vs~1) until
the membrane came into contact with the floor of the actuator
chamber. Afterward, the potential was released, and the process
was repeated immediately afterward. The actuator was viewed
under an inverted microscope (Leica, DMI4000) equipped with
a 1600 x 1200 pixel charge-coupled device camera (QImaging,
Retiga-2000R) and phase contrast optics to visualize contact of the
membrane with the floor of the actuator chamber.

3.6. Testing electrostatic gates coupled to a pneumatic microvalve

The electrodes were interfaced with the power source as
reported in the previous section. The inlet of the control channel
was attached to a vial filled with fluorinated oil (3M™ Fluorinert™
FC-40) and attached to a source of pressurized nitrogen via a
pressure controller (Cole Parmer, model 68027-780). The inlet
pressure was adjusted to 8kPa, and the outlet was vented to
atmosphere. The reagent channel was filled with a mixture of
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blue dye (for optical contrast) with 50% ethanol by volume. To
shut the pneumatic microvalve, a potential of 300V was applied
to the gate downstream of the pneumatic microvalve. To open
the pneumatic microvalve, the same potential was applied to the
upstream gate, and then the potential applied to the downstream
gate was released. Images were captured through a stereoscope
(Leica M025C). To measure the leakage rate of the hydraulic fluid,
a ~10mm length of 30 gaugeTeflon® tubing was attached to the
outlet, and one of the gates was closed with a potential of 300V.
Hydraulic fluid was collected in the tubing over the course of 5 min.
The volume of the collected fluid was then calculated using the
length of the fluid slug and the inner diameter of the tubing. Divid-
ing by the duration of fluid collection yielded the flow rate.

3.7. Characterization of pressures accommodated by the
electrostatic actuator

The actuator chambers were filled with fluorinated oil (3M™
Fluorinert™ FC-40), and the device was attached to the power
source as mentioned previously. The inlet of the control channel
was attached to a source of pressurized nitrogen via a pressure con-
troller (Cole Parmer, model 68027-780). The outlet was shut with
a piece of Teflon® tubing that was filled with cured PDMS. A poten-
tial was applied across the electrodes to close the gate, and then the
pressure in the gate chamber was increased slowly (~0.1kPas—1)
until the membrane released from the floor of the microchannel.
Afterward, the pressure was decreased at the same rate until the
membrane snapped back into contact with the channel floor. This
process was repeated at least three times per gate.

4. Results and discussion
4.1. Advantages of carbon nanotube electrodes

As mentioned previously, one of the main objectives of our work
was to develop a simple fabrication scheme for the electrostatic
actuator, which required a careful evaluation of the materials used
for the electrodes. Others have mainly formed electrodes made
from thin metallic films [10,18-24]. However, to deposit metal-
lic films, fabrication procedures such as high-vacuum deposition,
aggressive chemical etching, and/or high-temperature annealing
steps are required. We sought to utilize fabrication techniques that
were less intensive, inexpensive, and minimally hazardous. Metal
electrodes also have a propensity to buckle when deposited on
elastomers [25], and in certain instances, the thin films require
specially-tailored channel cross-sections to prevent them from
fracturing under strain [24,26].

To address the above issues, we formed electrodes from con-
ducting nanoparticles. Specifically, we used multi-walled carbon
nanotubes, because several highly effective solution-based meth-
ods have been reported for depositing and patterning films of the
nanoparticles [14,15]. Since carbon nanotubes are hydrophobic,
they adhered well to PDMS stamps and could be patterned and
deposited via microtransfer printing, with 37% 4+ 17 (SD) of the elec-
trode material transferring from the stamp to the substrate (Fig. 3a).

Several other characteristics of carbon nanotubes made them
an attractive choice for electrodes. Due to the high aspect ratios
of carbon nanotubes (i.e., ratios of length to width), the nanopar-
ticles form fully percolating networks at lower loadings than
globular nanoparticles (e.g., carbon black) [27]. The particle load-
ing was adjusted such that the electrodes were both conductive
and transparent, which aided in visualizing the flow of fluids
through the actuators [14,28,29]. For the particle loadings we
used, the average optical absorbance was 0.3, and the sheet resis-
tance was ~1.5 k€2 sq~! (Fig. 3b). Finally, carbon nanotube-polymer
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Fig. 3. Characterization of electrodes made from multi-walled carbon nanotubes.
(a) A histogram showing the extent of MWNT transfer from PDMS stamps to PDMS
substrates in a sample of 25 devices, as determined by optical absorbance at 400 nm.
The MWNT films had initial loading of 40 g cm~2 before transfer. (b) Quantification
of film transparency and sheet resistance as a function of MWNT loading. Error bars
represent one standard deviation.

composites have been shown to withstand high stresses without
mechanical failure [30-32], and multi-walled carbon nanotubes
can be procured easily from commercial sources.

4.2. Characterization of actuation potentials

We characterized the minimum electric potential needed to
close the actuator, initially with atmospheric pressure applied to
the control channel. We tested three different diameters (200, 400,
and 600 pwm). For each actuator, the total thickness of the mem-
brane was 35 + 6 wm; the channel was 7 wm high; and the support
post was 20% of the diameter of the membrane. The width and
height of the venting channel in the support layer were both 50 pm.
The control channel leading to the actuator was 100 wm wide and
7 wm tall. The thickness of the MWNT electrodes was ~1 wm.

The actuator chamber was filled with hydraulic fluid (3M™
Fluorinert™ FC-40), which served to reduce the actuation potential
(due to its higher dielectric constant relative to air) and to reduce
the probability of adhesion-driven collapse [11]. An electric poten-
tial was gradually applied across the electrodes, increasing at a
rate of ~10V s~1. The membrane deflected slowly until it reached
a threshold where it suddenly snapped shut against the lower
electrode, which we refer to as the actuation potential (Fig. 1b).
Actuators with 200 pwm diameters actuated at 233 + 19 V(SD); actu-
ators with 400 pm diameters actuated at 157+18V (SD); and
actuators with 600 wm diameters actuated at 113 + 20V (SD). With
280V applied, approximately 80% of the valve seat was in contact
with the membrane, as measured through optical microscopy with
phase contrast optics.
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4.3. Minimizing drift in the actuation potential by ensuring
material symmetry

Continuously cycling a contact-mode electrostatic actuator
often causes a shift in the actuation potential, which eventually
renders the actuator inoperable [10,33-35]. The shift has been
attributed to contact electrification (i.e., the triboelectric effect),
which arises from chemical differences between the two surfaces
coming into contact [36]. We observed this phenomenon with a
previously reported electrostatic actuator, where the membrane
was constructed from PDMS, and the lower electrode was com-
posed of an indium tin oxide film on glass [11]. By applying identical
chemical treatments to the surfaces, others have been able to min-
imize the drift in potential [34-37]. Hence, we hypothesized that
the potential drift could be minimized by fabricating the membrane
and the floor of the actuator chamber from the same elastomer. To
keep surface modifications identical, both the membrane and the
channel floor were exposed to oxygen plasma for the same time
(~3 s exposure each) during the final step of the fabrication process
(Fig. 2d).

We cycled an actuator with a diameter of 200 pm, with all
other dimensions the same as those listed in Section 4.2. Less than
1 min was allowed to elapse between actuation events (except in
given instances mentioned below). We observed that during the
first several cycles, the actuation potential decreased rapidly at a
rate of ~10V per actuation event (Fig. 4). Afterward, the actuation
potential increased gradually (<1V per actuation) until it reached
a plateau and stabilized after ~35 cycles. Our design improves over
previously reported actuators, where actuation potentials drifted
20-30V per cycle without stabilizing [10].

With our current atmospheric plasma system, the speed at
which the substrate passed under the nozzle of the plasma could
not be controlled precisely. Hence, we hypothesized that the tran-
sient drift in potential observed in the above experiment could
have been partly due to inadvertent variations in exposure time.
To investigate our hypothesis, we purposefully treated the bonding
surfaces with different lengths of plasma exposure. The membrane
side of the actuator was exposed to plasma for ~3 s, and the oppos-
ing side was exposed for ~1 min. When the actuator was cycled, the
potential dropped ~10V during the first two actuation events, and
then continued to decrease at a rate of ~0.4V per actuation for the
remainder of the test (Fig. 4). In contrast, when neither side of the
actuator was exposed to plasma during assembly, no sustained drift
in the actuation potential was observed. The potential stabilized

immediately after dropping ~10 V during the first four cycles. With-
out plasma treatment, however, the two sides of the actuator did
not seal permanently. We predict that if the plasma treatment of
the bonding surfaces could be controlled more precisely, the actu-
ator would still operate with negligible drift in actuation potential,
and a permanent bond could be formed as well.

Several other observations are worthy of mention. Irrespective
of plasma treatment, a sharp drop in actuation potential occurred
at the beginning of all the cycling tests. This could possibly be due
to charge injection or the rearrangement of the MWNT network fol-
lowing strain of the membrane. Also, the actuation potential was
sensitive to the frequency of actuation. When 5 min were allowed to
elapse between actuation events instead of ~1 min (Fig. 4), the actu-
ation potential shifted to its initial value from the beginning of the
cycling test. Upon increasing the frequency, the actuation poten-
tial dropped sharply again until it recovered its value prior to the
5 min pause. The mechanism behind this phenomenon is unclear at
this time, but one hypothesis is that lower frequencies could have
allowed time for PDMS oligomers to migrate to the surface where
they could displace charged chemical moieties [38].

4.4. Controlling pneumatic microvalves with electrostatic
actuators

The design of the electrostatic actuator permitted simple, mono-
lithic integration with pneumatic microsystems. Our strategy for
relaying instructions to pneumatic microvalves with the electro-
static actuators is shown in Fig. 5. The pneumatic microvalve was
driven by hydraulic fluid (3M™ Fluorinert™ FC-40) that was pres-
surized with a cylinder of compressed nitrogen. Using hydraulic
fluid in the place of air prevents air from migrating out of the
control channel, through the gas-permeable PDMS membrane of
the pneumatic valve, and into the reagent channel. A reservoir of
the hydraulic fluid was attached to the inlet of the microvalve’s
control channel. The outlet of the control channel was vented to
atmosphere. Two electrostatic actuators were integrated into the
control channel, which had a width of 50 um, a height of 7 um, and a
length of 14 mm. One actuator was placed upstream and the other
was placed downstream of the pneumatic microvalve. The actu-
ators worked against the pressure from the tank (8 kPa), serving
to block fluid flow in the control channel and switch between the
external source and atmosphere. Hence, we refer to the actuators
as “gates”.

When the upstream gate was closed with a potential of 300V
and the downstream gate was left open, the control channel was
vented to atmosphere, and the pneumatic microvalve remained
open (Fig. 5a and c). When the upstream gate was opened and the
downstream gate was closed, pressurized hydraulic fluid filled the
control channel, which closed the pneumatic microvalve (Fig. 5b
and d). The rounded cross-section of the reagent channel led to
hermetic seal [5,17]. In contrast, the cross-sectional profile of the
chamber of the electrostatic actuator was rectangular, which pre-
vented the periphery of the membrane from shutting completely
(see Fig. 1b) [23], which resulted in fluid leakage through the con-
trol channel during operation. However, the fluidic resistance of
the control channel was high enough to result in low leakage rates,
on the order of microliters per week.

In this proof-of-principle demonstration, only one pneumatic
microvalve was controlled by two electrostatic gates. However,
hypothetically two gates could control tens or even hundreds of
valves in parallel [8].

4.5. Characterization of operating pressures

The back pressure that an electrostatic gate could accommodate
was limited by one of two thresholds: (i) the maximum pressure
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that could be applied to the control channel while still permitting
the electrostatic gate to close, or (ii) the maximum pressure that
the electrostatic gate could isolate in its closed state before being
forced open.

We quantified both these thresholds. With the pressure of the
control channel high enough to keep the gate opened, we applied
a constant potential and then slowly decreased the pressure until
the gate snapped shut. Then, we increased the pressure until the
gate re-opened (Fig. 6).

In the scenario where gates were initially open, the pressure that
could be applied while still permitting actuation increased linearly
relative to electric potential (Fig. 6a). Using a gate with a diameter
of 400 wm and a potential of 280V, up to 4 kPa of pressure could be
applied to the control channel while still allowing the actuator to
shut.

The effect of actuator diameter appeared to be insignificant. To
explain this latter trend, we refer to a model based on the theory
of parallel plate capacitors [11]. The pressure exerted on the mem-
brane due to an applied potential (pej.) is given by the following
expression, assuming the actuator is in the open state (Fig. 7a):
Petec = 1 eoeﬂuidvazpp
YT 2 (he/em) + 87
where & is the permittivity of free space, £pyq the relative permit-
tivity of the fluid, Vg the applied electric potential, h¢ the thickness
of the insulating layer beneath the conducting layer of the top elec-
trode, &, the relative permittivity of the membrane material, and
g the gap between the electrodes.

(1)

In this scenario, the pressure generated by the electric poten-
tial is a function of the gap, not the geometrical configuration (e.g.,
shape or diameter) of the membrane.

When the gates were initially shut, the pressures that could
be isolated also appeared to increase linearly with electric poten-
tial. The highest pressure isolated was 30 kPa, using a gate with a
diameter of 200 um and an applied potential of 280 V.

Gates with smaller diameters were more effective at isolat-
ing pressure in the control line before re-opening. The reason for
this diameter dependence is that the pressure required to detach
the membrane is a function of the stored potential energy in the
deformed membrane, which in turn depends on diameter. Con-
sider the diagram in Fig. 7b. To estimate the pressure required to
reopen the gate from the closed state, we first estimate the pres-
sure required to reopen the gate (p4.;) When no potential is applied.
We estimate the pressure needed to collapse a membrane (pcojiapse)
with aradius of collapse, b, by balancing the potential energy stored
in the membrane and the energy due to pressure (see Eq. (60) from
[39]). The expression for pg,, is derived as follows:

_ 64DKbilayerKM5 1
Dcollapse = Kara® 3(1-B4)+882 log B
Et3 b
D= ————; =- 2
12(1 —12) P a )

where E is the Young’s modulus of the membrane material, t the
total thickness of the membrane, v the Poisson’s ratio of the mem-
brane material, @, b defined in Fig. 7, Kpjjayer the factor to account
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Fig. 6. Graphs of the potentials needed to close electrostatic gates as a function of
the pressure in the control channel (solid symbols), and the pressures needed in the
control channel to re-open the gates at fixed potentials (open symbols). Two sce-
narios are shown: (a) for gates that were sealed with a symmetric plasma treatment
(~3s exposure for each bonding surface), and (b) those sealed with an asymmet-
ric treatment (~3 s exposure for the membrane, and ~60 s exposure for the lower
electrode). A minimum of three gates were tested for each data point. Error bars
represent one standard deviation.

for a bilayer configuration where the electrode is embedded within
the membrane; the expression for this factor has been derived else-
where [11], Kys the factor to account for membrane stresses (MS)
and is given by

g)\2
Kus = 1+0.488 (?) [39]
Kag is the factor to account for aspect ratio (AR) and is given by

16 (t)2

(a) Open

Membr\ane EI/ectrode

L
/
tg Fe

Chan/nel floor

e
[
=

The valve will spontaneously detach when $=0.175, which is
based on instability in the system [40]. Therefore, pge is given by

64DKbilayerKMS|: 1 :| 3)

Paet = = ad 2.57

In presence of an applied potential, the total pressure required
to reopen a valve is given by

Dreopen = Pdet + Pelec (4)

Although p,j. is independent of diameter, p4.; is not, which
results in the observed dependence of the pressure required to
reopen the valve on membrane diameter.

For the data shown in Fig. 6a, the electrostatic gates were
assembled by treating both halves with ~3 s of plasma exposure
during fabrication. By increasing the plasma exposure to the lower
electrode during fabrication (~1 min), thereby inducing dielectric
charging and greater attraction between the membrane and the
channel floor, we increased the operating pressures of the gates
(Fig. 6b). Before quantifying the threshold pressures, we condi-
tioned the gates by actuating them 50 times each.

The non-linear trend between actuation potential and pressure,
predicted by Egs. (1) and (4), became more pronounced under these
conditions. The highest pressure that could be applied to the control
channel while still allowing the gate to actuate was 10kPa. The
maximum pressure isolated by a gate in the closed state was 35 kPa.
If the actuators were conditioned for more cycles, the operating
pressures would likely have increased further. However, eventually
drift in the actuation potential would likely cause the membrane to
adhere permanently to the chamber floor. For situations where less
than one hundred actuation cycles are needed, this strategy might
find utility. For other scenarios, we are exploring different means
of increasing operating pressures, e.g., by balancing the pressure
above and below the membrane [37,41].

Currently, controlling pneumatic actuators with the electro-
static gates will be limited by the maximum operating pressure
when the gate is initially open, which is 4 kPa for gates that have
been treated symmetrically with plasma. Pressures of this magni-
tude are adequate to operate pneumatic valves in a wide range of
microfluidic applications [17].

5. Conclusions

In summary, we developed a monolithic electrostatic actuator
made completely from PDMS and MWNTs that scales at a rate of
~100 actuators per cm2. By ensuring material symmetry between
the membrane and the channel floor, we were able to reduce
drift in the actuation potential. Also, since the actuator was fabri-
cated exclusively with soft-lithographic techniques, we were able
to integrate the actuator with standard pneumatic microvalves in
a straight-forward manner. Currently, the electrostatic actuators
(or gates) can accommodate pressures up to ~4 kPa. However, by
introducing a material asymmetry between the membrane and
the seat of the actuators, the actuators were able to accommodate
pressures up to ~10kPa (although this reintroduces the issue of

(b) Closed

2b

Fig. 7. Simplified illustration of the cross-section of an electrostatic actuator in the (a) open and (b) closed states. Relevant geometrical parameters are indicated.
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drift in the actuation potential over time). In their current form,
the electrostatic actuators require only a small pressure source
and a power source to operate. We predict that improvements
to the electronics used to the control the actuators will result in
fully portable pneumatic microsystems, which will lead to sophis-
ticated platforms for mobile chemical detection or point-of-care
diagnostics.
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